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ABSTRACT

PSpice for Circuit Theory and Electronic Devices is one of a series of five PSpice books and
introduces the latest Cadence Orcad PSpice version 10.5 by simulating a range of DC and AC
exercises. It is aimed primarily at those wishing to get up to speed with this version but will be of
use to high school students, undergraduate students, and of course, lecturers. Circuit theorems
are applied to a range of circuits and the calculations by hand after analysis are then compared
to the simulated results. The Laplace transform and the s-plane are used to analyze CR and
LR circuits where transient signals are involved. Here, the Probe output graphs demonstrate
what a great learning tool PSpice is by providing the reader with a visual verification of
any theoretical calculations. Series and parallel-tuned resonant circuits are investigated where
the difficult concepts of dynamic impedance and selectivity are best understood by sweeping
different circuit parameters through a range of values.

Obtaining semiconductor device characteristics as a laboratory exercise has fallen out
of favour of late, but nevertheless, is still a useful exercise for understanding or modelling
semiconductor devices. Inverting and non-inverting operational amplifiers characteristics such
as gain-bandwidth are investigated and we will see the dependency of bandwidth on the gain
using the performance analysis facility. Power amplifiers are examined where PSpice/Probe
demonstrates very nicely the problems of cross-over distortion and other problems associated
with power transistors. We examine power supplies and the problems of regulation, ground
bounce, and power factor correction. Lastly, we look at MOSFET device characteristics and
show how these devices are used to form basic CMOS logic gates such as NAND and NOR
gates.

KEYWORDS

Cadence Orcad PSpice V10.5, Ohm’s law, Kirchhoff’s laws, Thévenin and Norton theorems,
Mesh and nodal analysis, Laplace, transients, transfer functions, resonance, transformers, power
supplies, ground bounce, operational amplifiers, power amplifiers.



I would like to dedicate this book to my wife and friend,
Marie and sons Lee, Roy, Scott and Keith and my

parents (Eddie and Roseanne), sisters, Sylvia,
Madeleine, Jean, and brother, Ted.







Contents

Preface.....oouiuiuiiiiiii i it xiii
Introduction to PSpiceand Ohm’s Law ...t 1
1.1  Laying out A Schematic ...........ouiiiiiiiii i 1
1.2 LAbraries. .. ..o e 2
1.2.1  Moving Components Around ..., 4
1.2.2 Display Properties ........ ... 5
1.3 The DC Circuit «...oouiuti e e e 6
1.3.1  New Simulation ...... ... 7
1.3.2 Main Operational Icons ............ ... 8
1.3.3  Simulation Settings . ...........oouiiiniiiiiii i 9
1.4 Potential Divider ..... ... . 9
141 CurrentDivider ... 11
1.5 EXEICISES ..ottt 12
The DC Circuit and Kirchhoffs Laws ........ocoviviiiiiiiiiiiiiiiiiiinn.., 13
2.1  Maximum Power Transfer .............. o i 13
211 ParamPart..... ... ... 13
2.1.2  Simulation Settings ........... ... 13
2.1.3  Trace Expression Box ... 15
2.2 Changing the X-Axis Variable .............. .. ..o 16
221 The Log Command..........ooiuiiiiiiiiiiiiiiiiiiiiiian. 17
2.3 Mesh Analysis ... ...oooninini 17
2.4 Nodal Analysis...... ... 20
2.5 EXEICISES . vttt ettt e 22
Transient Circuits and Laplace Transforms .............coiiiiiiiiiiiiiiiaa., 23
3.1 Transient Analysis ..........o.iiiiuiiiiiiiii 23
3.2 Laplace Transform and Capacitance .................cooiiiiiiiia... 23
33 Inductance ............. i 24
3.4 First-Order CRand LR Circuits. ... 24
341 SOIULION . vttt 25

3.4.2  Partial Fraction Expansion...................oooiinn 26




viii

PSPICE FOR CIRCUIT THEORY AND ELECTRONIC DEVICES

3.4.3  Initial Conditions. ..o 27
3.5 Example 2. .. ..o 28
3.5.1  SOIUtION ...ttt 28
3.6 Example 3. ... . 29
3.6.1  SOIUtION . ..vitt i 30
3.7 Example 4. ... 32
3.7.1 SOIULION ..ottt 33
3.8 EXEICISE .. ...t 34
Transfer Functions and System Parameters ............coocvviiiiiiiiiiiiinian, 35
4.1 Transfer Functions . ... ... ... i 35
4.2 Butterworth Transfer Functions and the Laplace Part....................... 35
4.2.1 Piece-wise Linear Part (VPWL) ......... ... . ... 37
4.3 Probe Grid and Cursors Icons.......... ... 37
4.4  Elaplace Part and the Step Response.......... ... ... il 38
4.5  Chebychev Transfer Functions Impulse Response .......................... 40
4.5.1 Unsynchronizing Probe Plots ................... ... 42
4.6 First-Order Low-Pass Filter Step and Impulse Responses................... 42
4.7  Obtaining the Frequency Response from the Impulse Response.............. 44
4.8  The Low-Pass C R Filter Step Response....................o.oooi.. 45
49  Rise Time ... ..ooiiii 46
4.10 Step Response of a Series-Tuned LCR Circuit. ...t 48
4.10.1 OVershoOot. ... ouuti it e 48
411 EXEICISES ..ttt 48
AC Circuits and Circuit Theorems . .....covvviiiiiiiiiiiiiiiiiiiii i, 53
51 ACCircuit Theory ... ... 53
52 Capacitors ........uinini e 53
5.2.1 Capacitive Reactance Plot ........... ... ..o i 54
5.2.2  Capacitor Current and Voltage Waveforms......................... 55
53 Inductors....... ... 56
5.3.1 Inductor Signal Phase Measurement .......................... ... 58
5.4  AC Circuit Theorems ........oouiuininii e 58
5.4.1 Thévenin’s Theorem .........ooiiiiiiiiiiiiii ... 59
5.42  Thévenin Impedance...............ooiiiiiiiiii 60
5.43 Thévenin Voltage . .......oooiuiiniiiiii i 61
5.5 Norton Equivalent Circuit ..........ooiuiiiiiiii i, 61

551 TheOutputFile........oooo i 62



CONTENTS ix

5.6 AC Mesh and Nodal Analysis...............oooiiiiiiiiiiiii .., 62
5.7 EXEICISES ...ttt 62
Series and Parallel-tuned Resonance.................coiiiiiiiiiiiiiiiaL, 65
6.1  Resonance ..............iiiiiiiii 65
6.2 Series-Tuned Circuit ... ...t 65
6.2.1 Current Response...............oooiiiiiii 66
6.3 Example ... 67
6.3.1  SOIULION ...ttt 67
6.4  Q-Factor. ... .o 67
6.41 The —3dB Bandwidth........ ... ... ..o i 67
6.5 Voltages Across Land C at Resonance....................oooiiiii... 68
6.6 Universal Response Curve....... ... oo, 70
6.7  Selectivity of a Series-Tuned Resonant Circuit ..., 70
6.7.1 L/C Ratioand Selectivity . .......... ... 72
6.8  Series-Tuned LCR Phase Response..... ...t 72
6.9 Impedance of a Series-Tuned Circuit............. ..., 73
6.10 Fourier Series . ... ..o e 74
6.10.1 Series-Tuned Circuit as a Low-Pass Filter ......................... 74
6.10.2 The Output File..... ..o 75
6.11 Skip Initial Conditions ......... ..ottt 76
6.12 Parallel-Tuned LOCR CIrcuit . ... ..ovntninin ittt 77
6.12.1 Universal Response Curve ..., 80
6.12.2 Relationship Between the Resonant Frequency and Bandwidth....... 81
6.12.3 Loaded Q-factor........ ... ..o i 81
6.13 Example.... ... . i 82
6.13.1 SOIUtION ... vt e 82
6.14 Problem. . ... ... 82
6.15 Frequency Response of a Parallel-Tuned Circuit ....................oooo... 83
6.16 Dynamic Impedance.............. ... . 84
6.16.1 Loaded and Unloaded Q-factor ..............ccooiiiiiiiiiin.n. 84
6.17 Transformers ...... .. ..o e 88
6.17.1 Transformer Parameters ............. ..o, 89
6.17.2 Matching Transformer. ..., 89
6.18 Power Supplies: Rectification and Regulation .................. .. ... . ... 90
6.18.1 Power Supply Waveforms ... 91

6.18.2 Power Supply Voltage Regulation ................................. 91




x PSPICE FOR CIRCUIT THEORY AND ELECTRONIC DEVICES

6.19 Ground Bounce. ....... ..ot 91
6.20 Power Factor Correction. .. .....ovuunuiniin it 94
6.20.1 Average Power and Apparent Power............ ...l 96

6.21  EXOICISES - vt vttt ettt 97
7.  Semiconductor Devices and Characteristics ......covvviiiiiiiienniineinnnenns 101
7.1  Semiconductor Devices . ........ouiiiiiiiiiii i 101
7.2 The Forward and Reverse-Biased Diode Characteristic .................... 101
7.3 Diode Parameters . ........ouiuuinii i 102
74 DCLoad Line. .. ..o e 103
7.5 Voltage Regulation ......... ... .. . i 105
7.5.1 Zener Diode Characteristic........ovvuuiiieeinainieannnnn.. 106

7.5.2  Zener Diode Regulation......................oooi 107

7.6 Silicon-Controlled Rectifier. ... 107
7.7 Triac Controller .. ... 109
7.8 The Bipolar Transistor ......... ..., 109
7.8.1  The Input and Output BJT Characteristics ....................... 110

7.8.2  The Output Characteristic. ..........ooviiuiiiiiiiiiii ... 112

7.83 DCLoad Lines ......ouiiiiiii e 113

7.9  Junction Field-Effect Transistor ..........ccooiiiiiiiiiiiinnann.. 114
7.9.1 The Common Source JFET Transistor Input Characteristic ........ 114

7.9.2  Adding a Load Line to the Transfer Characteristic................. 115

7.9.3  Quiescent DC Operating Point ... 117

7.9.4 JFET Output Characteristic .. ........ouvuiuiiiiiii ... 117

7.9.5  Effect of Temperature on the JFET Transfer Characteristic. ........ 120

7.10 The D Operator .......ooiuiiiiii 122
78 T 03 122
8.  Operational Amplifier Characteristics ........covviiiiiiiiiiiiiiiiiiiiiinan.. 127
8.1  Ideal Operational Amplifiers...... ..., 127
8.1.1 The Inverting Operational Amplifier and Virtual Earth ............ 127

8.1.2  Slew Rate Limiting ........ ... ..o i 130

8.2  The Noninverting Operational Amplifier.....................cooiii.... 130
8.2.1 Gain—Bandwidth Product........... ... ... ... 131

8.3 Audio Power Amplifiers..... ... ..o 133
8.3.1 TheOutput File. ... ..o 136

8.4  Mosfet Device CharacteristiC. .. ..ouvueenten it en i i iaeanans 138
841 CMOSModel....oniii i 139



CONTENTS xi

842 Nand Gate..... .o 142
843  INOT Gate .ottt e e et e e 143
8.5 EXEICISES . ot 144
References. ..o 152
Appendix A: Laplace and z-Transform Table.......................... .. 154
IndexX. oottt i i i i et i e ettt a et 155







Preface

Many years ago, I discovered how electronic simulation helped students come to grips with
difficult engineering concepts. Earlier simulation software used cumbersome circuit netlists but
nevertheless showed me how it helped students gain an intuitive circuit design sense. PSpice
evolved along with the Windows environment to produce, in my opinion, a very powerful
teaching and learning tool for accessing a whole range of difficult areas such as circuit theory,
electronics, telecommunications and digital signal processing (DSP). This book, and my other
tours books, grew from laboratory exercises and projects given to my student over the last twenty
years.

An unfortunate trend in engineering education throughout the world has been to reduce
analogue circuit design and circuit theory when considering new course syllabi. This is due, in
part, to the ever-growing software-based technology such as the Open Systems Interconnection
(OSI) networking model and associated protocols, C, C++, Java etc. Something has to go and
unfortunately it seems to be some important basic principles. Students find digital circuits and
DSP much easier to understand than analogue circuits and hence students tend to ‘cherry pick’
the easier topics ending up with a poorer overall understanding of engineering design. This is
leaving the engineering recruitment market suffering from a lack of analogue design engineers.
Good analogue circuit design is a combination of circuit analysis, an intuitive feel for electronic
design and engineering problem solving obtained from experience. PSpice comes to the rescue
with all these problems and helps students develop an intuitive design sense in a much shorter
time.

This book is a combination of textbook and laboratory manual and contains worked
examples with sufficient theory to enable the reader to compare simulation results to hand
calculations. Exercises at the end of each chapter are partly worked to encourage the student
to finish to completion. Lecturers should find the book as a valuable source for examina-
tion questions (loud groan from all), laboratory work, student projects and lecture material.
It should also be very useful to second-level high school teachers where electronic technology
has been introduced into the curriculum for some years. The book contains eight chapters
covering topics from DC, AC and electronic devices. Chapter 1 introduces PSpice version
10.5 using a very simple DC circuit. Chapter 2 examines fundamental electric circuit principles
and circuit theorems applied to DC and AC networks. In chapter 3, we look at the Laplace
transform applied to first—order CR and LR switching circuits where the simulation outputs of
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currents and voltage at different times may be compared to hand calculations. Chapter 4 con-
tinues with more s-plane circuits and examines Butterworth and Chebychev transfer function.
Chapters 5 and 6 analyses and simulates, AC circuits and applies circuit theorems such as
Thévenin’s theorem, mesh and nodal analysis to a range of circuits, including series and parallel
resonant circuits. In Chapters 7 we plot electronic device characteristics in order to design cir-
cuits using measured device parameters from the characteristics. In the last chapter we examine
operational and power amplifiers and a brief visit to CMOS devices and logic gates.
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comprehensive series of lectures on these topics given by a fine lecturer and retired head of our
department, Chris Cowley, so my thanks to him now many years later. I should also thank my
students, past and present for inadvertently proof reading my books.




CHAPTER 1

Introduction to PSpice and

Ohm’s Law

1.1 LAYING OUT A SCHEMATIC

The latest version of Orcad® PSpice® 10.5 is started by selecting from the
Windows Start/Programs menu. This version has many different features from versions 8 and
9 and those of you who operate still with these versions will find it a little difficult at the start
but persevere its worth it. A new project file must be created before a schematic is created. The
project file is not a design file but project management and is initiated by selecting the small
folded white sheet icon at the top left-hand corner of the display shown in Fig. 1.1.

Fill in the Name, select Analog or Mixed A/D and specify a Location for the file. Press
OK and a further sub-menu opens requesting you to create a blank project as shown in Fig. 1.2.
(If you are using the demo version, then several messages will pop up to tell you about the
limitations.)

This produces an empty schematic area called Page 1 shown in Fig. 1.3 where component
symbols, selected from the library, are placed. However, if you select Create based on etc.,
then all previously used libraries with that project will be loaded. There are several operating
techniques for creating and simulating a schematic. One may use the top icon toolbar with
drop-down menus File, Edit, Draw etc. and the icon toolbar on the right-hand side of the
page area. Windows short-cut keystrokes Ctrl C, Ctrl V, etc, also speed up the creation of a
new schematic. Over time you will develop your own style using a combination of techniques.

To examine in detail and make the schematic fill the screen, select the third icon
from the top icon toolbar. This produces a small pointer with a magnifying glass, so place a
box around the schematic by holding down the left mouse button (Lelick). The other screen
displayed is the management/resource area as shown in Fig. 1.3.

You may have to double left click (Dlclick) PAGEL1 in the sub directory DC_circuits.dsn
in order to open up the schematic area where components are placed, although the previous
step should avoid having to do this.
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File Wiew Edit Options Window Help
D|e|d| & %|=|@l 2| mje| Frocse <]

MName

ok |
IDC_cin::uits Cancel |

r Create a New Project Usingw QpﬁOﬂ Help
-

e
% % Analog or Mized A0 el

nt r Tip for New Users
m 3 C Board \Wizard
= Create a new Analog or
Mized A/D project. The
= new project may be blank
[ ] ¢ Programmable Logic ‘Wizard or copied from an existing
a template.
% " Schematic
Location
|C:\DFICAD\DHEAD_1D.5_DEMEI\TDDLS Browse...

FIGURE 1.1: Creating new project

1.2 LIBRARIES

Libraries have to be added using Add Library in Fig. 1.4 by the operator at the be-
ginning of simulation. These libraries have the file extension .olb, and are located in
Tools\ Capture\Library\PSpice directory in the main installation directory. The simulation
model libraries (.lib files) are located under the Tools\PSpice\Library\ directory, under your
main installation directory. Selecting Add Library opens up a Browse File menu where you
select one or all of the libraries. From this menu, you may also add customized libraries in-
cluding PSpice version 8 libraries. Entering a component name or part of it in the Part Name
box saves time by not having to search through the libraries. For example, enter the capacitor

Create PSpice Project ) x|

" Create based upon an existing project 0K

Iempty.opi ;I Browse...

Cancel

Help

Pl

FIGURE 1.2: Create a blank project
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Eﬂ File Design Edit View Tools PSpice Accessories Report:
Dl=zd| 8] &ER ol mE |
| = Bsl=lvl=] 2l

O Fie | 5, Hierarchyl
|_,:_|I=_"l Design Resources
. 3-B3 .\dc_dreuits.dsn
. BB SCHEMATIC! _ _
& k. PACE! Select this option
5 |'=_—l Design Cache
.00 Library

[-E2 PSpice Resources

FIGURE 1.3: The management directory

name c (PSpice is not case sensitive so capitalized letters are not required), displays the parts in
the ANALOG.olb library. The wildcard operator * enables a quick search in the library for a
component when you are not sure of the complete part name. For example, *741 displays parts
with 741 in the name. A DC power supply is called VDC as shown in Fig. 1.4.

x| T
b
o &
VOl i
Cancel —
Part List: —'l 1
VE3CT51 2N /50/DRAM =] AddLiay.. | o
YAC/SOURCE —
VACOBEA/FP/MISC2Z Remave Library | _’|
VACORBA/PGAMISC2 P
VARIABLES /SPECIAL Part Search... | -
VEARISTOR/DISCRETE =
VARISTOR BI-DIR/DISCRETE Fiter | =
VARISTOR SYM/DISCRETE =
YCAB1D/AMPLIFIER =
VCAG10/50/AMPLIFIER =
yal
VECTOR1/SPECIAL _ e | =
Libraries: r~ Graphic E
@ Normal o

/?
€ Convert + v L
OVde == 7
~ Packaging _ B
Parts per Pka: 1 T 8
Type: Homogeneous g ﬂ

FIGURE 1.4: Analog library
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Mirror Harizontally

Mirror Vertically

Rotate

Edit Properties...

Edit Part

Edit PSpice Madel

Edit PSpice Stimulus

Export Parameters to Optimizer

Trammrk Madel Parametbers. ..

FIGURE 1.5: Seclect Edit Properties

1.2.1 Moving Components Around
It is sometimes necessary to manipulate a component in order to place it with a desired
orientation. For example, the uA741 operational amplifier defaults to the noninverting input
topmost when placed. To make the inverting input topmost, select the uA741, right click
the component and select Mirror Vertically. Selecting a component and holding the left
mouse button down enables you to move the component. Use the wire icon (W short-cut)
to connect components. Locate the cursor at one end of the component and press and then
release the left mouse button (Lclick). To draw a wire segment, Lclick the mouse button again
and move the mouse from that component end to another component end. Release the left
mouse button to change direction. Another technique for connecting components is to select a
component, hold the left mouse button and drag to another component, where it should connect.
Select a component (turns green) and Rclick and select the Edit Properties from the list
in Fig. 1.5.

In the spreadsheet section shown in Fig. 1.6, we can add new rows and fill in values in
the A column (more about this later). In this example, select the R2 default value of 1 k€2 and
replace it by a value e.g. 10k in the Value box.

Il Property Editor

Mew Raow... | Apply I Displa_-,l...l Delete Prope

A
SCHEMATICA :P.ﬂ'.GE1g
PSpiceOnly g
Reference R
Value 10k

FIGURE 1.6: Changing the part value
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Display Properties x

—Font

iy Arial 7 [default]
e |1 = Change... | Jsze Defaultl
Dizplay Format
. — Colar

" Do Mot Display :

& Yalue Only I Drefault ;I

" Mame and Value -

— Ratation .

FIGURE 1.7: Changing a component value

1.2.2 Display Properties

Separate the two connected components to a desired position with the left mouse button held
down. To change a part value from the default value, select the default value and the menu in
Fig. 1.7 will appear.

Replace the 1 k2 default value with a 10k 2 resistor (note there is no space between the 1
and k, and no € symbol. For larger resistance values, you may use the exponent system, so that
10k is entered as 1e4. A 10 nF capacitor is 10n (use letter u for micro —the F is optional), and
ten micro henries is 10u (or 10uH). Be careful about capacitor values: A one farad capacitance is
entered as 1, and not 1F, because this would be interpreted as a very small one Femto capacitor.

Table 1.1 shows the symbol, scale, and name for components.

TABLE 1.1: Cpmponent Units

SYMBOL SCALE NAME

F le—15 Femto-
P le—12 Pico-
N 1le—9 Nano-
U le—6 Micro-
M le—3 Milli-
K le+3 Kilo-
Meg le+6 Mega
G le+9 Giga-
T le+12 Tera-
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Those values highlighted in bold letters may cause problems if entered incorrectly. For
example, a one million ohm resistance is IMEG and not 1M, as this is a resistance of one
milliohm (PSpice is not case sensitive). This also applies when entering frequency values in
analog behavioral model (ABM) filter parts e.g. 1 Meg and not 1 MHz, which is a millihertz.
We may also use the European notation e.g. 2.2 Meg can be written 2meg2.

1.3 THEDCCIRCUIT

Windows shortcut keystrokes speed up placement of components in a schematic. For example,
place a component and copy it with Ctrl C. Paste, rotate, or delete a part using Ctrl V, R, and
Ctrl X. The first letter of a selected menu is underlined when you press the Alt button, so, for
example, Alt W opens the windows menu. The following are useful shortcut commands:

« To copy a component Ctd+C

«  To paste a component Ctul+V

« To rotate a component R

« To discontinue an action Esc button or right click

e To simulate F11 (or use the blue arrow on the top toolbar)
«  Wire tool W

Select the “get parts” browser icon (An AND gate symbol on the vertical icon toolbar on
the right-hand side) to access the library. Libraries may be added or deleted from this menu.
Select the Place Text icon A from the same toolbar and place your name/date/class group on
the schematic. Ohm’s law states that the current in a resistance, at a constant temperature,
is proportional to the woltage difference across the resistance, and inversely proportional to the
resistance. To prove Ohm’s law (George Simon Ohm 1789-1854), construct the DC circuit
shown in Fig. 1.8. Ohm’s law states that the current in R; is
-7 3-1

o= =2A (1.1)

I

Current direction is set by the relative magnitude and orientation of the two voltage
sources. DC current values are displayed on the schematic by selecting the “I” and “V” icons
(but only after simulation). Here, 71 has a magnitude greater than 7, so the current flows
from V5 to V5. However, to plot current in Probe for 77y values, place a current marker from
the PSpice/Markers menu, or select the icon with the “I” current bubble at the end. Before any
simulation can be carried out, PSpice requires you to set up a new simulation profile. Indeed, it will
not allow you to place markers before this step.
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e smuiston |
1 i P e |
I Inheiit From: Senes
J— N Eo— [
VA1 - 2v V2 T = Fooschensic miauREioos

1v
?ot change this zero

FIGURE 1.8: DC circuit for investigating Ohm’s law

1.3.1 New Simulation

In most electronic simulation software programs, it is necessary to create a simulation profile
before simulating (see Fig. 1.8). Select the New Simulation Profile icon (see the bottom left
icon in Fig. 1.10). When you select this and enter none in the Inherit From box, it will open
up the Simulation Setting menu beside it. We may select in the Inherit From box, an existing
simulation profile with the file extension *.sim. This can be handy if we wish to use previous
profiles and added libraries. The profile specifies what analysis you want and the parameters
necessary for a correct display. This also forces the operator to think about the circuit and
the range of values required for a particular design. The evaluation version of 10.5 contains
more parts than other versions but it does not, however, allow as many parts to be placed and
simulated. Libraries are added when needed and I would suggest that you add the library of
customized parts that are required for certain schematics in this, and my other four books on
PSpice.

All analog schematics must have a ground symbol otherwise a floating error will be displayed.
Ground symbols are placed by selecting, from the icon toolbar on the right, the selection of
ground symbols as shown in Fig. 1.9. Select the one shown that has a little zero beside it, do
not delete or change this in any way. Sometimes this error message is displayed even when
you have a ground part, but this error is fixed by placing a large resistance from the offending
node to ground. You may select and place any ground symbol, select it and change its name to
“zero”.

The most commonly used components are: resistance R, inductance L and capacitance
C in the analog.olb library. Common input signal sources in the source.olb library are: AC
sources, VAC, for frequency response plots and VSIN for transient and frequency response
plots, VDC (DC supply and step signal source), and ground GND (an available icon). Move the
mouse pointer over a library to show its location on the hard disk. To examine the schematic
in greater detail and make it fill the screen, it is necessary to select the third icon from the
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5|

Q

Symbol oK IE‘—“T
[0 =
Cancel <P

$D_HI/S0URCE ﬁ =
$0_LO/SOURCE Add Library... _—

GMD/CAPSYM — Remove Library
GMND_EARTH/CAPSYHM :l ‘

Help

A

Libraries:

SOUR IZZE: e Mame:
SOURCSTH I i

FIGURE 1.9: The earth or ground symbol

left SIBI8Y 5 the top toolbar. This displays a magnifying glass pointer on the schematic area
and is used to place a box around the schematic by holding down the left mouse button.

1.3.2 Main Operational Icons

The main icons are shown in Fig. 1.10. The top toolbar icon shown here is normally located
on the right-hand side and is used for creating the schematic. The operational icons shown
underneath are for creating simulation profiles, simulating, and placing markers. A new sim-
ulation profile is initiated by selecting the first icon. The second icon is pressed when a new
profile is created or you wish to change existing parameters. Locating the cursor over an icon
will produce an information bubble telling you what it does.

All schematics in this book will be available, so look up the Morganclaypool site at
http://www.morganclaypool.com/. For example, the first schematic investigates Ohm’s law
and is named Figure1-008.OP] (The extra “00” is included to facilitate ordered numerical
listing). Hierarchical schematic are examined in book 3 [3], Hierarchical block methods of
constructing schematics are useful when the circuit is complex, so consult ref 2, 3 and 6 for
turther details of this technique.

R A Y s AR W 1 =1 R T R [ S o || E=1 e
Bl 2] 2leslal2] v L] w]w

FIGURE 1.10: Main operational icons
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" Curent source
Options: ¢~ el et Model type: I
eep " Model parameter idedal sian= I
,‘ '. ! 1] - -
[OMonte Caro/Worst Case " Temperatuie Faraimstar iz, I
[]Parametric Sweep
[ Temperature {Sweep) -~ Sweep ype
gfavde gias Eolir: & Linear Start value: ID
pad Bias Poini
End walue: |1 o
" Logarithmic IDec:ade 'I
Increment: o1y
 Value list |

FIGURE 1.11: Sweeping the voltage source V1

1.3.3 Simulation Settings

Set up a new profile as explained before and the Edit Simulations Settings menu will open
up as in Fig. 1.11. From the Analysis type box, select DC Sweep and enter the parameters as
shown. From the Sweep variable section tick Voltage source and Linear in the Sweep type
section. Enter the voltage name V1 in the Name box. This voltage source is swept from Start
value: = OV to End value: = 10V and Increment: = 0.01V (Vo space between number and
units).

Simulate by selecting the blue triangle icon, or pressing the F11 key. Fig. 1.12 shows, if
no errors, a Probe plot of current versus the swept voltage V1. Incorrect numbers in the set-up
parameter, or components not connected together, will produce error messages. Note: If you
place the current marker to the right of the resistance, then the graph will have a negative slope
so be careful about marker placement. From the Probe output, select the cursor icon and place
two cursors on the graph using the left and right mouse buttons. Read the current and voltage
differences, and from the inverse of the slope of the graph yields the resistance R1 = AV/AI.

