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Preface

This book combines the teaching of MATLAB� programming skills with the presentation
and development of carefully selected electrical and computer engineering (ECE) funda-
mentals. This is what distinguishes it from many others: it is directed specifically to ECE
concerns. Students will see, quite explicitly, how and why MATLAB is well suited to solve
practical ECE problems.

For ECE graduates of BS programs, MATLAB programming skills are an increasingly
important component in the tool set for competing successfully in the job market. This
requires that students start early in their academic studies to learn and apply MATLAB
programming skills in their EE and CE curricula.

Audience

This book is intended primarily for the freshman or sophomore ECE major who has no
programming experience, no background in EE or CE, and is required to take a MATLAB
programming course. It can also be used as the text of an introduction to electrical and
computer engineering course where learning MATLAB programming is strongly empha-
sized. A first course in calculus, usually taken concurrently, is essential. This book can be
used in various ways by other instructors and readers. For example, it can be used to
accompany any text in a higher level EE or CE course where use of MATLAB is desired. It
can be used by junior and senior level students in other fields of engineering who are
required to learn fundamentals of EE and CE. Certainly, the professional engineer or sci-
entist in EE, CE or any other field can easily learn (or be refreshed) and apply MATLAB to
practical problems and come to appreciate its convenience and powerful computing cap-
abilities. Lastly, it can be used by professional engineers for self-study to learn MATLAB,
and I suspect it will. The many in-depth examples and programs included in this book will
be welcomed by such readers. MATLAB is useful not only for those with academic or
professional needs but also for those who enjoy using a computer to work with, for example,
audio (speech, music, and biomedical) signals, images, games, animation, and application
development in virtually all fields. Many examples and programs in this book demonstrate
this.





Chapter 4 addresses MATLAB constructs for program flow control: for loop, if-elseif-
else, while loop, and switch-case-otherwise. After describing the MATLAB relational and
logical operators, there follows a discussion about probability, random number generators,
histograms, median filtering, numerical integration, and optimization, including the method
of least squares and the method of steepest descent. Many extensive MATLAB program
examples are included to demonstrate program flow control while applying MATLAB to the
mentioned topics.

Chapter 5 discusses binary data. Elements of Boolean algebra are introduced, and
MATLAB is used to evaluate Boolean functions. Logic gates are defined, and it is shown
how to design a combinatorial logic circuit. Algorithms are given for base ten to binary
conversion of integers and fractions. Binary arithmetic is discussed. A MATLAB simulation
of a serial binary adder is given, which is performed with an animation in Chapter 9. The
floating point notation that MATLAB uses to store numeric data is described. A data
acquisition system is described, and quantization error that occurs in the process of analog to
digital conversion (A/D) is examined. The process of digital to analog (D/A) conversion is
illustrated.

Chapter 6 provides an extensive introduction to complex numbers. After Euler’s iden-
tity is proved, the concept of a phasor of a sinusoidal time function is introduced, and then
the Fourier series of a periodic signal is examined. MATLAB is used to obtain and plot the
magnitude spectrum of a periodic signal and to reconstruct a periodic signal from its Fourier
series. Through Euler’s identity, the concept of an impedance is presented, and MATLAB is
applied to AC circuit analysis. This leads to the transfer function and frequency response of
a linear RLC (resistor, inductor, and capacitor) circuit, and MATLAB is used to calculate
and plot the frequency response. The ideal operational amplifier (op-amp) is then defined,
and the gain of several op-amp based circuits is obtained, including an active RC (op-amp,
resistor, and capacitor) circuit.

Chapter 7 is concerned with the character data type and character string manipulation.
This very useful part of MATLAB makes it possible to develop user-friendly applications.
Structure and cell arrays that can hold any data type are presented. Structure and cell arrays
are utilized for keeping PCB (printed circuit board) inventories. Since MATLAB includes
many functions concerned with file management, an example shows how such functions can
be used to manage a directory of musical WAV files and retrieve a particular song to play.
Some MATLAB functions return a structure array for the symbolic solution of a set of
equations. This is applied to find in symbolic form the output of a differential amplifier in
terms of its two inputs.

Chapter 8 is about MATLAB support for data input and output (I/O) of binary and text
data. Formatted I/O of many data types is discussed. In addition to input of binary and text
data, it is also useful to input analog signals for further analysis. An example shows how to
record an audio signal.

Chapter 9 is concerned with the MATLAB functions for 2-D and 3-D data visualization.
Through colorizing, added annotation, viewpoint control, sizing, multiple plotting, plotting
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style, animation and much more, many fundamental principles of EE and CE can be better
understood. MATLAB functions to create many types of 2-D and 3-D plots are presented.
With MATLAB functions or the plot edit GUI, all plot details can be customized. It is also
convenient that MATLAB, by using default options, creates useful plots given only the plot
data. Plots can be saved or exported to other documents in many image formats. Examples
show (1) the output of a digital to analog converter given an input WAV file, (2) the real-
time (but slowed down) operation of a serial binary adder, (3) the sweep frequency input and
output of a filter, and (4) how to make movies, and more.

Debugging is an unavoidable part of programming, so it is covered in Chapter 10.
MATLAB includes a helper program that automatically runs in the background to inform
programmers of syntax programming errors and to suggest fixes. By code folding or setting
breakpoints, the programmer can single step through any line or segment of a program and
check intermediate results. Using an in-depth example throughout the chapter, many
MATLAB facilities for debugging MATLAB code are demonstrated.

Chapter 11 is about symbolic computing, where solutions of linear and nonlinear pro-
blems can be found in symbolic form instead of numeric form. The chapter starts by
describing how to define symbolic objects. Then, throughout the chapter, many built-in
functions with symbolic alternatives are discussed, including complex arithmetic, matrix
inversion, series summation, integration, and differentiation, to mention only a few. Sym-
bolic integration is applied to find the Fourier series coefficients of a periodic signal. By
using rational arithmetic instead of floating point arithmetic, it is shown that with the
MATLAB variable precision arithmetic (VPA), one can compute to any precision. With
the built-in function solve, one can find the solution of sets of linear and nonlinear algebraic
equations. The solve function is applied to symbolically find the output in terms of the two
inputs of an instrumentation amplifier. It is also applied to symbolically solve Kirchhoff’s
equations of an RLC circuit to find the circuit transfer function. The built-in function limit is
useful to find symbolically the limit of a function as its variable approaches a point, and the
unit step and unit impulse functions are described and studied with the limit function.

Supplemental Chapter Synopsis

The remaining two chapters cover topics that require the knowledge obtained from the
typical first three of four calculus sequence of courses. It would be quite rare to include
these chapters in an introductory course syllabus for freshman or sophomore students, but
advanced students and professionals would certainly benefit from studying them. After
completing Chapter 12, the ECE student will be well prepared to apply MATLAB in a first
signals and systems course and beyond.

Chapter 12 starts by presenting fundamentals of signal representation. The discrete
Fourier transform (DFT) is developed. Many of its properties are examined with numerous
MATLAB examples that employ the built-in function FFT (fast Fourier transform). The
time domain version of the sampling theorem is presented. MATLAB is applied to do

xiv Preface



spectral analysis of both stationary and non-stationary signals. Chapter 12 continues by
presenting, from basic principles, time domain solution methods of linear differential
equations and linear difference equations. Many MATLAB functions are introduced and
applied to continuous and discrete time linear system analysis, including finding the impulse
response, transfer function, eigenvalues (natural frequencies), frequency response, con-
volution, and conversion to state variable descriptions. MATLAB also includes several
ordinary differential equation (ODE) solvers, which are applied to analyze both linear and
nonlinear circuits. Over 25 examples and 20 programs are included to demonstrate the
significant role that MATLAB can play in the academic carriers of ECE students. Some
examples are concerned with FIR (finite impulse response) and IIR (infinite impulse
response) digital filters to demonstrate that a difference equation, which is implemented
with a computer, can exhibit frequency selective behavior like an analog circuit.

Chapter 13 is an introduction to Simulink�. Simulink uses a graphical user interface
(GUI) for building models of dynamic systems with building blocks from an extensive
library of building blocks included in Simulink. The chapter starts by examining the
Simulink environment, model editor, and how to navigate among the libraries of building
blocks. Then, model building is demonstrated by drag and drop of blocks and inter-
connecting them. It is shown how one can build their own library of custom blocks and use
them in the same way as built-in blocks. Simulink is used to simulate an RLC circuit, and it
is used to compare the performance of an open-loop system to a closed-loop control system.

Appendix A describes how to generate hardcopy of MATLAB work.

Chapter Exercises

Each chapter includes numerous end-of-chapter problems to exercise the reader’s under-
standing of the material. Most problems require writing MATLAB programs. Answers to
selected problems are given in Appendix C. By adopting instructor’s request, a solution
manual is available from the publisher.

How the Book Can be Adapted

The coverage of this book (Chapters 1–11) may be too extensive to be completed in a one
term course. Course lengths, student abilities, and instructor objectives vary from program
to program. An instructor can decide which sections of this book to require, while skipping,
if necessary, others or assigning them for self-study. I would offer the following suggestions
for trimming the coverage:

� All of Chapter 1 (MATLAB Environment) must be covered.
� In Chapter 2 (Programs and Functions), the section concerned with MATLAB functions

need only be used to introduce anonymous and primary functions and perhaps the built-
in function eval.
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� In Chapter 3 (Matrices, Vectors, and Scalars), once MATLAB has been applied to
resistive circuit analysis, the remainder of this chapter, which presents the most math-
ematically challenging material in this book, can be skipped without loss of continuity.

� All of Chapter 4 (Program Flow Control) must be covered.
� Depending on interest, the material about quantization error in Chapter 5 (Binary Data)

can be skipped. It would be very practical to return to Chapter 5 later, if time permits.
� All of Chapter 6 (Complex Numbers) should be covered.
� The material in Chapter 7 (Character Data) about structure and cell arrays can be

skipped.
� All of Chapter 8 (Input/Output) should be covered.
� All of Chapter 9 (Graphics) should be covered, at least because it is so much fun.
� All of Chapter 10 (Debugging), which is very short, must be covered, perhaps on a self-

study basis.
� Chapter 11 (Symbolic Computing) is very interesting, and should be covered if time

permits.

Once the assigned material is covered, it is likely that skipped material will be inves-
tigated by students on their own, because they will have come to appreciate the convenience
and utility of MATLAB for practical problem solving in the entire EE and CE curricula.

Final Notes

There is much literature available about MATLAB. A primary source of material about
MATLAB is MathWorks, Inc., the manufacturer of MATLAB. At their website one can find
many audio/video tutorials that will help to learn MATLAB. Anyone can also download a
30 day free trial of MATLAB, and a student version of MATLAB that includes many
toolboxes, and Simulink can be purchased for less than the average cost of a textbook.

I began to use MATLAB a long time ago, mainly because of its graphic capabilities,
ease with which it works with matrix and complex data types and the intuitive syntax of the
language. Over the years and now, MATLAB has evolved continuously. As new algorithms
are invented in virtually all fields of science and engineering, MATLAB grows to imple-
ment these algorithms with new built-in functions. Learning to use MATLAB is a worth-
while investment of time, whether you do it with this book or any other way. However, in all
cases, access to MATLAB and learning by trial and error are absolutely necessary.

Roland Priemer
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CHAPTER 1

MATLAB� Environment

MATLAB�, which means Matrix Laboratory, is a computing tool that is widely used by
professionals in Electrical Engineering (EE), Computer Engineering (CE) and many other
fields. MATLAB consists of two linked parts. The first part is the programming language,
which consists of only a few basic programming constructs. The second part is the library of
an enormous number of built-in programs, called functions, that perform operations com-
monly required in many fields of engineering and science. For this reason, MATLAB will
improve an engineering student’s academic and professional productivity.

MATLAB can work with a variety of data types, including integers, real numbers,
complex numbers, characters, and logic variables, which can all be organized into arrays
and other structures. MATLAB is an interactive system, where intermediate results can be
accessed as programs are developed. You can develop solutions of problems for application
in other MATLAB programs. One of its outstanding features is the capability to produce a
variety of two- and three-dimensional graphic outputs that can be exported into documents.
Also, MATLAB provides extensive built-in and online tutorials, demonstrations, and doc-
umentation to help you learn MATLAB programming.

After you have completed this chapter, you will know how to

� start MATLAB and bring the MATLAB desktop to its default state
� navigate through some of the windows in the MATLAB system
� use MATLAB in its immediate mode of computing for some of your work
� use the extensive MATLAB help facility

1.1 Default MATLAB� Desktop

It is assumed that you have access to a computer that has MATLAB installed in it. This book
is based on MATLAB version 7.14 (R2012a), which is a 64-bit MATLAB running on





































A directive statement usually uses a built-in MATLAB function to cause MATLAB to
perform a housekeeping kind of task. Three examples are clear all, clc, and quit.

You can write MATLAB statements using either a function format or a command
format, as described below. This will also be discussed in the next chapter.

A MATLAB statement in the function format consists of the function name followed
by open parenthesis, one or more arguments separated by commas and closed parenthesis.
This format is

functionname(arg1, arg2, ..., argn)

You can assign the output of a function to one or more, depending on the function, output
variable names separated by commas and all enclosed in square brackets, as in

[out1, out2, ..., outm] = functionname(arg1, arg2, ..., argn)

With the function format, arguments are passed to the function by value. See the examples below.
A MATLAB statement in the command format consists of the function name followed

by one or more arguments separated by spaces. This format is

functionname arg1 arg2 ... argn

Unlike the function format, you cannot assign the output of the function to a variable.
Attempting to do so generates an error and a message. Arguments are treated as character
strings. See the examples below.