Another thing to notice is that the graph does not start at zero but at —1 A. This is
because the second DC source sends current in the opposite direction when the first voltage

has a zero value.

1.4 POTENTIAL DIVIDER
A voltage transfer function (Alessandro Volta 1745-1827) is the ratio of the output voltage to
the input voltage, and is useful for analyzing two-port networks (A port is a pair of terminals,
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3.00088, 2.08088
5.00088, 4._0008
—-2.0808, —-2.008080

FIGURE 1.12: Current versus swept voltage V1

such as the input or output terminals). A quick way to write a voltage transfer function is to
apply the potential divider principle and work out the ratio of the output to input voltages.
The potential divider shown in Fig. 1.13 is formed from a voltage 71 connected across two

resistances R; and R,.

FIGURE 1.13: Displaying DC conditions on a resistive potential divider
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FIGURE 1.14: Current divider network

The transfer function is obtained by substituting the total current I = 73 /(R + Ry) into
the output voltage V5 = I R,.

7 7 R
2 <R1+R2) T R+ R 1.2

Select the V I icons for displaying DC conditions. The new W icon shows the power
supplied to the circuit and the power dissipated in each resistor after simulation.

1.4.1 Current Divider

The current-divider circuit in Fig. 1.14 shows a current DC source called IDC placed in parallel

with Ry and R,. The current transfer function is a ratio of output and input currents L/ L.
The voltage across the two resistors is

V=ILR = LR = IncRr. (1.3)

I and I are the currents in Ry and R, and Ry is the total resistance. The input current is Ipc
and the output current is [, (Andre Ampere 1775-1836). Substituting the total resistance Ry =
RiRy/(R; + Ry) into (1.3) gives the current in the second resistor I, = Inc Rr/ Ry, hence the
current transfer function is

LR, = IpcRr = -2 = & Rk o
WRy=IpcRr = — = — = = .
Ibc R R+R)R R+R

(1.4)

Select the DC current icon and press the F11 key to simulate. The current in each
resistance 1s

RiIpc 1£.1

- - A=03334 1.5

"R+ R 1k+2% (2.5
R 2%.1

L= 2P A =0.666A4. (1.6)

R4+ R 1k+2k
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Compare displayed current values to those calculated in each resistor using equations
(1.5) and (1.6). We can also use the Watt marker icon for displaying power on the schematic.
The source power is displayed as 677 W = 677 V x 1A. Note: all PSpice current and voltage
sources (AC and DC) are ideal and it is always a good idea to include some resistances to
represent the nonideal source situation. A current source has a large value resistance placed in
parallel with it. For a voltage source the source resistance is small and should be placed in series

with the voltage.

1.5 EXERCISES
(1) Investigate resistive loading on voltage and current dividers by placing a resistance
in parallel with the output resistance, R;. How does loading change the output volt-
age/current?

(2) Repeat exercise (1) but investigate loading on the current divider.




CHAPTER 2

The DC Circuit and Kirchhoff’s Laws

21 MAXIMUM POWER TRANSFER

Maximum power is transferred from a source to an equal-value load and is proved by differen-
tiating the output power with respect to the load resistance and equating to zero. The potential
divider in Fig. 2.1 demonstrates maximum power transfer from the source, V source, and source

resistance, R source, to a varying load RL.

2.1.1 Param Part
In this example, select the RL default value of 1 k€2 and replace it by a name of your choice
e.g. {Rvar} in the Name box of the Display Parameter menu. 7he variable resistance name
must be enclosed in curly brackets{}. However, the Rvar name has no significance and can be
any name you choose. The PARAM part, from the SPECIAL.OLB library, is very useful for
investigating circuit behavior for a range of part values. This part, however, is used and accessed
in a different manner to that in previous versions of PSpice. What is required is to place the
part using the little AND gate symbol, and when selected it turns green. Relick and select Edit
Properties to display the spreadsheet shown in Fig. 2.2. In this spreadsheet, we may add new
rows and assign values in the A column. There is now no limit to the number of parameters
you may add in version 10.5, unlike the PARAM part in version 8, which was limited to three
parameters.

Select New Row and enter Rvar in the Name: box but NO curly brackets, and the
nominal value of 300 € in the Value box as shown in Fig. 2.3.

2.1.2 Simulation Settings

Press Edit Simulation Settings icon or select the PSpice/New Simulation Profile menu.
Select DC Sweep and enter the parameters shown in Fig. 2.4. Rvar is varied Linearly from 1
to 300 2 in Increments of 1 .

An alternative to the above procedure is to specify a list of values separated by spaces in
the Value list box.

13
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PARAMETERS: Note if you rotate RL 180 degrees, the
RVAR =300 power plot I(RL)*V1(RL) will be
; inverted and it would necessitate
Vsource = 1y (Rvart <5 RL placing a minus sign in front of the
ST NG product to invert.
l w »

FIGURE 2.1: Potential divider with variable load

’ Mew Raow... | Apply | Display...l Delete Prop

A
FIGURE1-012 : PAGE1 :
PSpiceOnly TRUE
Reference 1
Value PARAM
Rvar 300
Location X-Coordinate 560
Location Y-Coordinate 60
Source Part FARAM Normal
FIGURE 2.2: Edit Properties Param parameters
ﬂ
Marne;
|F| war
W alue:
|3nn

Enter a name and click Apply or O to add a columndrow ta the
property editar and optionally the current filker [but fat the <Current
properties filker].

Mo properties will be added to selected objects until you enter a value
here ar in the newly created cells in the property editor spreadsheet.

¥ flwaps show this columndrom in this filer

Apply I Ok, Cancel Help

FIGURE 2.3: The Param part parameters
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3 sl (9 2lesl 2181 V|1 flw]w|
X

General Analysis | Configuration Files | Options | Data Collection | Frobe Window |

Analysis type: ~ Sweep variable

" Voltage source Mame: IHvar
€ Cument sourc
= Model type: I '[

¥ Global parameter

 Model " I odel name:
[1Secondary Sweep e BRI
[IMorte Caro/Worst Case

" Temperature Parameter name: IFWar
[]Parametric Sweep

I Temperature (Sweep)  Sweep type
[1Save Bias Point o L

I1—
[JLoad Bias Point g
End walue: |3DD
" Logarithmic IDecade "I B l—
1

Increment:

Start value:

T Value list |

oK | cancel doply | Help

FIGURE 2.4: Analysis and DC sweep

2.1.3 'Trace Expression Box

Press F11 and a blank Probe screen appears since no markers were placed on the schematic. To
display power dissipated in a device, we may use one of the two techniques. The first technique
uses the power marker (W icon) that is located in the middle of the device as shown. The second
technique is the manual method accessed from the Probe screen after simulation when you
select the Trace add icon & (Or press the Insert button on the keyboard). Enter the expression
for the load power as I(R2)*V1(R2) in the Trace Expression box shown in Fig. 2.5.

Note: The resistance orientation has an effect on the final Probe display. If the display
comes out upside down, then the resistor is the wrong way around and should be rotated around
180° (the R key), or place a minus sign in front of the current—voltage product. Component
orientation is how PSpice handles conventional current direction flow in R, L, and C, so be
careful about the way you place them and marker placement. Fig. 2.6 shows the Probe plot
when cursors are placed using the left and right mouse buttons. Maximum power is measured

V2] inbies | LOG10()

W) 25 varniablez listad M(] [

WA2) = MAH ) =
Ful List

Trace Expression: [1(R2)" V2(R2) ok | concel| Hen |

FIGURE 2.5: Adding variables
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(10 ohms , 2.5 Hatts)maXImum power when Rs?urce = RL
2544
¥-axis parameters y-axis paramsters
vl value
x1 value A1 = 1.8608, 826.446m *”’aifj
2. 84 A2 = 128.165, 672.128m
’_,,fJ”’? dif= -127.185, 154.319nm ¥2 value
x2 value : //f \\
1.5u4

i x1-x2 y2-y1

[0} T T - T

a 58 1868 158 264 258 aai

{SiW(RL)
Ruar

FIGURE 2.6: Power versus Rvar (Linear x-axis variable)

by selecting the maximum Cursor Peak * icons to locate the cursor at the maximum power

value. Compare the measured maximum power to the value in (2.1).

—25W
(2.1)

From Probe, select Plot /Label to access a menu bar containing many useful display

Vsource ]2 |: Vsource :|2 Vsource? 100
= L =

Prax = PRy, = [— — —
Rsource + Ry, R; + Ry 4Ry 4 x 10

graphic tools such as Text, line, Arrows, Box. The plot is copied to clipboard from the
Probe/Windows where you have the option of copying with a white or black background.

2.2 CHANGING THE X-AXIS VARIABLE

There are times when you need to change the axis properties such as to change the scale, linear
to log, or to change the swept variable. The sub-menu in Fig. 2.7 is accessed by selecting the
space beside any x-axis number in Probe, or by selecting the Trace menu. Tick Log to change
the x-axis to logarithmic (or select the log icon “&=). A new feature is that we may now place an
x-axis name by selecting Axis Title. We may change the x- and y-axis range in the Data Range
box. The x and y grid display can also be changed to the simple display shown in Fig. 2.6. Add
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Aoxcis Settings

FIGURE 2.7: Changing the x-axis variable

a y-axis title by selecting the y-axis space and entering “Maximum Power Transfer” in the Axis
Title (a title may be added to the x-axis as well). The Probe plot may be copied to clipboard
from the Windows/Copy to Clipboard menu where options are offered such as making the
background transparent.

221 TheLog Command

All key strokes pressed whilst in the Probe environment can be recorded and a file created that
can be accessed later from Probe after simulation. This file when run automatically reruns the
key pressed sequence to produce the desired Probe screen. This log command file is created by
ticking Log Commands from the Probe/File/ menu where you enter a name such as Figure2-
008.cmd and save. You must un-tick Log Commands when you are finished recording all key
presses. If you need to re-simulate with different parameters/designs for example, then select
Probe/File/Run Commands and open Figure2-008.cmd. This can be accessed at any time
from the probe menu. Fig. 2.8 is not very complicated and hence it is not really necessary here

but is very useful when you need to display several plots on different levels. The FFT icon can
also be included in this file.

2.3 MESH ANALYSIS
Kirchhoff’s voltage law (Gustav Kirchhoff 1824-1887) states that the sum of the potential drops
and voltage sources around a closed loop is zero. We may write the mesh voltages’ equations
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oW

(10 ohms, 2.5 Watts)

Al = 10.000, 2.50800
A2 = 1.8888, 826.446m
dif= 9.0000, 1.6736

Maximum power transfer when EL = Rsource = 10 ohms Log scale

1.0 3.0 10 30 100 300 1.00
{GIWERL)

Ruar
FIGURE 2.8: Power versus Rvar (log x-axis variable)

in a simple and safe manner by assigning all mesh currents in the same clockwise direction. For
example, the Tee network (a popular resistive attenuator) in Fig. 2.9 has two sources £ and E;
(VDC parts) and a se/f~impedances in loogp one Ry + Rz and Ry + Rs in loop 2. Both impedances
are made positive and the mutual impedance between the loops is — Rs.

The sum of the impedances in a loop is called the se/f~impedance and is assigned a positive

sign, whereas the impedance common to two loops is called the mutual impedance and is always

692.0uWV|

: A, /\2/\/\/

R1 10 R 20

N — > -5.882mW/|

1
E1 — 1 R3 < 50  E2 —1v
5.882mA

7y |

FIGURE 2.9: A Tee network
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negative. A negative sign is assigned to each voltage source when the assigned current direction
is in the opposite direction to the rise in a voltage source. Assign all mesh currents in the same
direction and applying Kirchhoff’s voltage law to yield

Loop 1 Fi=LR+6LR—LR; (2.2)

L00p2 —E=—0LRR+ LR+ LR (2.3)

Loop 2 shows a negative sign in front of £, because the current direction is in the opposite

direction to the rise in the potential of E,. Applying these simple rules means we may write

the equations in a quick and easy manner, and with less chance of making mistakes. However,
(2.2) and (2.3) may be written directly as

Ei=L(Ri+ R)— LR (2.4)

—E=—-L R+ L(R+ R). (2.5)

The sum of the self~impedances in a loop is positive and equal to Ry + Rz in loop 1 and

Ry + Ry inloop 2. The mutual impedance is negative and equal to — Rz in both equations. The

loop equations in matrix form are

FEy R (R + R;) (—Ry)
|:_E2i| - |:Izi| |:(_R3) (R + R3)i| ’ (2.6)

The loop currents are calculated by applying Cramer’s rule to (2.6) as

E (—Rs)
—E (R + Rs)

F&+&M4@ }

L =

(—R3)  (R+ R)

 E(R+R)—(—E)(-R)  1x70—1x50
(R +R)(R+ R)— (—R)(—R;) 60 x 70 — 2500

(R + Ry) Ey
B (—Ry) —E

Z_F&+&M4@ }

=11.8 mA (2.7)

(—R) (R + R3)

—E(Ry+ Ry) — (B)(—R) _ —160+1.50 _ 10

1700 700~ 1700 00 mA- (28
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A negative value for the loop current tells you that the current direction is opposite to
your assigned direction.

2.4 NODAL ANALYSIS

Nodal analysis is used to solve for the voltage v, at the junction (node) of Ry, R, and R; in
Fig 2.9. Applying Kirchhoff’s current law at the node which states that the sum of the currents
at a node is zero:

L+L+L=0. (2.9)

We may express each current in terms of the voltages and resistances:

0. 2.10
Ry R R (2.10)

This technique may generate errors in your analysis because of confusion over current
and voltage directions. A better technique is to write the node voltage equation using a similar
method to that used in mesh analysis. The method is as follows: Show a// current directions in
the same direction coming out of a node. This contradicts the normal laws of energy conservation
but is done for the reasons discussed in mesh analysis. Name the node under investigation v,,
a voltage with respect to the ground (the reference node). An admittance connected to this
node is called a se/f~admittance and is made positive, whereas admittances connected between @,
and any adjacent nodes are called mutual-admittances and are made negative. A voltage source
attached via admittance to the @, node is made negative. Thus, we write the nodal equation at

the junction of Ry, R, and Rs using this method as

1 1 1 no n
d=+=+=)-2L-2=o0. 2.11

U(R1+R2+R3> 21
Substitute component values and solve for the node voltage v, as

1 1 1 1 1
W(10+20+50) 530 =0 v 017) =015 v, =0882V.  (2.12)

Press F11 and select the V and I icons to display current and voltage values on the
schematic. The displayed values might be slightly different from the calculated ones because of
the number of places of decimals or Significant Digits. However, you may change the number

of displayed digits by selecting the menu sequence in Fig. 2.10.
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PSpice Accessories Options Window Help

Mew Simulation Profile
Edit Simulation Profile ﬂ -E
Run Fit ol @ v|3u] 1wl
View Simulation Results F12 _I
View Output File
Create Netlist
View Metlist
Advanced Analysis r I
Markers 3
v Encbl
- L IxXT,
Enable Bias Current Display
Togale Selected Bias Current
Enable Bias Voltage Display
Toggle Selected Bias Yoltage
1 0 Enable Bias Power Display
Togale Selected Bias Power

FIGURE 2.10: Changing the digits

Preferences...

Select the PSpice/Bias Points/Preferences menu. Enter 4 in the Displayed Precision
as shown in Fig. 2.11 and it will display the number to four decimal points.

After simulation, select the V/I icons to display DC current and voltages shown in

Fig. 2.12.

To remove redundant voltage or current displays, press the icon to the right of the voltage
or current icons. To add extra voltage displays on a wire, select the wire and press the little node
junction icon beside the main V icon. Make sure Bias Point is ticked in the Analysis Setup

menu.

x
Digplayed Precision |4
Cancel |
Print Calor Fant
v | Arial B | Current
v | Arial 5 | Yoltage
v | Avial 5 | Povier

FIGURE 2.11: Setting the digits

21
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mws o wlely(2] Sleel 218 [V 3T Lfw wii|

R1 8 ;
T o~ uo
Vi——2v R2 § 4 Vo
J 5.585V]

74.3 V é
61.52mW

To place extra voltage values on a wire, select the wire and press this node‘icon

FIGURE 2.12: Displaying DC conditions

C 1J_

R1

VOFF = 0 10k 10k Nz v2 VOFF =0
- ! _— B
vaMPL = 1 \CHV 1 v @ FREQ =Tk

FREQ = 1k { VAMPL = 1

FIGURE 2.13: Part of a Sallen and Key active filter

2.5 EXERCISES

(1) In Fig. 2.1, vary the source resistance and investigate maximum power transfer. (Hint:
An ideal voltage has a zero resistance source hence all power is absorbed by the

load.)

(2) Calculate the voltage at the junction of the three resistors in Fig. 2.12 and compare to
the simulation results.

(3) For the circuit in Fig. 2.13, apply nodal analysis and obtain a value for the node voltage
v. Hint: Substitute component values into the primary nodal equation before solving
for v.
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CHAPTER 3

Transient Circuits and Laplace
Transforms

3.1 TRANSIENT ANALYSIS
Complex signals, such as step or pulse-type signals applied to CR, LR circuits, and LCR

circuits, are analyzed in a much simpler fashion using the Laplace transform (Pierre Laplace
1749-1825). Laplace tables and partial fraction expansion methods are used when transforming
from the s-domain back to the time domain.

3.2 LAPLACE TRANSFORM AND CAPACITANCE
The Laplace Transform of a function f(#) is

Lelfo) = F6) = [ o ar (3.1)

The current—voltage relationship for a capacitor in the time domain, with an initial voltage
across the capacitor plates ¥ (consider this as a step voltage), is

1 2
velt) = — / i(Ddt + Vo (3.2)
CJo
Laplace transforming equation (3.2):
1 t
Lolve(®)) = Ly {5 / i)t + Vo} (3.3)
0
The Laplace transform for integration and step functions, is 1/s, hence (3.3) becomes
1 Ve
Vels) = —L(s) + — (34)
sC $

All transformed circuit variables are shown capitalized in the Laplace equivalent circuit.
Figs. 3.1(a) and 3.1(b) show a capacitor representation in the time and s domains where
the reactance 1/5C I is in series with the initial condition voltage, V/s, but acting in the sense

shown in Fig. 3.1(b).
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—» ——
i) I(s)
- 1/sC
it = C v _
V{o)s ()T
(a) (b)

FIGURE 3.1: Transformed capacitance

3.3 INDUCTANCE

The current—voltage—time relationship for an inductor, with an initial current, Iy, is

di
t)=L— + [ 3.5
o = L 1y 6.5
The Laplace transform of (3.5) is
Ji
Lrtond) = V2(0) = L (2% + b)) =s216) = L (3.6)

An inductor representation in the time domain is shown in Fig. 3.2(a) and the Laplace transform
of an inductor is shown in Fig. 3.2(b) as a reactance sL ohms in series with the initial condition
voltage, LI Volts but in the same direction as the input voltage.

The transformed circuit may also be expressed as a Norton equivalent circuit with the

Norton admittance in parallel with a current source.

3.4 FIRST-ORDER CRAND LR CIRCUITS

Figure 3.3 shows a high-pass filter that is used to couple amplifier stages together for the
purposes of DC isolating each stage. A pair of differential markers measures the voltage across

FIGURE 3.2: Transformed inductance
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S1
; c1
: 92 S
} TCLOSE = ‘ 1
vi — 10 v+ ! - @V

FIGURE 3.3: High-pass CR circuit

a component that is not connected to the ground reference point, such as the voltage across the
capacitor. Select the PSpice/Markers/ Voltage Differential to place two consecutive markers,
where one marker has a plus symbol and the other has a negative symbol (or use the icons from
the top marker icon toolbar).

Apply the Laplace transform and obtain expressions for the capacitor and resistor voltages.
We may obtain current or voltage expressions in time using the inverse Laplace transform table
given in the appendix. After simulation, compare your calculations to the simulation results for
currents and voltages evaluated at certain times. The Sw_tClose switch part from the eval.olb
library is closed at time # = 0s (Assume the capacitor is initially uncharged). Evaluate the
capacitor voltage at # = 5s, where /1 =10 V, Ry =2Q, C = 1F. Capacitance entered in
PSpice as 1 F (no space between the number and the unit) is interpreted as 1 Femto farads—a
much smaller capacitor, so leave out the F symébol.

3.4.1 Solution
The first switch, sw_tClose, closes at a certain time (Note: the sw_tOpen switch opens at a
specified time). DLclick the sw_tClose part to set the following parameters:

Time to close =TCLOSE =05,
Transient time = TTRAN =1 us,

Switch resistance when closed = RCLOSED = 0.01 €2, and
Switch resistance when opened = ROPEN = 1 Meg

Other mechanical switches are available in the discrete.olb library. The voltage across the
capacitor increases exponentially because the current into the capacitor accumulates charge on
the capacitor plates. The capacitor current, however, decreases exponentially with time because
the capacitor voltage that is building up with time opposes the source voltage. The circuit time
constant, T = CR, is the time it takes for the capacitor voltage to charge up to 63 % of the applied
step voltage. The time constant is also found by extrapolating the initial slope of the capacitor
voltage with a straight line until it intersects a line drawn across from the final capacitor voltage
to the y-axis. The time constant T is then measured by dropping a perpendicular line from
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the intercept to the time axis. The Laplace transform for a step voltage 77 is V1 /s, hence the
current is the step voltage divided by the total circuit impedance R+ 1/5C as

1 1 1
Tns) = Voltage  10/s 0 5 5

Impedance 2+1/s 2s+1 s+4+1/2 s+05 (3.7)

@ where

From the Laplace tables, we see that the inverse Laplace transform of 1/(s + a) is ¢~
a = 0.5 so that Eq. (3.7) when converted to the time domain is 5¢795% The currentat # = 5 s

18

ig(£) = 570 = ir(5) = 5679 = 5072° = 0.414 A (3.8)
3.4.2 Partial Fraction Expansion

Partial fraction expansion (PFE) is necessary to transform an equation in s, back to an equation
in time, where the equation in s has no direct equivalent in the Laplace tables. For example,
the capacitor voltage in the previous example is obtained by multiplying the current in (3.8) by

the capacitor reactance to yield

1 5 1 1
Ve(s) = 16) (_c> = ( +0.5) (‘) =S 1050 (3:9)

The two functions 1/(s + 0.5) and 1/s are in the Laplace tables, but the product of the two is

not, so we need to separate the parts using the partial fraction expansion method. The constant

5 is temporarily ignored, so separate the two parts in (3.9) by introducing two new constants 4
and B as

1 _ A N B A(s)+ B(s +0.5)  (A4+ B)s + B0.5) (3.10)
(s +05)(s) (G405 ()  (+05)  (s+0.5)0) ’
Combine all s terms and equate the right and left terms of the top part of (3.10) i.e.
1=(A+ B)(s)+B05=(A+ B)(s)=0 and 0.5B=1= B =2 (3.11)

Now 4 + B = 0 since s is not zero and there are no s terms on the LHS of (3.11). This implies
that 4 = — B = —2. Substitute these values back into (3.10):

5 1 1 2 2 1 1
Ve(s) = ( +0.5) (‘) = T80 [; - m} =10 [; e +0.5] (3.12)

The inverse Laplace equivalent for the two parts of (3.12) yields the capacitor voltage in the

time domain as

v (5) =101 — e (3.13)
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The capacitor voltage at time # = 5 s is

0.(5) =101 — e %) =101 — ¢ 2°) =917V (3.14)

3.4.3 Initial Conditions

There are several methods for setting initial circuit conditions. The Run to time should be set
to at least five time constants in order to display an almost-charged condition on the capacitor.
The first method is to set Analysis type: Time Domain (Transient), Run to time = 15 s,
Maximum step size = 20 ms and tick Skip initial transient solution. This allows PSpice to
charge the capacitor from a zero charge state. The second technique is to select the capacitor and
type in zero volts on an IC parameter (a capacitor parameter). The third technique uses the
IC1 part placed at a junction or the IC2 part placed across the capacitor and a desired voltage
entered. These parts selected from the special.olb library are used to place a final voltage on a
capacitor thus speeding up charging and, hence, simulation times. Press F11 to simulate and
display the voltages across C and R as shown in Fig. 3.4.

Current in the capacitor

o ~I(C1)

\

Yoltage across the capacitor
5U

Voltage across the resistor

au T T T T

T T T
Bs 25 4s s 8s 18s 12s 14s 16s
o U(R1:1) ~ U(S1:2,R1:1)

Time

FIGURE 3.4: Transient response
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TOPEN =3 R1 RTH

L 2 AV

U1

4 2
AV}
__V1 N ~2 c1 __VTH c2
— | % 10 f—
TCLOSE =3
EQ circpit before S1 opened, S2 closed

FIGURE 3.5: The original and Thévenin equivalent circuits

3.5 EXAMPLE2

Fig. 3.5 shows an electrical circuit and the Thévenin equivalent circuit. With C initially
uncharged at time # =0 s, and switch S1 (Sw_tOpen part) closed, the capacitor starts to
charge. Switch 52 (Sw_tClose part) is then closed, and S1 opened simultaneously after 3 s.
Obtain an expression, using the Laplace Transform, for the current in C as a function of s
(Hint: Apply Thévenin’s theorem to the left of C, treating C as the load). Obtain an expression
in time for the capacitor voltage and evaluate it at =3 s. V1 =20V, Ry = R, =4,
C=1F.

3.5.1 Solution

The original circuit is simplified by applying Thévenin’s theorem to yield an equivalent resistance
of 2  because the resistors are now in parallel when you replace the voltage source by a short-
circuit link. In this example, the source is considered an ideal voltage source, and hence has a
zero source resistance. The voltage at the junction of the two resistors to the left of the capacitor
is determined by applying the potential divider principle. Remove the load C. The Thévenin
equivalent voltage is (10/s) V, i.e. half the input voltage (look up potential divider in the index).
The complete equivalent circuit is shown at the right in Fig. 3.5. The current is calculated by
dividing the Thévenin step voltage by the circuit impedance as

Ix(s) =

T2 +1 2 s+1/2 5405

Zl—i(_)/ls/s <s) 10 2 5 5

s

From the Laplace tables in Appendix A, we convert Iz(s) to current as a function of time

IR(f) = 56‘_0'5t
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The current at 3 s is [z(3) = 5¢70>3 =5,715 =111 A. An expression for the capacitor
voltage is obtained by multiplying the current by the capacitor reactance as

o=0() = (355) ()

There are no entries in the Laplace tables for this product, so we need to apply PFE in order

to separate the voltage expression into two functions that are in the tables. For example:

1 (A4 B\ _ _(As)+Bc+05Y _((d+B)s+B05)
5<s_+o.s><s>‘5<s+_o.s+s)‘s( G +050) )‘5< G+ 05)0) )

To determine A4 and B, equate the top part of the left-hand side of this equation to the RHS:
1=(A4+B)s)+B05=(4+B)(s)=0=(A+B)=0=4=—-B

This means that 1 =0.5B = B =2

1 5 1 2 2 1 1
Ve(s) = I(s)(z) = (s _,_0.5) (;) :5[; o +0,5] =10 |:; s +0.5]

From the Laplace tables, we see that 1/s is equivalent to 1 in the time domain and 1/(s + 0.5)

is equivalent to ¢ ~%. The capacitor voltage in the time domain is
v (5) =101 — e V¥

At # =3 s, the 20 V supply is disconnected by opening S1 and closing S2, thus allowing the

—0.5><3)

capacitor to charge to v,(3) = 10(1 — ¢ = 7.76 V. The circuit now comprises a voltage

source 7.76/s V inseries with a 2 Q resistance and a 1 F capacitor. However, this voltage source is

not a constant voltage supply and so decays exponentially v, (#) = 10e =%

. The current changes
direction instantaneously because the capacitor cannot charge instantaneously but decays in an
exponential manner. Select the Analysis/Transient menu and set Run to time to 15 s and
Maximum step size (default value). Press F11 to simulate and produce the current and voltage

waveforms shown in Fig. 3.6.