In the function format, arguments are passed by value. In the command format,
arguments are treated as character strings. Consider the following examples. The formats are

disp(A); % passes the value of variable A to the built-in disp function
disp A; % passes the variable name, "A"

For example, let A … pi, and we get

>> A = pi;
>> disp(A); % function format, value of argument is passed
3.1416

>> disp A; % command format, character string is passed
A
>> % instead, you could also have entered disp(’A’)

In the next example, let: str1 = ‘one’ and str2 = ‘one’. We will use the built-in MATLAB
function strcmp, which compares character strings. With the variables str1 and str2
we get

1.6 MATLAB� Statements 19











































































The global statement must be placed before the variables are used. Any variables can be
made global variables.

Example 2.7

Let us write a program that calls the function DiodeCharacteristic_v2, where the Boltzmann
constant, the magnitude of the charge of an electron and I_sat are made global variables. A
portion of a program script follows.

..

.

global k_Boltzmann q_electron I_sat % list of global variables
% assign values to global variables
k_Boltzmann = 1.3806503*10e-23; % Boltzmann constant
q_electron = 1.602176646*10e-19; % magnitude of the charge of an electron
I_sat = 1e-12; % saturation current
% assign values to function input variables
v_diode = 0.7;
t_F = 80.0; % degrees Fahrenheit
i_diode = DiodeCharacteristic_v2(v_diode, t_F); % get diode current

..

.

To access the global variables, the function must also declare them as global
variables before they are used in the function. A portion of the revised function script
follows.

function DiodeCurrent = DiodeCharacteristic_v2(v, temp_F)
..
.

global k_Boltzmann q_electron I_sat
% converting input temperature (degrees Fahrenheit) to degrees Kelvin
t_C = (temp_F - 32)*5/9; % temperature in degrees Centigrade
t_K = t_C + 273.15; % temperature in degrees Kelvin
% compute the diode current
V_T = k_Boltzmann*t_K/q_electron; % thermal voltage
DiodeCurrent = I_sat*(exp(v/V_T) -1);

..

.

56 Programs and Functions















































With the built-in function linspace, we need only to specify the first and the last value
and the desired number of points to specify the elements of a vector, because the function
finds the increment. The format for the linspace function is

linspace(first_value, last_value, number_of_points)

This built-in function is very useful for setting up a vector to hold values of an independent
variable to be used for function evaluation or plotting.

Example 3.4

Here are a few examples of using linspace.

>> first=-10; last=10; N=6; % increment is (10-(-10)/(6-1)=4
>> w=linspace(first,last,N)
w = -10 -6 -2 2 6 10

>> v=linspace(5,-5,6) % the increment can be positive or negative
v = 5 3 1 -1 -3 -5

>> % sometimes a small time range must be segmented into many sub-intervals
>> % segment the time range [0.0, 0.5] into 10^6 - 1 subintervals
>> t=linspace(0,0.5,1+10^6);
>> t(1) % the first value
ans = 0
>> t(length(t)) % the last value
ans = 0.5000
>> t(2)-t(1) % time increment between first and second element of t
ans = 5.0000e-007 % the increment is 0.5 microseconds

>> N=length(t)
N = 1000001
>> t(N)-t(N-1) % time increment between last and previous element of t
ans = 5.0000e-007
>> % the increment is constant from one time point in t to the next time point

It is useful to be able to initialize a matrix (or vector) to have all of its elements equal to the
same predetermined value. MATLAB has several built-in functions that are useful for this. With
the zeros built-in function and the ones built-in function the size of a matrix can be specified.

Example 3.5

Here, the zeros and ones functions are used to initialize some matrices. The zeros function is
often utilized to allocate storage space for subsequent assignment.

3.1 Matrix Definition 79









>> A’ % taking the transpose of A
ans =

1 -3
2 -2
3 -1

>> A’*A % a matrix multiplied by its transpose always results in a square matrix
ans =

10 8 6
8 8 8
6 8 10

>> % a matrix multiplied by its transpose results in a square matrix
>> % that is symmetric about the major diagonal
>> A*A’
ans =

14 -10
-10 14

>> B=[4 -2; -2 2]; C=[3;1]; % used in the following examples
>> I=eye(2) % the built-in function eye is used to specify a (2x2) identity matrix
I =

1 0
0 1

>> % A has three columns, and I has two rows
>> % A cannot premultiply I
>> D=A*I % generates the following error message
??? Error using ==> mtimes
Inner matrix dimensions must agree.
>> D=I*A % (2x2)(2x3) gives a (2x3) matrix, where D is the same as A
D =

1 2 3
-3 -2 -1

>> E=B*I % E is the same as B
E =

4 -2
-2 2

>> F=I*E % F is the same as E
F =

4 -2
-2 2

>> G=I*C % multiplication by I reproduces the vector C
G =

3
1

>> H=A*B % not conformable to multiplication
??? Error using ==> mtimes

3.2 Matrix Arithmetic 83











































0 1 0 2 0 3 0 4 0 5; ...
5 0 4 0 3 0 2 0 1 0]

A =
0 1 2 3 4 5 6 7 8 9

-9 -8 -7 -6 -5 -4 -3 -2 -1 0
0 1 0 2 0 3 0 4 0 5
5 0 4 0 3 0 2 0 1 0

>> x=A(2,:) % extracting row 2, where the colon means to use all columns
x = -9 -8 -7 -6 -5 -4 -3 -2 -1 0
>> y=A(:,3) % extracting column 3, where the colon means to use all rows
y =

2
-7

0
4

>> B=A(1:3,6:10) % get sub-matrix, where colon specifies index ranges
B =

5 6 7 8 9
-4 -3 -2 -1 0

3 0 4 0 5
>> A(2,:)=A(1,:).*A(3,:)
% replacing row 2 with the element by element product of rows 1 and 3
A =

0 1 2 3 4 5 6 7 8 9
0 1 0 6 0 15 0 28 0 45
0 1 0 2 0 3 0 4 0 5
5 0 4 0 3 0 2 0 1 0

>> s=size(A)
s = 4 10
>> C=A(2:end,7:end) % end is used to indicate the last element index
C =

0 28 0 45
0 4 0 5
2 0 1 0

>>

A vector can be used to specify the rows or columns to be extracted from a matrix.

>> f=[3,4,1]; % define sequence to select rows or columns
>> D=A(:,f) % use all rows to extract in sequence columns 3, 4 and 1 from A
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MATLAB includes a large number of built-in functions that perform high-level com-
putations. Another one of them is the built-in function svd (singular value decomposition),
which performs a singular value decomposition.

Example 3.19

The following MATLAB statements demonstrate the application of the function svd.

>> A = [1 -1;2 4];
>> [U,S,V] = svd(A) % svd returns three matrices
U =

-0.1091 0.9940
0.9940 0.1091

S =
4.4966 0

0 1.3343
V =

0.4179 0.9085
0.9085 -0.4179

>> S_inv = [1/S(1,1) 0; 0 1/S(2,2)]; % inverse of S
>> A_inv = V*S_inv*U’ % get A inverse with (3.62)
A_inv =

0.6667 0.1667
-0.3333 0.1667

>> A*A_inv % check
ans =

1.0000 -0.0000
0 1.0000

>> A = [-1 -1;1 -1]; % this matrix has complex eigenvalues
>> [U,S,V] = svd(A)
U =

-0.7071 0.7071
0.7071 0.7071

S =
1.4142 0

0 1.4142
V =

1 0
0 -1
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Use parentheses to control the sequence in which logical operations are evaluated.
MATLAB evaluates an expression within the innermost parentheses first.

Example 4.4

>> a = 0; b = 1; c = 1; d = 0; % assign logical values
>> a & b | c & ~d % MATLAB evaluates the logical and operations first
ans = 1
>> % this results from: (a&b) | (c & ~d)
>> a & (b | c) & ~d
ans = 0
>> % MATLAB evaluates the term within parentheses first, and then left to right
>> % parentheses must be carefully used to achieve the desired overall logical
>> % operation

4.3 If–Elseif–Else–End

With the if–elseif–else structure, a block of statements is executed only if a condition is met.
The syntax of the most general form of this structure is

if expression_1
block #1 of statements

elseif expression_2
block #2 of statements

..

.
insert as many additional elseif and block of statements as needed

else
block #N of statements

end

where each expression must evaluate to a logical value. When MATLAB encounters the if
key word, it does the following:

1) Evaluate expression_1
2) If expression_1 is true, then execute block #1 statements, and continue execution after

the end statement
3) If expression_1 is not true, then skip the block #1 statements to the first elseif key word

and evaluate expression_2
4) If expression_2 is true, then execute block #2 statements, and continue execution after

the end statement
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n = round(n); % make sure entry is an integer
if n < 1, n = 1; end % keep n in range
if n > 88, n = 88; end
f = 440*(2^(1/12))^(n-49); % the frequency in Hz of the key
w0 = 2*pi*f; % convert Hz to rad/sec
T0 = 5; % the tone will be sounded for 5 secs
delta_t = 1/fs; % the time increment between sound samples
N = round(T0/delta_t); % integer number of samples
time = delta_t*[0:N-1]; % N time points where sound is sampled
p_key = sin(w0*time); % get samples of sound, limit amplitude to +/-1
% get an envelope
load(’pulse.mat’,’x’) % retrieve the pulse that was built in Example 3.15
p_key = x .* p_key; % multiply the sound by an envelope, this is optional
stereo_sound = [p_key’ p_key’]; % form left and right channels
sound(stereo_sound,fs) % send sound to audio play device

Program 4.7 (first part) Sound a piano key.

If the note produced in the first part of Prog. 4.7 comes from an old recording, then it
will likely contain some spike-like noise. The second part of Prog. 4.7 simulates the addition
of noise and spike noise, which occurs randomly in the sound, and then it applies median
filtering to reduce the spike noise contribution to the sound.

% Example of median filtering
noise = 0.1*randn(1,N); % using the normal random number generator
p_key = p_key + noise; % add noise to signal
% generating randomly positioned spikes
increment = 100; % add noise spike within every 100 samples of p_key
spikes = zeros(1,N); % zero out and preallocate space
for k = 1:increment:N;

location = floor(k + rand*increment); % use rand to locate spike
if rand > 0.5; % use rand to determine sign of the noise spike

sign = +1.0;
else

sign = -1.0;
end
spikes(location) = sign*2.0*rand; % use rand to determine spike value

end
p_key = p_key + spikes; % add spike noise to signal
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plot_points = 1500; range = 5e4:5e4+plot_points-1; % plotting few points
t_interval = time(range); y = p_key(range);
plot(t_interval,y);
axis([t_interval(1) t_interval(plot_points) -3 3])
title(’Segment of note middle C plus random noise plus random spikes’);
xlabel(’seconds’);
ylabel(’amplitude’);
grid on
max_value = max(abs(p_key));
% limit sound to +/- 1, required by audio device
normalized_p_key = p_key/max_value;
stereo_sound =[normalized_p_key’, normalized_p_key’];
sound(stereo_sound,fs)
% median filtering sound
filtered_p_key = zeros(1,N); % preallocate space
K = 3; % use 3 element median window
for k = 1:N

if k == 1
w = [p_key(1) p_key(1) p_key(2)];
filtered_p_key(1) = median(w);

elseif k == N
w = [p_key(N-1) p_key(N) p_key(N)];
filtered_p_key(N) = median(w);

else
w = [p_key(k-1) p_key(k) p_key(k+1)];
filtered_p_key(k) = median(w);

end
end
y = filtered_p_key(range); % plot a segment of filtered_p_key sound
figure % causes function plot to open a new figure window
plot(t_interval,y)
axis([t_interval(1) t_interval(plot_points) -3 3])
title(’Segment of median filtered note middle C’);
xlabel(’seconds’);
ylabel(’amplitude’);
grid on
max_value = max(abs(filtered_p_key));
% limit sound to +/- 1, required by audio device
normalized_filtered_p_key = filtered_p_key/max_value;
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switch expression
case expression_1

block #1 of statements
case expression_2

block #2 of statements
..
.

insert as many additional case expression and block of
statements as needed

otherwise
block #N of statements

end

where each switch key word must be matched by an end key word. The otherwise and
block #N of statements is optional. The switch expression must evaluate to a scalar or a
character string. When MATLAB encounters the switch key word, it does the following:

1) Evaluate the switch expression and
2) If the result of evaluating the switch expression matches the case expression_1 value,

then execute block #1 statements, and continue execution after the end statement
3) If the result of evaluating the switch expression does not match the case expression_1

value, then skip the block #1 statements to the next case
4) If the result of evaluating the switch expression matches the case expression_2 value,

then execute block #2 statements, and continue execution after the end statement
5) If the result of evaluating the switch expression does not match the case expression_2

value, then skip the block #2 statements to the next case, and so on
6) If the result of evaluating the switch expression does not match any case expression

value, then execute the block #N statements after the otherwise key word (if there is
one) and continue execution after the end statement.

It is useful to indent each block of statements to easily see each case block of statements and
that each switch key word is matched by an end key word. Within each block of statements
there can be any of the program flow control structures, including nested switch–case–
otherwise structures.

Example 4.18

You are approaching an intersection with a traffic light. Different actions are required
depending on the color and behavior of the traffic light. Prog. 4.11 is a demonstration of the
application of the switch-case-otherwise structure to this situation.

% Suggested action when approaching an intersection
% Local conditions may require other actions
clear all; clc
disp(’Upon approaching an intersection with working traffic lights,’)
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disp(’different actions are required.’)
behavior = input(’Enter a traffic light behavior in single quotes: ’);
switch behavior

case ’red’
disp(’Come to a complete stop; and wait for green light to proceed.’)

case ’yellow’
disp(’Slow down; prepare to stop.’)

case ’green’
disp(’Proceed with caution.’)

case ’flashing yellow’
disp(’Slow down; proceed with caution; be ready to stop.’)

case ’flashing red’
disp(’Come to a complete stop; proceed with caution.’)

otherwise
disp(’Traffic lights may be out of service.’)
disp(’Come to a complete stop.’)
disp(’Local conditions may require other actions.’)

end

Program 4.11 Program to suggest action when approaching an intersection with
traffic lights.