3.6 EXAMPLE3

Fig. 3.7 shows a switch open for a long time which is then closed at # = 0.2 s. Obtain
an expression for the inductor current as a function of s. Using the Laplace tables, get an

expression for the inductor current in time and evaluate at # = 0, 0.2 and 0.3 s. Assume zero
initial conditionsand R = R, =5Q, L=2H, 1 =1V.
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L 776 W)

Capacitor VYoltage

(14 77 ¥, -10 74 mA)

Switch closure

™~

Current in the capacitor

T T T T T T
0s 25 45 65 8s 185 12s
o U(C3:2) « -1(C3)

Time

FIGURE 3.6: Current and voltage waveforms

3.6.1 Solution

Laplace transforming the circuit yields the current as

%410 52410 (G455

Iils) o6 +9)

ur—1 )$ 2_TCLOSE=02s
MW\ MW
R1 5 R2 5

N v

Vi— 1 L1 2

o

FIGURE 3.7: Switch closed at 0.2 s

1/s 1 1 1 1/2 [ 1 ]_

A

k)

:
145

B

+s+5

165
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258mA

(2 5,198 mA)
200mA{
(200ms, 63mA) Inductor current
188m#
SEL>> Time of switching
(L] T T T T T T T T T
8s 8.2s B.4s B8.6s 8.8s 1.8s 1.2s 1.4s 1.6s 1.8s 2.0s
I(L1)
Time
—TwT *
(200 ms, 683mY)
(200 ms,388 V] yoltage across the inductor
8.5U
[ill] T T T T T
Bs B8.5s 1.8s 1.5s 2.08s 2.5s 3.0s
o U(L1:1)

Time

FIGURE 3.8: Inductor current

Ignore the 0.5 factor and equate the top left-hand side of the equation to the right-hand side as

1=A+B)(s)+A5=A=1/5and (A+ B)s)=0= (A+ B)=0,0or,B=—A=-1/5

Another method of solving PFE coefficients is [%]S:o = 4= % and [%] s——5 = B = —%
15 157 05[1 1 .
I =05 — — = — |- - =0.1(1 — g
2ls) [ s s—|—5i| 5 [s s—}—S] 1=

The current at # = 0.2 s is 7 = 63 mA (see Fig. 3.8). Closing the switch at # = 0.2 s reduces
the circuit resistance to 5 €2, However, the inductor initial voltage is now equal to the current at
0.2 s multiplied by the inductance, i.e. VL = I(0.2)L = (63 mA)(2 Henries) = 0.106 V. The
initial voltage direction is in the opposite direction to the voltage drop across the inductance.
The current is the voltage (1/s + 0.106)/impedance i.e.

1/s+0.126  1/2s 0.063 0.5 0.063

25+5 425 5+2.5_(s)(s+2.5)+s+2.5

Ii(s) =
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_[1_4 B

—55] and solve

Apply partial fraction expansion to the first part TS)

1 1 1 1
[X + 2.5}5':0 : 2'5 " [S ]S=25 :> 2.5

L(s) = 0.5 |:1/2.5 B 1/2.5 ] 0.063 5 |:1 1 ] 0.063

$ s+2.5 s+2.5:2? s_s+2.5 +s—|—2.5

This current as a function of time is written from the Laplace tables as
I(#) = 0.2(1 — e 2%) 4 0.063¢ 2" mA

Note: We evaluate this last expression at # = 0.3 s by substituting the e/apsed time of 0.1 s =
(0.3 s-0.2 s), and not 0.3 s, which is the total time.

1;(0.1) = 0.2(1 — e 21 4+ 0.063¢72°%%1 = 92 mA

Set Run to time = 3 s, Maximum step size = 500 u. Press F11 to simulate to display the
inductor current in Fig. 3.8.

Note the inductor voltage has a distinct discontinuity at the time of switching.

3.7 EXAMPLE4
The switch in Fig. 3.9 is initially opened and then closed at # = 80 ms. Using the Laplace
transform, obtain an expression in s for the inductor current. Hence, calculate a value for

the inductor current at # = 80 ms. Assume the inductor is initially uncharged. Ry =5 €,
R=20Q,L=01H,I; =2A, L =3A.

s1 ></JCLOSE BOmSI\V L
%

|Dc(z@ A ’—l—‘ g \.‘

I L L Re < 20 0.1H
IDC | /\>3A R1?5 1

]

\/

FIGURE 3.9: Problem 4 using parallel current sources
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3.7.1 Solution

Before the switch is closed, calculate the inductor current by applying the current divider
principle to I;, Ry, and Ly:

2 20 2 200 400 1 A B
L) =2—" (= - _a0|f 4
s 20+ 50.1 s 200 + s s (200 +5) s s+200

Solve for A4 and B using partial fraction expansion [ﬁ]szo = A= 2% and [%]Sz,goo =
1

L6) 400 [1 1

T 200 54200
When the switch is closed at #= 80 ms, the inductor current is I7(80 ms) = 2(1 —
¢~200x80ms) — 5 A The initial inductor current Iy produces a back EMF I = 80 mV. The

equivalent circuit is a generator in series with the inductor reactance. Complete the solution

] = L) =2[1-¢"] 4

by combining the two current sources into one source and the two resistances into one resis-
tance. Set Analysis to Analysis type: Time Domain (Transient), Run to time = 500 ms, and
Maximum step size = 10 us. Press F11 to plot the inductor current shown in Fig. 3.10.

4oeu

The inductor wvoltage
208U

(80 ms,11 .83 V)

511}

o U(L1:1)

2.50 (8 ms,2 A

SEL>>
513}

T T T T T
Bs S ams 186ms 158ms 280ms 250ms
o I{L1)

Time

FIGURE 3.10: Inductor current
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R1 TOPEN = 0.02
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TCLOSE=0 TCLOSE=2 1 >$ 2
25

0.18m C2 1

CLOSE 0.75ms
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+ 25
V8 _;»¥ | C3
1
0

u7
TOPEN = 0.75ms

FIGURE 3.11: Switching circuits

3.8 EXERCISE

(1) Investigate the transient exercises shown in Fig. 3.11.



CHAPTER 4

Transfer Functions and System
Parameters

4.1 TRANSFER FUNCTIONS

A transfer function comprises numerator and denominator parts with each part containing one
or more factors. We may use a LAPLACE part to plot the transfer function frequency response
or the impulse response. The default Laplace part has a unity numerator and denominator is
1 + s, which is a low-pass filter with a 1 rs™! cut-off frequency. Each transfer function factor
entered is separated by a multiplier operator “*”. For example, if the numerator is 5 s, then enter
it as 5*s. A fourth-order polynomial, factored into two second-order polynomials, has each

[ 224

polynomial enclosed by brackets () but separated by a “*” symbol between each pair of brackets.

4.2 BUTTERWORTH TRANSFER FUNCTIONS AND THE
LAPLACE PART

A second-order transfer function is formed from an inverted second-order Butterworth

loss function with a cut-off frequency w? =100 = wy=10rs"! = f5 = 10rs"!/2n) =

1.59 Hz. The Butterworth loss function is de-normalized by replacing the normalized complex

frequency variable $ with the complex frequency variable, s, divided by the cut-oft frequency

[ref: 1]. The transfer function is therefore

Vout _ 1 . 1 _ 100
Vo $ 414148 +1[5_ 10 (552 +1.4145+1 524 14.14s + 100
(4.1)

Draw the schematic in Fig. 4.1 and use the Net Alias icon to place a name on the output wire.
Select the Laplace part, Relick and select Edit Properties. In the DENOMIinator box,

enter the transfer function denominator (s*s 4+ 14.14*s + 100), and 100 in the NUMerator

box. In the top right-hand corner press the small x to exit the properties. To plot the frequency

H(s) =

response, place a dB marker (From the PSpice/Markers/Advanced menu) on the output port.
From the Analysis Setup menu, set the sweep parameters shown in Fig. 4.2 to plot 1001 points
tor each decade in the response from 0.1 Hz to 10 kHz.
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NUM = 100
| out
V1 ~
1Vac /"
(™) DE

OVde \_ DENOM = (s*s+14.14*s+100)

—

:

-0
FIGURE 4.1: Laplace part for evaluating step and frequency responses

General Analysis | Configuration Fies | Options | Data Collection | Probe Window |

Analysis type: AL Sweep Tupe
AC Sweep/Noise ™ Linear Start Frequency: IEH—
Options: ¥ Logaiithmic End Frequency: |1 nooo

@m IDecade 'I Points/Decade: |1 0o
[Monte Carlo/Worst Case
M0 s e mtrim Cromam

FIGURE 4.2: Analysis Setup parameters

-
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-
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The -3 dB cut{off frequency is 1.59 Hz

Roll-off rate is -12 dB/octave

L= - - B - - e B
|
[
=

-ha T T T - t
188mHz 388mHz 1.6Hz 3.6Hz 18Hz 3BHz 1868Hz
[TDB(UOUTY)

Frequency in Hz

FIGURE 4.3: Frequency response

Simulate, and if no errors are present then the frequency response in Fig. 4.3 should
appear. The frequency at which the output is down by =3 dB is measured using the cursor.
Make sure it agrees with your calculations.

Place a phase marker from the PSpice/Markers/Advanced menu on the output node,
and simulate. Construct the circuit for obtaining the step response and set the transient analysis
parameters as shown in Fig. 4.4.

The input signal for producing the transient response is now considered.
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Simulation Settings - AC

General Analysis |Cnnﬁguratinn Filesl Options' Data Collection | Probe Wlndawl

Fiun to time: IEs zeconds [TSTOP)
Start gaving data after: ID econds

Trangient options

[ General Settings
[(Monte Carlo/Worst Case M aximurm step size: I‘I m seconds
[C1Parametric Sweep

[MTemperature (Sween)

V¥ Skip the initial transient bias point calculation [SKIPBP)

FIGURE 4.4: Transient analysis parameters

NUM = 100

T1=0s Vi=1V : N—ouT Ut
T2 = 10nsV2 = 1V
T3=10s V3 =1V

Step \
DENOM = (s*s+14.14*s+100)

FIGURE 4.5: Step response testing

4.2.1 Piece-wise Linear Part (VPWL)
A piece-wise linear (VPWL) shown in Fig. 4.5, part generates a unit step function whose
parameters are displayed on the schematic. Alternatively, use a VDC part as a step voltage
source.

The step response in Fig. 4.6 shows the step response as an exponentially decaying
sinusoidal signal. Separate the input and output signals using Alt PP, Ctrl X, Ctrl V on a
variable selected at the bottom left of the Probe output.

4.3 PROBE GRID AND CURSORS ICONS

The function of each cursor icon is given in a little information box that pops up when you
place the mouse cursor on each one as shown in Fig. 4.7. To place specific values on a plot,
turn on the cursor, select the maximum-value icon (fifth one from the left) to place intersecting

cursors at the maximum value.
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1.20
0 hoot
e DVershoo Step input
88U [445_%:;>m,1_04295J
FPress Trace menu and select function Overshoot(Y¥(Out)) from the list
This displays the Percentage overshoot as shown below
8-407 PO = (1.0429-1)1%100% = 4 29 &
ill} T T LZ T T T

As 8.5s5 1.8s 1.55 2.8s 2.55 3.8d
o U{OUT) » U{LAPLACE:IN)

Time

Evaluate '\ remens

FIGURE 4.6: Unit step response

eI EAEIEAE R

S=pRy - o1
A EIEIES

FIGURE 4.7: Probe cursor icons

Pressing the second last icon on the right places a pair of x and y values at the largest
value location. This may be repeated for other peaks by pressing the maximum value icon again
and pressing the second last icon, where it places another pair of x and y values at the second
largest value, and so on.

The percentage overshoot (PO), is the maximum value minus the step value divided
by the step value and multiplied by 100 %. For a unit step, the overshoot is the maximum
value of the step response minus one and then multiplied by 100 %. So, in this case it is
(1.0429-1)*100 % = 4.29 % (see Section 4.9).

4.4 ELAPLACE PART AND THE STEP RESPONSE

We can measure system parameters such as rise time and steady-state values by applying
a step signal and measuring different parameters from the step response. In second-order
systems, we measure overshoot, settling time and natural frequency from the step response.
The ELAPLACE part in Fig. 4.8 can be used to obtain step and impulse responses by entering
the transfer function into the XFORM box.
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T1=0 V1=0

Vstep@
T2=1ns V2=

T3=1

V3=10

E1
out
IN+  OUT+ —
IN-  OUT-
V ELAPLACE \\/

V(%IN+, %IN-)

FIGURE 4.8: The Elaplace part

0XFORM = 1000/(s+1000)

MHew Baw... I | Apply I Dizplay...| Delete Property
A
FIGURE1-045 : PAGE1 :
PSpiceOnly TRUE
Reference Wetep
Value WL
AC 0
BiasValue Power 0wy
DC 0
Location X-Coordinate 500
Location Y-Coordinate 345

Schematics' Source Library

CAMESImEY _BWSOURCESIE

Source Part VP Normsl
™ 0
T2 1nz
Vi 0
V2 10
V3 10

FIGURE 4.9: VPWL step generator spreadsheet

A low-pass filter transfer function, with a cut-off frequency 1000 r/s (/2 = 159 Hz), is

expressed as
V;ut

1000
~ 5 41000

@p

(4.2)

S+ ®p | ,—1000

Select the VPWL generator part, Relick and select Edit Properties and enter the parameter as

shown in Fig. 4.9. This creates a step function with the voltage, at time #4 = 0's, equal to 10 V.
Rclick the ELAPLACE and select Edit Properties to display the part properties shown

in Fig. 4.10. Enter the transfer function 100/(s+100) in the A column of the XFORM row.
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MHew Row... | Apply I Displa_l,l...l Delete Prop
A
PSpicelnly TRUE
Reference E2
Value ELAPLACE
BiasValue Power oy
EXPR W=, Bt}
Location X-Coordinate 575
Location Y-Coordinate 315
Source Part ELARLACE Normal
KFORM 100/0100+=2]

FIGURE 4.10: Elaplace part parameter spreadsheet
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[ General Settings
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FIGURE 4.11: Transient Analysis parameters

|5I:Ims zeconds [TSTOP)
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Tranzient options

M aximum step size: I‘lDu zeconds

¥ Skip the initial transient bias point calculation [SKIPEP)

Terminate the ELAPLACE output with a port left part from the right-hand menu and
set the Transient Analysis parameters as shown in Fig. 4.11.
Press the simulate icon (Or the F11 key), and the step response in Fig. 4.12 should

appear.

We will show in Section 4.9 how to measure the rise time.

4.5

CHEBYCHEV TRANSFER FUNCTIONS IMPULSE RESPONSE

A second-order Chebychev loss function with 2 dB ripple (¢ = 0.746) in the passband is
$2 + 0.8048$ + 0.823. Invert this function and denormalize by replacing $ with s/1000 to

produce the following transfer function:

Vout 1

His)=—=

Vio 82+ 0.8048 +0.823|s_ 1000 52 + 804s + 823.10°

10°

(4.3)
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12V
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FIGURE 4.12: First-order step response

E1 XFORM = 1e6/(s*s+s*804+823e3)
out
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T2=20u V2=1 \ELABLACE w \ y

Vimpulse ;A o
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0 DC gain=1e6/1000k=1

FIGURE 4.13: Impulse parameters

The maximum response occurs at the resonant frequency.

W} =828krs ' = fy=(/wd)/2m =823 ki /27 = 145 Hz

However, this is not the same as the passband edge frequency. The gain at DC is
1 Meg/0.823 Meg = 1.21. Fig. 4.13 shows an ELAPLACE part with the transfer func-
tion entered in the XFORM as 1e6/(s*s + 804*s + 823K). Select the VPWL part and enter
the impulse input signal parameters to produce a 10 V pulse with a width of 2 us.

Set Analysis to Analysis type: Time Domain (Transient), Run to time = 100 ms, and
Maximum step size = 1 us. Press F11 to simulate. Separate the overlapping displays by creating
two more extra plots using the Alt PP buttons twice. Delete and select the output variable you
wish to move by selecting the V(out) variable and pressing the Ctrl X buttons. Paste the copied
variable into the new plot with Ctrl V.
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FIGURE 4.14: Impulse and frequency response

4.5.1 Unsynchronizing Probe Plots
On the top plot, select Plot/Unsyncronize X-Axis and press the FFT icon. Unsynchronizing
the x-axis enables us to plot the frequency response but keep the other plots still in the time
domain as shown in Fig. 4.14. You might need to increase the transient Run to time to 1 s in
the analysis setup to achieve good frequency resolution.

Measure the frequency at the max of the display and the time between peaks in the
middle plot (verify it is equal to 1/ ). Measure the overshoot, settling time, and natural
frequency. There is an error at the beginning of the frequency response but see Section 4.7 for

an explanation.

4.6 FIRST-ORDER LOW-PASS FILTER STEP AND IMPULSE

RESPONSES
Impulse testing is useful for assessing system stability. An impulse is created using the VPULSE
part by setting the period much larger compared to the pulse width as shown in Fig. 4.15, where

the impulse is 10 ns wide and the period is 10 s.
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FIGURE 4.15: LPF
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FIGURE 4.16: Vpulse generator parameters

imulation Settings - TRAN

Time Domain (Transient) |~ |

General Settings

[Load Bias Pairt

FIGURE 4.17: Transient analysis parameters

Enter the VPULSE generator parameters shown in Fig. 4.16 and set the Transient
Analysis as shown in Fig. 4.17.

Transient Analysis parameters are shown in Fig. 4.17. After simulation, create separate
display using Alt PP and place the output signal on top by applying Ctrl X on the selected
output variable at the bottom left of the Probe output. The x-axis range is changed from a
Run to time of 15 ms to 10 us so that the impulse signal and response can be observed clearly,
as shown in Fig. 4.18.
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FIGURE 4.18: The impulse response
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FIGURE 4.19: Frequency response

4.7 OBTAINING THE FREQUENCY RESPONSE FROM THE
IMPULSE RESPONSE

The Fast Fourier Transform (FFT) icon displays the frequencies contained in a complex signal

but is also useful for obtaining the frequency response from the impulse response. The amplitude

frequency response in Fig. 4.19 was obtained from the impulse response by selecting the FFT

icon from the Probe screen toolbar. In this experiment, we wish to obtain the frequency response
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FIGURE 4.20: Changing the x-axis

for the low-pass filter by applying an impulse to the circuit. However, a small error will occur at
the beginning of the frequency response. Run to time = 15 ms results in the incorrect display
from 0 Hz to 66.66 Hz (66 Hz = 1/15 ms).

Making the Run to time larger increases the resolution in the frequency domain and also
reduces the error at the start. Change the frequency axis by selecting an x-axis number and
setting the parameters as shown in Fig. 4.20.

We should remember this technique when we cannot carry out a normal ac frequency
response, for example, when a circuit contains switch components, such as in a switched
capacitor circuit, and requires a transient analysis [ref: 1].

4.8 THE LOW-PASS CRFILTER STEP RESPONSE

From the step response, we may determine system parameters, such as rise time, and steady-
state value. In second-order systems, we may measure overshoot, settling time, and natural
frequency. Draw the schematic shown in Fig. 4.21 using a VDC part to provide a step input
signal.

From Analysis/Transient Analysis menu, tick Skip initial transient solution and set
the Run to time to 1 ms. If we use a VPULSE generator instead of the VDC part, then make
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FIGURE 4.21: Step response testing
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FIGURE 4.22: Evaluate measurement functions
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the rise time, TR, and pulse width, PW, parameters wide enough to allow the system transients

to die out.

4.9 RISETIME

Leading-edge degradation in digital signals may cause problems so some means of assessing
the degradation are required. Rise time is one method for assessing changes in the pulse
leading edge degraded due to bad component layout, circuit design, or a channel with limited
bandwidth. Rise time is the time for the output signal to rise from 10% of the final value to 90%
of the final value and is expressed as #,= 2.2t = 0.35/f ;. The Evaluate measurement function
in Probe can be used to measure the rise time without using the cursors. Press F11, and select

Probe/Trace/Evaluate Measurement menu as in Fig. 4.22.
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FIGURE 4.23: Evaluate measurement functions
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FIGURE 4.24: Rise-time measurement using Evaluate Measurement function

Select Risetime (1) from the list of functions in Fig. 4.23 to place it in the Trace
Expression box.

Replace the default “1” value in the function brackets with the capacitor voltage V(out)
tunction, selected from the list on the left. Fig. 4.24 shows the Evaluate Measurement function
evaluated at the bottom as 10% final value to 90% final value equal to 4 = 2.2t =2.2CR =
2.2*1e4*10e — 9 = 219 us.




48 PSPICE FOR CIRCUIT THEORY AND ELECTRONIC DEVICES
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FIGURE 4.25: Second-order LCR circuit

4.10 STEP RESPONSE OF A SERIES-TUNED LCR CIRCUIT

The second-order resonant LCR circuit in Fig. 4.25 investigates “circuit damping” by varying
the circuit resistance and observing the waveforms. Select the resistance and change the default
1 k<2 to {Rvar} (brackets included).

A PARAM part defines Namel = RVAR for the resistance, and Valuel = 1. From the
Analysis Setup menu, select Parametric, and set Name to RVAR. Set Start Value = 20 ,
End Value = 200 €2 and a 60 €2 resistance increment. Set the Analysis tab to Analysis type:
Time Domain (Transient), Run to time = 15 ms, and Maximum step size = 1 us. After
pressing F11 to simulate, a small screen of Available Sections will appear, so select OK, or
press the ENTER button. The range of damping from underdamped to overdamp is shown in
the step response in Fig. 4.26.

4.10.1 Overshoot

Overshoot is a measure of the step response of a circuit. When a circuit is underdamped
the output rises to a maximum of 1.38 V, an excess of 0.38 V for a 1 V step. Use the
Probe/Trace/Evaluate Measurement Functions in Probe to measure all parameters. For
example, the overshoot function: Overshoot(V(C1:2)), yields an over shoot of 38% as shown at
the bottom of Fig. 4.26. You should also notice at the bottom of the display symbols representing
each trace. Selecting any one of these symbols shows the information for a particular value of
the swept variable.

4.11 EXERCISES
(1) Use an ABM E part to create the integrator in Fig. 4.27. The input data is applied
using a VPWL part, or a VPULSE part with £1 V amplitude, PW =1 ns, and PER
=2n. Here,t =CR=1kQ x 2 pF=2ns.
(2) An oscilloscope probe reduces the effect of the input oscilloscope capacitance on a

signal. Without such a probe, a step or pulse signal has the rise time degraded. The
10:1 oscilloscope probe in Fig. 4.28 is calibrated by attaching the probe end onto the
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FIGURE 4.27: Integration using the E part

reference square wave signal on the front panel of the oscilloscope. In normal usage,
the probe tip variable capacitance is adjusted by inserting a small plastic trimming
tool and adjusting it to produce the best displayed square wave. The best display is
where the applied signal looks like the original reference but reduced in amplitude by a
factor of 10.
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FIGURE 4.28: Oscilloscope probe
1.20
8.8V
Step input
B.4U+
av
oe v a ¢ + U(Ustep:z+)
128mU
Overcompensated

Mearly right
L Y 9

80mU+
ndercompensated

hemy -

T T T T T T T T T
Bs 2Bus 48us 60us 80us 180us 120us 140us 160us 180us 200us
o+ v a @ + U(CLl:2)

Time

FIGURE 4.29: Different values of Cvar

This is simulated in PSpice using a PARAM part to vary Ctip from 1 pF to 30 pF
in steps of 1 pF. Use the Evaluate Measurement function Risetime (V (Cl:1)) from
the list. Determine from Fig. 4.29, the best value for cvar. The best value occurs when
the displayed scope signal is a square wave (This occurs when the output voltage is

one tenth of the input voltage—hence the probe name). A useful exercise is to plot the
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FIGURE 4.31: Comparison of Probe function RMS () to the RMS meter

frequency response for this Probe circuit using a VAC part and run an AC analysis for

the different cvar capacitor values. What should you observe (high-pass or low-pass

response?)

(3) The true RMS meter in Fig. 4.30 is constructed from ABM parts (GVALUE and
EVALUE). Apply a 1 kHz, 1 V sinusoidal signal using a VSIN part. To square the
input voltage, enter EXP = V(in)*V(in), or (V(in)**2) into the GVALUE part. The
integrator is followed by an EVALUE part using the IF then ELSE statement as: IF
(TIME <=0, 0, sqrt(V(1)/TIME)). This avoids convergence problems, but also gets
the square root of the voltage on the wire labeled 1. Run a transient analysis for 50 ms.
Fig. 4.31 compares the RMS output to the probe function RMS (V(RMSout)). Both
eventually settle down to the same output voltage of 0.707 V.
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(4) Repeat the previous exercise for a pulse waveform. The power of a pulse waveform is
T
1 (7 1 TV’

P=— | —dt=—=(Vsi = =—
T) R TR(V o T R

0
T
Vrms = I?VV (4.5)

Note: For a square wave t = 7/2, so the RMS value is V'/,/2—the same as a pure
sinusoidal signal.

W (4.4)

The RMS value is
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CHAPTER 5

AC Circuits and Circuit Theorems

5.1 ACCIRCUIT THEORY

Capacitors and inductors have frequency-dependant reactive properties making them useful
for modifying the frequency content of signals. In this chapter, we apply circuit theorems to
a range of circuits such as series and parallel resonant circuits used in many communication

circuits where important concepts, such as selectivity and Q-factor are examined.

5.2 CAPACITORS
Two metal plates of area of 4 and separated by an insulator thickness 4 and absolute permittivity

¢ has capacitance:

eA
d

C= (5.1)

Connecting a voltage ¥ across a capacitor deposits a charge, Q coulombs, on its plates
(Charles Coulomb 1738-1806). Since current is proportional to the rate of change of charge
with time and Q = CV, therefore

. dQ AV
P dt

(5.2)

A voltage V,(#) = V,, sin wt across a capacitor C produces current that leads the voltage by 90°.

av. d(V,, sinwt Vin Vin
1=0C =CM=wCVmcoswz‘= coswt = — coswt = I, cos wt
dt dt 1/wC Xe
(5.3)
Rearranging (5.3) yields the capacitive reactance:
Xe=Vy/l,=1/wC Q (5.4)

Capacitive reactance decreases with frequency increase and is an open circuit at DC. We may
express the current-voltage relationship as susceptance and is the reciprocal of reactance defined
as B, =1,/ V, = wC Siemens.
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Note: When analysis is performed, the
probe will plot the voltage and the current.
Rs 0.1u Click on the cap voltage Vc parameter and
VOFF = 0 c \ divide by Ic
VAMPL =1 Vin
FREQ = 10 Tu
AC =1 . Plotting the reactance of a capacitor

FIGURE 5.1: Capacitive reactance

5.2.1 Capacitive Reactance Plot
Capacitive reactance is investigated using the schematic in Fig. 5.1, where a VAC generator
part is connected to the capacitor via a small resistance that represents the source resistance of
the voltage source.

Set the Analysis tab to Analysis type: AC Sweep/Noise, AC Sweep Type to Linear,
Start Frequency = 0.01, End Frequency = 10, Points/Decade = 10,000 (this large value
gives a smoother reactance plot). There are two techniques for plotting signals in Probe. The
first technique is to place markers on the schematic, which, after simulation, automatically
plots the required voltage or current waveforms. The second technique uses no markers but the
variables are selected after pressing the Trace/ Add Trace menu from the Probe screen shown
in Fig. 5.2.

Alternatively, press the Insert button and in Trace Expression box, select the variables
V(C: 2)/I(C) from the list to plot positive capacitive reactance. When the plot shown in
Fig. 5.4, select an x-axis parameter or the space beside it, and it will open the menu shown in
Fig. 5.3.

Change the Scale to Log and add a title by selecting Use this title and typing a name in
the Axis Title box.

¥y it g

W2[Rs) LOG[]
VWZ’[@]SI 25 variables listed rqut[“]m o
w(Rs) hd MAS ]
Full List

Trace Exprezsion: I"u"[E: 2)7)(C)

FIGURE 5.2: Select the voltage variable
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Axis Settings

FIGURE 5.3: Changing the x-axis to logarithmic

5.2.2 Capacitor Current and Voltage Waveforms
To observe the phase relationships between the capacitor current and voltage, we need to carry
out a transient analysis and measure the time between the peak values. The VAC generator is
replaced by a VSIN generator whose parameters are shown in Table 5.1.