4.9 Conclusion

Testing a condition, executing alternative parts of a program and repeatedly executing a part
of a program are essential for implementing problem solution methods. All programming
languages have means to do this. You should now know how

� to use relational operators for formulating condition tests
� to use logical operators to make compounded statements using logical parts
� the if–elesif–else structure is used to execute alternative program parts
� to make a program more robust
� the for loop structure works to repeatedly execute a block of MATLAB statements
� to find the time required to execute a block of statements
� a histogram is obtained
� to determine the probability of an event by counting
� a pseudorandom number generator can be used to simulate random events
� a median filter works
� to use the sound device
� the while loop structure works to repeatedly execute a block of statements depending on

a condition
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CHAPTER 5

Binary Data

A digital circuit is an electronic circuit that receives binary voltage inputs and produces
binary voltage outputs. Digital circuits are designed to perform various logical operations,
and they are the building blocks of digital systems, which are employed in virtually all
electronic products. In digital systems, a data bit is associated with a binary voltage. A data
bit can be logic 1 or logic 0, where logic 0 is associated with one of the binary voltages, and
logic 1 is associated with the other voltage. A commonly used binary voltage pair and data
bit association is: 0 volts $ logic 0 and 5 volts $ logic 1. This is called positive logic,
where logic 1 corresponds to the high voltage, which may be a voltage other than 5 volts.
Many other binary voltage pairs are in common use. A group of data bits can have different
meanings. In this chapter some of the possibilities will be examined.

After you have completed this chapter, you will know

� the elements of Boolean algebra
� about the binary number system and binary arithmetic
� about basic electronic logic gates
� how to formulate and implement Boolean functions
� how MATLAB� can be used to simulate logic circuits
� about the operation of an analog to digital converter and quantization error

5.1 Boolean Algebra

In Boolean algebra, scalar variables can assume only one of two values: 0 or 1, also called
false or true, respectively. Boolean variables are logical variables.

Boolean algebra is based entirely on three basic operations: AND, OR, and NOT, also
called conjunction, disjunction, and negation or complement, respectively. These opera-
tions were defined in Table 4.3, which is repeated here, for convenience, as Table 5.1.















>> characters = char(ASCII_codes)
characters =
!"#$%&’()*+,-./0123456789:;<=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]^_‘abcdefghijklmnop

qrstuvwxyz{|}~
>> characters(1) % this element holds the ASCII code 32
ans = % this is a space or blank, as when you depress the space bar on the keyboard
>> characters(2) % this element holds the ASCII code 33

ans = ! % this is the exclamation mark

For example, the MATLAB key word for is stored in computer memory using three
ASCII codes, which are f! 01100110, o! 01101111, and r! 01110010. In base ten we can
write f ! 102, o ! 111, and r ! 114. When MATLAB begins to process a statement and it
first encounters these three binary numbers, then this context causes the three numbers to be
interpreted as the key word for, in which case MATLAB sets up further processing to execute
a for loop. When a program is entered from a keyboard (using the MATLAB editor or some
word processor), it is stored as a sequence of characters using ASCII codes, like in a text file.

When MATLAB executes a statement in an m-file, a sequence of characters (ASCII
codes) that represents an actual number is converted into a floating point binary number
using 64 bits (double precision), by default.

Example 5.2

>> A = [-397 0.183 pi sin(pi/4) exp(-2.5) 0] % the default display format is short
A = -397.0000 0.1830 3.1416 0.7071 0.0821 0
>> % the elements of A are stored using 64-bit floating point notation, double precision
>> % for display, the entire line is a string of ASCII codes
>> whos % the elements of A are stored using 8 bytes per number

Name Size Bytes Class Attributes
A 1x6 48 double

>> format long % the format function only controls how numbers are displayed
>> A
A = Columns 1 through 6
-3.97000000000000 0.001830000000000 0.031415926535898 0.007071067811865
0.000820849986239 0

>> format long e % floating point notation
>> A
A = Columns 1 through 6
-3.970000000000000e+002 1.830000000000000e-001 3.141592653589793e+000
7.071067811865475e-001 8.208499862389880e-002 0

format short
>> whos % numbers remain in double precision

Name Size Bytes Class Attributes
A 1x6 48 double
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Example 5.5

As you go through this example, keep in mind that most of these functions expect unsigned
integer inputs and they return unsigned integer outputs. To see a result in binary, the integer
result must be converted to a binary character string. Prog. 5.2 exercises some of the
functions given in Table 5.8, and the results follow.

clear all; clc
a_bin = dec2bin(47) % convert integer to a binary character string, a vector
b_bin = ’10011010’ % assign a binary character string to b_bin, a vector
% you can also use b_bin = int2str(10011010)
c_int = bin2dec(b_bin) % binary to decimal conversion
d_int = bin2dec(a_bin) + c_int % add integers and get integer result
d_bin = dec2bin(d_int) % convert to binary character string
d_bin_first_bit = bitget(d_int,1) % get first bit
% Notice that for the vector b_bin, the first element is on the left, while
% the first bit of d_int is on the right. See the program output.
d_bin_second_bit = bitget(d_int,2) % get second bit
d_bin_complement = dec2bin(bitcmp(d_int,8)) % complement first 8 bits
d_bin_bit_six_set = dec2bin(bitset(bin2dec(d_bin),6,1)) % set bit 6 to 1
d_2_byte = uint16(bin2dec(d_bin)) % make a 2 byte integer
d_shifted_left = dec2bin(bitshift(d_2_byte,2)) % multiply by 4
% if 2 is replaced by -2, a right shift occurs, which is a divide by 4
whos

Program 5.2 Demonstration of various MATLAB binary operations.

a_bin = 101111 % 47 in decimal
b_bin = 10011010
c_int = 154
d_int = 201 % this is 47 + 154
d_bin = 11001001 % 201 in binarry
d_bin_first_bit = 1 % least significant bit of d_bin
d_bin_second_bit = 0 % next bit
d_bin_complement = 110110 % bitwise complement
d_bin_bit_six_set = 11101001 % 6th bit of d_bin set to 1
d_2_byte = 201 % convert d_bin to a 2 byte integer to make room for a shift to the left
d_shifted_left = 1100100100 % a shift to the left by 2 bits is like multiplying d_bin by 4

Name Size Bytes Class Attributes

a_bin 1x6 12 char

b_bin 1x8 16 char

c_int 1x1 8 double

d_2_byte 1x1 2 uint16

d_bin 1x8 16 char
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To put these results into perspective, an SNR = 100 dB means that if the signal is a
sound, then the noise sound level is 1/100,000 of the signal sound level.

5.6 Conclusion

The logical data type was introduced in Chapter 4 for decision making in program flow
control. In this chapter, the fundamentals of Boolean algebra, which work with logical
variables, were presented. It was shown that a Boolean function corresponding to a truth
table can be written by inspection of the table. MATLAB was used to evaluate Boolean
functions. Boolean algebra was applied to design a logic circuit for binary addition, and with
MATLAB the logic circuit was simulated.

Many built-in MATLAB functions were introduced that bridge the different inter-
pretations (numeric, logical, and character) of binary data. Numeric data is structured in
integer and floating point formats, both of which are supported in MATLAB. MATLAB
has many built-in functions to control the allocation of storage space for binary data.
Built-in MATLAB functions for manipulating character strings will be introduced in
Chapter 7.

To use MATLAB for the study of real-world signals requires analog to digital con-
version. The analog to digital conversion process was studied to understand the impact of
quantization error. There is much more to learn about the conversion process. For exam-
ple, there are ADC encoding methods other than a linear encoding method, which was
described here, that can give performance with an 8-bit output code that is almost
equivalent to a 13-bit linearly encoded output. This reduces storage space and decreases
communication time.

We found that a binary number can have many different meanings.
Now, you should know

� about the fundamentals of Boolean algebra
� how to write truth tables that describe a logical relationship
� how to write a Boolean function from a truth table and use MATLAB to evaluate a

Boolean function
� how to realize a Boolean function with basic logic gates
� how to convert a base ten integer or fraction to binary and hexadecimal notation
� about binary arithmetic
� about the built-in MATLAB functions for decimal to binary character string conversion
� how to write a MATLAB program for base ten to binary conversion
� about floating point notation
� about analog to digital conversion and quantization error

Table 5.12 gives the MATLAB functions that were introduced in this chapter. Use the
MATLAB help facility to learn more about these built-in functions, where you will also find
out about many other related built-in functions.
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>> h=real(g) % built-in function real gets the real part
h = 2
>> p=imag(g) % built-in function imag gets the imaginary part
p = -3
>> q=d/e % division with complex numbers
q = 0.6154 + 0.0769i
>> r=(d*conj(e))/(e*conj(e)) % the denominator is a real number
r = 0.6154 + 0.0769i
>> % a complex number multiplied by its complex conjugate always produces
>> % a real number

In MATLAB, complex numbers can be elements of matrices. The following statements
illustrate some of the possibilities.

>> clear all
>> A=[j j*2*(1+j) -1+2*j] % the vector A has 3 complex elements
A = 0 + 1.0000i -2.0000 + 2.0000i -1.0000 + 2.0000i
>> A(2) % obtain the second element in the vector
ans = -2.0000 + 2.0000i
>> % the transpose of a complex matrix includes conjugating every element
>> B=[-1 -2+j*2 4-j*5]’ % B becomes a column vector
B =

-1.0000
-2.0000 - 2.0000i

4.0000 + 5.0000i
>> c=conj(A)*B % element by element conjugation of A and then matrix multiply
c = -11.000 + 6.0000i
>> d=A.*conj(A) % each element of A is multiplied by its complex conjugate
d = 1 8 5

Example 6.3

In this example we will use a MATLAB script to apply the formula given in (6.3). Most of
the programs that we will write serve to illustrate various MATLAB features and operations.
However, when we write an application program that is intended to be used by others or the
program writer at a later time, it is useful to document the program so that its purpose and
methods can be easily understood. The following MATLAB program illustrates preferred
program organization. You must always strive to write programs that provide the user an
opportunity to test for the proper functioning of the program and a means to terminate the
program within the program development environment.
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% EXAMPLE OF PROGRAM ORGANIZATION
%
% Program calc_roots.m
%
% Purpose:
% This program solves for the roots of a quadratic equation
% of the form: a*x^2 + b*x +c = 0. It finds real roots
% and complex roots of the equation.
%
% Program information
% Date Programmer Description
% 2/22/10 Priemer Original code, version 1.0
%
% Define variables
% a --coefficient of x^2 term
% b --coefficient of x term
% c --constant term
% disc --discriminant
% i_part --imaginary part
% r_part --real part
% x1 --first root
% x2 --second root
%
clear all; clc;
disp(’This program solves for the roots of a quadratic equation’);
disp(’of the form: a*x^2 + b*x + c = 0.’);
disp(’To terminate this program,’);
disp(’enter zero when prompted for the coefficient a’);
while 1 % this causes the while loop to execute endlessly

% Prompt user for equation coefficients
a=input(’Enter the coefficient a: ’);
if a == 0.0

break % user has terminated the while loop and the program
end
b=input(’Enter the coefficient b: ’);
c=input(’Enter the coefficient c: ’);
% Find the discriminant
disc=b^2-4*a*c;
% Check the discriminant
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if disc > 0 % There are two real roots
d=sqrt(disc);
x1=(-b+d)/(2*a); % first root
x2=(-b-d)/(2*a); % second root
disp(’The equation has two real roots:’);
fprintf(’x1= %f \n’, x1); % Using floating point formatted print
fprintf(’x2= %f \n’, x2);

elseif disc == 0 % There are two real roots
x1=(-b)/(2*a); % x2 = x1
disp(’The equation has two repeated real roots:’);
fprintf(’x1=x2= %f \n’, x1);

else % There are two complex conjugate roots
r_part=(-b)/(2*a);
i_part=sqrt(abs(disc))/(2*a);
disp(’The equation has two complex conjugate roots:’);
fprintf(’x1= %f +j %f \n’, r_part, i_part);
fprintf(’x2= %f -j %f \n’, r_part, i_part);

end
end
disp(’Program terminated’);

Program 6.2 Program to find the roots of a quadratic polynomial.

The method used for formatted print of the results from this program is discussed in
Chapter 8. The execution of this program gives the following results.