Enter the VSIN generator parameters: VOFF = 0, VAMPL = 1 and FREQ_ = 10.
Set the Analysis tab to Analysis type: Time Domain (Transient), Run to time = 0.2, and

1601

1214

81

Reactance RHe=1/(2pifC) ohms

/

ELE

Log scale

a T T T T T
18mHz 3BmHz 188nHz JoemHz 1.8Hz 3.8Hz 18Hz
o U(C:2)/ I(C)

Frequency

FIGURE 5.4: Capacitive reactance
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TABLE 5.1: VSIN Parameters

AC Voltage amplitude
VOFF Offset voltage
VAMPL Peak voltage value
FREQ_ Frequency

TD Delay

DF Damping factor
PHASE Phase

Maximum step size = 100 us. The coarseness of the plot depends on the Maximum step size
which should be decreased whenever you observe triangulation, or straight lines, where they
should be curved. To plot microamps and volts on the same plot, requires adding a different
y-axis for each signal, otherwise the current signal will appear to be zero. This is fixed by adding
a new Y-axis from the Plot menu and selecting Add Y Axis (or Ctrl Y). Select the left-hand
side of the inner vertical Y-axis and you should see the Y-axis number is 2.

Double chevrons 3> on the y-axis indicates which axis is selected. From the Trace menu,
select Add, or press the icon & and insert the capacitor voltage V(C:2) in the Trace Expression
box. Lelick on the left-hand side of the outer vertical y-axis (The added axis), and observe
the Y-axis number is 1. Press the insert button (or select the insert icon) and select the I(C1)
variable. Two variables should now be displayed as shown in Fig. 5.5. The phase difference
between current and voltage signals is determined indirectly using cursors to measure the time
difference, Az, between the two selected signals and converted to degrees using the following
expression:

T At ~360.A¢  360.25 ms

30 - 06 T 7 T 00ms 0 (5:5)

T is the period of the signal (equal to 100 ms for a 10 Hz a sinusoid) and has a phase of 27
(360°).

53 INDUCTORS
The current and voltage in an inductor (Michael Faraday 1791-1867) are related:
di

E=L— 5.6
- (5.6)
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FIGURE5.5: Capacitor ¥'—I Phase relationships

A voltage is produced on/y when the current is changing. We obtain an expression for inductive

reactance by considering the inductor voltage for a sinusoidal current (#) = I, sin 27 f 7 as

dl,sin2m ft
dt

E
E=L =wll,cos2nf = 1,X;coswt = X; = — = oL (5.7)

L,

The voltage leads the current by 90° and the reciprocal of reactance is susceptance B;, = 1/wL
Siemens. Fig. 5.6 shows a small resistance added since PSpice inductors are ideal and possess no
winding resistance. Without this resistance you will get an error message: error Voltage source
and/orinductorloop involving V_Vs. Set the Analysis tab to Analysis type: AC Sweep/Noise,
AC Sweep Type to Linear, Start Frequency = 0.1, End Frequency = 4, Points/Decade =
1000.

Delete the current marker and press F11 to simulate. The Probe screen should now show
a straight horizontal line. Lelick the plotted variable V(L1:1) and in the Trace Expression box,

1u
AN
Note: When ac analysis is Rc \ I
performed, probe will plot the AC=1 I
voltage VL and the current IL. Click /4 VOEF =0 \
gn tlrlieFirdt':'cmrtr\:O”agetVL and ;:Iivide VAMPL = 1 L1 1H
otting the reactance of an
in{iuctance ° FREQ = 1kHz

0
FIGURE 5.6: Schematic for plotting inductive reactance
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FIGURE 5.7: Inductive reactance plot

divide the variable by the inductor current i.e. V(L1:1)/I(L1). Change x-axis Scale to Linear
scale by selecting the log/lin icon. This makes the inductive reactance wL plotted as a linear
increase with frequency shown in Fig. 5.7. The impedance of an ideal inductor (Joseph Henry
1797-1878) is zero at zero frequency (DC) and is an open circuit at infinity frequency.

5.3.1 Inductor Signal Phase Measurement
Place a current marker on the output. Set the Analysis tab to Analysis type: Time Domain
(Transient), Run to time = 10 ms, and Maximum step size = 1 us. Press F11 to simulate and
display the inductor current and voltage, as shown in Fig. 5.8. However, it is necessary to use
the previous procedure for measuring capacitor ¥—I phase relationships i.e. in Probe, add a
new axis (Ctrl Y) in order to display the current with an appropriate range.

The phase difference between current and voltage signals is determined indirectly using
cursors to measure the time difference, Az, between the two selected signals and converted to

degrees using the following expression:

T _Ar_ 360 x Ar_ 360 x250u _ . 5.8
360 6 T 1000us '

The period 7"is 1 ms for a 1 kHz a sinusoid equal to a phase of 277360°.

54 ACCIRCUIT THEOREMS

Thévenin’s theorem (Leon Thévenin 1857-1926) states that any two-terminal circuit may be
replaced by an equivalent circuit comprising an impedance measured across the open-circuit
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FIGURE 5.8: Inductor V-1 phase plot

output determinals, but with all sources replaced by their internal impedances, and placed in
series with the voltage measured across the output terminals when open circuited.

5.4.1 Thévenin’s Theorem
The large value resistance ZL in Fig. 5.9 represents an open-circuit load in order to measure
values for the Thévenin equivalent circuit. Apply a 10 V VAC part and measure the current
and voltage in each loop using the IPRINT and VPRINT parts (a printer symbol). Loop
currents are logged by ammeters, mesh1, and mesh2 and the measurements from these virtual
instruments are contained in an output file accessed from the PSpice/View Output File menu
(see Fig. 5.13).

DLclick the AC voltage source 71, and enter 10 V and phase angle = 0 in the Edit
Properties spreadsheet. Vprintl (A printer symbol in the special.olb library) is used to record
voltage values in the Output file. Select the meter and enter the Vprint1 voltmeter parameters

PRINT1
=y =
R1 — =7 R2

—\A\N—
10Vac 100  IPRINT 20 IPRINT

V1
OVde C1 L 7954 zL

!
Lo

ACPHASE =0

FIGURE 5.9: Two-loop circuit
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FIGURE 5.10: The VPRINT1 parameters

as shown in the spreadsheet shown in Fig. 5.10. Type ok, ory, beside a parameter you wish
displayed in the output file.

The IPRINT1 part measures the current in each loop, and is placed in series with a
component. Select the part and fill in the required parameters as per the VPRINT part. Specify
the ammeter parameters by typing ok beside each parameter required in the output file. Set the
Analysis tab to Analysis type: AC Sweep/Noise, AC Sweep Type to Linear, Start Frequency
=100, End Frequency = 100, Points/Decade = 1. The analysis is carried out when the start
and end frequencies are equal, i.e. at one frequency only. In this example, the capacitance C1

has a reactance of 200 €2 at a frequency of 100 Hz.

5.4.2 'Thévenin Impedance

Apply Thévenin’s theorem to the left of the load ZL, which is a large resistance (10 Meg)
representing an open circuit. Create the equivalent circuit and place it on the same schematic
area. Replacing ZL with the complex conjugate of the Thévenin impedance ensures maximum
power transfer between the circuit and the load. The Thévenin impedance is R, in series with

R in parallel with X,1. Replace the /1 supply with its internal resistance, which is zero.

Ri(=jXer) _, , 100(=j200)

Zmi = R _ 90 4 29=s2%0)
™=t e T X 100 — ;200

=100 — ;740 @ (5.9)
Maximum power is transferred when the load is equal to the complex conjugate of the Thévenin
impedance. The load impedance for maximum power transfer is therefore set to the complex
conjugate of the Thévenin impedance i.e. Z;,0ap = 100 + 740 2. The inductance is calculated
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ACMAG = 8.94V L
ACPHASE = -26.56 63.7mH
OVdc
E uivalent Thevenin circuit *
q L g
FIGURE 5.11: Thévenin equivalent circuit
from the reactance as
X =2nfL=40Q = L = =0.0637 H 5.10
L=2nf 27100 (5-10)

PSpice only accepts capacitance in farads and inductance in henries, so we must calculate, from

the capacitive and inductive reactance, the equivalent value in farads, or henries, at the frequency
of simulation. The Thévenin impedance is formed from a 100 Q resistance in series with a
capacitance whose reactance is —740 €. We determine the capacitance from the capacitive
reactance at 100 Hz as

1 1 1
Xe=-——=40Q=C= = = 39.78 uF (5.11)
21 fC 2nfXc  2w100.40

Note: Thévenin circuit components in polar form are converted to rectangular form. The resistive
part (the real part) is zcos @ = 100 2, and the reactance (the imaginary part) is zsin 0 = 40 Q.

5.4.3 Thévenin Voltage
The Thévenin voltage is calculated by applying the potential divider principle as
— ] XCl _ — ]200
Rl— jXc — 100 — ;200

Vru = 10 = 8.94/ — 26.56 V (5.12)

Place the Thévenin equivalent circuit shown in Fig. 5.11 beside the original schematic.

5.5 NORTON EQUIVALENT CIRCUIT
The Norton impedance (Edward Norton 1898-1983) is the same as the Thévenin impedance,
i.e. Zy = Zru. The Norton current (the short-circuit current) is obtained from the Thévenin
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IPRINT
=]

, B
Equivalent Norton circuit | '_—f \_l_—ﬂ

Rn % 100 RL 100
INorton

IOFF = 0A
IAMPL = 8.844 \
FREQ = 100 XL

PHASE = -4.76 Xn —— 39.78uF
AC = 8.84Aac

FIGURE 5.12: Norton equivalent circuit

equivalent circuit as

Ern  8.844—26.56

I = =
N7z 1004 —218 @

— 8.84/ — 4.76 mA (5.13)

Alternatively, replace the load in Fig. 5.12 with a very small 1 uS2 resistance and measure the
short-circuit current. The Norton equivalent short-circuit current generator is an ISIN part
with parameters as shown in Fig. 5.12. You may draw the Norton equivalent circuit beside the
Thévenin equivalent.

Select Simulate from the Analysis menu, or press F11.

5.5.1 The Output File

Examine the output file shown in Fig. 5.13 selected from the PSpice/View Output File menu
(or from Probe/View). The required ac information is at the end of the file. FREQ_ is a
frequency of 1.000E+02 (100 Hz), and IM (V_ammeterl) reads 1.989 V.

5.6 ACMESHAND NODAL ANALYSIS

Apply mesh and nodal analysis to the main circuit and calculate the loop currents and nodal
voltages. Remember to replace ZL by the complex conjugate of the Thévenin impedance before
any numerical calculations. From nodal analysis, calculate the voltage at the junction of R1 and
R2 and compare to the value in the output file.

5.7 EXERCISES
(1) In Fig. 5.14. Measure all loop currents and node voltages and compare to values

calculated using mesh or nodal analysis.
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1.000E+02 4.469E-02 6.346E+01 1.987E-02 3.998E-02

FIGURE 5.13: The output file

(2) Investigate the schematic in Fig. 5.15 and measure all loop currents and node
voltages.

(3) Develop a Norton equivalent circuit with respect to the load Zj, for the circuit
shown in Fig. 5.16. Hence, calculate component for the equivalent circuit and a
value for Z;, for maximum power transfer. If the load ZL is replaced by a voltage
source V', apply nodal analysis and obtain an equation in matrix form relating the
circuit components and parameters. Ry = 1002, R, =20 @, X; = j618Q, V] =
10sin 271002 V.

(4) For the network in Fig. 5.17, write expressions for the currents in X7; and Xz, in a
matrix form. Calculate the node voltage at the junction of X7; and X7, using nodal
analysis. Ry =100 2, X1 = X7 =7100Q, V1 =140V, V,=2/Z0V.

WAMPL=10
FREQ=15.9135

PHASE=80

FIGURE 5.14: Mesh problem
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FIGURE 5.15: Mesh problem
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FIGURE 5.16: Mesh problem
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FREQ  WMCBN_0O01) VPCEN_0DD) VRCN_DO01)
1590E+02 1.342E+00 -2.653E+01 1.200E+00

FREQ  IM(V_mesh2) IP(/_mesh2) IRCY_meshz2) 10V _mesh2)
1.500E+02 6.320E-02 1.840E+01 6.002E-03 2.007E-03

FREQ  VM(FN_ODDS5) VP(FN_O00S) VRCEN_000S)
1.580E402 2.000E+00 0.000E+00 2.000E+00

FREQ  IM(Y_mesh1) IP(Y_mesh1) IRQGY_mesh) lIcV_mesh1)
1.590E+02 1.000E-02 1.260E+02 -6.002E-03 8.003E-03

FIGURE 5.17: Mesh problem: Series and parallel resonant circuits
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CHAPTER 6

Series and Parallel-tuned Resonance

6.1 RESONANCE
The resonance phenomenon occurs in a second-order system containing capacitors and induc-
tors. A circuit containing resistance, capacitance, and inductance will become purely resistive
at the resonant frequency when the inductive reactance equals the equal capacitive reactance.
Selectivity is the ability of the resonant circuit to extract the resonant frequency and attenuate
other frequencies. Selectivity is measured by a Q-factor, which, for a series-tuned circuit, is
the ratio of the inductive (or capacitive reactance) to the total resistance in the circuit (this
includes source and load resistances). It is a measure of how well the circuit extracts a band of
frequencies with little attenuation but rejects other frequencies outside this band. Selectivity is
also dependent on the inductor-capacitor ratio.

A high Q-factor value means high selectivity and a low Q-factor means low selectivity.
For good series-tuned selectivity, the circuit must be fed from a voltage source because the
source resistance feeding the circuit has minimum resistance and hence has minimum effect on
the O-factor (Ideal voltage source impedance is zero). Any series resistance added will reduce
the overall selectivity. A parallel-tuned circuit is fed from a current source because it has a high
source resistance and hence minimum loading. Any external resistive loading reduces the overall
selectivity of the parallel-tuned circuit.

6.2 SERIES-TUNED CIRCUIT

Fig. 6.1 shows a series-tuned circuit with inductance, capacitance, and resistance R representing
source and coil resistances. The total circuit impedance is

Z=Eg/ls = R+ j(XL — Xc) (6.1)
The total reactance is zero at the resonant frequency fo (/ terms are zero).

(Xp—Xe)=0= X; = Xcorwl =1/0C (6.2)
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FIGURE 6.1: A series-tuned circuit

Cross-multiplying (6.2) yields an expression for resonance as

, 1 1 1

WE e = = e —
7c Jic T omvic

Below resonance, the circuit impedance is capacitive i.e. a leading phase angle. Above resonance

(6.3)

the circuit is inductive i.e. lagging phase angle and at £, the phase is zero (; term is zero).

6.2.1 Current Response

Maximum current flows at resonance when the circuit is purely resistive. We can measure the
—3 dB bandwidth from the current response in Fig. 6.2 by expanding the area around the
—3 dB area using the magnifying glass icon. However, it may be necessary to simulate again
but with a smaller frequency range for better resolution.

12¥mA

(159 Hz, 100 mA)

MmN E o

Maximum current at fo = 159 Hz

80mA -

LBmA -

LR IR WU

oA T T T T T
18Hz 308Hz 188Hz 300Hz 1.6KHz 3.8KHz 18KHz
a -I{R1)

fremmencn in Hz Tnn hacic

FIGURE 6.2: Current response
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6.3 EXAMPLE

A VSIN generator Eg = 10sin 27 7V is connected to a series-tuned circuit. L. = 470 uH and
C = 10 nF. If the total resistance is 4 €2, calculate and verify by simulation: The frequency of
resonance fy, the phase of the circuit a decade above and below fj, and the value of the current

atf().

6.3.1 Solution

Resonance occurs at fp = 1/27~/LC =73 - 45. The phase is 6 = tan~ (X} — X¢)/R =
tan'(2n fL — 1/27 fC)/R. The phase a decade above resonance f = 734.5 kHz is 6 =
tan~1(2167 - 9 — 21 - 679)/4 = 89°53'. The phase a decade below resonance f =7.345 kHz
is 0 = tan"1(21.679 — 02167.9)/4 = —89°53. The impedance at resonance is

Z=R+ j(X.— Xc) =4+ j(216-79 =216 -79) = 4 + ;0
The current at resonance is calculated by dividing the voltage by the impedance:

i.(fo) = Es/R=10sin27 f£/4 = 2 - 5sin 27 f¢

6.4 Q-FACTOR

The Q-factor is a measure of SELECTIVITY which is the ability of a resonant circuit to select
out a band of frequencies whilst attenuating other frequencies outside this band. The Q-factor
is obtained from the ratio of the energy stored in the coil reactance to the energy dissipated in
the circuit resistance. Typical coil Q-factors’ range is 20-80, but capacitor Q-factors are much
bigger with values in the thousands. Because of the large difference in Q-factor values, the

resonant circuit selectivity is determined mainly by the inductor Q-factor.

Energy stored _ oL reactance 1/wC 1

(6.4)

- Energy dissipated per cycle R resistance R wCR

6.4.1 The —3 dB Bandwidth

To compare the selectivity of resonant circuits, we introduce the —3 dB bandwidth defined
as the difference in two frequencies, f1, and f7, frequencies where the output voltage falls
by 3 dB from the maximum at fj. At these frequencies, the resistance in the circuit is equal
to the total reactance i.e. R= X7 = X; — X¢ =2nf;L — 1/2n f;C. However, the total re-
actance decreases on either side of the resonant frequency, so we equate the resistance to
the reactance on either side and solve. Capacitive reactance below resonance is greater than
inductive reactance i.e. R=1/w1C — w1 L = wyL —1/w,C so multiplying by w1C yields
1-— w%LC’ = w1wy LC — w1C/w,C. At resonance, this reduces toLC = l/a)(z). To obtain an
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expression for the quality factor, replace LC to yield:

2 2
() w1 w w w1 w
1 Wi 1 1 W1 1

== =1+—=—"+— (6.5)
02 a)o w) w) a)o a)o

w1+ w wi(w1 +w
1 2 _ 1( 12 2):a)2:a)1a)2 (6.6)
w) ;)

i =fifr= fi=VAf) (6.7)
The relationship between fo, B, and Q is
0= fo/BW (6.8)

Any resistance added to a series-tuned circuit decreases the Q-factor, so the circuit must be
fed from a voltage source and not a current source. However, a real voltage source has resistance
and will reduce the overall selectivity.

6.5 VOLTAGESACROSS L AND C AT RESONANCE

We will now see how we can get voltage magnification in passive resonant circuits—a phe-
nomenon called Q-magnification. The current at the resonant frequency, /o, is

i = Eg/R (6.9)
Hence, the inductor voltage is
Vi =ij X1 (6.10)
Substituting (6.9) into (6.10) yields the magnitude of the inductor voltage as
|Vzl = Es(X1)/R (6.11)
Since the quality factor is Q = X7/ R, then
Vil = QFEs (6.12)

The voltage across the inductor is Q times the source voltage at resonance (Nikola Tesla
1856-1943). A similar analysis for the capacitor voltage V. = —ij X yields

Vel = EsXc/R= QFEj (6.13)
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WC YL
Low-pass filter High-pass filter

4.007 R = 200 ohms

au T T T
18KHz 308KHz 1088KHz 380KHz 1.8KHHz
o U(R1:2) » U(C1:1,L1:2) = U{Uin:+,C1:1)
Frequency

FIGURE 6.3: Voltage response across R =200, C, and L

The capacitor voltage is Q times the applied voltage and occurs across L and C at resonance
forming the basis of the Q-meter. For example, if £g = 10 V and Q = 50, then the voltage
V71 across the coil is 500 V. Q-magnification results in peak voltages as shown in Fig. 6.3 for
R =209, C =10nF, and L =470 uH. The peaks will tend to merge at the resonant frequency
tor Q-factors greater than 10, but will separate for low value Q-factors.

The voltage across the inductance falls off at low frequencies displaying Aigh-pass filter
characteristics, whilst the voltage across the capacitor rolls-off at high frequencies giving a
low-pass filter response. The resistor voltage, on the other hand, has a dandpass response.
The voltages across C and L are picked up using differential voltage markers from the
Marker menu. The peak separation is evident only for low Q-factor values (this is achieved
by increasing the resistance to 200 €2). Note: An alternative to plotting the resistor voltage
is to including the node at either end of the resistor in the trace expression dialogue box
in the Probe screen as V(R1:2) -V (R1:1). These are the alias voltages at either end of the
resistance.

To obtain an expression for the frequency at which the peak capacitor voltage occurs
means differentiating the capacitor voltage with respect to frequency and equating the result to
zero. Another useful facility in probe is the Append command found in the File menu where
you may combine simulation data from another simulation e.g. example.dat. However, the
appended file must have a different name, and have the same x-axis settings. Measure the peak
voltages V¢ and V1. The maximum voltage is O times the source voltage, so we may calculate
a value by dividing the maximum voltage by the source voltage. To change the cursor from one
trace to another, click the diamond/square symbol at the bottom of the Probe output besides
the measured parameter.
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6.6 UNIVERSAL RESPONSE CURVE

The normalized current in a series-tuned circuit is defined by a universal response curve equation
that contains two factors: a fractional de-tuning factor x and the Q-factor and is defined as
Es Es Es/R

T T RT I —Xo) 14— Xo)/R (019

At fo, maximum current is 7p = E /R, so substitute into (6.14)

- o (6.15)
" 1+ j(wL—1/wC)/R '
Take out wL
10 10 10
~ . . (6.16)
Lo — ) 1+ (2 a)er(l — ) 1+ j(ahe (1 - o7c
where a)é =1/LC and Qy = wyL/R.
- o (6.17)
14/ Q0 (/g — wo/w) '
Normalize the current by dividing by 7y to give the magnitude and angle as
i 1
—| = Z —tan"! Qg (w/wo — wo/w) (6.18)
0 \/1 + Qf (0/wy — wo/w)’

6.7 SELECTIVITY OF A SERIES-TUNED RESONANT CIRCUIT
We use a Param part from the special.olb library to investigate how resistance changes the
circuit bandwidth as shown in Fig. 6.4. Select the PARAM part, Relick, and select Edit

C1 L1 S
Fﬂmﬁ\/\ PARAMETERS
54n  470uH RVAR = 200
1Vac N\ . £
ovde @)Vm R1 %{Rval’}
~0

FIGURE 6.4: Selectivity testing
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150 ohms

Bandwidth i resistances increases

124

16

2 ohms

208+

T
42 .4KHz 180.8KHz 245 .5KHz
o ¢ 7 a DB(U{L1:2))
Freauencu

FIGURE 6.5: Selectivity versus circuit resistance

Properties. Enter a new row in the spreadsheet and place Rvar in the first column and 1 in the
second column.

DLclick the R1 value and enter { Rvar} (Make sure to include the brackets { }). From the
Analysis Setup menu, click Parametric, and set the following parameters: Global Parameter,
Sweep Type = Linear, Name = Rvar, Start Value = 1, End Value = 200, Increment = 50.
Enter Rvar (no curly brackets) in the name box, and set the Start, End, and Increment to: 50,
200, and 50. Click on AC Sweep and set the Analysis tab to Analysis type: AC Sweep/Noise,
AC Sweep Type to Linear, Start Frequency = 50k, End Frequency = 150k, Points/Decade
= 1000 to produce the response shown in Fig. 6.5.

Measure the —3 dB bandwidth for the biggest resistance and calculate the Q-factor
value. Compare to the measured value. The resistance determines the selectivity because the
larger the resistance, the larger the bandwidth but a smaller Q-factor results. The bandwidth is
1 kHz for a resonant frequency fy = 100 kHz, and the loaded Q-factor is 100 (remember
BW = fo/Q;). Set the Start Frequency = 10k, End Frequency = 1000k and Points/Decade
=1000. For detailed information around the resonant frequency region, choose a Linear sweep
in the set-up menu and reduce the frequency range between 90 kHz and 110 kHz and simulate.
Reducing the frequency axis in Probe will not increase the resolution.
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c1 L1
source VYTV Y
470uH
1V TN 10n L \
5 [~ vint 20 >
OVde . -/ R1<)/ | P
\/0

FIGURE 6.6: Phase marker

6.7.1 L/C Ratio and Selectivity

The Q-factor changes when the L/C ratio in a series-tuned circuit is changed. Since Q = woL/r
and wy = 1/+/LC, then substituting for the resonant frequency yields

1 L 1 \/f
- = /= 6.19
=Ty~ Ve (6.19)
The Q-factor is proportional to the L/C ratio and is inversely proportional to the circuit
resistance. In Fig. 6.6, calculate the resonant frequency fo, Q-factor, and the —3 dB band-
width for R =2 and 200 €2, and verify these values from the current amplitude () and
phase responses (I,) for R = 2Q. Measure the resonant frequency and the —3 dB band-

width. Repeat for R = 200 €2, and plot V7, V¢, V&, and the circuit impedance “seen” by the
source.

6.8 SERIES-TUNED LCRPHASE RESPONSE

Fig. 6.6 shows a current phase marker placed across the 20 € resistor to plot the phase
response.

Be very careful about placing and rotating components on the screen, as it may produce
unexpected results. With the cursor icon selected, pressing the #icon makes the cursor jump
to the middle of the phase response. Pressing the £ icon places x and y signal values at this
point. For very high O values, the slope of the phase response is very steep around resonance, so
you might not be able to measure accurately the phase at resonance. One solution is to increase
the number of points plotted and/or decrease the frequency range around resonance. Press F11
to obtain the phase response in Fig. 6.7.

Select the magnifying glass icon to examine the region around the resonant point. If the
response is not smooth, repeat the analysis but with a reduced frequency range and an increased
number of points. Measure the frequency on the phase response at —45°, 0°, and +45° and
calculate the bandwidth. Lelick the mouse button for the first cursor and move the mouse,
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FIGURE 6.7: Current phase response

then click the right mouse button for the second cursor. The cursors may be moved to find the
—3 dB frequency values (If the display is not in dB, then measure the frequency where the
voltage is reduced by 70.7% of the maximum voltage). For example, if the maximum voltage is
10 V, then measure the frequencies f1 and f; on either side of the resonant frequency where
the voltage is reduced to 7.07 V. Dividing fo by the BW to calculate the loaded Q-factor.

From the phase response, compare measured and calculated bandwidths.

6.9 IMPEDANCE OF A SERIES-TUNED CIRCUIT

To plot the circuit impedance, run a simulation without markers placed on the circuit. From
the Probe screen, click the Trace menu (or press the insert key), and add a trace as in Fig. 6.8.
From the list, select V(VIN) and insert “/” in the Trace Expression box at the bottom left side
of the screen end and then select I(Vin).

The impedance of the tuned circuit Z = V(source)/ I(Vin) is plotted in Fig. 6.9 with the
x-axis set to log. A minimum value occurs at the resonant frequency and is the resistance of the
inductor.

' RAlsAN B Fraas |
Full Lizt

Trace Expression: |HEaniaaalvig Ok,

FIGURE 6.8: Trace expression box

73
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1.6K

1.2K+

0. 4K

(73.45 kHz, 2

At resonance, the circuit is purely resistive=20 ohms

'6/

T T T
18KHz 30KHz 1088KHz 300KHz 1.8MHz
o U{source)/ I(Vin)

Frequency

FIGURE 6.9: Series impedance plot

6.10 FOURIER SERIES
A periodic function, f(z), with period 7" and fundamental frequency, fo, may be generated
using the sum of NV weighted cosine and sine components using the Fourier series expansion

(Joseph Fourier 1768-1830):

N
Fl) ="+ Z (@, cos2mnfot + b, sin 2w nfot) (6.20)

n=1
Vo is a DC term, fy is the fundamental frequency of the signal and weighting coefficients a,,
and 4,,. Thus, a square wave may be broken into a series of harmonic terms and represented by

the equation in (6.20) [ref: 6].

6.10.1 Series-Tuned Circuit as a Low-Pass Filter
A 100 kHz square wave applied to the series-tuned resonant circuit in Fig. 6.10 has the
fundamental component of the 100 kHz square wave extracted by the low-pass filter.