This program solves for the roots of a quadratic equation
of the form: a*x^2 + b*x + c = 0.
To terminate this program,
enter zero when prompted for the coefficient a
Enter the coefficient a: 2
Enter the coefficient b: 4
Enter the coefficient c: 6
The equation has two complex conjugate roots:
x1= -1.000000 +j 1.414214
x2= -1.000000 -j 1.414214
Enter the coefficient a: 1
Enter the coefficient b: 2
Enter the coefficient c: 1
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CHAPTER 7

Character Data

While computing does include the processing of numerical data, more generally, computing is
concerned with collecting, processing, and presentation of information. In a digital computer
system, information is coded in binary format. The binary codes represent not only numerical
and logical data, but also character data, which can have many kinds of meaning. For
example, in a program file, all variable names and their values, key and reserved words,
operations, data, and more are character strings. In this chapter you will learn how to

� create character strings
� manipulate character strings
� search character strings
� create and work with structure arrays
� create and work with cell arrays

7.1 Character Strings

A character string can be created in several different ways. The syntax of a direct way is

s = ’ . . . . text . . . . ’

where s, a valid MATLAB� variable name, is the character string, and the text is its value.
With this syntax, the variable s is a one-row array that contains the ASCII (American
Standard Code for Information Interchange) codes of the text characters. See Appendix B for
a table of ASCII codes. The length of s is the number of characters in the text. This includes
the ASCII codes for unprintable characters such as space, carriage return, tab, and others.
To include a single quotation mark within the text, use single quotation marks twice.
For example,





>> % or, use the function strcat to
>> % concatenate three character strings
>> resistor_property = strcat(’Ohm’’s’, ’ Law:’, ’ v=Ri’)
resistor_property = Ohm’s Law: v=Ri
>> length(resistor_property)
ans = 14
>> disp([’insert some’ blanks(10) ’space’]) % display character string
insert some space
>> x = [72 101 108 108 111] % numeric vector of 5 ASCII codes
x = 72 101 108 108 111
>> y = [116 104 101 114 101 33] % another numeric vector of 6 ASCII codes
y = 116 104 101 114 101 33
>> s = char(x,y) % convert to character array and pad with blanks if necessary
s =
Hello
there!
>> size(s) % s is a character array of 2 rows and 6 columns
ans = 2 6
>> z = double(s) % convert characters to numeric values, ASCII codes
z =

72 101 108 108 111 32
116 104 101 114 101 33

>> % notice the addition of the ASCII code for a blank in the first row and
>> % sixth column of z
>> s1 = ’up’; s2 = ’down’; s3 = ’left’; s4 = ’right’;
>> s = strvcat(s1,s2,s3,s4) % vertically concatenate the four character strings
s =
up
down
left
right
>> size(s) % s is an array of characters, where each row has 5 elements
ans = 4 5
>> s(2,3) % element of s in row 2 and column 3
ans = w
>> % elements of s are characters
>> % braces, instead of brackets, are used to create a cell array
>> % create a cell array of character strings
>> direction = {’up’, ’down’; ’left’, ’right’}
direction =

’up’ ’down’
’left’ ’right’

>> % in a cell array, the elements can have different sizes
>> direction{2,2} % use braces to reference elements of a cell array
ans = right
>> s = char(direction) % convert cell array into a character array
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Additional fields can be included, for example, distributor SKU numbers, cost of each
component, etc. Then, the program illustrates how to use various built-in MATLAB func-
tions to report about the content of CKT_3. Notice that the elements of the structure variable
and its fields are indexed in a manner similar to the way that we work with matrices. The
program output follows.

% Program to create a structure variable and report about its content
clc; clear all
CKT_3.ckt_function = ’4-bit adder’; % assign data to field ckt_function
CKT_3.schematic = ’C:\schematics\four_bit_adder.emf’; % file path name
CKT_3.resistor_names = char(’R1’,’R2’,’R3’,’R4’,’R5’,’R6’,’R7’,’R8’,...

’R9’,’R10’,’R11’,’R12’,’R13’); % assign character strings
CKT_3.resistor_values = [10,10,10,10,10,10,10,10,0.333,0.333,...

0.333,0.333,0.333]; % assign resistor_values in K Ohms
CKT_3.capacitor_names = char(’C1’,’C2’); % assign character strings
CKT_3.capacitor_values = [0.01,100]; % assign capacitor values in uF
CKT_3.IC_names = char(’IC1’,’IC2’,’IC3’,’IC4’,’IC5’,’IC6’,’IC7’);
CKT_3.IC_parts = char(’74LS08’,’74LS08’,’74LS32’,’74LS86’,’74LS86’,...

’74LS04’,’74LS04’); % assign part numbers as character strings
CKT_3.misc = char(’5 red LED’, ’8-switch DIP’);
disp ’Structure for inventory of PCB circuit #3’ % display a heading
disp(CKT_3) % display the entire structure
disp ’IC parts field is’ % display a heading
disp(CKT_3.IC_parts) % display the IC parts field
disp(’ ’) % skip a line
% display the value of the first component in the resistor_names field
% get number of resistors and number of characters per name
[N_resistors N_chars] = size(CKT_3.resistor_names);
% concatenate 4 character strings and display the resulting string
disp([CKT_3.resistor_names(1,1:N_chars),’ = ’,...

num2str(CKT_3.resistor_values(1)),’K Ohms’])
% concatenate 3 character strings and display the resulting string
disp([’The circuit has ’,num2str(N_resistors),’ resistors’])
[N_ICs M] = size(CKT_3.IC_names); % get number of rows (ICs)
IC_names = char(CKT_3.IC_names); % all rows will have the same length
IC_parts = char(CKT_3.IC_parts); % all rows will have the same length
disp (’ ’) % skip a line
disp ’List of IC parts’ % display heading
% concatenate 3 character arrays, each with N_ICs rows and
% display the resulting array, a table of IC parts
disp([IC_names,repmat(’ = ’,N_ICs,1),IC_parts])

Program 7.2 Program creates a scalar structure variable CKT_3 and reports
about it.
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Structure for inventory of PCB circuit #3
ckt_function: ’4-bit adder’

schematic: ’C:\schematics\four_bit_adder.emf’
resistor_names: [13x3 char]

resistor_values: [1x13 double]
capacitor_names: [2x2 char]

capacitor_values: [0.0100 100]
IC_names: [7x3 char]
IC_parts: [7x6 char]

misc: [2x12 char]

IC parts field is
74LS08
74LS08
74LS32
74LS86
74LS86
74LS04
74LS04

R1 = 10K Ohms
The circuit has 13 resistors

List of IC parts
IC1 = 74LS08
IC2 = 74LS08
IC3 = 74LS32
IC4 = 74LS86
IC5 = 74LS86
IC6 = 74LS04
IC7 = 74LS04

Take a look at the last statement in the program, where three character arrays are con-
catenatedwithin the brackets tomake one character array, a list of IC components. The elements
of the first array, which consists of N_ICs rows, are each a row character array of the IC name.
To use a space, equal sign, and space in the list, concatenation requires that the second character
array also has N_ICs rows. The second array is formedwith the built-in function repmat, which
replicates the given three character string, ‘ = ’, into a character array of dimension, N_ICs � 3
characters. Since the third character array, IC_parts, has N_ICs rows, the resulting character
array has N_ICs rows, and after concatenation the result is one new character array with N_ICs
rows, all having the same number of characters/row, that is displayed.
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Example 7.3 demonstrated how to construct a scalar structure variable, with associated
variables that can be any data type and any size. This concept can be extended to a structure
array of structure variables tomake one object out of scalar structures of any number of circuits.

Example 7.3 (continued)

In Prog. 7.2, a scalar structure variable was defined. Suppose there are other circuits, such as
circuit #1, circuit #2, and others, on the PCB, for which an inventory must be kept. For each
circuit, we could create a scalar structure, like CKT_3. Or, redefine CKT_3 as PCB(3) to
become

PCB(3).ckt_function = ’4-bit adder’; % assign data to field ckt_function
PCB(3).schematic = ’C:\schematics\four_bit_adder.emf’; % file path name
PCB(3).resistor_names = char(’R1’,’R2’,’R3’,’R4’,’R5’,’R6’,’R7’,’R8’,...

’R9’,’R10’,’R11’,’R12’,’R13’); % assign characters strings
PCB(3).resistor_values = [10,10,10,10,10,10,10,10,0.333,0.333,...

0.333,0.333,0.333]; % assign resistor values
PCB(3).capacitor_names = char(’C1’,’C2’); % assign character strings
PCB(3).capacitor_values = [0.01,100]; % assign capacitor values
PCB(3).IC_names = char(’IC1’,’IC2’,’IC3’,’IC4’,’IC5’,’IC6’,’IC7’);
PCB(3).IC_parts = char(’74LS08’,’74LS08’,’74LS32’,’74LS86’,’74LS86’,...

’74LS04’,’74LS04’); % assign part numbers as character strings
PCB(3).misc = char(’5 red LED’, ’8-switch DIP’);

This defines the third element of a one-dimensional structure array named PCB. Each
element of PCB is called a record. In the remainder of Prog. 7.2, CKT_3 must be replaced
by PCB(3). Then, the contents of records PCB(1) and PCB(2) give the inventories of
circuits #1 and #2, and so on. For example,

% inventory of PCB circuit #1
PCB(1).ckt_function = ’1 KHz oscillator’; % assign data to ckt_function
PCB(1).schematic = ’C:\schematics\oscillator.emf’; % file path name
PCB(1).resistor_names = char(’R1’,’R2’); % assign character strings
PCB(1).resistor_values = [8.3,6.8]; % assign resistor values in K Ohms
PCB(1).capacitor_names = ’C1’; % assign a character string
PCB(1).capacitor_values = 0.01; % assign a capacitor values in uF
PCB(1).IC_names = ’IC1’;
PCB(1).IC_parts = ’LM555’; % assign part number as a character string
PCB(1).misc = []; % leave empty
% inventory of PCB circuit #2
PCB(2).ckt_function = ’non-inverting amplifier’; % assign data
PCB(2).schematic = ’C:\schematics\amplifier.emf’; % file path name
PCB(2).resistor_names = char(’R1’,’R2’); % assign character strings
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PCB(2).resistor_values = [10,50]; % assign resistor values in K Ohms
PCB(2).capacitor_names = []; % leave empty
PCB(2).capacitor_values = []; % leave empty
PCB(2).IC_names = ’IC1’;
PCB(2).IC_parts = ’LM741’;
PCB(2).misc = []; % leave empty

PCB(1) and PCB(2) must have the same fields as PCB(3). However, the fields of PCB(1)
or PCB(2) do not have to have the same lengths or be the same data types. This depends on
how the fields will be used. Depending on how the structure array is referenced, you can
access a variety of data. For example, to display all IC parts, use

PCB.IC_parts % display all IC parts in each record

ans = LM555
ans = LM741
ans =
74LS08
74LS08
74LS32
74LS86
74LS86
74LS04
74LS04

By including indices, any data can be accessed. For example,

PCB(3).resistor_values(1:2)
ans = 10 10

Notice the similarity to the way elements of a matrix are referenced. However, you must be
careful, since fields of different records can have different lengths. To see an overall
description of the array structure, use

PCB % display overall description
PCB =
1x3 struct array with fields:

ckt_function
schematic
resistor_names
resistor_values
capacitor_names
capacitor_values
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’schematic’,’C:\schematics\oscillator.emf’,...
’resistor_names’,char(’R1’,’R2’),’resistor_values’,[8.3,6.8],...
’capacitor_names’,’C1’,’capacitor_values’,0.01,...
’IC_names’,’IC1’,’IC_parts’,’LM555’,...
’misc’,[]);

Assuming that CKT_2 and CKT_3 have been defined in the same way, we can obtain PCB
as in Example 7.3 by concatenating these three scalar structure variables with

PCB = [CKT_1, CKT_2, CKT_3];

and then we get, for example,

PCB(1)
ans =

ckt_function: ’1 KHz oscillator’
schematic: ’C:\schematics\oscillator.emf’

resistor_names: [2x2 char]
resistor_values: [8.3000 68.0000]
capacitor_names: ’C1’

capacitor_values: 0.0100
IC_names: ’IC1’
IC_parts: ’LM555’

misc: []
PCB % display overall description
PCB =
1x3 struct array with fields:

ckt_function
schematic
resistor_names
resistor_values
capacitor_names
capacitor_values
IC_names
IC_parts
misc

It is not hard to think of situations where a structure array can be used to record and
access information, literally like using a file cabinet and paper folders, for example, a name/
address/phone book, courses with titles, instructors, scores and grades taken each semester,
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>> % use char to create a character array of titles
>> titles = char(song_titles.name)
titles =
Aretha Franklin_Son Of A Preacher Man.wav
Pandit Jasraj.wav
Coltrane_Out of This World.wav
Dirty Vegas.wav
Fly Away.wav
Hot Buttered Soul.wav
One More Road to Cross.wav
Shaman_Drums.wav
Sweet Home Alabama.wav
Thriller.wav
Werewolves of London.wav

function play_WAV(Song_Word,seconds)
% Function to find and play a WAV file of a song
% For example: play_WAV(’Fly’,20)
% where Song_Word, a character string, is any part of the song name that
% is sufficient to find the song WAV file, and
% seconds, in seconds, is the length of time you want to play the song
song_word = lower(Song_Word); % change input string to lower case
%
song_directory = strcat(’C:\’,’Music’,’\*.wav’); % build a path name
song_titles = dir(song_directory); % get structure array of song WAV files
%
N_titles = length(song_titles); % get number of records (WAV files)
%
if N_titles > 0 % check if no WAV files in the specified song directory

i_song = 0; % initialize index pointing to a WAV file
for i=1:N_titles % search all titles for song_word

Title = song_titles(i).name; % get a title from a record
title = lower(Title); % make search case insensitive
% check if title has song_word part
found_word = ~(isempty(findstr(song_word,title)));
% if song WAV file found, set index
if found_word

i_song = i;
break % found song, jump out of for loop

end
end
if i_song == 0 % check if song was found
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disp(’No song title match’)
% return from function play_WAV without playing a song
return

end
% read the song WAV file
[Song,fs] = wavread(strcat(’C:\Music\’,Title)); % get song
T = 1/fs; % sample time increment
% Here, song consists of two columns, the left and right channels
%
% get the duration, in seconds, of the song
[N_samples N_channels] = size(Song); % get number of samples
duration = N_samples*T; % seconds
% limit play time to specified number of seconds
if duration > seconds

duration = seconds;
end
N_samples = floor(duration/T); % get number of samples to play
% get song samples
song(1:N_samples,:) = Song(1:N_samples,:); % copy both channels
disp(Title); % display tile of song
wavplay(song,fs); % play song

else % get here if folder has no WAV files
disp(’There are no WAV files in this directory’);

end

Program 7.3 Function to find and play a WAV file.

To play a song, use, for example,

>> play_WAV(’Fly’,120) % specify any part of a title
Fly Away.wav
>> % now, the audio device is playing the song

Another built-in MATLAB function that returns a structure is the function solve that
symbolically solves systems of equations. Its syntax is given by

solution = solve(’f1(var1,..., varN) = g1(var1, ..., varM)’, ...
’f2(var1,..., varN) = g2(var1, ..., varM)’, ...
’f3(var1,..., varN) = g3(var1, ..., varM)’, ...

.
’fK(object1,...,objectN) = gK(var1, ..., varM)’, ...
’solution_var1, ..., solution_varK’)
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14) Given is the following program.

1 % Program to sort the names in a field of a structure array contained in a

2 % cell of a cell array

3 clear all, clc

4 names = struct(’last’,char(’Coulomb’,’Ampere’,’Faraday’, ...

’Maxwell’,’Tesla’), ...

5 ’first’,char(’Charles’,’Andre’,’Michael’,’James’,’Nikola’));

6 lived = struct(’born’,[1736;1775;1791;1831;1856], ...

7 ’died’,[1806;1836;1867;1879;1943]);

8 research = char(’electrostatic force’,’electrodynamics’, ...

9 ’electricity and magnetism’,’electromagnetic field theory’, ...

10 ’electromagnetic technology’);

11 ES = {names, lived, research};

12 Names{1} = ES{1}.last;

13 Last_Names = char(Names{1});

14 [n_names n_chars] = size(Last_Names);

15 for k=1:n_names

16 Last{k,1} = Last_Names(k,:);

17 end

(a) Explain the activity of lines (12) and (13).
(b) What is Last after the for-loop has completed?
(c) Give MATLAB statements that can be appended to the program to sort the ele-

ments of Last to obtain and display Last_sorted.
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where format is a character string that describes the output fields. The format can contain
combinations of

� text to be printed
� percent sign followed by a conversion character
� operators that describe the output width, precision, and other options
� escape characters

For example,

>> fprintf(’The number pi is: %19.16f, using %2u fractional digits.\n’,pi,16)
The number pi is: 3.1415926535897931, using 16 fractional digits.

The format in this invocation of fprintf starts with text that is printed. The location of
the first percent sign within the format string is the location where the first argument,
pi, is placed in the output. Following the first percent sign, 19.16f means that pi should
be printed using a field width of no less than 19 characters, 16 fractional digits,
and fixed point notation. After the conversion character, f, there is additional text until
the next percent sign, where the second argument is placed in the output. Following the
second percent sign, 2u means that the second argument should be printed using a
field width of no less than two characters and base ten unsigned integer notation. Then,
after additional text there are the escape characters, \n, which mean to continue on a
new line. You can assign the format character string to a variable, and use it in fprintf.
For example

>> pi_format = ’The number pi is: %19.16f, using %2u fractional digits.\n’;
>> fprintf(pi_format,pi,16)

You can also create a cell array of formats, where each cell of the cell array contains a
format character string. For example,

>> N_formats = 5; % numbers of formats to be used
>> formats = cell(1,N_formats)
formats = [] [] [] [] []
>> formats{1} = ’pi is: %19.16f, using %2u fractional digits.\n’
formats = [1x46 char] [] [] [] []
>> fprintf(formats{1},pi,16)

Some of the escape characters are given in Table 8.1.
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f_check = exist(f_path); % check if file exists
if f_check == 2 % function exist returns 2 if file exists

ckt = open(f_path); % assign to ckt the structure in the file
% report contents of the scalar structure ckt
fprintf(’Circuit function: %s\n’,ckt.ckt_function) % print field
fprintf(’Path to schematic: %s\n’,ckt.schematic)
Rs=char(ckt.resistor_names);[Nr Mr]=size(Rs); % get resistor info
Rvs=char(num2str(ckt.resistor_values’)); % convert values to strings
Cs=char(ckt.capacitor_names);[Nc Mc]=size(Cs); % get capacitor info
Cvs=char(num2str(ckt.capacitor_values’)); % convert values to strings
ICn=char(ckt.IC_names);[NIC MIC]=size(ICn); % get IC info
ICp=char(ckt.IC_parts); % get IC part numbers
misc=char(ckt.misc);[Nm Mm]=size(misc); % get misc info
N = [Nr,Nc,NIC,Nm]; N_rows = max(N)+1; ckt_comps=[]; % initialize report
% pad different sized data with space and build table ckt_comps
if Nr > 0 % check if there are any resistors

resistors=[Rs,repmat(’ = ’,Nr,1),Rvs];[NR Mr]=size(resistors);
resistors=[resistors;repmat(’ ’,N_rows-Nr,Mr)]; % add space
ckt_comps=[ckt_comps,repmat(’ ’,N_rows,5),resistors]; % add resistors

end
if Nc > 0 % check if there are any capacitors

capacitors=[Cs,repmat(’ = ’,Nc,1),Cvs];[NC Mc]=size(capacitors);
capacitors=[capacitors;repmat(’ ’,N_rows-Nc,Mc)]; % add space
ckt_comps=[ckt_comps,repmat(’ ’,N_rows,5),capacitors];%add capacitors

end
if NIC > 0 % check if there are any integrated circuits

ICs=[ICn,repmat(’ = ’,NIC,1),ICp];[NIC MIC]=size(ICs);
ICs=[ICs;repmat(’ ’,N_rows-NIC,MIC)]; % add space
ckt_comps=[ckt_comps,repmat(’ ’,N_rows,5),ICs]; % add ICs

end
if Nm > 0

Misc=[misc;repmat(’ ’,N_rows-Nm,Mm)]; % add space
ckt_comps=[ckt_comps,repmat(’ ’,N_rows,5),Misc]; % add misc parts

end
ckt_comps=ckt_comps’; [Nckt Mckt]=size(ckt_comps); % table size
fprintf(’\n Resistors in K Ohms and capacitors in uF\n\n’); % heading
for k=1:Mckt

fprintf(’%s\n’,ckt_comps(:,k)); % one column per output line
end

else
fprintf(’The file could not be found.\n’);

end
fclose(’all’);

Program 8.2 Program to report the inventory of a circuit given in a mat-file.
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The following programs demonstrate how to write different kinds of data to binary files.
Associated with a file is a file position indicator. When a file is opened, the file position
indicator is automatically set to zero, the beginning of the file (bof), and after writing to a
file, the file position indicator points to the last file location where data was written, which
may be the end of the file (eof). To read a file from the beginning, the file position indicator
must point to the beginning of the file. Therefore, after a file write and before a file read, use
the function frewind to set the file position indicator to the bof.

Example 8.3

% Demonstration of writing a character string to a binary file
clc; clear all; fclose(’all’);
Pi = sprintf(’Pi equals: %10.7f\n’,pi); % a character string
N_codes = length(Pi); % Pi is a row character vector of ASCII codes
ID1 = fopen(’Binary_data_1.bin’,’w+’) % open file for read and write
fwrite(ID1,Pi); % using default precision, uint8
frewind(ID1); % set file pointer to bof
S = fread(ID1,[1,N_codes]) % get a row vector using default precision
fclose(ID1);
char(S) % convert binary data to text

ID1 = 3
S =

Columns 1 through 22
80 105 32 101 113 117 97 108 115 58 32 32 51 46 49 52 49 53 57 50 55 10
ans = Pi equals: 3.1415927

% Demonstration of writing signed integers to a binary file
clc; clear all; fclose(’all’);
A = [-347 239;-701 3]; % each element of A requires no more than 11 bits
ID1 = fopen(’Binary_data_2.bin’,’w+’); % open file for read and write
fwrite(ID1,A,’bit11’); % signed integer 11-bit precision
frewind(ID1); % set file pointer to beginning of the file
B = fread(ID1,[2,2],’bit11’) % using same precision as for fwrite
fclose(ID1);

B =
-347 239
-701 3

% Demonstration of writing floating point numbers to a binary file
clc; clear all; fclose(’all’);
A = [pi sqrt(2);exp(1) acos(-1)];
ID1 = fopen(’Binary_data_3.bin’,’w+’); % open file for read and write
position_indicator = ftell(ID1) % returns the file position indicator
fwrite(ID1,A,’double’); % signed double precision
frewind(ID1); % set file pointer to beginning of the file
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With the load function, the content of a file can be placed in the Workspace. For example,

>> % using command line format
>> load example3_data -ascii % mat-file contains ascii coded data

With the fscanf function, you can read a file according to a size specification. For
example, in Prog. 8.1, the dlmwrite function was used to store in a text file each row of a
matrix using one space as a delimiter and ten spaces for each number. Therefore, each
number occupies ten character spaces. Let us retrieve the fourth row of the matrix stored in
example1_data.txt with the following script.

clear all; clc; close all
ID1 = fopen(’example1_data.txt’);
N_chars = 10; % number of characters used to store each number
status = fseek(ID1,9*(N_chars+1)+1,’bof’) % locate position indicator
for k =1:3

row_two(k,1:N_chars) = fscanf(ID1,’%c’,N_chars); % get each number
fseek(ID1,1,0); % skip one character (the delimiter)

end
fclose(ID1);
row_two % this is a character array

status = 0
row_two =

0.037500
0.707107

-0.707107

The output produced by this script is the fourth row of the left columns in the table given in
Example 8.1.

We can also search a file by first retrieving it into a character string with the fileread
function. For example,

>> S = fileread (’example1_data.txt’)
S =

0.000000 0.000000 1.000000
0.012500 0.707107 0.707107
0.025000 1.000000 0.000000
0.037500 0.707107 -0.707107
0.050000 0.000000 -1.000000
0.062500 -0.707107 -0.707107
0.075000 -1.000000 0.000000

8.2 Input 331













Example 8.7

Interesting effects are possible by assigning a handle to a plot. This example demonstrates
using the delete and sound built-in functions. Prog. 8.4 simulates the movement of the
second hand of a clock, including a tick sound. To achieve real-time operation, the built-in
function pause is used.

% Animation of the second hand of a clock
clear all; clc; close all
fs = 44100; T = 1/fs; % set sampling frequency
f = 1500; w1 = 2*pi*f; w2 = 2*pi*(1.5*f); % set frequencies for tick sound
N = 4000; n = 0:N-1; t = n*T; % let tick last for about 0.1 sec
envelope = 0.5*(exp(-50*t)-exp(-100*t)); % tick sound envelope
tic_sound = envelope.*(sin(w1*t) + sin(w2*t)); % tick sound
angle_increment = 2*pi/60; % second hand angle increment
sec_angle = pi/2:-angle_increment:-3*pi/2; % once around
K = length(sec_angle);
xt = cos(sec_angle); % coordinates for circular movement
yt = sin(sec_angle); % coordinates for circular movement
Limit = 1.5; axis([-Limit Limit -Limit Limit]); %set x-axis and y-axis limits
hold on % all plots on the same figure
% draw a dial
plot(xt,yt,’Color’,’red’,’LineWidth’,2) % plot outside circle
plot(0.15*xt,0.15*yt) % plot center hub
for k=1:K % plot tick marks

plot([0.15*xt(k),xt(k)],[0.15*yt(k),yt(k)])
end
xt = 0.9*xt; yt = 0.9*yt; % adjust second hand length
loop_time = (63.435027-60)/60; % time to execute the following for loop once
% loop execution time, which is system dependent, was found with tic and toc
wait = 1 - loop_time; % time adjustment to account for loop execution time
% tic % used to start stop watch
for k=1:K % animate second hand

sec_hand = plot([0,xt(k)],[0,yt(k)],’LineWidth’,2.5); % assign a handle
sound(tic_sound,fs) % send tick sound to audio device
pause(wait) % wait for about 1 second
delete(sec_hand) % delete previous second hand

end
% toc % used to find for loop execution time (63.435027 seconds) with wait=1
plot([0,xt(K)],[0,yt(K)],’LineWidth’,2.5) % show second hand stopped

Program 8.4 Animation of the second hand of a clock.
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In Example 8.7, the plot function was used with options that were not used before this
example. One case is the statement

plot(xt,yt,’Color’,’red’,’LineWidth’,2) % plot outside circle

which includes the arguments, ‘‘Color,’’‘‘red,’’‘‘LineWidth,’’2. The plot of yt versus xt,
which in this case makes a circle, is an object that can have many properties, for example, the
color of the line and the width of the line. You can set these properties by specifying their
values after naming them. The property names, ‘‘Color’’ and ‘‘LineWidth,’’ are field names in
an array structure that defines the object, where the desired value is given immediately fol-
lowing the field name. A line object can have many other properties to which you can assign
values this way. This will be discussed in greater detail in the next chapter.

The other case is the statement

sec_hand = plot([0,xt(k)],[0,yt(k)],’LineWidth’,2.5); % assign a handle

which also includes a property specification. Moreover, the plot function was used like in
an assignment statement. However, the name, sec_hand, is not called a variable
name. Instead, it is called a handle. The handle is a name, which can be any valid MATLAB
name, of the plot object, the second hand. Its handle gives us a way to refer to the plot object,
find out more information about it and set values, other than default values, to its properties.
In the for loop, using its handle, the second hand is deleted to plot a second hand in another
position. Handle graphics will also be discussed in greater detail in the next chapter.

Example 8.8

This example demonstrates using built-in functions for recording audio input from a
microphone. You can play back the input, plot it, and store it in a binary file for further
processing. For example, for speech recognition, it is useful to find how the frequencies and
amplitudes of the sinusoidal time functions that together make up the sound, change over the
time duration of the sound. Program output follows Prog. 8.5, and Fig. 8.4 shows an
example recording.