Rt L1
V1 =0V n AN—Y VYN ?Ut
V2 =1V 20 470u
TD = 0s ~ Y v

TR = 100ns

) v c1
—100ns | o S.4n
EER=1 us

PW = 5us T

FIGURE 6.10: Second-order LPF
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TABLE 6.1: VPULSE Parameters

DC = 0 (offset)

AC = 0.1 (amplitude)

V1 = 0 (space value)

V2 =1 (mark value)

TD = 0 s (delay time)

TR = 0.1 us (rise time)

TF = 0.1 us (fall time)
PW =5 us (pulse width)
PER = 10 us (pulse period)

Place a VPULSE generator from the source.olb library and set the parameters as shown
in Table 6.1. Enter numerical values only (The parameter description is for your informa-
tion only). The pulse period PER 7, = 10 us is the inverse of the resonant frequency
/o = 100 kHz and the pulse width PW = 5 us (for an equal mark-space ratio).

6.10.2 The Output File

The junction at L and C is labeled out. Select the analysis set-up icon and set the parameters
as shown. Select the Output File Options as shown in Fig. 6.11, and tick the Perform
Fourier Analysis parameters. The two variable entered in Output Vars box are: V(in) V(out),
where in and out are the wire segment names separated by a space. The input and output
spectral information will be in the output file accessed from the PSpice/View Output File
menu.

General Analysis | Cofiguration Files | Options | Data Collection | Probe Window |

AT Print values in the output file every: IZDns seconds
Time Domain (Transiert) [} Run ta time: I3D[]us seconds [TSTOF] ¥ Perform Faurier &nalysis

Options: Start saving data after: ID seconds Letieliien ki 100k hz
ToS——— Transient option Mumber of Harmonics: |3

[CIMorte Cardo/Worst Case I asimum step size: ID.1 u seconds Output Variables: IV[in] Wout]

[JParametric Sweep . _ X : : .

[ITemperature {Sweep) I Skip the inifal transient biss point calculation (SKIPBP] I Include detailed bias point information for nonlinear

[]Save Bias Point controlled sources and semiconductors [/0P]

[JLoad Bias Point Output File Options...

FIGURE 6.11: Transient set-up
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1.8U+
500004 {100 kHz,636 my)
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25 0nU- (500 kHz, 125 mv) 9.5v
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100 ] 1ou
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Transient por‘ti}\)nn 1A
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SU- I
SEL>> SEL>>
s 11} S T T -18U T T T
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o U{oUT) +« U{0UT)
Frannenen Time

FIGURE 6.12: Input and output signals

Press F11 to simulate. The plot shown in Fig. 6.12 is for R = 20 Q.

The extra plots were obtained pressing Alt PP keys and copying the input and output
variables onto the extra plots. From Probe, select Plot/Unsynchronize X Axis menu to change
the horizontal axis to frequency. Press the FFT icon to display the two plots in the frequency
domain. The extracted 100 kHz sine wave signal has a period of 10 us. The step size is
automatically adjusted by the PSpice dynamic internal algorithm step size change, increasing
its size during periods when there is little activity, but decreasing the step size for rapid time
changing events. Too large a Maximum step size value makes the display too course and
angular in shape. The ratio Run to time/Maximum step size specifies the number of points
plotted. For example, 100 points are plotted if the ratio is 100 us/1 us. A small Maximum
step size value will make the analysis time longer but it will produce a smoother-looking plot
(reduce this parameter if you have convergence problems). If you observe triangular-shaped
signal waveforms, as in Fig. 6.13, it means the maximum step size chosen is not small enough.
A rule of thumb is to set the Maximum step size to Run to time /1000. So for example, if Run
to time = 15 s, then Maximum step size is set to 15 ms.

The Start saving data after is useful if you wish to calculate and display data from a
time other than zero. For example, set the delay to 99 us if you wish to plot the signal starting
from 99 us. It is also useful for reducing the output data contained in the Probe output file (file
extension .out). Repeat the above simulation for R = 200 €.

6.11 SKIP INITIAL CONDITIONS

In the Analysis Setup/Transient menu, the Skip initial conditions forces PSpice to use initial
conditions on an inductor or capacitor. If not checked, PSpice calculates the initial conditions
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FIGURE 6.13: Maximum step size too large results in a distorted plot

treating capacitors as open circuits and inductors as short circuits. Care must be taken to
ensure that the Skip initial conditions box is unchecked in schematics where initial conditions
are required. The Fast Fourier Transform icon (FFT) in Probe is useful for examining the
frequency components of a complex signal, as demonstrated in Fig. 6.14.

Increase the Run to time and/or decrease the Maximum step size to increase the FFT
resolution. The spectrum of the output signal displayed in the top plot shows higher spectral
components almost eliminated by the filtering action of the circuit.

6.12 PARALLEL-TUNED LCR CIRCUIT
The parallel-tuned circuit in Fig. 6.15 shows a capacitor in parallel with an inductor whose
series coil resistance is 7,. The circuit is fed from a current source comprising an ideal current

source in parallel with a large source resistance value, hence the source resistance will produce

FIGURE 6.14: Spectrum of a square wave

Current SOLII'CE a VOl,It
L \VDB
Is )
L 470u )
1Aac<:\ N ZRs B Ct ==  54n
g
0Adc'_/ 750k {
Rci’ 10
{
~N
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7.50
(100 kHz, & V)
5.8V Filtered output
2.5U
i1}
o U{OUT)
1.00
(100 kHz, B36my)
Spectrum of square wave
8.507 300 kHz, 211 m¥
( z mv) (500 KHz,125 m¥)
SEL>>
1] T : T 7 T ¥ A
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FIGURE 6.15: Parallel LCR circuit

minimum loading. Noze: In PSpice, the voltage and current sources are ideal, hence a current
source resistance is an open circuit, whilst a voltage source resistance is a short circuit. We
need to add a resistance across the current source in order to simulate, otherwise an error will
occur. Likewise, it is good practice to add a source resistance in series with a voltage source.
Sometimes it is necessary to represent a current source as a voltage source in series with a high
resistance.

It is easier to analyze this circuit if we replace the coil resistance and reactance of the series
branching Z = R. 4+ jwL with an equivalent parallel admittance consisting of a conductance G
and susceptance B,i.e. Y = G + jB.

v 1 1 R — joL R, . wlL
= —_— = X = —_
Z - R+jol R —joL R+wl? 'Rt

=G+ /B (621

Inverting the conductance G gives the equivalent parallel resistance

R, _ 1 _Rf+w2L2_R[+w2L2_R+w2L2 xR\ _ & szZR (6.22)
"¢ R R R \xR )~ R '
Introduce the Q-factor Qp = % into (6.22)
Rp=R + QR (6.23)

This resistance is called the dynamic impedance of the circuit at resonance (it is resistive at
resonance). We can make the approximation Rp ~ QéRC ,andisvalid for Qy > 10. The parallel
reactance is

1 R+ ?I? R [ xwL R \*
Xpp= o= e TOH —oL+ () oL 6.24
LP="g ol @ +a)L( ) @ +<wL) @ (6.24)
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(f\,) §RS <Lp §Rp1 —
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FIGURE 6.16: Equivalent paralle] LCR circuit
Substituting for the unloaded Q-factor yields
oL
XLP =wl + @

The circuit is now represented by the equivalent circuit shown in Fig. 6.16.

(6.25)

For Q values greater than 10, we make the approximation that the parallel inductive

reactance is equal to the series inductive reactance i.e. X;p &~ X;g = wL. At resonance, the

total reactance is zero, so X;p = Xrg = X¢.

—I— on 212 1
a)()L a)OC

= R+oll’=1/C

Rearranging (6.26) gives an expression for the frequency of resonance as
1L 1 R2

Expressed in hertz:

From (6.22) we can write

R, 1

T R+’ Rp
Replacing R? + w? L2 with L/ C from (6.26) yields the dynamic impedance as

L
RC

Rp =

(6.26)

(6.27)

(6.28)

(6.29)

(6.30)
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To express Q in terms of the dynamic impedance R, and Xz, multiply (6.30) by the resonant
frequency as

L (wo) Cl)oL
RP - e =
CR. \wo woCR.
The Q-factoris Qp = “%L —

= _woéRc , so we may write (6.31) as

(6.31)

Rp = woLQo = Qo/woC

(6.32)
6.12.1 Universal Response Curve

The normalized impedance of a parallel-tuned circuit is expressed in terms of the Q-factor and
the fractional de-tuning factor, x. The impedance of a parallel-tuned circuit is

7 (R + j X1)(—jXc)

: . (6.33)
R +jXr—jXe
We simplify this expression by assuming a high Q-factor coil, so that X7 > 7.
Xc X, L/C
- Gk = : / (6.34)
R+ /X —Xe) R+ j(Xp— Xc)
Dividing (6.34) above and below by 7,

L/CR.
_ 35
1+ 1/ R (X, — Xo) (6.35)

The impedance at resonance is called the dynamic impedance Rp = L/CR,, even though it is
resistive. Divide (6.35) by the dynamic impedance to normalize as

V4 1

1 1
Rp 1+ 1/R(X,—Xo) 1+ joL/R(1—1/0?LC) 1+ jwL/R(1— wl/a?)

(6.36)
z 1 1

Rp gy jelmq_%) 1+4/%

n) = o (fo - m) (6.37)

a)oL w [2h)
X === —
R (wo

w
The fractional de-tuning factor, x, is

x= 2l 122 1 (6.38)
[Oh) [Oh) [Oh)
So thatwﬂ0 =1—-x= % = ﬁ.Combine these two equations yields
w a)o_l—x 1 _1—2x—|—x2—1_x2—2x
wo o 1 1—x o

6.39
1—x 1—x (6-39)



SERIES AND PARALLEL-TUNED RESONANCE 81
Substitute (6.39) into (6.37) and express the magnitude of the result as

Z 1 1
L — (6.40)
RP 2 ( w wo 2 2 [ x2—2x 2
1+Qo(w—0—z> 1+Q0(W>
For x <« 1, i.e. frequencies close to f) we can approximate (6.40) as
Z 1
Bl PO S (6.41)
Rel 144022
Expressed in terms of the fractional de-tuning, o
V4 1
e — 6.42
= (642

Ja +4Q8a2

6.12.2 Relationship Between the Resonant Frequency and Bandwidth
A similar result for the series-tuned normalized current is |7 /79| = 1/,/1+ 4Qéa2, hence the

normalized power is

i’R P 1
== (6.43)
igR P 1+40Q5x?
The —3 dB frequency is where the maximum output power Py falls to half of its value.
1+40Q0x =2=4Q5"* =1
4Q29c2=1:>x2=—1 > x=t—
’ 403 2Qo
Defining x as
- A A 1
g me _Bde_Af_ | 1 (6.44)
o o fo 2Qo
Since the bandwidth is 2A £, we may write
2A Bw 1
—f: ——:>Qo—i (6.45)

Ao ho Q BW

6.12.3 Loaded Q-factor

A parallel-tuned circuit is connected to a nonideal current source with a high impedance
source. The source will load the tuned circuit because any extra resistance in parallel reduces
the Q-factor. Because of this, we must introduce the loaded Q-factor. The equivalent parallel
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resistance at resonance is the dynamic impedance R, and is reduced by any external resistance
Rext placed in parallel with the circuit. The loaded Q-factor is Q7 = Ry/ X}, with the total

resistive loading Ry = Rs//Rp// Rext = fone- = H%R and R = RgRpxr/(Rs + Rexr).

6.13 EXAMPLE
The drain circuit of a FET tuned radio frequency amplifier has a 100 pF capacitor placed in

parallel with an inductor L, whose unloaded Q-factor is 100. If the frequency of resonance is

1 MHz and the transistor output resistance is 20 k€2, calculate the loaded Q-factor, inductance,
and loaded bandwidth.

6.13.1 Solution

The total resistive loading on the tuned circuit consists of the transistor output impedance and
the dynamic impedance in parallel R = RgRp/(Rs + Rp). The dynamic impedance using the
unloaded Q-factor is

Qui 100 ~10°
woC ~ 27(1 x 109)(100 x 10-12) ~ 2

Rp = Q =159 kQ

Substitute the two impedances, gives the total resistive loading R = % = 17.76 kQ.
Since the unloaded Q-factor is greater than 10, then the dynamic impedance Rp =~
Q%,LR” hence the coil resistance is 159 x 10°/(100)*> = R. = 15.9 Q. The loaded Q-
factor Q; = 1+QR‘;I/R = 1+1591ko/017_76k = 10 and the unloaded Q-factor is Quz = woL/R. =
L= Qur R./wo =100(15-9)/27(1 x 10°) = 0-253 mH. The unloaded bandwidth is
fo/Qur =1 MHz/100 = 10 kHz, and the loaded bandwidth is 1 MHz/10 k = 100 kHz

[ref: 3].

6.14 PROBLEM

For the circuit in Fig. 6.17, calculate the unloaded and loaded Q-factors, resonant frequency,
the —3 dB bandwidth (BW) and the dynamic impedance. Compare these calculations to
the simulate resultants from the voltage amplitude response. Plot the phase and impedance
responses across the circuit (do not include the source resistance).

An ideal voltage source resistance is zero, so connecting it across a parallel LCR circuit
would destroy the circuit selectivity. The circuit must therefore be fed from a current source
(An ideal current source has an infinite source resistance) and here we mimic a current source
as a voltage source in series with a high source resistance. Set the Analysis tab to Analysis type:
AC Sweep/Noise, AC Sweep Type to Logarithmic, Start Frequency = 100, End Frequency
= 1000k, Points/Decade = 1000. In general, to set the frequency range you need to calculate



SERIES AND PARALLEL-TUNED RESONANCE 83

Rsource

Vac /=" —
e \/\‘Vsource <\L Ct — S.4n

ovde \_-_/
R~ 10

!

n

FIGURE 6.17: Thévenin equivalent circuit for a current source

the resonant frequency first. The Start Frequency and End Frequency values are then set a
decade above and below the resonant frequency and the x-axis set to Linear.

6.15 FREQUENCY RESPONSE OF A PARALLEL-TUNED CIRCUIT
The parallel-tuned frequency response is shown in Fig. 6.18.

Use the cursors and magnifying tool to measure the —3 dB bandwidth and resonant
frequency accurately. If the plot looks triangular, reset the frequency range from 90 k to 120 k
and simulate. Remember using the magnifying tool does not increase the number of plotted
points, so you need to reduce the frequency range and/or the number of points plotted. From
Probe/Trace/Evaluate measurement menu, press the sixth icon shown in Fig. 6.19.

=14

/ (100 kHz, -17 dB)

Press Trace/Evaluate measurement

—284

-39

Bandwidth_Bandpass_3dB (Y (vout)) from the list, to display the BW

as shown below
-48 T T T T T T T T
75KHz 8BKHz 85KHz 98KHz 95KHz 1808KHz 185KHz 118KHz 115KHz 128KHz
o DB{ULUOUT))

Fresuenc

Measurement R

Evaluate Value

b | [Bandwidth_Band
|

FIGURE 6.18: Output voltage in dB
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I Fir 96|80 |12 2% 0 o [oF || R M F WAt b i 2

FIGURE 6.19: Evaluate measurement icon

Select the —3 dB bandwidth (1 dB) function Bandwidth (1, dB) function from the list
shown in Fig. 6.20. Replace “1” with the required function i.e. Bandwidth(V(Ct:2), 3), where
3 represents the —3 dB point.

From the Trace/Measurements menu the sub menu in Fig. 6.21 appears. Pressing Eval
opens a further menu and you need to browse the directory and insert the function V(Ct:2) to
display the bandwidth as 3.966 kHz. However, this information disappears when you press ok.

Place a phase marker from the PSpice/Markers/Advanced menu to observe the phase
response shown in Fig. 6.22.

The phase at the resonant frequency is zero, but why is the phase of the voltage and current
zero at DC (Hint: Assume the capacitor reactance is infinite and the inductive reactance is zero
at very low frequencies)?

6.16 DYNAMICIMPEDANCE
To plot the impedance of the circuit, press the insert button on the keyboard, and in the Trace
Expression box shown in Fig. 6.23, insert V1(Vsource)/ I(Vsource).

The circuit impedance Z = V1(Vsource)/I(Vsource) is shown in Fig. 6.24. Measure the
impedance at the resonant frequency and subtract the 50 k2 source resistance and verify the

dynamic impedance is (R, = L1/Cyr.) = 8.7 kQ.

6.16.1 Loaded and Unloaded Q-factor

Any extra resistance in parallel with the tuned circuit reduces the unloaded Q-factor to a smaller

value called the loaded Q-factor, so a current source, although having a high source impedance,

Evaluate Measurement ]

= Simulation Output % ariables r Functions or Macroz
I" IMeasurements j

Frequency - Bandwidth(1.db_level]
V0] 2 ¥ anaog Bandwidth_B andpass_3dB(1)

: . Bandwidth_Bandpass_3dB_*Range(1,
YLt 2] r Digita CenterFrequency(1.db_level] el
R | 4| 3|

Full List
Trace Expression:IEandwidthN[Et:Z],C{] Ok I Cancel I Help |

FIGURE 6.20: The —3 dB BW evaluate measurement function
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E andwidth
Eandwidth_Bandpass 3dB
Bandwidth_Bandpass_3dB_*Range
CenterFrequency
CenterFrequency_<Fange
CornversionGain

ConversionG ain_<Aange
Cutoff_Highpass_3dB
Cutoff_Highpass_3dB_xXRange
Cutoff_Lowpass_3dB
Cutoff_Lowpass_3dB_*Range
DutyCycle

DutyCycle_*<Range
Falltime_NoOvershoot

Falltime_StepResponse

Falltime_StepResponse_»xRange
GainMargin
Max

80KHzZ 180KHz 105KHz 116KHz 115KHz  120KHz
o db{U{vout))

FIGURE 6.21: Measurement function display

still reduces the dynamic impedance and hence the Q-factor. To determine the Q-factor, the
dynamic resistance R,, and the AC coil resistance Re, draw the schematic in Fig. 6.25. Set the
VSIN generator to 10 V at a resonant frequency of 100 kHz. Measure the output voltage across
the capacitor. From potential division, and the measured values input and output voltages V'

and V oy, calculate the dynamic impedance R,, the AC coil resistance R, and Qu7.

58d+

Phase is zero at DC

/

Bd

-58d+

-1088d 1 y y
18Hz 186Hz 1.8KHz 18KHz 1808KHz
o p(U{vout))
Frequency

FIGURE 6.22: Phase relationship for the capacitor voltage
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B )

‘»-"'I i‘-.-"s::uurn:e]
W2[CH

Full Lizt

Trace Expression: IW Meource]d IV zource]

FIGURE 6.23: Adding the source voltage/source current

The unloaded Q-factor is expressed in terms of the dynamic impedance and series
reactance as

R R R R |C
QUL = YP = w; A 1 PL ~ P2 = RP z (646)
L@ Tt i

Rp is the dynamic impedance and is the parallel resistance of the unloaded tuned circuit at
resonance. Any external resistance in parallel reduces this resistance and changes the unloaded
O-factor to a loaded Q-factor thus increasing the bandwidth and reducing selectivity. If the
total resistance is R in parallel with R,, then the loaded Q-factor is

RpR/(Rp + R)

Qr=Rr/ X = — x, (6.47)

UK ynamic Impedance = L/CR=6.7 kohms

(99 &7 «HzZ, 8.7 kohms)

5K+

SEL>>
8
o U{vout)s I{Usource)
60K (99,67 kHz.56.7 kohm
— Impedance including Jsobrce resistance
58K T T
70KHz 88KHz 188KHz 119KHz
o U1{Usource)/ I{Usource)

Frequency

FIGURE 6.24: Plotting the circuit impedance
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Rs
—A\V— N
50k ‘~\‘. ]
1mHj L )
Lvs J
VOFF = QV 7N ) Ct —— 2.55n

VAMPL =10V \_ }{.)
FREQ = 99.67kHz
AC =10V

P
o

5:}—‘—/ VAV —

-
o

FIGURE 6.25: Q-factor measurement

R is the source resistance in parallel with external resistive loading Rgxt, hence the total
resistance is R = RgRpxt/(Rs + Rexr). The loaded Q in terms of the unloaded Q-factor is

R 1 0w
X1+ Rp/R 1+ Rp/R

Or (6.48)

The Q-factor increases as the C/L ratio increases and is the opposite result to that obtained
for the series-tuned circuit. Simulate to produce the result in Fig. 6.26. The output voltage is

calculated by potential division at f, as 4.39 V for an input V;, = 10 V:

R Vin
p;ut:: Lfn F =
Rp+ R 1+ R/Rp

R; is the source resistance and the dynamic impedance Rp = L/C R, (R, is the ac coil resistance

(6.49)

and is not easily measured but assume 10 Q). If the measured voltage across the circuit is 4.39

5.6U
(99 .67 kHz, 4 3962)
The bandwidth is measured at Vomaxx0 707
TR /
98 kHz,3.1224 ¥
( 2 ) (101 kHz, 3.107 )
3.6V
Bandwidth = 101-98 = 3 KkHz
Q-factor = fo/BW = 100/3 = 33
2_8U-
1.6 T T T T T
94KHz 96KHz 98KHz 186KHz 182KHz 184KHz 186KHz

o U(Rs:2)

Franuencn

FIGURE 6.26: Measure the voltage at f
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V, then from potential division we have 4.38 =10/(1+ R, /Rp) = R /Rp =128 = Rp =
R./1.28 = 50.10%/1.28 = 38.9 kQ.
Compare this value to the theoretical value:
L 107

Rp = — = 39.37 kQ 6.50
P=CR ~ 254x109.10 (6-50)

The measured resonant frequency is /o = 99.86 kHz and the unloaded Q-factor is calculated
as

QUL = RP/XLP ~ RP/XLS = 38,900/(2ﬂf6L) = 38,900/(27‘[998) =62

The loaded Q-factor = R/ X7 p, is approximately equal to R/ X5, where Ris R, in parallel
with R, equal to 21.87 kQ2.

6.17 TRANSFORMERS

William Stanley (1858-1916) built an induction coil that was the precursor to the transformer.
A transformer has primary and secondary coils magnetically coupled, with each winding wound
on the same former (core) made from materials such as iron, steel but RF transformers generally
have an air core. All PSpice schematics require a ground part so we have to attach a second
ground symbol to the secondary or a very large resistance between primary and secondary as
shown in Fig. 6.27, otherwise we get a floating error as it “sees” the secondary circuit floating.

This is a useful technique whenever a floating error occurs, for example, if the output
component is a capacitor then one end is seen as floating. The transformer used here is a
K3019PL_3CS8 part in the eval.olb library and the new power markers are located on the

Component as shown.

Rsourc
load

1000
\ \%
|

v ()
L1_TURNS =100

RLoad 3¢ 10
AC=1
L2_TURNS = 10 w
% T—/\/\/\/—T K3019PL_3C8
0 Ropen 7

FIGURE 6.27: Transformer
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COUPLING 0.5955
L1_TURNS 100
L2 TURNS 10
Location X-Coordinate &80
Location Y-Coordinate 435
Source Part K2019PL_3C8 Normal

FIGURE 6.28: Transformer parameters

6.17.1 Transformer Parameters
Other transformers are: K502T300_3C8, K528T500_3C8, K_Linear, XFRM_LINEAR and
XFRM_NONLINEAR. Edit the properties by Relicking and selecting Edit Properties to
enter the parameters as shown in Fig. 6.28.

Transformer parts such as the XFRIM_LINEAR part require coupling and inductance

values.

6.17.2 Matching Transformer
Maximum power transfer is transferred from a source to a load only when they are equal. A
transformer can “match” a load to a source and to show this we need to derive expressions
for the primary and secondary parameters in terms of the ratio of the primary and secondary
turns-ratio. To simplify the analysis, assume the power in the primary circuit is equal to the
power in the secondary circuit—a valid approximation because transformers are very efficient
and dissipate little power, hence we may write
L. ip
Uplp = 1gV§ = Up = —VUg (6.51)
Ls
Equate the primary ampere-turns to the secondary ampere-turns as
: . ip N . g
ipNp =igNg = — = — =n=1p = — (652)
ig Np n

Substituting (6.52) into (6.51) yields
Vp = nug (6.53)
The primary impedance is the primary voltage divided by the primary current. Substituting for
the primary current and voltage from (6.52) and (6.53) yields
Up nvg

Zp = — = - inznZZS (6.54)
ip LS/n

Fig. 6.29 shows the input and output power dissipated in the source and load resistances.
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1.6mW 1.6mA
8.5nA+ ¥

o I{Rsource)

oy T T T au T T T
16Hz 106Hz 1.0KHz 10KHz 1080KHz 18Hz 1068Hz 1.0KHz 10KHz 180KHz

8.5ml+

(54 kHz, 250 uk)

Source and load power equal

+ W(RLoad)} v W{Rsource} + U{LOAD)
Frequency Frequency

FIGURE 6.29: Matching transformer for maximum power transfer

The primary circuit “see” a much higher resistance i.e. #? times the load resistance. For
n? = 100, the primary circuit is “looking” at 1000  and not 10 Q. Any resistance connected
to the secondary side will appear in the primary side of the transformer, as that resistance
multiplied by the square of the turns-ratio #. A multi-winding transformer may also be created

using the K_Linear part that links together individual inductor coil names.

6.18 POWER SUPPLIES: RECTIFICATION AND REGULATION

The schematic in Fig. 6.30 shows the input 220 V RMS mains voltage (311 V peak) with a
mains frequency of 50 Hz for European electricity supplies but is 110 V/60 Hz in the United
States. The 0.001 © mains source resistance is small since it is a voltage source and R5 is a
large terra-ohm (1 T2) resistance to avoid a floating error. Differential voltage markers from
the Markers menu are placed across the secondary terminals as shown. These are necessary
since the measurement reference is not with respect to the ground. Be sure to remove RS if you

are creating a printed circuit.

) Rsource K3019PL_3C8
in X1
VA *
D3
D1N4002

_ AMPLITUDE = 311
vmains ("X jepequency = 60

out
L1_TURNS = 200

_JFOOOu RL h
L2_TURNS = 65 D1N4002
AW N\ i
Ro/c  100Meg 0

0.001 ‘

BN
L ]

00"
002
L]

FIGURE 6.30: Power supply



COUPLING 0.599
L1_TURNS 2000
L2 TURHS 65
Location X-Coordinate 680
Location Y-Coordinate 435
Source Part K3M8PL_3C8.Normsl

FIGURE 6.31: Setting the turns-ratio for the mains transformer

The ripple voltage is calculated
Vieak ripple = V3 V;ruts) = V3(2.4Ipc/ C) (6.55)
The DC voltage across C is

Vpe = Viee — V;Jeak ripple (656)

6.18.1 Power Supply Waveforms
Select the properties by Relicking and entering the transformer parameters: coupling = 0.999,
L1-TURNS = 2000 and L2 .TURNS = 65. The primary voltage peak is 311 V, and the
secondary peak is 10 V—a turns-ratio of 30:1, as shown in Fig. 6.31.

Set the transient analysis to display a few cycles after simulation as shown in Fig. 6.32.
Verify using (6.55) and (6.56) that all voltage waveforms have the correct values.

Fig. 6.33 shows a display of the RIMS and instantaneous power in the load.

6.18.2 Power Supply Voltage Regulation

The ripple voltage shown in Fig. 6.34 may manifest itself in audio power amplifiers as an audible
120 Hz mains hum (remember it is a rectified sine wave so it is twice the mains frequency
supply). To eliminate ripple we need to regulate the power supply using a voltage regulator.
The 15 V regulated power supply has a larger number of secondary winding turns to increase
the secondary output voltage in order for the LM7815 regulator to work correctly. This voltage
regulator is not part of the evaluation version so we use the symbol from mylib.olb and attach
to it the LM7815¢c model downloaded from the Internet.

The regulated voltage is clearly seen from Fig. 6.35 where the ripple voltage is reduced.