% Program to record microphone input
clear all; clc; close all
fs = 44100; N_bits = 16; N_chan = 1;
% specify sampling freq, number of bits per sample and 1 or 2 channels
mic_record = audiorecorder(fs,N_bits,N_chan); % set recording parameters
while 1

disp(’Enter zero record time to terminate recording program’)
rec_time = input(’Enter record time in seconds: ’);
if rec_time <= 0

disp(’Program terminated.’)
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break
end
disp(’Press enter key to start recording’)
pause
recordblocking(mic_record,rec_time); % recording
disp(’End of recording’)
answer = input(’Do you want to hear the recording, Yes or No? ’,’s’);
if strcmpi(answer,’yes’)

play(mic_record) % play MATLAB formatted recording
end
Mic_record = getaudiodata(mic_record); % store data in an array
answer = input(’Do you want to save the recording, Yes or No? ’,’s’);
if strcmpi(answer,’yes’)

file_name = input(’Enter a file name: ’,’s’); % get file name
File_name = [file_name,’.bin’]; % add suffix
ID1 = fopen(File_name,’w+’); % open binary file for write
fwrite(ID1,Mic_record,’double’); % store binary data
fclose(ID1);
% to read the file, use, for example,
% ID1 = fopen(File_name);
% x = fread(ID1,’double’);
% fclose(ID1)

end
answer = input(’Do you want recording plotted, Yes or No? ’,’s’);
if strcmpi(answer,’yes’)

N_samples = floor(rec_time*fs); T = 1/fs;
time_pts = [0:N_samples-1]*T; % time in seconds
plot(time_pts,Mic_record)
grid on
xlabel(’Time - seconds’)
ylabel(’hello’)
title(’Microphone Recording’)

end
end

Program 8.5 Program for recording audio input from a microphone.

Enter zero record time to terminate recording program
Enter record time in seconds: 2
Press enter key to start recording
End of recording
Do you want to hear the recording, Yes or No? yes
Do you want to save the recording, Yes or No? yes
Enter a file name: hello
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rec_time = input(’Enter record time in seconds: ’);

if rec_time <= 0

disp(’Program terminated.’)

else

disp(’Press enter key to start recording’)

pause

recordblocking(mic_record,rec_time); % recording

disp(’End of recording’)

play(mic_record); % play MATLAB formatted recording

Mic_record = getaudiodata(mic_record); % store data in a vector

N_samples = length(Mic_record);

T = 1/fs; % time increment

time_pts = [0:N_samples-1]*T; % time in seconds

plot(time_pts,Mic_record)

grid on; xlabel(’time - seconds’); ylabel(’Microphone Recording’)

end

(b) The vector Mic_record contains the samples of the audio signal, which can be used
as input to the function sound. For example,

fx = 0.5*fs;
sound(Mic_record,fx)

Append these statements to the else part of the script, and try different values for fx.
Describe what happened for fx = 0.5*fs and fx = 1.5*fs. You may have to change
the play statement into a comment statement to avoid interference.

8.5 Conclusion 345





CHAPTER 9

Graphics

An outstanding feature of MATLAB� is its facility for visualizing data. The built-in
function plot has already been used many times. It automatically scales the axes and
locates grid lines, which make it convenient to use the plot function. Labels for the axes
and a plot title can be added easily. The functions bar and stem to obtain bar charts
and stem plots were also easy to use. The plots obtained with these and other two-
dimensional (2-D) plotting functions can be edited extensively to create custom figures.
Also, MATLAB has a variety of 3-D plotting functions. In this chapter, you will learn
how to

� use additional 2-D plotting functions
� place multiple plots within a figure
� display the frequency response of an analog filter
� use 3-D plotting functions
� do translation and rotation of objects in 3-D space
� create animations
� customize graphics

9.1 Figure

A MATLAB graphic is a collection of graphic objects. Every graphic is created by first
creating a figure graphic object. A figure object is a window that appears on the screen into
which you can place other graphic objects using various MATLAB functions. The built-in
function figure creates a new figure object using default property values, which you can
alter. A newly created figure automatically becomes the current figure, which appears above
all other figures on the screen until another figure object is either created or activated. The
syntax options for the figure function are given by



figure
figure(’PropertyName’,PropertyValue, ...)
h … figure(...)
figure(g)

When the function figure is invoked without an argument, MATLAB creates a new
figure object using default property values, assigns to the figure a number, which is called
the handle of the figure, and makes the new figure object the current figure. The handle of a
figure object is an integer. Its value is the next higher integer value after integer values
assigned to previously created figures. For example, if figure 1 is the only figure that already
exists, then invoking figure will create figure 2, and make it the current figure. Then, to
make figure 1 the current figure, invoke the function figure with a handle operand, as in
figure(1).

The second syntax allows you to create a new figure object and override default prop-
erty values. First, the property name is given, and then comes its new value. For example,
one property is color, the color of the figure background. The background color is described
by a three-element row vector that specifies the intensity of red, green and blue (RGB) each
with values ranging from 0 to 1. Thus, a color vector of [1 0 0] makes the background color
red. The default background has a color vector given by [0.8 0.8 0.8], which makes the
background light gray. To create a figure object with, for example, yellow as its background
use

figure(’Color’,[1 1 0])

To associate a name with a magenta background figure, use the statement, for example,

figure(’Color’,[0 1 1],’Name’,’i-v plot’)

In addition to color and name, a figure object has many properties. See Example 9.1, and use
doc figure for detailed explanations.

With the third syntax, which looks like an assignment statement, you can associate a
valid MATLAB variable name with the created figure object. The name is also called the
handle of the figure object. The handle name is equivalent to the handle number assigned to
the figure object. If a graphic object has a named handle, then it can be referred to by using
its handle name. If a previously created figure has a handle name, then in the argument of
the fourth syntax you can use its handle name to make it the current figure. By associating a
graphic object with a handle name, you do not have to keep track of its handle number. The
fourth syntax allows you to either create a new figure object by using an integer for the
argument or make a previously created figure object the current figure by using its handle
name or number.

Table 9.1 gives a list of built-in functions concerned with figure graphic objects.
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% Program to demonstrate using the subplot function
clear all; clc; close all
f … linspace(0,2e4,501);w … 2*pi*f;f_KHz … f/1000; % frequency range
R … 330;L … 3*11e-3;C … 0.03e-6 % circuit component values from Example 6.9
HBP_num … j*w*R*C;
HBP_den … 1-L*C*w.*w+j*w*R*C;
HBP … HBP_num./HBP_den; % band-pass filter frequency response
HBP1_magnitude … abs(HBP); % transfer function magnitude
HBP1_angle … pi/2 - unwrap(angle(HBP_den)); % transfer function angle
% the unwrap function is used to undo phase jumps by pi/2 and pi
figure(1) % create a figure window
%
subplot(2,1,1) % a two row by one column array of subplots, first subplot
% plot magnitude and phase angle vs frequency
% assign handles to the left and right axes and to the two plots
% ax_BP, a 1x2 matrix, gets the left and right axes handles
[ax_BP h_left h_right] … plotyy(f_KHz,HBP1_magnitude,f_KHz,HBP1_angle);
set(h_left,’LineWidth’,1.5,’Color’,’k’) % set plot line width and color
set(h_right,’LineWidth’,1.5,’Color’,’k’)
% get handle of left axis label, Ylabel, and set character string
set(get(ax_BP(1),’Ylabel’),’String’,’magnitude’,’Color’,’k’);
set(ax_BP(1),’YColor’,’k’) % set left axis color
% get handle of right axis label, Ylabel, and set character string
set(get(ax_BP(2),’Ylabel’),’String’,’phase angle - radians’,’Color’,’k’)
set(ax_BP(2),’YColor’,’k’) % set right axis color
set(ax_BP(2),’YTick’,-pi:pi/2:pi) % locate right axis tick marks
set(ax_BP(2),’YTickLabel’,{’-pi’;’-pi/2’;’0’;’pi/2’;’pi’}) % annotate
title(’BP Filter Magnitude and Phase Angle’)
xlabel(’frequency - K Hz’)
gtext(strcat(’C … ’,num2str(0.03),’ \mu F’)) % use mouse to place text
gtext(’Phase’)
grid on; hold all
C … 0.005e-6; % plot magnitude for a different capacitor value
HBP_num … j*w*R*C;
HBP_den … 1-L*C*w.*w+j*w*R*C;
HBP … HBP_num./HBP_den; % band-pass filter frequency response
HBP2_magnitude … abs(HBP); % transfer function magnitude
plot(f_KHz,HBP2_magnitude,’k’,’LineWidth’,1.5)
gtext(strcat(’C … ’,num2str(0.005),’ \mu F’)) % use mouse to place text
%
subplot(2,1,2) % second subplot
R … 1;L1 … 3/2;L2 … 1/2;C … 4/3; % circuit component values from Example 6.10
fc … 5e3;wc … 2*pi*fc;
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fill3(x,y,z,’r’) % fill plane in 3-D space with a color

% saveas(gcf,’block’,’fig’)% saves figure in file block.fig

grid on

xlabel(’x’); ylabel(’y’); zlabel(’z’)

figure(2)

% specify four rotations in degrees

x_angle ¼ [30 0 0 45];y_angle ¼ [0 30 0 45];z_angle ¼ [0 0 30 45]; % angles

titles ¼ {’x-axis rotation’,’y-axis rotation’,’z-axis rotation’,...

’3-D rotation and translation’}; % cell array of four titles

for K ¼ 1:4 % do four rotations

R ¼ rotate_3D(x_angle(K),y_angle(K),z_angle(K)); % rotation matrix

P ¼ (R*p’)’; % do rotation of all vectors

if K ¼ ¼ 4, P ¼ P+1; end % include translation in 4th rotation

subplot(2,2,K); hold on

for k ¼ 1:N_lines % plot lines defined by rotated vectors

X ¼ [P(lines(k,1),1) P(lines(k,2),1)];

Y ¼ [P(lines(k,1),2) P(lines(k,2),2)];

Z ¼ [P(lines(k,1),3) P(lines(k,2),3)];

plot3(X,Y,Z,’b’,’LineWidth’,2)

end

% control the axes limits

axis tight % limit axes to data limits

x_lim ¼ xlim; % get x-axis limits

x_min ¼ floor(10*x_lim(1))/10; x_max ¼ ceil(10*x_lim(2))/10; % 0.1

set(gca,’XTick’,x_min:0.5:x_max) % set x-axis tick marks

y_lim ¼ ylim;

y_min ¼ floor(10*y_lim(1))/10; y_max ¼ ceil(10*y_lim(2))/10;

set(gca,’YTick’,y_min:0.5:y_max)

z_lim ¼ zlim;

z_min ¼ floor(10*z_lim(1))/10; z_max ¼ ceil(10*z_lim(2))/10;

set(gca,’ZTick’,0.0:0.5:z_max)

grid on

title(titles(K)); xlabel(’x’);ylabel(’y’);zlabel(’z’)

% color same plane of rotated object

X ¼ P(1:4,1);Y ¼ P(1:4,2);Z ¼ P(1:4,3);

fill3(X,Y,Z,’r’) % fill plane in 3-D space with a color

end

Program 9.11 Program to rotate an object in 3-D space.

Prog. 9.11 uses the function, rotate_3D, given by Prog. 9.12.

function R ¼ rotate_3D(x_angle,y_angle,z_angle)

% function to find the rotation matrix

% convert angles in degrees to angles in radians
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for k ¼ 1:N_maps

x ¼ 0.25+0.2*sin(2*pi*(k-1)/17); % specify axes location

y ¼ 0.20+0.2*cos(2*pi*(k-1)/17);

axes(’position’,[x,y,0.5,0.5]); % position and size axes

colormap(char(C(k))); % specify a standard color map

sphere; % using the function sphere to draw a sphere

axis equal; % correct aspect ratio to make sphere look circular

title(C(k),’fontsize’,14); % make color map name the title

grid off; axis off

M(N_titles+k) ¼ getframe(h); % add frames to movie

clf

end

text(0.5,0.5,’The End’,’fontsize’,24,...

’HorizontalAlignment’,’center’,...

’BackgroundColor’,[.9 .1 .5]);

grid off; axis off

M(N_frames) ¼ getframe(h); % last movie frame, end frame

clf; % prepare to show movie

dt_frame ¼ 2; fps ¼ 1/dt_frame; % show movie at 1 frame every 2 seconds

movie(h,M,1,fps);

pause(3); close(h); % wait and then close figure(1)

save(’Color_Maps’,’M’); % save movie to a mat file

% for example, to show the movie, use: load Color_Maps, and: movie(M,1,0.5)

Program 9.15 Demonstration of creating a movie.

Any of the examples and animations in Figs. 9.6, 7, 8, 18, 20, 21, 22 and 24 can be made
into a movie. Furthermore, you can also insert bmp, jpeg, and other image files into frames
of a movie. Needless to say, creating a movie can be a lengthy process. However, through
graphics and animation much information can be efficiently communicated.

Example 9.14

In Example 9.13, the entire figure content is replaced in the next frame. Usually, we only
want to modify some part of a figure to create the next movie frame. Let us again work
with the frequency response of Example 9.7, and make a movie of it. Prog. 9.16 retains all
of the figure content in each movie frame except the magnitude of the frequency response
as it changes with frequency. Fig. 9.25 shows three snapshots of the frequency response
movie.
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% Movie of the frequency response

clear all; clc; close all

% get band-pass filter frequency response calculations from Example 9.4

load(’BandPass.mat’); % get data: HBP and w

f ¼ w/(2*pi*1000); % convert to KHz

X ¼ real(HBP); % plot real part along x-axis

Y ¼ imag(HBP); % plot imaginary part along y-axis

N_w ¼ length(w); FRM ¼ moviein(N_w); % preallocate space for movie frames

h ¼ figure(1); % create figure with a handle

plot3(X,Y,f,’linewidth’,1.5); % frequency along z-axis

hold on; % add to figure

grid on;

xlabel(’x-axis, real part’)

ylabel(’y-axis, imaginary part’)

zlabel(’z-axis, f - KHz’)

title(’Frequency Response of Band-Pass Filter’)

origin ¼ zeros(2,1); % make axes lines stand out

plot3(xlim’,origin,origin,’k’,’Linewidth’,2);

plot3(origin,ylim’,origin,’k’,’Linewidth’,2);

plot3(origin,origin,zlim’,’k’,’Linewidth’,2);

% view at 60 degrees rotation about z-axis and up by 15 degrees

view(60,15)

% assign handle to magnitude line and set erasemode to xor

h1 ¼ plot3([0 X(1)],[0 Y(1)],[0 0],...

’lineWidth’,2,’Color’,’r’,’Marker’,’o’,’MarkerEdgeColor’,’g’,...

’erasemode’,’xor’);

FRM(1) ¼ getframe(h); % get first frame of frequency response movie (FRM)

for k ¼ 2:N_w % get remaining frames, changing the magnitude

xd ¼ [0 X(k)]; yd ¼ [0 Y(k)]; zd ¼ [f(k) f(k)];

set(h1,’XData’,xd,’YData’,yd,’ZData’,zd);

FRM(k) ¼ getframe(h); % update figure and get a movie frame

end

save(’freq_response_movie’,’FRM’)

clear all; close all; % clear and close everything

load(’freq_response_movie’,’FRM’) % get movie

h ¼ figure(1); % create a figure in which to show movie

movie(h,FRM)

Program 9.16 Demonstration of modifying a part of a figure in each movie frame.

9.7 Conclusion

In this chapter we have explored many ways to visualize data with 2-D and 3-D graphics. It
seems that there are endless creative possibilities for using MATLAB to generate graphic
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CHAPTER 10

Debugging

When a program does not work, or seems to work, but does not produce results as intended,
it is said to have bugs. A bug is a program error. Basically, there are two kinds of bugs:
syntax errors and run-time errors. Syntax errors are, for example, incorrect or inconsistent
spelling of reserved words, key words and variables, punctuation errors, unbalanced par-
entheses, and others. A run-time error may be an error in the logic of a program that
implements some algorithm, and causes the program to produce incorrect results. Another
kind of run-time error occurs when, for example, a variable value becomes Inf or NaN,
which can prevent further acceptable computation. In this chapter, you will learn how to use
MATLAB� facilities that can make the process of eliminating bugs more efficient, which is
called debugging, including

� detection and correction of syntax errors
� use of built-in functions to locate and report errors and suggest improvements
� interruption of program execution to trace run-time and algorithm errors

10.1 Syntax Error Debugging

MATLAB includes several features that help to avoid syntax errors. Some of these features
are enabled by selecting editor/debugger preferences with

File ! Preferences ! Editor=Debugger !
display
language
code folding

8
<

:

Use display to, for example, enable highlighting the current line, language to, for example,
select syntax colors, and code folding to, for example, enable coalescing statements within





while-end loop has been folded position mouse to see statements within folded loop

click to fold function

Program 10.2 Function m-file that implements method of steepest descent.

Square root finder
Enter a negative number to terminate program
Enter a real number: 4
The square root of: 4 is: 1.9999
Enter a real number: 100
The square root of: 100 is: 10
Enter a real number: 0.09
The square root of: 0.09 is: 0.30042
Enter a real number: -1
Not a nonnegative number, terminating program.

Suppose that Prog. 10.1 has been partially written as shown in Fig. 10.1. Notice that as
you enter the argument(s) of almost any built-in function, the input function in this case, a
window will pop up that shows you the argument syntax options. If you need more help,
then click More Help, which causes another window to pop up that contains the help pro-
duced by using the doc facility, doc input in this case. Also, the right side of Fig. 10.1
automatically shows the execution status (green, orange, or red) of the code, with details
about lines that can be improved.
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Run the program. After the program has paused at line 7, place the cursor anywhere
on line 17, and do

Debug ! Go Until Cursor

Describe what happened.
17) Describe how to enable an error breakpoint.
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CHAPTER 11

Symbolic Math

InMATLAB� , all numeric computation involves the application of arithmetic operations and
functions to array variables (also called objects) of the class double (double precision floating
point), where even a scalar is treated like an array. With the functions in the MATLAB
Symbolic Math Toolbox you can perform symbolic computations. For example, suppose a, b,
c, and d are symbolic variables, which means that they do not have a numeric value. Then, the
MATLAB statement d ¼ a*b*c/b, which is a symbolic computation, produces: d ¼ a*c.
Symbolic objects can be symbolic variables, numbers, expressions, and matrices.

At the core of the toolbox is the MAPLE system of programs for symbolic computation.
Symbolic MATLAB statements are passed to MAPLE, which performs the symbolic
computations and returns the results to MATLAB.

In this chapter, you will learn how to symbolically:

� solve systems of algebraic equations
� perform matrix operations
� differentiate a function given in symbolic function form
� evaluate both definite and indefinite integrals of symbolic integrands
� find the Fourier series coefficients of a periodic signal

and do variable precision arithmetic (VPA).

11.1 Symbolic Objects and Expressions

To distinguish between symbolic computation and arithmetic computation, objects to be
used for symbolic computation must be declared to be of the class symbolic. Table 11.1
gives several MATLAB functions concerned with the symbolic data type. Unless otherwise
specified, all symbolic variables are complex symbolic objects, having a real part and an
imaginary part.













[A2_1, A2_2, A2_3]
>> A(2,1) % get the object in row 2 and column 1
ans ¼ A2_1

You can work with symbolic matrices like you can work with numeric matrices. For
example:

>> clear all

>> A ¼ sym(’A%d%d’,[2 2]) % create a 2 by 2 symbolic matrix

A ¼

[ A11, A12]

[ A21, A22]

>> B ¼ sym(’B%d%d’,[2 3]) % create a 2 by 3 symbolic matrix

B ¼

[ B11, B12, B13]

[ B21, B22, B23]

>> C ¼ A*B % symbolic multiplication

C ¼

[ A11*B11 + A12*B21, A11*B12 + A12*B22, A11*B13 + A12*B23]

[ A21*B11 + A22*B21, A21*B12 + A22*B22, A21*B13 + A22*B23]

>> D ¼ B(2,:) % retrieve some part of a symbolic matrix using colon notation

D ¼

[ B21, B22, B23]

>> E ¼ inv(A) % find the symbolic inverse of A

E ¼

[ A22/(A11*A22-A12*A21), -A12/(A11*A22-A12*A21)]

[ -A21/(A11*A22-A12*A21), A11/(A11*A22-A12*A21)]

>> F ¼ A*E % check if inverse

F ¼

[ (A11*A22)/(A11*A22-A12*A21) - (A12*A21)/(A11*A22-A12*A21), 0]

[ 0, (A11*A22)/(A11*A22-A12*A21) - (A12*A21)/(A11*A22-A12*A21)]

>> simplify(F) % use the function simplify to simplify the elements of F

ans ¼

[1, 0]

[0, 1]

Example 11.1

This example demonstrates the difference between floating point arithmetic and rational
arithmetic. For example:

>> clear all; format long

>> rng(’default’) % initialize random number generator

>> % create a 3 by 3 matrix with elements selected randomly from

>> % among (0, 1/6, ... , 5/6)
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You can formulate symbolic expressions with symbolic scalars and matrices according
to the conventional rules of arithmetic with numeric variables. Table 11.2 gives some
functions concerned with symbolic expressions. For example:

>> clear all; syms a b % declare two symbolic objects

>> c ¼ a + b % assign an expression to c

c ¼ a + b

>> d ¼ c^2 % assign to d an expression in terms of another expression

d ¼ (a + b)^2

>> d ¼ expand(d) % multiply out

d ¼ a^2 + 2*a*b + b^2

>> e ¼ c*d

e ¼ (a + b)*(a^2 + 2*a*b + b^2)

>> e ¼ collect(e,a) % reorganize e as a polynomial in powers of a

e ¼ a^3 + (3*b)*a^2 + (3*b^2)*a + b^3

>> syms s

>> [f,s] ¼ subexpr(e,s) % find a common subexpression and replace it with s

f ¼ a^3 + 3*b*a^2 + 3*s*a + b*s

s ¼ b^2

>> syms r

>> [g,r] ¼ subexpr(f,r) % do it again

g ¼ a*r + 3*a*s + 3*b*r + b*s

r ¼ a^2

>> pretty(e) % make e look like a mathematical expression

3 2 2 3

a + (3 b) a + (3 b ) a + b

>> h ¼ expand(sin(a+b))

h ¼ cos(a)*sin(b) + cos(b)*sin(a)

Once a symbolic expression has been defined, we must be able to replace symbolic
objects within the expression with other symbolic objects or numeric objects to evaluate the
expression. This is done with the function subs, which has the syntax given by

new_expression ¼ subs(old_expression, old, new)

where old is a string or cell array of strings of one or more of the objects in old_expression
that are to be replaced, and new is a corresponding string or cell array of strings of
the replacement objects. If all symbolic objects in an expression are replaced by numeric
data, then the expression is evaluated. Use doc sym/subs for more syntax options.
For example:

>> clear all; syms w t b % declare three symbolic objects

>> s ¼ sin(w*t + b); % assign an expression to s

>> d ¼ s^2 % assign to d an expression in terms of another expression
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F ¼ int(f(object),a,b)
F ¼ int(f(object1, object2, ..., objectN),int_object,a,b)

For example:

>> syms x t w a b n
>> j ¼ sym(i);
>> f ¼ x^n;
>> f ¼ subs(f,n,-1)
f ¼ 1/x
>> F ¼ int(f)
F ¼ log(x)
>> f ¼ x^n; F ¼ int(f,x)
F ¼ piecewise([n ¼ -1, log(x)], [n <> -1, x^(n + 1)/(n + 1)])
>> f ¼ subs(f,n,2); F ¼ int(f)
F ¼ x^3/3
>> f ¼ sin(w*t); F ¼ int(f,t)
F ¼ -cos(t*w)/w
f ¼ exp(j*w*t); F ¼ int(f,t)
F ¼ -(exp(t*w*i)*i)/w
>> % integral of cos(wt) using Euler’s identity
>> f = (exp(j*w*t) + exp(-j*w*t))/2; F = int(f,t)
F ¼ sin(t*w)/w
>> % definite integral of the sinc function
>> f = sin(t)/t; F = int(f,-inf,inf)
F ¼ pi
>> % Gaussian probability density function
>> f ¼ exp(-x^2/2)/sqrt(2*pi)
f ¼ 2251799813685248/(5644425081792261*exp(x^2/2))
% definite integral of the Gaussian probability density function
>> F = int(f,-inf,inf)
F ¼ (2251799813685248*2^(1/2)*pi^(1/2))/5644425081792261
>> double(F) % probability of any outcome
ans ¼ 1
>> a ¼ sym(0); b ¼ sym(inf);
>> f ¼ exp(-2*t); int(f,a,b)
ans ¼ 1/2
>> u ¼ (1+t/abs(t))/2; % unit step function
>> % unit step function shifted to the right by 1 second
>> uT1 = subs(u,’t’,’t-1’)
uT1 ¼ (t - 1)/(2*abs(t - 1)) + 1/2
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T0 ¼ sym(2*pi/w0); % period

x ¼ 3*cos(2*w0*t + pi/4) - 7*sin(5*w0*t - pi/3); % specify signal
e ¼ exp(-j*k*w0*t); % exponential part of X_k integral
Xk ¼ int(x*e,t,0,T0)/T0; % integral for Fourier series coefficients

Xk ¼ simple(Xk) % simplify as best as possible and display result
N ¼ 10; % get coefficients for k ¼ -N to k ¼ +N
K ¼ -N:N; % vector of index values
X_k ¼ zeros(1,2*N+1); % preallocate space

X ¼ sym(’X%d%d’,[1 2*N+1]); % preallocate symbolic space
for n ¼ 1:2*N+1 % loop to get values of Fourier series coefficients

X(n) ¼ limit(Xk,k,K(n)); % get value for k ¼ K(n)

X_k(n) ¼ double(X(n)); % convert symbolic value to floating point
end
Coeffs ¼ [K;real(X_k);imag(X_k)]; % set up output for display

disp(’The Fourier series coefficients are:’)
disp(’k real part imaginary part’)
fprintf(’%i %f %f \n’,Coeffs)

Program 11.4 Program to find Fourier series coefficients with (11.14).

Xk ¼ (7*(- 5 + 3^(1/2)*k*i)*(1/exp(2*pi*k*i) - 1))/(4*pi*(k - 5)*(k +
5)) + (3*2^(1/2)*(- 2 + k*i)*(1/exp(2*pi*k*i) - 1))/(4*pi*(k - 2)*(k
+ 2))

The Fourier series coefficients are as follows:

k real part imaginary part
-10 0.000000 0.000000

-9 0.000000 0.000000
-8 0.000000 0.000000
-7 0.000000 0.000000
-6 0.000000 0.000000
-5 3.031089 -1.750000
-4 0.000000 0.000000
-3 0.000000 0.000000
-2 1.060660 -1.060660
-1 0.000000 0.000000

0 0.000000 0.000000
1 0.000000 0.000000
2 1.060660 1.060660
3 0.000000 0.000000
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and to preserve the input wave shape, the input to output phase change must be proportional
to frequency.

The MATLAB Signal Processing Toolbox includes many functions for the design of
digital filters. Some of these are listed in Table 12.8. Use the doc help facility to learn how
to use these functions to design a digital filter.