6.19 GROUND BOUNCE

The schematic in Fig. 6.36 investigates “ground bounce”. PSpice hides digital IC power supply
pins but we may connect power supplies to the hidden pins by DLclicking the IC and ticking
Power Pins Visible.
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BunH 10uIH (5.5 ms, 83 mA)

(31 ms, 75 mA)

40mA -
" Average load current
(13.7 ms,77.4 mA)
CBmA-
8n
o -AUG{I{RL:1))
8.8v
(31 ms , 7.5 V)
:17]
4_BU- o -I{RL)
Average load vol tage 10y G5ms 8.4V
SEL>>

ov
o AUE(U{out))
100y

Mains input (137 ms, 7.7¥)

SU+
(Sms, 273 ¥) Ripple magnitude = (8.4-7.7) =0.7 ¥
av
(5 ms,10 V) Stepped down vol tage SEL>>
-480V T T T av T T T
05 18ns 28ms 30ms 48ns 8s 18ms 20ns 30ms 48ms
o U(D1:2,D4:1) o« U1{umains) o Y(OUT)
Time Time

FIGURE 6.32: Power supply waveforms

Decouple each IC by placing a 100 nF capacitor close to the IC supply pin. In digital
circuits, fast rise-time signals produce problems in the DC supply lines because PCB power
supply tracks and IC pins possess inductance and hence, together with track capacitance,
produces oscillatory signals on the DC rails. Select the 7474 IC D flip-flop part, RClick/Edit

1.4
(26_6?@3,_616 mHatts
.54 RMS output power
. RHS (U (out)=I{RL))
1.4
(5.46ms 703 . 8mHatts) (23 751w, 600.107m)

8.5u-
Instantaneous power
SEL>>
o W{RL)

LBKW

nw—-—————__HkH‘H\H"‘__—"""’,f"""’-.‘_h‘kHﬁ\\k‘“=—~———h-———--__‘hH‘%\hhHhh——d‘}"",/"/"4‘H—H_HHHH%HH"‘“~———————
—48KYW T T T T T T T

8s 5ms 18ns 15ms 28ms 25ms 38ms 35ns 48ms
o W{vmains)
Time

FIGURE 6.33: Output power
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Rsource
TX1 - . U2 2
AMPLITUDE = 311 .001 D1 D3 T
W+
vmains 2000 120 -
17T 1000u 1000
D2 0 v
FREQUENCY =50 Lq
K3019PL_3C8

100meg \ V- 0

FIGURE 6.34: Voltage regulation

Properties, to show the properties spreadsheet. In the spreadsheet tick Power Pins Visible as
shown in Fig. 6.37.

The power supply connections, normally hidden, have inductance and capacitance added
to mimic the effects of PCB and IC output capacitance and inductance and allow us to
investigate how these components produce oscillatory signals on the power supply line rails.
Observe ground bounce at the bottom of Fig. 6.38.
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o U({U1:0uipui) » U(U1:Inpui)

FIGURE 6.35: Regulated output voltage
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“IIF’_

FIGURE 6.36: Ground bounce

p(2) = v(2)i(¢) = V,, cos(wt + ¢) 1, cos(wt + 0)

u1B
Diclick the 7474 to locate the power pins
8 ‘g or Relick/Edit Properties and select pins tab
B— > q 9 out
Vce
4 1 gy G O No
5y —— Vee \. %%
: v ®
7474
clock @ ™~ oo Vi =0V
TR = 1ns * V2 = 5V
L1 TF = 1ns ng \ v TD=50ns  Rout § 1Meg
2nH PW = 50ns T lear TR = 1ns
PER=100ns  |2p L2 5 2nH TF = 1ns
Vi ~ 0\"!5 PW = 50ns
| ) l PER = 100ns
W2 = 8\ 4
~0 Make pin names visable from the spreadsheet

6.20 POWERFACTOR CORRECTION

The circuit in Fig. 6.39 is used to investigate power factor (PF) correction as demanded by the
electricity suppliers. We use the Trace Expression facility in Probe to plot certain mathematical
expressions for the power in the circuit. The instantaneous power in a passive load is the product

of the instantaneous load current and load voltage. For a sinusoidal signal, the power is

(6.57)

FIGURE 6.37: The 7474 spreadsheet

Name INST0005
Part Reference 24,
PCB Footprint DIP.1UDJ‘1-4~E".3IJUIL.BIJEI
Power Pins Visible [ |
Primitive DEFALULT
PSpiceTemplate | " @REFDES S4CILIRY 560 %
Reference uz
Source Library C.‘\OHCAD\OHCAD_TU.__;_J
Source Package 7474
Source Part 7474 Normal
Value 7474
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5.6V J
’7 ’7 K ’7 5.825U
s.aunu——* * * *
2.5
SEL>>
4.962V
BU o U{clock:+) o o U{UCE)
5. 68U — — — — —
Dellay [to fix [tim|{ng proklems
LR
2.5U- S~
Ground bounce
SEL>> j -488mU -— T T T
By 5Bns 188ns 158ns 2@88ns 238ns
s 286ns 486ns 686ns o U{ouT) .
o U(CLEAR) Time
Time
FIGURE 6.38: Ground bounce waveforms
Expanding (6.57) yields
p() =0.5V,,1,cos0 + 0.5V,,1, cosQuwt + ¢ + 6) (6.58)

The first part of (6.57) is the average power consumed and charged for, by the electricity
suppliers. Power factor angle is zero for resistive loads and the average power is 0.5 V', I,, =
VrmsIrms W. A lagging PF = cos¢ = ¢ — 6 is positive for inductive loads, and a negative
leading PF for capacitive loads, as shown in Fig. 6.40. To plot degrees in PSpice, we must
multiply the angle in radians by pi/180 (= 1/57.3), i.e.

V(vin : +)*I(R1)*cos(VP(vin : +)*pi/180 — IP(R1)*pi/180)

C1 L1
NV Be careful when rotating resistors as it can affect the phase
}_ relationships in the circuit.In this circuit when you place R1
10Vac 10n 470uH R1 it is horizontal.Use R 3 times to get this orientation
Vin For average power plot copy the following
Ovde 50 V(vin:+)*I{R1)*cos(VP(vin:+)*pi/180-IP(R1)*pi/180).

For power factor plot copy:
PF=cos{VP(vin:+)*pi/180-1P{R1)*pi/180). 2
0 VARS=VM{vin:+)* IM{R1)*sin(VP{vin:+)*pi/180-1P(R1)*pi/1 80;?

FIGURE 6.39: Power factor correction
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Average power
1.8
e
o U{vin:+)=I{R1)*=cos{UP{vin:z+)=pi/180-IP{R1)=pis/180)
1.8
Lagging power factor /T Leading power factor
8.54 T /
Unity PF
B o cos{UP(vin:+)*pi/180-IP(R1)*pi/188)
1.84
o Inductive VARS
Capacitive VARS
ol
4
SEL>>
-1.84 T T T T T T T T T
BHz 2BKHz 4BKHz 6BKHz 808KHz 180KHz 12BKHz 148KHz 168KHz 188KHz 280KHz
o UH{uin:+)*IM(R1)*sin{UP{vin:+)*pi/1808-IF(R1)*pi/180)
Frequency

FIGURE 6.40: Power factor waveforms

6.20.1 Average Power and Apparent Power

As the power factor angle increases, the average power decreases, but the peak load current
remains unchanged producing increased resistive losses which increases the costs to the electrical
suppliers. They, in turn, charge the consumer for producing nonunity power factors. The
apparent power is defined as

) p()

L yA (6.59)

0.5V,1, = =
cos 0 PF

Fig. 6.40 shows the power factor varying from zero, for a pure reactive load, to unity for a
resistive load. The second term in (6.57) has a zero average value and is the power stored in
the reactive elements of the load and returned to the source. When positive, the total power is
greater than the average power and is absorbed by the load. When negative, the total power is
less than the average power. When power factors are less than 0.5, the peak value of the second

Rs
AN +

L1
Vs @ Ct =

Rc

FIGURE 6.41: Parallel-tuned LCR circuit
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V1 @ R1 g
%

FIGURE 6.42: Frequency response

term exceeds the average power, and on negative peaks, power flows from the load back to the
source. Reactive power is measured in volt-amp reactive (VARS) and is Q = 0.5V,,1,, sin6.
Complex power, §, has dimensions of volt-amp (VA) and is related to average power P and
the peak reactive power, Q, as § = P + j Q, where P and Q are the resistive and reactive load
components defined: P = 0.572Rand Q = 0.512 X.

6.21 EXERCISES

(1) Fig. 6.41 shows a resonant circuit fed from a voltage source in series with a large
resistance Rs thus simulating a current source. Determine the —3 dB bandwidth,
loaded and unloaded Q-factor, and the dynamic impedance R, = 110 k2, R. = 10 £,
Ct=5.3nF, L1 =470 uH,

(2) The parallel-tuned frequency response is shown in Fig. 6.42.

(3) For the LCR circuit in Fig. 6.43, with V() = 5sin2n f#, Ry =509, C; = 10 uF,
L; = 100 mH, determine the resonant frequency, loaded Q-factor, and maximum peak

current. Use a PARAM part/Parametric Sweep to vary the capacitance to investigate
the effect on the resonant frequency and the Q-factor (Q = 1/r/L/C).

10 L1
bandstop ~ "
R PARAMETERS:
470uH 5.4n C1 —
Vin 1T R1 VDB — RVAR = 200

T

FIGURE 6.43: Series-tuned LCR circuit
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-u.9
bandstop filter
-28.0-
-48.0-
(99 P10K,-46 . 646)
-49.5 T T T T T
89 .58KHz 92.00KHz 96 . 00KHz 100. 00KHz 104 . 00KHZ 108. BOKHzZ

o DB(U({BANDSTOP))
Frequency

FIGURE 6.44: Bandstop series-tuned circuit

(4) The bandstop series-tuned circuit in Fig. 6.44 has a transfer function given as

sL+1/sC 2LC+1 s24+1/LC
R+sL+1/sC sCR+s2LC+1  s2+sR/L+1/LC

H(s) =

- 2+ (6.60)
524 (wo/ Q)s + a)g

A bandpass transfer function is

) — R B sCR B SR/L
VT RYISL+1/sC  SCR+s2LC+1  24+sR/L+1/LC
{00/ Q) o1

Rz + (wo/ Q)s + w}

The bandstop filter response as shown in Fig. 6.45.

R1

D1
™1 =l M,
0.1 ;
%
VAMPL = 220V
V1 11 VALUE = 10mH L2_VALUE = 51uH _;
COUPLING = 0.999 RL1 c1 g RL
FREQ = 50HZ 10K cour —|— o
L‘ sec2 - ‘ sec?
0
0 0

FIGURE 6.45: Bandstop frequency response
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1 Rsource X1 D1
AN {1
e D1N4002
L2_VALUE=1H
L1_VALUE=20H COUPLING=0.999
4
VAMPL=311 vmains R2
FREQ=50 @ ‘ o
0 100
L1_VALUE=20H L2_VALUE=1H ¢ L RL
50u . 1K
COUPLING=0.999
C [Trxe ., D1N4002
;L L~
0 D2 <,

FIGURE 6.46: Rectification

Show that (6.61) is the same as subtracting (6.61) from 1.

(5) In power factor correction, verify the relationship between apparent power (VA), real
power (Watts), and reactive power (VARS) as VA = \/ P2 + Q2.

(6) Investigate the power supply in Fig. 6.46.
(7) Investigate the center-tap transformer in Fig. 6.47 using XFRM_LINEAR parts.

(8) Reduce the circuit in Fig. 6.48 to an equivalent series circuit, by converting the

parallel combination of C; and R,. Hence, show that the resonant frequency is

wy =/ (ﬁ — W) Calculate the resonant frequency, Q-factor, and the —3 dB

Bandwidth for R; = 10 , R, = 100 k2, L; = 1 mH, C; = 1nF. Simulate and

compare measured results to the calculated values.

FIGURE 6.47: Centre-tap transformer
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R1

o L1

+
Vsource 6

FIGURE 6.48: Series-tuned circuit
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CHAPTER 7

Semiconductor Devices
and Characteristics

7.1 SEMICONDUCTOR DEVICES

Electronic devices are investigated by examining the device input and output current—voltage
characteristics. Device parameters, such as the input and output resistances, current and voltage
gains etc, are measured from the characteristics plotted. PSpice allows nested sweep operations
where more than one parameter is required to be swept at any given time. For example, plotting
the output transistor characteristic requires sweeping the output voltage for a range of swept
input base currents.

7.2 THE FORWARD AND REVERSE-BIASED DIODE
CHARACTERISTIC

Fig. 7.1 shows a low-power diode (John Bardeen 1908-1991) in series with a current limiting

resistor R;. The diode current, junction voltage ¥, and temperature 7" (degrees Kelvin) are

related:

I, = L(e?"/*T — 1) (7.1)

The reverse saturation current is 7o = 10 =2 Amps, g is the charge = 1.6 x 10 ~16 ¢ and the
Boltzmann constant £ is equal to 1.38 x 10 =2 J/T.

Select DC Sweep and enter the parameters shown in Fig. 7.2. We may plot diode current
versus the voltage across the cathode—anode by placing a current marker as shown and sweeping
the input voltage.

Press F11 to simulate to plot the diode characteristic of diode current versus the swept
input voltage. This is not the correct characteristic, however as it is necessary to change the
swept input voltage to the voltage across the diode V1(D1). Select the space between the x-axis
numbers and the menu shown in Fig. 7.3 should appear.

Select Axis Variable and highlight V1(D1), which automatically places it in the Trace
Expression box as shown in Fig. 7.4. Press Ok.
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R1
\/\\:/\\-
1k ‘
1Vde —— V1 VA |
_ D1N914

FIGURE 7.1: Circuit for plotting diode characteristic

Fig. 7.3 will appear again so select Scale Linear and press OK. Place cursors as shown
in Fig. 7.5 and measure the DC resistance on the forward-biased diode characteristic.

7.3 DIODE PARAMETERS

The following parameters are obtained from the diode characteristic:

e The DC resistance (static resistance),
«  The dynamic resistance, and
«  The average AC resistance

The diode DC resistance V/I =212 Q is measured from the characteristic shown in Fig. 7.6. To

obtain the dynamic ac resistance, use a second cursor on a magnified portion of the characteristic.

Simulation Settings - TRAN

General Analysis IConﬁgura‘tion Filesl Optionsl Data Collection I Probe Wmdowl

Analysis type: — Sweep variable
IDC Sweep ;] ¥ Voltage source Mame: Iﬂ
) " Curent source Wb ot Iﬁ
Cophiaris: ¢ Global parameter o
Primary Sweep " el ipararstar Model name: I
[1Secondary Sweep
- Temperature Parameter name; I

[IMonte Carlo/Worst Case
[1Parametric Sweep
[ Temperature {Sweep) - Sweep type

[1Save Bias Point = Linear Start value: IU

[JLoad Bias Point

End walue: I
" Logarithmic IDecade "l

Increment: nm

€ Valuelist [1.2.312345¢

FIGURE 7.2: Sweep parameters
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Axis Settings

FIGURE 7.3: Changing the x-axis variable

An AC voltage across the diode produces a larger resistance than that measured in
Fig. 7.6. Increase the separation between the two cursors and measure the average resistance
which is a much larger resistance than measured from the inverse of the slope.

74 DCLOAD LINE

The load line plotted in Fig. 7.7 is a useful technique for selecting quiescent DC operating
conditions.

FIGURE 7.4: Selecting a variable
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ZBUIH

15mA
The DC resistance is the point voltage divided by the current 942mY/6 3 md = 149 ohm

10mA

(942 mY , 6.3 mA)
5mA -
8A T T T T T T T

511} 8.2v 0.4U 8.6V 1.2v 1.4 1.6V 1.8U 2.8V

U1(D1)

FIGURE 7.5: Forward diode characteristic

Increase the swept input voltage to 15 V and superimpose a load line on the characteristic
by selecting Trace/Add (a trace menu in Probe) and entering (5V -V1(D1))/500 in the Trace
Expression. Read the Q-point values from the intersection of the 1 k€2 load line and the diode
characteristic. An ordinary diode is not designed to operate in the reverse breakdown region,
but Fig. 7.8 shows the result when the DC is increased past the breakdown region.

10.688mA -
The ac resistance is 7.833 mV/1 386mA =5 .6 oh
B DB
delta v
(945 059m, 6. 6860m)
-
e
& 8amA4 Jeltg I
L.27mA T T T T - T T T
8.861U 0.886U 89800 0.926U 89400 0.968U 8.988U 1.8806Y
{oiI(D1)

uU1{D1)

FIGURE 7.6: Magnified section to measure delta changes in 7 and I
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13m
Quiescent conditions
10n- k/f’/////
d line (952 my, & mA)
Ids0
Em
Yes0
“ou 8.2u 8.4y 9.6U 8.8U 1,00 1.20 1.1 1,60 1.80 2.0y

(B11(D1) « (5U -U1(D1))/500
u1(D1}

FIGURE 7.7: Determine the quiescent conditions using the load line

7.5 VOLTAGE REGULATION

Zener diodes (William Shockley 1910-1989) are designed to operate in the reverse breakdown
region because this region is heavily doped when compared to conventional diodes and so
produces a smaller breakdown voltage. The junction voltage remains almost constant even

when the reverse diode current changes. This simple regulator may be applied to limiting the

2YmA
18mA+
Breakdown Yol tage
8A -
—-10mA -+ Ereakdown region
-28mA . . . : .
-1180 -188U -8o0u -68U -48u -28U -8u

o I{D1)
U1(D1)

FIGURE 7.8: Reversed-biased diode characteristic
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R1

AN out
AAJA, 1K

3Vde—— ‘
T Vi1 D1 ZE\

FIGURE 7.9: Simple voltage regulator

amplitude of signals applied to digital circuits, thus ensuring that the signal from an analog

source is at a constant level less than 5 V for a 4.7 V zener diode.

7.5.1 Zener Diode Characteristic

The voltage regulator in Fig. 7.9 shows the zener diode operating in its reverse bias mode.
The reverse diode characteristic is obtained by sweeping the voltage V1 in the reverse

direction (see Fig.7.2) with the following values: Analysis type: DC Sweep, Sweep Variable

= Voltage source, Name: V1, Linear, Start Value = —40, End Value = 40, Increment =

0.1. Press F11, and in Probe, change the x-axis variable from V_V1 to V2(D1). Fig. 7.10

48mA
Forward conduction characteristic
2 BmA
//_F,V
BA -
-28mA4  Breakdown region
-4 8mA T T T T T
-1.680 au 1.8V 2.8V 3.8V 4._ou 5.8u
o -I{D2)

U2(D2)
FIGURE 7.10: Zener characteristic
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R1
_ _ out
T1=0ms V1=0v AN

T2=1ms V2=10v 1
T3=2ms V3=0v (/*/ Vin Voo /Zf\v

T4=3ms V4=-10
T5=4ms V5=0v ‘

%o

FIGURE 7.11: 4.7 V regulator

shows the complete diode /- characteristic. V', is the zener breakdown voltage in the reverse
direction. The forward-biased characteristic is similar to a conventional diode. A small zener
diode impedance, Z, = dV; /d I, in the breakdown region, makes it useful as a voltage reference
(An ideal voltage source resistance is zero).

The device maintains a constant voltage across its terminals even though the current
through it is changing. However, the reverse current must be sufficiently large to keep it
operating in the breakdown region, thus ensuring correct circuit operation. The minimum
zener current I,(min) is approximately 0.1 (P,/V ). If the diode keeps working, then the diode
power dissipation P, = VI, must not be exceeded. The unregulated input voltage must be
large enough to supply sufficient diode breakdown current. The load R;, across the regulator
cannot be too small because it would draw excessive current, leaving insufficient current to keep
the diode in the breakdown region.

7.5.2 Zener Diode Regulation
Fig. 7.11is avoltage piece-wise linear (VPWL) part where the input signal source, after selection
and Rclicking/Edit Properties, has the time—voltage pair values entered in the spreadsheet.

Fig. 7.12 shows how the zener diode limits the amplitude of the output signal.

To plot the output voltage for a range of input voltage—the transfer function) shown in
Fig. 7.13, we need to change the x-axis from 77me to the input voltage v1(Vin).

We do this from Probe by selecting an x-axis number and from the menu select Axis
Variable. Highlighting V1(Vin) from the list automatically places it in the Trace Expression
box, so press OK.

7.6  SILICON-CONTROLLED RECTIFIER

A thyristor is a silicon-controlled rectifier (SCR) that can be used to control power to devices
such light bulbs, drills etc. We need to obtain the I-V characteristics in order to understand
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16U

Input YPHL signal

55U+

au- Output signal lTimited by zener

—cy

-18U T T T T T Y T T T
Bs B8.5ms 1.8ns 1.5ms 2.0ms 2.5ms 3.8ms 3.5ms 4._8ns 4.5ms 5.68ms
o U{R1:1) - U{D2:2)

Time

FIGURE 7.12: Input and output signals

the device operation. Draw the SCR schematic and set the Primary and secondary sweeps as
shown in Fig. 7.14.

Press the simulation F11 key to plot the Press F11 to plot the SCR characteristic as
shown in Fig. 7.15. To investigate for different swept ranges, use the log command in Probe

to separate the key strokes automatically. Add a new y-axis to accommodate the gate current.

6.6V
40U+
2.8V Transfer function
ou
-2.8U T T T T T T T T T
-10u -8y -6V ] -2u oy 2y uy 6U su 10U
+ U(D2:2)

IRFAIR T}

FIGURE 7.13: Transfer function
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Rload , .. - Vs
M' doceltppe: | Secodary Sweep
anode
Start value: IT
& Control - End walue: IB Main Sweep
1 OV d X2 K7 R 1 Increment: 0.05 /
c N i e
+ Analysis type: —Sweep variable
m— —/ VY C Sweep & Valageso Mame s
— ) € Cumentsol Model type: I
= 3k € Giobal par. [
Model name:
V .  Model par:
mains [¥iSecondary Sweep e Peramete name: |
2 N 1 595 _ [(Monte Carlo/Worst Case iy e
Vg [CIParametric Sweep : S
[ Temperature (Sweep) [ Sweep type— .
[]Save Bias Point "l B [I]_
[ClLoad Bias Point o Endvalue: [0
0 Cologaitmi * L

FIGURE 7.14: SCR schematic for plotting the I-V characteristics

7.7 TRIAC CONTROLLER

Draw the Triac schematic in Fig. 7.16 and set the Parametric Sweep parameters as shown.
The variable resistance, Rvar, controls the power in the load, Rload. We see in Fig. 7.17 how
the power is halved when the resistance is increased to 9 kohms.

7.8 THE BIPOLAR TRANSISTOR

Three-terminal transistor devices (Walter Brattain 1902-1987), such as the bipolar junction
transistor (BJT) or the field effect transistor (FET), are characterized by examining input and
output characteristics. These characteristics are plotted by sweeping external DC supplies using

g 12mA o -2.0mA
n a SCR on for lanode = 3 mA and Van%de =17
L] t
d e
e
- E Gate current
u r
r ¥ On state
r e -2._4mi-
e n
n t 1.71735,  3.03886m
1.71735,  3.03886m
O o0 O I OO OO T T T SO T
» Off state _/ijfii/%l/::ﬁiiii//x
an- -2.8mA T T S T T T T
a 8.2u 840 8.6U a.8v 1.80 1.20 1.40 1.60 1.8V

] {&i-I(Rload) [Z] - I(Vg)
Ufanndel

FIGURE 7.15: Triac signals
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Analysis type: — Sweep variable
PA RAM I: I I:RS - ITirne Domain (Transient) 'I " Voltage source Name; IHva;
. € Current
: Rioad Optors: e "0 |
Rvar — 5k [# General Settings | Model parametsr Iodel name: I_
Monte Carlo/Worst Ca
Vmains8 “ e | oo Faanets mane [
| [1Tempersture (Sweep)
VOFF = OV [Save Bias Poirt [~ Sweep type
VAM PL = 300\/ {\J [JLoad Bias Point 1 linaa Start value: IT
T Endvale:  [10k
FREQ = 60Hz X3 I ., £ it [ ]|
Increment: IT
. 2N5444 —
Triac
oY <

FIGURE 7.16: Triac controller schematic

nested DC sweeps (allows more than one parameter to be swept at any given time). Parameters
measured from the characteristic are then used to design amplifiers with specific gains, input

and output impedances, quiescent bias points, etc.

7.8.1 The Input and Output BJT Characteristics
A transistor may be connected in three modes: common-emitter, common-base, and common-
collector. Fig. 7.18 shows a common-emitter connected transistor, where the emitter is

“common” to the input and output circuits. A current source connected to the base

2000

au-
Anode vol tage

-288v
o & a « U{RIHT2)

28w
Power in the load

g N LN LN AN AN LA

aw
o ¢ + + W{Rload}

160
Controling voltage

au-

_1BU T T T T
s 16ms 2 8ms 38ms 48ms 58ms
o ¢ a + U{XI:G)

Time

FIGURE 7.17: SCR waveforms
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Ib

Qi

\\\i.’ +Vee
________* |

IDC =

Q2N2222 —— ov

FIGURE 7.18: Common emitter mode

111

terminal is simulated as a DC voltage source VDC part in series with a high resistance RB

(Or we may also use an IDC current source part as shown). To obtain the input charac-

teristic, sweep the input voltage source by selecting the Analysis Setup menu and ticking

DC Sweep.

The input characteristic is a plot of base-emitter voltage versus base current shown in
Fig. 7.19. However, be careful and plot the emitter-base voltage and not the swept input
voltage. After simulation, change the x-axis by selecting the x-axis variable, and in the Trace
Expression box, change V_VB to V(RB:2). Similarly, from the Trace menu, add the y variable

I(RB) in the Trace Expression box. The transistor ac input impedance 5;, is obtained from

the inverse of the slope of the characteristic over a small region.

15 HUH

| 670.469m, 15.953u
106uf 14.797n, -1.4797p

if= 670.469m, 15.953u
SBuf
Input characteristic in common emitter mode
ﬂﬂ T T T T T T T T
au a.2u .4y 8.6V a.s8u 1.0 1.20 1.4 1.60 1.80 2.0V
ioi1(RB)
U{01:b)

FIGURE 7.19: The input characteristic
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General Analysis IConﬁguratiun Files I Options I Data Collection | Probe Window I

Analysis type: — Sweep vanable
IDC Swesp = | {* Voltage source MName:

" Current source

o fodel type;
Options " Global parameter &

Voo
- " Model parameter Model name: I

[1Secondary Sweep
[IMonte Caro\Worst Case
[1Parametric Sweep

[ Temperature (Sweep) - Sweep type

[15Save Bias Point = st Start value: II]

[Load Bias Peint End walue: 15v
" Logarithmic IDecade VI -

Increment; IEI.IJ'I W

« Temperature Parameter name:

FIGURE 7.20: Enter the Primary base current sweep parameters

7.8.2 'The Output Characteristic
The output characteristic is obtained by sweeping the collector-emitter voltage VCC. The input
current source is swept over a range of base currents using a secondary nested sweep for a range
of swept collector voltages. From the Analysis menu, select DC Sweep shown in Fig. 7.20 and
set the Ve parameters in the Primary Sweep menu.

Select the Secondary Sweep and enter the values shown in Fig. 7.21.

Press the F11 button to obtain the output characteristic as in Fig. 7.22.

General Analysis ICorrﬁguration Filesl Optionsl Data Collection | Probe Wlndowl

Analysis type: — Sweep variable
IDC Sweep El " Yoltage source Mame: Ilb
i &% Current source Ml fumee I—
_ptlo-ns. " Global parameter e 1
nmar‘,.r Swep e et I odel name: I
¥ Secondary Sweep -~ P " _ l_
[C1Monte Caro/Worst Case Temperature LA
[]Parametric Sweep
[JTemperature {Sweep) - Sweep ype
[1Save Bias Point & Linear Start walue: IU
[]Load Bias Point - End value: A0u

" Logarithmic IDecade 'I -

Ihcrement: 10u

FIGURE 7.21: Setting the collector sweep voltage parameters
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FIGURE 7.22: Output characteristic in CE mode

7.8.3 DC Load Lines

Load lines are useful for selecting quiescent operating conditions. Obtain the output character-
istic as before but increase the collector voltage, Vec, to 15 V. To superimpose a load line on the
output characteristic as shown in Fig. 7.23, click the Probe Trace menu and select Add/Trace.

12m
8m+
O-point
4. 35mA)
4m+

[ / !‘HHHEH“‘hlmlggghline

]
é_—‘_‘—\—\.

4m T T T T T T T
au 20 Ly 6l 8u 1au 120 140 160
o I(Q1:c) « (15U -U_Ucc)/1.8k

U Ucc

FIGURE 7.23: Transistor load line
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In the Trace Expression box, enter (15V -V_Vec)/1.8k to superimpose a 1.8 k2 load line on
the characteristic. Select a Q-point to permit maximum signal swing without distortion.

7.9 JUNCTION FIELD-EFFECT TRANSISTOR

The JFET (Julius Edgar Lilienfeld 1881-1963) is a voltage-operated device, unlike the BJT,
where the output current is controlled by an input current. We define a trans-conductance, g,
obtained from the slope of the FET transfer (input) characteristic. The output characteristic is
plotted using a nested loop, as was utilized for obtaining the BJT characteristics explained in
the previous section. The output transistor resistance, 7 pg, is measured from the inverse of the
slope of the output characteristic.

7.9.1 The Common Source JFET Transistor Input Characteristic
The J2N3819 field-effect transistor is an N-channel device with a P-type gate so the gate source
is reversed biased with the battery connected in the common source JFET schematic as shown
in Fig. 7.24. Note: Reverse both batteries for the J2N3820 FET, since this is a P-channel with
an N-type gate.

The drain current, gate—source voltage, and pinch-off voltage are related as

V 2
Ly = Iy, (1 - i) (72)
Vpo
Differentiate the drain current (7.2) with respect to the gate—source voltage to yield:
d Iy 21 Vs
e Zds (g e (7.3)
d ng - Vpo VPO
Expressing (7.3) in terms of the trans-conductance g,
Ves
Em = &mo <1_ Vg > (74)
PO

J2N3819

FIGURE 7.24: Circuit for obtaining the FET characteristics
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General Analysis lCorlﬁguration Fllesl Optionsl Data Collection | Probe Wmdowl
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" Current source
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[ Temperature (Sweep)  Sweep type

111

ngvde slias FI';‘o'irr: ' e Start value: ID
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FIGURE 7.25: Setting the parameters for DC sweep

Thus the mutual trans-conductance is a function of the gate—source voltage. Plot the rate of
change of drain current with the gate—source voltage V. The trans-conductance g, is obtained

from the slope of the transfer characteristic around the selected quiescent operating point.

AIDS
N7
GS | yps=10V

(7.5)

Place a current marker at the drain. From the Analysis Setup menu in Fig. 7.25, select DC
Sweep and tick Voltage source. Enter vgg in the Name box and set the parameters as shown.

Press F11 to simulate. Measure the DC current and voltage conditions after simulating
by using the voltage V and current I icons. In Fig 7.26, select a quiescent drain—source current
Idsq approximately half way between 0 and the maximum drain current I,;,. This is made

easier if we add a load line as explained in the next section.

7.9.2 Adding a Load Line to the Transfer Characteristic

The common source JFET amplifier is self-biased by the voltage developed across a resistance
placed from source to ground. The biasing voltage in previous circuits is not now required
since the current flowing through the resistance produces a quiescent bias voltage from the
voltage drop across Rj. It is called self-biased because it uses its own source current to set up
a bias voltage across the resistance. From the input characteristic, select a quiescent current
approximately half way up the y-axis and drop a perpendicular to the x-axis and read the voltage
Vdsq. From these values we determine a suitable value for the source—gate biasing resistance
Ry.

Vi = —Viosg = —IpsoR = R = Vgso/Ipsg = 0.97V/5.4 mA = 180 Q (7.6)
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p 13-2m
v
a
i B1 = 842._342n, 6.1728n
n B2 = 1.8797, 4.8918m
dif=-237_304n, 1.2816m
10. 6m-
c
u
i .
v
e gm=delta Tds/deltaVgs
n
t
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(1ID(J1) o+ {U_Ugs)/188

FIGURE 7.26: Transfer function with load line

We can superimpose a biasing 180 €2 load line on the mutual characteristic as shown in Fig. 7.26,
by selecting the Trace menu in Probe and Add Trace. In the Trace expression box, add the
expression (V_Vgs)/180. Reset the current axis to 12 mA by clicking on any y-axis variable
or the space beside the variable and select User Defined and place the new y-axis limits. In
practice, the DC voltage source is replaced by a large resistance and not with a short circuit, as
this would short out any ac input signal connected across the gate—source terminals. 7he value
of RG in Fig. 7.27 is 1meg (with no space between 1 and MEG), and not 1m, which is a milliohm.
No DC voltage is dropped across this resistance since the current in the input circuit is almost
zero (= 1.249 picoamp ~ 0) and will not change the DC conditions.

FIGURE 7.27: Inserting a 1 M resistance
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vdd

VAMPL = 0.5
VOFF =1
AC=05
DF =-50
TD=0

FIGURE 7.28: VSIN generator

Measure the quiescent conditions obtained by the source resistance Rj, and compare
Vsg and Ipgg to those selected using the load line. Note: Adding a load resistance RL in the
drain circuit will change the quiescent conditions by reducing the DC current and hence the
bias across Rj, so we must factor this into the final design.

7.9.3 Quiescent DC Operating Point

A JFET amplifier is normally biased in a linear region of the characteristic, so a good choice
tor the quiescent DC point is in the constant current region. If the selected Q-point is too
close to the pinch-off voltage, the signal will clip at certain input signal levels. A good choice
of quiescent biasing minimizes signal distortion and allows for a symmetrical signal swing. The
JFET is biased so that the drain—source voltage is roughly halfway between the supply voltage
and the pinch-off voltage. To demonstrate incorrect bias, connect a VSIN generator as shown
in Fig. 7.28 where the bias is set by the generator offset value. The generator produces a sine
wave whose amplitude increases exponentially with time and whose instantaneous output is

defined as
v(¢) = VAMPsin(2n (FREQ¢? + PHASE/360))e P + VOFF (7.7)

In (7.7), the variable generator parameters are capitalized. VOFFset provides a DC bias and
an exponentially increasing sine wave with time is achieved by changing -DF to DF.
The result of incorrect biasing in a JFET amplifier is shown in Fig. 7.29. Clipping occurs

when the sine signal increases in amplitude to a certain level.

7.9.4 JFET Output Characteristic
DC nested sweeps contain two nested loops to plot the JFET output characteristics. The second
sweep variable is selected once the primary sweep value has been specified in the DC Sweep
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FIGURE 7.29: Output current and voltage waveforms

Analysis type box. Set up the circuit shown in Fig. 7.30 and place a current marker at the
drain.

Set up a nested sweep from the Analysis type menu by selecting DC Sweep. Tick Voltage
source and enter the vdd parameters for the main loop as shown in Fig. 7.31.

Tick Secondary Sweep as shown in Fig. 7.32 and set the Sweep variable parameters for
the gate—source inner sweep voltage Vgs.

Simulate with the F11 key. To superimpose a load line on the family of output charac-
teristics, select the Trace menu, and add a trace with Add Trace. The x-axis variable in Probe

VoS =—=1v 10v

FIGURE 7.30: Output characteristic circuit
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Simulation Settings - DC

General Analysis |Conﬁgura|:ion Files | Options | Data Collection | Probe Window |

Analysis type: — Sweep varable
DC Sweep - {* “oltage source Mame: vdd

. " Curent source AT
o odel type:
ptions: " Global parameter ik

Model name:

Primary Sweep
W] Secondary Sweep

" Model parameter

11

[IMonte Caro.\Worst Case ¢ Temperature Farzizizi nan
[]Parametric Sweep
[]Temperature (Sweep) ™ Sweep lype
[15ave Bias Point @ Linear Starkt value: IU
[JLoad Bias Point £ ’
nd value: |1 5
" Logarithmic IDecade 'I
Increment: ID. o1

FIGURE 7.31: Setting up the outer loop

is Vdd (0-15) V, so in the Trace Expression box, enter (15V -V_Vdd)/2.2k to superimpose a
2.2 k2 load line as shown in Fig. 7.33.

The JFET output resistance is measured from the inverse of the slope of the output
characteristic defined as

Alps Ves=Vssg

DS =

Enlarge a section of the characteristic as shown in Fig. 7.34 by selecting the y-scale or use the

magnifying tool.

Simulation Settings - DC

General Analysis | Corfiguration Fies | Options | Data Collection | Probe Window |

Analysis type: — Sweep variable
IDC Sweep =] % Yoltage source Mame: I'-fgS_
" Curent source
ions: ~ Model type: I
s " Global parameter &
nmar'_.' Swep " Model parameter Model hame: I
% Secondary Sweep 1 P ' : I_
[IMonte Caro./Worst Case L BIPERiIE el
[1Parametric Sweep
(I Temperature (Sweep) - Sweep type
[1Save Bias Point Start value: |1
[lLoad Bias Point E )
nd value: |4
" Logarithmic IDecade "I -
Increment; IU.5

FIGURE 7.32: The nested sweep parameters
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7.8m
oad line
6. Bm-|
4. Bm- .
O-point
5.4 V,2. 98 mA)
P
2.8m-
Ygs=1.5 V
a T T T T T T T
au 2V 4y 6U :11 1680 12V 140 16V
o IDCJ1) « (15U -U_Udd)/2.2k
U_udd

FIGURE 7.33: JFET output characteristic for a 1 k2 load line

7.9.5 Effect of Temperature on the JFET Transfer Characteristic

Semiconductor devices behave differently over a range of temperature (Ludwig Boltzmann

1844-1906) values, so it is important to investigate circuit behavior for a temperature sweep

using the schematic in Fig. 7.35.

3.888m+

2.988m+

[Probe Cursg
8.2475,
8.7482,

2.9766m
2.9798m

dif=-5080.669m, -3.2268u

2 96804 The output FET resistance\Rds = deltans/QeltaIds=O_5 ¥/ 3u=1 megohm
2.948m-
2.928m T T T T T T T
7.8420 8.p000U 8.200y 8._s00U 8.600U 8.800y 9._0800V 9.200u
HID(J1) « (15U -U_Udd)/2.2k
U udd

FIGURE 7.34: Enlarged section of the output characteristic



SEMICONDUCTOR DEVICES AND CHARACTERISTICS 121

To sweep the temp

on the vgs char, J2 +
open up the setup \
and using nested d I —"vdd

sweep, set the temp i I [ 15v
to-20to 50 insteps —_ sy
of 10 degrees

vgs

FIGURE 7.35: Investigating device change with temperature

From the Analysis tab menu, select DC Sweep and tick Temperature (Sweep) with
parameters as in Fig. 7.36.
Press OK, and the effects of temperature on the characteristic are displayed in Fig. 7.37.

Differentiating the drain current Iy, = Iy [1 — (V. / Vpo)?), yields = % = %";‘0(1 —
g5

V S V 5 . .
72) = g = gmo(1 — 7%=). The mutual conductance is a function of the gate source voltage

Vs and is measured from the transfer characteristic. In Probe, press the “Add a trace” icon
& and the screen in Fig. 7.38 appears. Select the differential operator D( ') from the list
on the right, and in the brackets place the selected variable ID(J1) from the list on the
left.

Simulation Settings - DC

General Analysis | Configuration Fies | Options | Data Collection | Probe Window |

Analysis type: — Sweep variable
IDC Sweep =] " Woltage source MName: I_
" Curent source Ii
Orwes T E]obal parameter Medel e
rimar' Swep " Model parameter Madel name: I
¥ Seconaary Sweep ;
[ Monte Carlo/Worst Case ¥ Temperature Barameter name: I
[]Parametric Sweep
W] Temperaturs (Sweep) - Sweep type
[JSave Bias Point = e Start value: |-2I]
[JLoad Bias Point - rid ek ,_50
" Logarithmic IDecade "I
Increment: I‘I 0

FIGURE 7.36: Select temperature as the DC nested sweep
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15mA

18mA )
Sweeping the temperature

SmA -

(1] T T T T T T T
au 8.5u 1.0V 1.5V 2.8V 2.5V 3.8v 3.5V
o ID{J1)
U_wvgs

FIGURE 7.37: The effect of temperature sweep on the FET transfer curve

7.10 THE D OPERATOR

The D operator is a useful function available from Probe because it allows you to plot the

differential of a function. Fig. 7.39 is a plot of the differential drain current showing how g,,

increases linearly with gate—source voltage.

711 EXERCISES

(1) Plotthe inverse of the differential of the diode current/diode voltage. Use the differential
operator D in Probe as 1/( D(I(D1)/V1(D1))) to plot the inverse of the diode slope

characteristic.

VIVOS-)
W(EM_0001)
W($MN_0002)
W1 (wdd)
WElvgs)

YW _wgs
YD)

\/Gi.ﬂi

[~ Subcircuit Modes

20wariables listed .

Full List

(e

DB()
ENVMAX(. )
ENVMING, )
EXP()

Gi)

IMG()
LOG()
LOG10()
M()

MAX()

Trace Expression: ID(ID(J]))|

FIGURE 7.38: Select the differential of the drain current
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S

Plot of the drain current using the D operator

-5m

o DCID(J1))

I
| X
 18nA- RN Effect of sweeping the temperature on the transfer characteristic
I
' 5ma
SEL>>
1] T T T T T T T T T
1 8.5V 1.080 1.50 2.8y 2.50 3.8V 3.50 4.00 4.5V 5.8
o ID(JH)
U_ugs

FIGURE 7.39: Differential of drain current

(2) In Fig. 7.40, investigate the diode turn on/oft times using a VPULSE generator with
avery fast £5 V pulse (I suggest TR = TF = 0.1ns, PW = 10 ns, PER = 20 ns). Plot

the diode current.

(3) Plot the Zener diode impedance in the different regions of the characteristic. Use the
D operator.

V1=5

Vo=.5 "

TD=0 1k R

TR=1n Vin D1§Z\ ‘
TF =1n

PW = 10n |

PER = 20n é
0

FIGURE 7.40: Measuring diode turn on/off times
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In

1Vde L—\IO
—_ v

TABLE

~0
FIGURE 7.41: The Table part

(4) Obtain the characteristics for the SCR and TRIAC devices. Download a model for the
unijunction transistor (UJT). This is a three-terminal device with different character-
istics to the conventional bipolar transistor. Construct a UJT circuit symbol, junction
schematic, and plot the output characteristics showing the negative resistance region.

(5) Investigate the TABLE partin Fig. 7.41. From the Analysis Setup/DC Sweep/Sweep
Variable /Voltage Source, Name = vin. The sweep parameters: Start Value: 0, End

Value 10V, and Increment 1.

3
3V

Out
Out \
N
A

ity

(6) Investigate the BJT switching schematic in Fig. 7.42.

(7) Investigate the differential amplifier shown in Fig. 7.43.

(8) Investigate root locus plotting using DIFF and Laplace parts in Fig. 7.44. Analysis
tab to Analysis type: AC Sweep/Noise, AC Sweep Type to Logarithmic, Start
Frequency = 0.001, End Frequency = 10, Points/Decade = 10,001.

Press F11 to produce the locus plot shown in Fig. 7.45 but change the x-axis to
R(v(out)) and the y-axis to IMG(v(out)). Both of these functions are available from
Trace/Add Trace in Probe. However, in the latest edition of PSpice, there is now

DC=5
TR=0.1u
TD=0.1u
V1=1

¥6V==00 .5ms

PER = 1ms

FIGURE 7.42: BJT switch
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902 4uA

902 4uA

Vi
T ov
c1
VOFF =0 — 04y
- 1u - =
Vin1 V2
VAMPL =01 10k

FREQ = 10k RB2 % 10k

" 5 6k

|

- J_\.'OFF ==
[897.6uAl = (

FIGURE 7.43: Differential amplifier

NUM = 24*(s-0.5)

H—O0F Out
Vin < !

v

0  DENOM = ((s+1)"2)*(s+2)
FIGURE 7.44: A closed-loop control system

oy

-1.20
-840 -8.2u ay 8.2v
o IMG(U{0ut))

.2y
R(U{Dut))

125

FIGURE 7.45: Change y-axis to IMG(v(out)) and x-axis to R(v(out))
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a Nyquist sub routine plot which makes things very simple. After simulation, select
Trace/Add Trace and in the functions or macros window (top right hand corner),
select Nyquist Plot(1) and substitute V(Out) for the 1 in the brackets.

Make sure the x-axis Scale is Linear as the plot encompasses a zero value.
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CHAPTER 8

Operational Amplifier Characteristics

8.1 IDEAL OPERATIONAL AMPLIFIERS

The normal operational amplifier (opamp) has two-input terminals and a single-output for
amplifying the voltage difference between the inverting and noninverting input terminals. An
ideal opamp has an infinite input impedance R; = 002, zero output impedance R, = 0 €2, and
infinite gain, 4. A nonideal op-amp has a very high input resistance, very low output resistance,

and a very high gain.

8.1.1 The Inverting Operational Amplifier and Virtual Earth

Fig. 8.1 shows avoltage-controlled voltage source (VCVS) E part (Analog.olb library) modeling
the operational amplifier in the linear range. The input impedance is set to 2 M€, with an
75 Q output impedance but with no frequency limitations (see exercise 10 at the end of the
chapter). Apply a 1 VDC part and press F11 to simulate and display the bias conditions. A
very large gain 10 produces a voltage at the junction of Ry and R, of 477 pV, which is almost

R2
AN
477.5pV|
R1 -4.700V
1.000mA| 1k
V1 out
1Vde ——— <
— 1.000mA

!
0

FIGURE 8.1: An ABM op amplifier model

Draw triangle using the Plate Polyline icon
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M~ Pos
U1 Pos
In 3 . Vi
+ o 12Vde—L—
gOut T
1Vac _ uA741 OU —
) Vin L
ovde - 2 | L o Vv 0
Neg -t
_q_\— 12Vdc = Vo
0 Neg

FIGURE 8.2: Open circuit opamp

zero. Hence, this point is called a virtual earth. This simple linear opamp model overcomes
the limitations of the evaluation version in a situation requiring a large number of operational
amplifiers (there is also an ideal opamp part available).

Draw the operational amplifier shown in Fig. 8.2.

The full gain of the ua741 operational amplifier is available in this comparator so that,
because of the large gain, a small input voltage will easily saturate the output to the rail
voltage. The transfer function characteristics may be read from the output file accessed from
the PSpice/View Output File menu, or from Probe/View.

Small signal characteristics

e V(Out)/V_vin = 1.963E+05
« Input resistance at V_vin = 9.963E+05
«  Output resistance AT V(Out) = 1.494E+402

However, you must first select the Analysis Setup/Bias Point and set the Output File Options
as shown in Fig. 8.3. Out is the output wire segment name using the Net Alias icon explained
below, and the Input source name to Vin.

Use the Place Net Alias icon to place a name on a wire. When you open up this menu,
type the name out in the Alias box as shown in Fig. 8.4. This produces a little square which
must be dragged over to the wire segment and placed accurately on the wire. The wire segment
must be long enough to accommodate the name.

Draw the inverting amplifier shown in Fig. 8.5.

To investigate noise analysis for the circuit in Fig. 8.5, set the parameters as shown in

the insert menu and run an AC analysis. To list the main noise contributors, open the output

file from Probe.
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Simulation Settings - BIAS

Hutput wanablels]:

FIGURE 8.3: Transfer function characteristics

Place Net Alias

Neg To investigate noise, set the menu as shown

Vout

FIGURE 8.5: Inverting mode opamp
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FIGURE 8.6: Slew rate limiting

8.1.2 Slew Rate Limiting

The VSIN part has Freq set to 100 kHz, VAMP = 1 V (A peak value), and VOFF = 0.
[Note there is no space between the variable value and the dimensions, i.e. 100k, not 100 k
as this will produce an error “ERROR — Expecting keyword STIMULUS, saw k™]. Carry out
a transient analysis with Run to time = 50 us, Maximum step size = 100 n and compare
the slewed output signal in Fig. 8.6 to the input sine wave. Simulating a schematic produces
several files, one of which is the Probe output called Figure 8-005.dat which when selected
from Probe should produce a blank screen, so click Trace/Add Trace, and select the output
signal (Or press the Insert key).

Use the Place Net Alias icon to name a wire segment vout. To measure the output
distortion for different input voltages, open the Analysis Setup/Transient menu. Place a tick
on Perform Fourier Analysis, Center frequency = 100 k, Number of Harmonics = 10,
and Output Variables: = v(vout). From Probe, select the icon from the left-hand toolbar to
examine the harmonic analysis information at the end of the .out text file.

8.2 THE NONINVERTING OPERATIONAL AMPLIFIER
The gain for the noninverting configuration shown in Fig. 8.7 is

Aye = out/ Vin (8])
B is a portion of the output fed back from the output to the input. The output voltage is

170ut = A(Kn - ,Blyout) = AVIn - ﬁAV;ut = T/out(]- + ,BA) = AVIn (82)
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U1l ~

Pos

Vin

1Vac
)
0Vdc -

FIGURE 8.7: Noninverting configuration

Vout A

ﬂvz =
4 1+ 84

If the open—loop gain is large then we may write (8.3) as

3 11 1
1/4+8 0+ B

v

The feedback factor is

R =
Rb + Ra

1 Rb+ Ra
B= AU:—:—+ =1+
B Rb

8.2.1 Gain—Bandwidth Product

Ra
Rb

3 | =0
Ra {Ra} PARAMETERS: 15 E V2
- Pos
Rb % 10k RA = 1k
-0

(8.3)

(8.4)

(8.5)

A PARAM part investigates the concept of GAIN-BANDWIDTH product and shows how
the gain and bandwidth parameters are interlinked i.e. if the gain is reduced then the bandwidth

increased and vice versa.

Rclick the PARAM part, select Edit Properties and add a new row with Ra entered

in the first column and 1k in the second column. Go back to the schematic and select the

resistance Ra and enter {Ra} rather than an actual resistance value. We wish to carry out a

frequency response for the different values of the resistor to be swept, so select the Analysis

tab from the simulation icon and select Analysis type: AC Sweep/Noise, AC Sweep Type
to Linear, Start Frequency = 10, End Frequency = 1000k, Points/Decade = 1000. Tick

Parametric Sweep in the Options menu and set the parameters shown in Fig. 8.8. Enter the

values for Ra in the Value List with each value separated by a space.
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Simulation Settings - AC [

General  Analysis |Conﬁguration Filesl Optionsl Data Collection | Probe Wlndowl

Analysis type: — Sweep variable
IAC Sweep/Noise j " Volage source [ ame: IHa
= Curent source Model t Iﬁ
ions: odel type;
Options % Global parameter .
¥ General Settings " el parameter M odel name: I
[Monte Caro/\Worst Case -~ P ‘ : IH—
o T ——— Temperature Parameter name: |Ra

[JTemperature (Sweep)
[]5ave Bias Point — Sweep type

[Load Bias Point et Start value: |1k

End value: |1 A0k,
" Logarithmic IDecade v| .
Increment: I 1k

&+ Value list I'I Ok 30k 30k 150k 200k 500k

FIGURE 8.8: Using Param and list

Press F11, and a Probe screen message “Available Sections” appears. Select OK to plot
the frequency response as shown in Fig. 8.9. Measure the passband gain and =3 dB point on
each response.

The gain—bandwidth product is investigated using Performance Analysis (PA) available

in Probe/Trace menu. PA allows you see how a characteristic, such as the gain bandwidth

1y

357 Hz,34 dB

( Z’ )Gain is 34 dB for Ra = 500 kohms (19 kHz , 31 dB)

bgin decreasing with decreasing Ra vall

284

(803 Hz,6 dB)

Gain 15 6 dB for Ra = 10 kohms

ﬂ_
1868Hz 3B;IH2 1 .ﬂIKHZ 3. IIIKHZ 1ﬂII€H2 3I1II€HZ 1ﬂ[1IKH2 3I1I]IKH2 1.8HHz

o e 4 ¢ + DB{U(UOUT))
Freguenc!

FIGURE 8.9: Noninverting frequency response
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2.8H
= DGain-Banwidth constant
1. @K+
SEL>>
3 T T T T
8 100K 200K 306K 480K SO0K

o Cutoff_Lowpass_3dB(V(vout))=Max{U{vout))
Ra

500 kohms
28
10 kohms
i o
T T T
188Hz 1.8KHz 18KHz 188KHz 1.8MHz
o ¢ a ¢ + DB{ULVOUT))
Freauencu

FIGURE 8.10: GB product using Performance Analysis

product in this case, varies when the feedback resistor, Ra is varied. Simulate the previous
schematic, and from the Probe output, press ok from Available Sections. Press the PA icon
(Two crossed flags) and a further menu headed Performance Analysis appears, so press OK.
Select the Trace Add icon and enter Cutoff_Lowpass_3dB(V(vout))'Max(V(vout)) in the
Trace Expression box to produce the display in Fig. 8.10.

8.3 AUDIO POWER AMPLIFIERS
NPN and PNP power transistor symbols are created using the QbreakN and QbreakP parts
from the break library. Place QbreakN and QbreakP parts on a new schematic area. Select
one of these symbols and it should turn green. Relick, and select Edit Properties from the list.
From this properties menu, select QbreakN in the second column and replace it with TIP31.
Select the Display icon to get the Design Properties menu where the name is entered as shown
in Fig. 8.11. Tick Name and Value to display the name and value on the schematic. Press OK
Select the transistor and Reclick. From the displayed list, select Edit Pspice Model to run the
PSpice Model Editor. The demo version will not allow you to save the new power transistor
however, but if you are using the full version then you can save it to yourcircuitname.lib. Save
the results by selecting Part and Save to Library. The contents of the .lib file are shown in
Fig. 8.12.

The first line is the model name. However, we can still use the power transistor from

MYLIB.Iib that was added previously. Repeat this procedure for the TIP32 power transistor
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Display Properties

MName: |mplementation

x|

— Font
Arial 5 [default]

the output voltage.

Take |T|P31| Change... | lze Defaultl
— Dizplay Format

{" Do Mot Display

% alue Only

" MName and Value .

— Ratation
" Mame Only = o 1800
" Both if Value Exists O ‘ol i
0Ok I Cancel Help

FIGURE 8.11: Type in the name TIP32

and draw the class-B complementary symmetry push—pull amplifier schematic in Fig. 8.13. Qg
conducts for positive input signals and Q; conducts for negative input signals. The VSIN part
has a peak value of 7 V and FREQ_ = 1k.

Place current markers to plot the current drawn from each power supply by the transistors.
The average power is plotted in Fig. 8.14 using the AVG() operator from the Trace/Add Trace
menu in Probe as AVG(I(Rload)*V1(Rload)). The crossover distortion is evident by inspecting

@ FIGURE3-079.Jib:Qbreakn - PSpice Model Editor Demo - [Model Text]
B Fle Edit View Model Plot Tools Window Help

D|RS|a] s=el alalaa] ) n= 2]+

Modelsuist |
Model Name 70.66p
Qbreakn™® BIT

30 Nov 20

FIGURE 8.12: Edit Instance Model (Text)

.model TIP31 NPN(Is = 2.447p Xti = 3 Eg = 1.11 Vaf = 100 Bf = 2082 Ise =

+Ne=1.563 If =9743 Nk =6134 Xtb =15 Br=12.59 Isc=11.68n
+Ne=1.835 Ikr =3.86 Rc =4685 Cjc =142p Mjc =4353 Vjc =75 Fc=3
+ Cje =188 5p Mje =4878 Vje =73 Tr=1942n Tf=19.85n Itf =164.1
+Xef=5.945 Vif=10Rb=11)
* National Semiconductor Transistor Data book, 1982, process 4F, pg 2-13
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Qf VI_t DC=15
—1_  TIP31 -
=N
C1 0 Rload
e avany %
| 2 N N 0
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VAMPL i — y2 + DC=15
# ) vin TIP32 .
FREQ=1 ——
VOFF =0
~0

FIGURE 8.13: Push—pull amplifier

A power amplifier converts the DC input power to useful AC output power but in the
process of doing this some power is dissipated in the circuit components. We need to consider
the input power, the output power, and the power wasted in the circuit. The amplifier efficiency
is calculated by considering the maximum input and output powers, and the maximum transistor
power dissipation. A sinusoidal test signal is applied to the amplifier and we must consider the
power in the load. The peak output voltage across the load Ry is 7}, then the output current

2
is I, = V,/ Rr. The maximum output power (RMS) is P, = %% = 2—?%. If we assume ideal
1680
5 .BU
-5.8U+ SEL>>

-168v
o Y(uo) o U{C1:1)

8A -
-08.5a] |||| ||ﬂ 'If ||’| |||| | | ||||

SEL>> 5-over distortio

-1.0A -1.0a
o I{Rload}) o I{U1)
3.0 1.04
2.8U T T T -1.0A T T
7.0ms 8.0ms 2.0ms 4._Boms 8.80ms 11.54ms
o RHS{ I{Rload)= U{Uo)} a —I[(U2)
Time Time |

FIGURE 8.14: Class-B push—pull power amplifier
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2
transistors, then the output power is P, = 2% The average value for a sinusoidal test signal
over half a period (7/2 = ) is

T/2
VP

T/2
Vav = %/ V, sinQm f2)dt = - [M} —
0

—§ cos(ir) — cos = ﬁ
2 f 5 Leos(r) —cos(0)] = —= (8.6)

0

The average single-line power supply current is I,, = (2V,/m)/ Ry, hence the total average
power from the source is P, = V. Ly = V..(2V,/m)/ Ryr. The efficiency is the ratio of output
to input power as a percentage as

P, (F}2Ri)

,
n= 2= %100 % = =22 % 100 % (8.7)
R Kc(z/n)(Vp/RL) 4 V:‘[

The maximum efficiency for class-B operation with V, = V. isn = %% x 100 % = 78.54 %.
The power dissipation for each transistor is the difference between the supply power and the

power dissipated in the load:

(8.8)

Differentiate (8.8) with respect to V', and equate to zero. This gives the maximum transistor

power dissipation PD(max)% = %1% — % =0.1f V, = 2V, /7, then (8.8) yields

2212 472 212 V2
— __i e — — [ _ [ ~ 0‘2 [
])D(maX) T RL w2 ZRL w2 RL RL

(8.9)

The total amplifier dissipation is Pp(max) = 0.4P,(max), so the average power for each
transistor is Pp(max) = 0.2,(max). Set Analysis to Analysis type: Time Domain (Transient),
Run to time = 3ms, and Maximum step size = lus, Press F11 to observe the crossover
distortion shown in Fig. 8.15.

8.3.1 The Output File

Press the FFT icon to show the distortion harmonics due to cross-over distortion. Measure
each harmonic D, and insert into the expression %total = \/ D? + Dj + D} + -+, to give an

approximate percentage distortion. Alternatively, measure the percentage harmonic distortion
by selecting the output file icon in Probe (located on the icon toolbar at the left). Measure
the distortion by naming the output wire VO and setting the parameters in the Transient/
Fourier analysis menu as: Perform Fourier Analysis, Center Frequency = 1k, Number of
Harmonics = 10, and Output Variables = v(VO). The results of this analysis are found at
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6B8mA

Fundamental

4oomA- /

208mA -

on L

component

Distortion components

I 3

t
BHz 4. 8KHz

o I{Rload)

FIGURE 8.15: Crossover distortion

Frequency

t
8.0KHz 108.6KHz

1.8A

B.5A

-8.50

-1.8A T

\

Cross-over distortion

7.8ms
o I{Rload)

T
8.0ms

Time

T
9.08ns

the end of the output file shown below (opened from the Analysis menu, or the View menu in

Probe).

FOURIER COMPONENTS OF TRANSIENT RESPONSE V(VO)
DC COMPONENT = 7.156562E+400
HARMONIC FREQUENCY FOURIER NORMALIZED PHASE NORMALIZED
NO (HZ) COMPONENT COMPONENT (DEG) PHASE (DEG)

1.000E+-03
2.000E+-03
3.000E+03
4.000E+03
5.000E+03
6.000E+4-03
7.000E+03
8.000E+03
9.000E+03
1.000E+04

O O 0N ULk LW

—_

4.970E+0

1.347E—-03
8.964E—05
1.990E—04
1.631E—04
1.331E—-04
1.139E—04
9.921E-05
8.806E—05
7.833E—-05

1.000E+0

2.711E—-04
1.804E—05
4.004E—-05
3.282E—-05
2.677E—05
2.292E—-05
1.996E—05
1.772E—-05
1.576E—05

4.770E—-01
—1.506E+4-02
—1.398E4-02
1.736E4-02
1.764E4-02
1.756E+402
1.748E+4-02
1.740E+4-02
1.737E4-02
1.730E4-02

0.000E+00
—1.511E+402
—1.403E+4-02
1.732E4-02
1.760E+4-02
1.752E+402
1.744E+4-02
1.735E+402
1.732E+4-02
1.725E+02

TOTAL HARMONIC DISTORTION = 2.805018E-02 PERCENT

Compare the fotal harmonic distortion of 2.8 % to that calculated using % distortion =

\/ D? + D3 + Dj + ... The previous circuit is modified to include a trickle bias as shown in
Fig. 8.16. This quasi-complimentary push—pull amplifier has the output transistors connected in

a Darlington pair configuration to reduce crossover distortion and yield lower output impedance

values.
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R1
C1
| 1
1
22u
o V]
Cc3 |
Rt I I V1 —;
220u A DC=15
vin
VAMPL = 5 c2 Q2N3906 7 074V oV} v
T ¥ -143. 0us B
FREQ = 1k I 6.283V 3284
22
VOFF =0 ! . §$dl
R2 -26.58mA
ml‘barlington pair
0 V]

~0

FIGURE 8.16: Improved power amplifier design

Make Rt variable in order to investigate crossover distortion. Change it from 47 k2 to
{rvar}, and place a Param part to define the name and value. The average power is plotted in
Fig. 8.17 using the AVG() operator from the Trace/Add Trace (or the insert button) function
in Probe.

8.4 MOSFET DEVICE CHARACTERISTIC
Draw the MOSFET schematic shown in Fig. 8.18.

Set vdd to 5 V, and sweep vg from 0 V to 5 V to plot the transfer characteristic shown in
Fig. 8.19.

Fig. 8.20 shows the output characteristic obtained by setting the Primary Sweep vdd
from 0 to 5 V in steps of 0.1 V, and the Secondary Sweep vg from 0 to 6 V in steps
of 0.5 V.

Draw the complimentary symmetry metal oxide (CMOS) schematic in Fig. 8.21.

The breakout symbol models Mbreakp3 and MbreakIN3 are then associated with the
two models listed in the comments in Section 8.4.1. Sweep vin from 0 to 5 V, in steps of 0.001,
Press F11 to simulate and plot the vin/vout characteristic shown in Fig. 8.22.

This characteristic shows that when the input level has a high positive value it causes the

PMOS to turn off and the NMOS to turn on, thus making the output go to 0 V. When the
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2. 89U

SEL>>

oy
auw

o I{Rload)* U1(Rload)

(6.4504m,1 8763)

1.8W4

o T
as sms 18ms
o RHS(I(Rload)* U1{Rload))

Time

FIGURE 8.17: Average power output

5.8U+

aU+

SEL>>

7.6V

@ Y(Rload:1)

B8A -

-1.0
3.8uns
o I(Rload)

4._086ms

5.86ms 6.080ns

Time

input level is low, it causes the PMOS to turn on and the NMOS to turn off, which results in

the output going highie. 5 V.

8.4.1 CMOS Model
The model for the MbreakP3 part is

.MODEL NCH NMOS (level=2 LD=0.15U TOX=200.0E—10 NSUB=5.37E+15
+ VTO=0.74 KP=8.0E—05 GAMMA=0.54 PHI=0.6 U0=656 UEXP=0.157 UCRIT=31444
+ DELTA=2.34 VMAX=55261 Xj=0.2U LAMBDA=0.037 NFS=1E+12 NEFF=1.001 NSS=1E+11

+ TPG=1.0 RSH=70.00

+ CGDO=4.3E—10 CGSO=43E—10 Cj=0.0003 Mj=0.66

+ CJSW=8.0E—10 MJSW=0.24 PB=0.58

v
M1'_ A
IRF9140 > Vdd—_—rRF150=n-channeI mosfet- enhancement
— .
vg ’ IRF140=p-channel mosfet- enhancement
_T_ v \

FIGURE 8.18: MOSFET circuit
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O.HH
u_on
2._0A
[512] T T T T
o 1.00 2.00 3.00 40U 5.0V ] .6y
o —ID(H1)
U _vg
FIGURE 8.19: Transfer characteristic
1ZH
80
1A
un T T T T T T T
au 8.5u 1.00 1.50 .0y 2.5 3.00 3.50 4.8V .50 .6y
o -ID(H1)
U udd

FIGURE 8.20: Output characteristic
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PCH
out +
vdd

M4 —4

M3 5v

NCH

FIGURE 8.21: CMOS inverter

The model for the MbreakN3 part is

MODEL PCH PMOS(level=2 LD=0.15U TOX=200.0E—10 NSUB=4.33E+15
+ VTO=—-0.74 KP=2.70E—05 GAMMA=0.58 PHI=0.6 U0=262 UEXP=0.324 UCRIT=65720
+ DELTA=1.79 VMAX=25694 Xj=0.25U LAMBDA=0.061 NFS=1E+12 NEFF=1.001 NSS=1E+11
+ TPG=1.0 RSH=121.00
+ CGDO=4.3E—10 CGSO=4.3E—10 Cj=0.0005 Mj=0.51
+ CJSW=1.35E—10 MJSW=0.24 PB=0.64

6.00
4. U+
28U+
ay T T T T T T T T T
au a.5v 1.8V 1.5V 2.0V 2.5V 3.8V 3.5V 4.0V 4.5V 5.eu
o U(H2:d)

U wvin

FIGURE 8.22: A plot of the input voltage versus the output voltage
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pos
PCH
Ain [ - 4 in2 - |
M4 |
COMMANDA = LABEL=STARTLOO |—| aut

COMMANDZ =+0ms 0
COMMAND3 =+1ms 0
COMMAND4 = +1ms 1
COMMANDS =+1ms 1

COMMANDG =+0ms GOTO STARTLOOP 2 TIMES

Bin

| in1

NCH

vdd

COMMANDT = LABEL=STARTLO
COMMANDZ =+0ms 0
COMMAND2 = +1.0001Tms 1
COMMAND4 =+1ms 0
COMMANDS = +1ms 1

COMMANDG = +0ms GOTO STARTLOOP 2 TIMES

+ | PCH
M2 |
v ocut Sy
M1 :]
NCH

Tl

FIGURE 8.23: Two-input NAND gate

8.4.2 Nand Gate

U1A

3 ocutnand

7400

v

Draw the two-input NAND gate schematic shown in Fig. 8.23 using the CMOS devices

investigated in the previous section. Included in the schematic is a 7400 part for comparison

purposes.

A 100 pF capacitor on the output eliminates spikes in the output waveform. To test

the gate, apply two STIM generator parts to the two inputs. The STIM parts’ param-

eters are shown in Fig. 8.24. The startloop command loops to produce an infinite test

string.

The NAND gate truth table is shown in Table 8.1. Here we see that there is no output

when the two inputs are identical but the output goes high for all other combinations.

COMMAND1 LABEL=STARTLOOP LABEL=STARTLOOP
COMMAND2 +0mz 0 +0mz 0
COMMANDS +1imz 0 +1.0001m= 1
COMMAND4 +1mz 1 +1mz 0
COMMANDS +1mz 1 +1mz 1
COMMANDG +0m= GOTO STARTLOOP 2 i +0m= GOTO STARTLOOP 2

FIGURE 8.24: STIM1 and STIM?2 parameters
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TABLE 8.1: NAND Gate

>
=

_ = O O
_ O Rk O
= O

Comparing our model to an existing two-input 7400 NAND part shows how the “home-

made gate” gives comparable results, as shown in Fig. 8.25.

8.4.3 Nor Gate
Draw the NOR gate schematic displayed in Fig. 8.26, and compare its performance to a
standard 7402 NOR part.

The two-input NOR gate truth table in Table 8.2 shows an output present only when

the two inputs are different.
Press F11 to simulate and produce the gate waveforms that are displayed in Fig. 8.27.

5.08U-

2 .50 "1

(1]
o U(in2)

168.6V

-

25U

v

.U+

.5U-] 1
(511}

[t

o Ugint)

[
outnand | T T L________4

s 2ms 4ms Gms 8ms 18ns
o U{out)
Time

FIGURE 8.25: NAND gate waveforms
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8.5

TABLE 8.2: Nor Gate

»—nr—noo;\>>
_ O = O td e
o o o r Nnife

EXERCISES

(1) Fig. 8.28 shows a schematic for obtaining the ua741 offset characteristics: The input

Ain

offset voltage is the input voltage required to bring the output voltage to zero with zero
signal voltage applied. The maximum, or short-circuit current output is obtained using
a small output resistance (1 uf2), and plotting the output current.

To measure the offset voltage (mV), make all the parameters of the VSIN part zero and
do a DC sweep from =1mV to +1mV, in steps of 0.1uV. This should produce a graph
showing the output voltage saturating at =+ rail voltage, but with a positive sloping part
in the middle of the plot. The offset voltage is the input voltage necessary to make the
output voltage zero as shown from the response in Fig. 8.29. The open-loop gain is
measured from the slope of the graph. In a real ua741 circuit, a potentiometer is placed

in2 | :; PCH
N "o
. Is U1A
= PCH vdd
M3 | _1 in&
\v M — 1 Norout
Bin 5v ing
v
Out 7402
M1 M2 |
| e NCH s M
—

I
MNCH :f!

FIGURE 8.26: A two-input NOR gate
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1]
r

5U

G

SEL>>
ouU

o U(in2)
180

-16U

o U{in1)
u1A:y
18V
- o
au+ 1
_1BU T T T T

Bs 2ms 4ms 6ms 8ms 18ns

U{out)

Time

FIGURE 8.27: Two-input NOR gate waveforms

across the offset adjusting pins and then connected to the negative supply where it is
adjusted to reduce offsets. These pins are displayed in the PSpice ua741 symbol, but
are not actually modeled.

Measure the input bias current by pressing the “I” icon but with both inputs grounded

to earth.
~ pPOs
U2 15.00V
: S
1.667mA
3.778V l .
15 — E2
VOFF = 0V 0
VAMPL = 0V |
FREQ =0 79.74nA RS

FIGURE 8.28: Open-loop measurements
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2uu -
Measure the slope
\_\_\ Positive rail woltage saturation

18U+ e -
ou The input offset voltage is that voltage required to make the output zer|

-18.7108u, 104.1398m

-1.088008m, -14.4976
-18U+ i 981.2900u, 14 6617 -
Megative rail wvoltage saturation B

-28u T T T
-1.6mU -08.5nu ou 0.5mu 1.8m
{TiU(u2:out)

FIGURE 8.29: The open-loop transfer function

(2) To measure the input and output impedances, follow the procedure outlined in [ref:
3]. Measure the output impedance by injecting a voltage as shown and plotting the
ratio of voltage/current as shown in Fig. 8.30.

(3) Investigate the opamp open-loop gain characteristics using the schematic shown in
Fig. 8.31.

The response should be similar to that shown in Fig. 8.32.
(4) Investigate the Schmitt trigger circuit shown in Fig. 8.33. A VPWL part generates a

saw-toothed signal to sweep the input.
The reference voltage Ve = V, Ri/(Ry + Ry) = 14.6.1%2/(1% + 10%2) = 1.3 V. Mea-

sure the slew rate and compare to the ua741 specification. Change the x-axis to

5 11 1R,
v - wbod .
dil— Ao THIu.

15 T—E2 (635 Hz, 50 ohma)

Vout ) "
VAMPL = 1v e
! FREQ = 5k

sv —FE1
AC=1v 15V = 254

470 AC sweep from 10Hz to 100kHz —Iﬁ

1042 180Hz 1.8kHz 1 0HHZ 1 80KHz
|E|ULaut1)s 1{Unut]
- Fregquencu

FIGURE 8.30: The output impedance
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U1
In

+

VOFF = 0V : \. v ouU out
v

VAMPL = 1mV @ "
FREQ = 1000 i oPAMP v
AC = 1v

I0

FIGURE 8.31: Noninverting op amp

Vin, and press Alt PP for a new upper plot axis in time as in Fig. 8.34 (select the
Plot/Unsynchronize X-Axis menu for the upper plot). This is equivalent to changing
the oscilloscope time base to the X — Y mode and connecting a triangle wave from
a function generator to the x-plates. Modify Fig. 8.33 to produce the circuit in Fig.
8.35. The hysterisis diagram shown in Fig. 8.36 is now plotted in the reverse direction
when compared to Fig. 8.34. Add a noise generator in series with vsweep to verify the
effectiveness of hysterisis.

28U

av+

Output saturgates /ﬁl

SEL>>
-20u

o U{U2:0UT)

\/

ds 8.5ms 1.0ms 1.5ms 2.08ms
o U{IH}

Time
FIGURE 8.32: Gain-Bandwidth product
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T2=1s
T3=2s
T4=3S@
T5=4s 3

T6=29s
T7 =6s
T8=T7s

T1=0s VsyweepV1=-5V

V2 =5V
V3=-5V
V4 =5V
V5 =-5V
V6 =5V
V7 =-8V
V8 =5V

pos

Vref=VoR1/(R1+R2)=14.6/11=1.3V

o

FIGURE 8.33: Schmitt-trigger circuit

is for comparing the charging capacitors in each circuit.
The frequency of the square wave is calculated as
1
fo=

(5) Investigate the astable oscillator using a ua741 IC in Fig. 8.37. The circuit to the right

(8.10)

(6) To reduce crossover distortion, modify the previous circuit by adding transistors con-

figured as diodes to achieve trickle bias as shown in Fig. 8.38 [Ref: 5 Appendix A].

U1(Usueep}

FIGURE 8.34: Schmitt trigger hysterisis

Zou
(B31m,1.318) (1631 -1.318)
4111%5Yi’r4H;;4,«H’#’rfﬁﬁiai“lnnlﬂ H’),,a
BUZ’PJ‘F;,rH/ “‘k‘mﬁYﬂ,,ﬂﬂ”"’/d
-28U T T T T T T T T T
As .55 1.0s 1.55 2.8s 2.55 3.8s 3.5s5 4.8s 4.55 5.08s
o U(UO) < U(UIN)
Time
2uu
oS
(-3.35%6,14 613) (-1.31,14.6) (I.31,14.56)
LI —vref +vref
(-1.31,-14.5) (1.31,-14.6)
neg
SEL>>
-28y T T T T T T T T
-5.8v -4.8V -3.80 -2.8V -1.8V av 1.8V 2.8V 3.8V 4.8V 5.8
« U{Uo)
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R2 10k
/. R1
1k N
T1=0s VsweepV1=-5V
T2=1s V2 =5V Vrgf
T3=2s V3= -5V o !
T4=3s@ V4 =5V - e
T5=4s o’ V5=-5V
T6 =55 V6 =5V L neg
T7=6s V7 = -5V
T8=7s V8 = 5V

N
FIGURE 8.35: Schmitt trigger

The waveforms for this improved amplifier are shown in Fig. 8.39.

(7) Investigate the operational amplifier model using ABM parts shown in Fig. 8.40. The
operational amplifier transfer function is entered in the Laplace part as a low-pass filter
with a 30 rs™! cut-off frequency (pole frequency f, = 4.78 Hz). The Diff part sums
the input signals and the Gain part represents the very large open-loop gain of 100 k.

v

SEL>>
-18y

o U(R1:2) < U(Usueep:z+)
20U

au+

-20y ; T T T ‘ T T T T
-5.0U -4.0U -3.00 -2.00 -1.00 au 1.00 2.0u 3.00 40U 5.0u
u(uo)

U1{Usueep®
FIGURE 8.36:
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Vneg Vpos
— V1

[ T cd T 47n
| Vcomparison

1749 —

SN

\in
win
WAMPL
FREQ = 1k
VOFF=0 47
0
Q4

=
ERTLH

- H-KEIIIT] w WA

8. LOns a. a_asns
LTRF)
Tdmm

1. Gns ER

1_%ans

as

QZM3504

QZH3504

QZN3S06

Q2N3806

QZN3504

QZN3506

.

=8
5N

ar

R3

TIP32

Qs

DC=15

DC=156

FIGURE 8.38: Improved power amplifier
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Rl 2804w

(28 722m,61 396)

50

efficiency 27754
SEL>>
o SEL>>
2.7580
3 ;Eagggggzig;d) U{Vo})/(avg( I{U1)=*= U1{U1))+avg{ I(VU2)* U o rms{I{Rload}*U{Vo})
ay
5.0+
a_
5y
_5_3_
-104 T T 9.089ms 108.86ms 11.080ns 11.99ms
as 168ms 28ns 30ms o U{Uo) + I{Rload)
o avg( I{U1)* U1{U1))+avg{ I(U2)= U1(U2)) Time

Time

FIGURE 8.39: Power amplifier signals

The limit part limits the output to a value a little below the power supply value. We

could use the Glimit part (contains the gain and limit parts) [ref: 4].

(8) The schematic in Fig. 8.41 uses the very good specification AD8041 opamp. Select the
resistor Ry and enter the value {Rgain}. Place and select a Param part from the Special
library. Highlight NAMEL1, and enter Rgain in the Value box. Similarly, select the
VALUEI1 attribute, and enter 1k in the Value box. From the Analysis Setup menu,
selectParametric, and in that sub menu, define Name = Rgain, Start Value = 1k,End

Value = 100k, and Increment = 20k.

The frequency response in Fig. 8.41 shows how the AD8041 is a much superior op

amplifier with a much larger passband frequency range compared to the very poor

ua741 op amp frequency response.

15
30
+ Inl S+300UT 100K >—+
A -1
R1 1T \
Rout

Pole at 30 rs-1 i
This view has to be edited from the symbol editor 0

Select from the Edit menu Set Schematic and
change name

FIGURE 8.40: Constructing an opamp from ABM parts

100

< Vout>
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R2  (Rgain}

PARAMETERS:
Rgain = 1k

FIGURE 8.41: Inverting op amp

48
R2=80 kohms
(sz 26 dB) \10 MHz, 23 dB)
Rz = 21 kohms
20
-20 : : . . . |
18Hz 188Hz 1.8KHz 18KHz 188KHz 1.8KHHz 18HHz 1808HHz

o o« a + DB{U{UA:0UTY)
Freauencu

FIGURE 8.42: Frequency response

Anytime you get results that are unexpected, or the results don’t agree with your
calculations, suspect the limitations of the ua741 and substitute a better device such as

the AD8041.
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APPENDIX A: LAPLACE AND z-TRANSFORM TABLE

LAPLACE z~-TRANSFORM
FUNCTION f(2) TRANSFORM (t=nT = n)
1
Unit step u(?) 5 u(n) ” f T
Unit impulse 5(2) 1 8(n) 1
. 1 nz
Unit ramp T 5_2 N m
! T° 1
Polynomial " s:“ " % forn=2
1
Decaying e C 1o e *"u(n) - z—“”
exponential
Growin 1 1 1 Al — ™)
& dl—c)  Gt+a)i) al—c)  az—1)(z—ec)
exponential
. . w . Zsin 76
Sine sin(w?) m sin(#0)u(n) 2 2zsnmd 11
. s 2(z — cos 1)
Cosine cos(w?) T cos(10)u(n) 2~ mcosnd £ 1
. - ® un ze " sin(nH)
Damped sine e~ sin(w?) G TP 5 o] e =" sin(nf) 2 2w cosnd 22"
. . (s +a) o 22 — ze " cos(nh)
Damped cosine ¢~/ cos(w?) G 1ot o] e~ " cos(n0) R P ——
Delay fle—4) ek fn—k) z*




abc icon, 6

abm part, 149

add a load line, 116
add a trace icon, 121
admittance, 20

agnd, 7

analysis menu, 59, 62
analysis setup icon, 112
analysis setup menu, 9, 13
apparent power, 96
append file, 69

assigned current direction, 19

astable oscillator, 148
average power, 95

avg() operator, 138

bandwidth (1, dB), 84
bias point, 21
BJT switch, 124

Boltzmann constant, 101

capacitive reactance, 53
capacitor, 3

charge , 53

clipping, 117

coefficient of coupling, 89
complex conjugate, 60
crossover distortion, 148
current divider, 11
current marker, 6

current probe, 115

Index

cursor icon, 16

cursor peak, 16

d-operator, 122

Darlington connection, 137
3 dB bandwidth, 72

dc nested sweep, 112

dc sweep, 13, 112, 115
decade, 83

diff part, 149

differential, 122
differential voltage markers, 69
diode characteristic, 101
displayed precision, 21
dynamic impedance, 84

e part, 48

e- part, 127

Edit Simulation Settings, 13

elaplace part, 38

error voltage source, 57

evaluate measurement, 46

evaluate measurement function, 84
exponentially- decaying sinusoidal, 37

FFT, 77

FFT resolution, 77
FFT:, 44

file menu, 1

first-order circuit, 24
flipping a component, 4
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floating error, 7, 88
Fourier series expansion, 74

gain-bandwidth product, 131
get parts icon, 6

glimit part, 149

ground bounce, 91

ground symbol, 7

idc part, 11

ideal, 78

ideal current source, 82
if then else, 51
imaginary part, 62
increments, 9

inductor, 24

inductor loop involving V_Vs, 57
initial voltage, 23

input characteristic, 110
input offset voltage, 144
instantaneous power, 94
inverting amplifier, 128
iprintl part, 60

isin part, 62

j2n3819, 114

K3019PL._3C8, 89
K502T300_3C8, 89
K528T500_3C8, 89
K _Linear, 89

Laplace part, 149
Laplace transform, 23
linear sweep, 9, 71

linear to log icon, 16

loaded Q-factor, 82
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magnetic coupling, 88
magnifying tool, 83

mark voltage differential, 25
markers menu, 25

maximize the schematic, 1
maximum power, 16
maximum power transfer, 60, 89
maximum step size, 76

mesh and nodal analysis, 62
mesh currents, 18
multi-winding transformer, 90
mutual admittance, 20

mutual impedance, 18

name box, 9

NAND, 142

nested DC sweeps, 110
New Simulation Profile, 13
no print delay, 76
non-ideal op-amp, 127
NOR, 143

nor, 143

Norton equivalent circuit, 24, 62

Ohm’s law, 6
operational amplifier, 127, 130
oscilloscope probe, 48

output file, 62

parallel-tuned circuit, 77, 82
param part, 48, 70, 151

param’ part, 4, 13

part name, 3

partial fraction expansion, 26, 33
passband gain, 132

periodic function, 74

piece-wise linear generator, 37



pinch-oft voltage, 117

Place Net Alias, 128

places of decimals, 20
potential divider, 9
potential division, 88

power dissipation, 107
power factor, 95

power supplies, 91

power supply decoupling, 92
primary turns, 89, 91

Q-factor, 72

Q-point, 114

quasi-complimentary push—pull, 137
quiescent DC point, 117

Reactive power, 97
regulation, 107

resistive loading, 12

resonant frequency, 72

reverse breakdown region, 104
reverse saturation current, 101
ripple voltage, 91

rise-time, 92

risetime, 46

root locus plot, 124

rvar, 71

skip initial transient solution, 45
saturation current, 121
secondary, 89, 91

self admittance, 20
self-impedance, 18

series-tuned circuit, 65, 70, 74
short-circuit current, 144
shortcut commands, 6

significant digits, 20
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silicon-controlled rectifier, 107
skip initial conditions, 76
slope, 114

step function, 23

susceptance, 57

sweep type, 9

symmetrical signal swing, 117

table part, 124

tee-network, 18

temperature sweep, 121
Thévenin equivalent circuit, 28
Thévenin equivalent impedance, 60
Thévenin voltage, 61

thyristor, 107

TIP32 power transistor, 133

to copy an element , 6

to discontinue using element, 6
to paste element, 6

to rotate a component , 6
toolbar icons, 1

trace add, 130

trace add icon, 15

trace expression box, 15, 47, 116
trace menu, 56, 116

transfer conductance, 114
transfer function, 9
transformer, 89

true rms meter, 51

turns-ratio, 91

two-port network, 10

ua741, 3
UJT, 124

vand iicons, 11, 20

variable capacitor, 49
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VARS, 99 vsin generator, 55
VCVS, 127 vsin part, 59
voffset, 117
voltage piece-wise linear vpwl, 107 w, 4
voltage regulator, 106 wildcard, 3
voltage-controlled voltage source, wire tool, 6

127
vprintl part, 59 x-axis variable, 101
vpulse generator, 123 xform, 41
vpulsepart, 42 XFRM_LINEAR, 89
vpwl generator, 39 XFRM_NONLINEAR, 89

vrsc part, 101
zener diode, 105
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