12.7 Conclusion

In the previous chapters we focused mainly on the features of the MATLAB programming
language. MATLAB evolves continuously to incorporate new functions that implement
algorithms to solve fundamental problems and apply methods for contemporary system
design. In this chapter we investigated some of the fundamental mathematics of the many
fields in which MATLAB has been applied. You should now know

� about the DFT and some of its properties
� how to apply the function fft for spectral analysis of stationary and nonstationary signals
� the importance of the sampling theorem
� about the kinds of errors that occur in Fourier-based spectral analysis by digital means
� that window functions can be used to reduce certain errors incurred in spectral analysis
� how to use MATLAB to analyze LTI continuous time and discrete time systems to find

* the natural frequencies
* characteristic modes
* the response to ICs
* impulse and step responses
* the response to any input by convolution
* the transfer function
* pole-zero plots
* stability condition
* a state variable description
* steady-state response
* frequency response

� how to apply MATLAB ODE solvers
� how to operate a discrete time system both online and offline

Table 12.9 gives the additional built-in functions that were introduced in this chapter. Use
the MATLAB help facility to learn more about these built-in functions.

With MATLAB tools to solve for the dynamic behavior of models of devices and
systems, the next chapter introduces a GUI environment to conveniently build complex
models of systems and simulate them.
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Appendix C

Answers to Selected Problems

Many problems at the end of chapters require you to provide answers that are
MATLAB� statements, where you can refer to the chapter or the MATLAB help
facilities and check your answer with MATLAB. To encourage you to develop pro-
gramming and self-help skills, answers to these kinds of problems will not be given
here. Instead, the answer given here will be: see MATLAB (SM), and for Simulink
problems, the answer will be see Simulink (SS). Many problems require you to write a
MATLAB script. Writing scripts is an essential part of learning MATLAB, and you can
check your script with MATLAB. With some exceptions, the answer given here will be:
your MATLAB script (YMS).

Chapter 1

1–14) SM; 15) f… 440, w… 2*pi*f, T0… 1/f, t…T0/4, x… sin(w*t); 16–21) SM; 22d)
mod(�7,�3)… x � n*y… �7 � n*(�3)… �1, n… floor((�7/�3)… 2; 23b) y… exp(�t/2)
� exp(�2*t), x… y . * sin(w*t); 24–25) SM.

Chapter 2

1–4) SM; 5–6) YMS; 7a) One coulomb of charge moving through a 1 tesla magnetic field at
the speed of 1 meter/sec and perpendicular to the magnetic field experiences a force of 1
newton; b) F (repulsive)… 0.020 newtons/meter; 8) 1.1234e9 newtons; 9) Energy required
is: 1.348e-7 joules, and the voltage rise is: 134.813 volts; 10a) 12 mA, b) 144 mW; 10c)
518.4 joules; 11) 20 W, 7.2e4 joules; 12a) 3.6e6 joules; 12b) 1e-3 kWh; 13–18) SM; 19)
Use: power…@(R,I) R*I^2, 20–22), and YMS; 23) Use: x_of_t… ’A*exp(-a*t).*
cos(w*tþp)’; 24) Start your function as follows. Complete the function, save it and test it.
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2-D plots, 352–63
multiple, 363–74

2n roots, program to find and plot, 373
2-tuple, 120
3-bit binary numbers, 205, 206
3-D line plots, 382–5
3-D rotation matrix, 391–4
function to compute, 394

3-D space, program to rotate an object in, 393
3-D surface plots, 385–91
4-bit serial adder logic circuit, 225

@, 49, 67
‘‘k’’ function, 153, 191
‘‘&&’’ function, 153, 191
‘‘[]’’ empty matrix, 80

A ¼ fread(file_ID,size,‘precision’), 330
A ¼ fscanf(file_ID,‘format’,size), 330
[a,b, . . . ] ¼ strread(s), 296
[a,b,c, . . . ] ¼ deal(C{:}), 310
[a,b,c, . . . ] ¼ deal(S.field), 302
abs, 140
acausal, 507, 543
AC circuit analysis, 270, 273–80
program for, 279–80

accuracy of the solution of AX ¼ Y, 129
active device, 270
AC to DC converter output, program to

find, 526
addition, 81, 560
additivity property, 114
addpath, 66

algebra, 450–7
alias, 488
aliasing error, 488, 496
all, 80, 151
Ampere (A), 36
Ampere’s Force Law, 37, 38
amplifier, instrumentation, 284
amplitude, 258
analog (analogous) signal, 226
analog filters, 368
analog to digital converter (ADC),

227, 229
analysis equation, 478, 482
AND gate, 152, 201, 216
symbol for, 217

angle, 255
angular frequency, 550
animation of second hand of clock, 337
anonymous function, 49–50, 62–3
ans, 17
antiderivative, 463
any, 80, 151
aortic valve, 333–4
area(x,y), 352
arg, 11, 12
arithmetic, rational, 439
arithmetic operations
elementary, 15
functions, 84

array, 76, 291, 435
ASCII codes, 207–8, 291, 613–16
assignment operator, 5, 16
assignment statement, 5–6, 16









data types, MATLAB, 17
dbclear, 427
dbcont, 427
dbdown, 427
dbmex, 427
dbquit, 427
dbstack, 427
dbstatus, 427
dbstep, 427
dbstop, 427
dbtype, 427, 612
dbup, 427
dct, 494
deblank(s), 295
debugging, 413
run-time error debugging, 417
error and warning messages, 421–30

syntax error, 413–17
dec2base, 212
dec2bin, 212
dec2hex, 212
decoder, 240
default MATLAB desktop, 1–4, 8–12
delay, 560
delayor, 560
delete(h), 349
delete built-in, 337
delete filename, 335
demo, 23, 27
deMorgan’s theorem, 204
truth table for proof of, 204

derivative, two-sided, 458
det, 95, 140, 451
determinant, 95, 97
detrend, 494
DFT to noisy data, application of, 491
diag, 77, 80, 140
diagonal matrix, 77
diff, 457
difference equation, 542
differential amplifier circuit, analyzing, 453
differential equation, solving, 582
differentiation, 457–63

differentiator, 538
digital circuit, 201
digital filter, frequency response of, 561
digital filter design, built-in functions for, 564
digital signal processing, 481
digital to analog converter (DAC), 233, 357,

362
digits, 450
diode (pn junction) characteristic, 44, 45, 137
dimension, 75
dimpulse, 563
dinitial, 563
dir(‘path name’), 304, 311
Dirac delta function, 462
directive statement, 19
direct realization, 585
Dirichlet conditions, 478
discrete convolution, 534
discrete Fourier transform (DFT), 481–92
inverse IDFT, 492–4

discrete linear convolution, 557
discrete time index, 357, 481
discrete time system (DTS), 108, 542–3
discriminant factor, 244
disjunction, 201
disp, 19, 27, 113, 317, 320
displacement current, 272
display, 413
distributive property, program to prove, 203
dlmread, 332, 333
import data with, 333

dlmwrite, 321, 322, 323
doc, 140, 362, 465
doc bode, 540
doc figure, 348
doc function_name, 26
doc impulse, 530
doc input, 415
doc legend, 359
doc mesh, 386
doc print, 363
doc surf, 389
doc sym/subs, 444
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doc text, 365
dot, 140
dot product, 80
double, 326, 439
double precision, 14, 214
drawnow, 353, 395
dstep, 563
dtf2ss, 566
DTS, program to operate, 554
dynamic range (DR), 232, 235
of ADC, 232

dynamic systems, 582–91

echo, 419, 431
edit GUI, 374–80
Editor Window, 4, 34
eig, 125, 140, 451
eigenvalues and eigenvectors, 123–6
electric current, 35
electric field, 38
electric permittivity, 38
electrostatic force, 38
elementary arithmetic operations, 15
elementary math functions, 21–3
elementary row operations, 100
element index, 6
element of the matrix, 76
ellip, 564
ellipsis, 17
empty matrix, 103
end statement, 59
energy, 267–70
enhanced metafile (.emf), 7
eps, 134
erasemode property, 395
error, 421, 431
breakpoints, 424, 428, 429
and warning messages, 421–30

escape characters, 318, 319, 359
Euclidian norm, 121
Euler’s identity, 256, 257–61
Euler’s method, 182–4
eval, 51–2, 67, 296

even parity, 238
execution status button, 63
exp, 47, 49
explicit form, 509
expm(A), 451
exponential Fourier series, 477
exponential function, 549
eye, 80, 82, 140
ezplot, 443, 456

f ¼ collect(f), 443
f ¼ collect(f,x), 443
f ¼ expand(f), 443
f ¼ fullfile(‘disk_name’, ‘folder1_name’,

‘folder2_name’, . . . ,‘file_name’), 320
F ¼ im2frame(X), 399
F ¼ ls, 335
f ¼ poly2sym(C,x), 445
FaceAlpha, 389
false, 151
in Boolean algebra, 201

farad, 272
fast Fourier transform (fft algorithm), 487,

496, 566
fclose(file_ID), 321
feather(U,V), 353
feedback, 546, 596
field width, 320
figure, 347–52
modifying a part of, 403

figure graphic objects
built-in functions concerned with, 348

file management, 334–6
fileread, 331
file_ID, 320
file_ID ¼ fopen(‘file_name’), 321
fill(X,Y,c), 353
fill3, 392, 398
filter, 544, 566
find, 80, 153
findstr(s1,s2), 295
finite impulse response (FIR) DTS, 544
finite word length effects, 207
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fir1, 564
fir2, 564
Fircls, 564
FIR discrete time system, 545–6
program to run, 546

Firls, 564
Firpm, 564
fix, 140, 443
flags, 320, 440
fliplr(A), 92
flipud(A), 92
floating point arithmetic, 449
versus rational arithmetic, 441–2

floating point notation, 214
double precision, 216
single precision, 214–16

floor, 443
fminsearch, 63, 67, 89, 180
fopen, 320, 322
forced response, 509
forcing function, 506, 542
for loop structure, 157
median filtering, 171–5
probability, 164–71

format, 14, 27, 318
forward biased, 44–5
Fourier series, 261–7
program to construct a signal with, 263

Fourier series coefficients, 465
Fourier transform, 474
fplot, 353
fprintf, 113, 192, 317, 321, 323
frac, 443
frames, 399
frequency, 258
frequency domain, 478, 494
frequency resolution, 482
frequency response of digital filter, program

to obtain, 562
frequency response of band-pass and

low-pass filter, program to plot, 367
freqz, 563
frewind, 327, 330

Frobenius norm, 131
fsolve, 135, 140
full-adder, 224
fullfile, 323
function expression, 49, 50
function format, 19
function handle, 49
functions, 48, 59–63
anonymous function, 49–50
concerned with matrix algebra, 451
concerned with symbolic expressions,

443
concerned with symbolic variables, 436
concerned with the frequency response of

an LTI CTS, 539
Current Folder, 33–4
eval function, 51–2
function function, 59–63
inline function, 49, 50–1
of matrix, 92
nested function, 58–9
primary function, 52–6
private function, 57–8
and programs, 33
sub-function, 57
of symbolic variables, 445

function_name, 49, 53
fundamental frequency, 262, 478
fwrite(file_ID, A, ‘precision’), 321
fwrite, 326
fzero, 63, 67
f_check ¼ exist(‘A’), 321
f_path ¼which(‘filename’), 330

[g,r] ¼ subexpr(f,r), 443
gate function, 459
Gaussian distributed random number

sequence, 170
Gauss–Jordan elimination, 100–3
gausswin, 497
gca, 355, 374
gcf, 349, 359
gco, 349
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infinite impulse response (IIR) DTS,
546

initial, 530, 566
initial conditions (ICs), 506, 542
inline function, 49, 50–1
inner product, 80
input function, 42, 67, 328–34
arguments, 53
finding and plotting, 277

instrumentation amplifier, 284
int, 326, 463
int2str, 212, 292
integral of the circuit input, 282
integration, 463–8
integration constant, 181
integrator, 282, 538
interp2, 91
intn, 326
inv, 95, 102, 140, 451
invalid breakpoint, 425
inverse discrete Fourier transform (IDFT),

492–4
inverse matrix, 95, 97
inverting amplifier, 281
isa(x,‘classname’), 294
iscell(C), 310
iscellstr(C), 294, 310
ischar(s), 294
isdir(fullfile(‘C:’,‘My_MATLAB_Programs’

¼ isdir(‘Music’), 334
isempty, 151
isequal, 151, 191, 302
isfloat, 151
isinteger, 151
iskeyword, 13, 27
isletter(s), 294
islogical, 151
isscalar(s), 294
isspace(s), 294
isstrprop(s,‘type’), 294
isstruct(S), 302
isvarname, 13, 27
isvector(v), 294

kaiser, 497
keyboard, 191, 420, 431
keyboard mode, 420
key words, 13
Kirchhoff’s Current Law (KCL), 109
Kirchhoff’s Voltage Law (KVL), 109, 278
Kronecker delta function, 543

L ¼ and(A,B), 191
L ¼ feof(file_ID), 330
L ¼ not(A), 191
L ¼ or(A,B), 191
L ¼ sign(A), 191
L ¼ xor(A,B), 191
Laplace transform, 475
leakage error, 497
least mean error squared sense model, 89–90
least significant bit (LSB), 207, 369
least squares, method of, 86–91
left channel plot graphic object, 360
left-sided derivative, 458
legend, 353, 359, 377
length, 140
limit, 458
line(X,Y), 353
linear and time invariant (LTI), 506, 543
linear coding methods, 229
linear equations
accuracy of the solution of system of, 139
solution of set of, 93–103

linearity property, 114, 506
linearly dependent, 119
linearly independent, 119
linear model, 506
linear regression, 90
linear transformations
eigenvalues and eigenvectors, 123–6
rotation, 121–3
vector space, 118–21

linear vector space, 118
line function, 369
line objects, 351
linspace, 79, 140
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loading down the voltage source, 286
local minima, 178
local variables, 33, 55
log10, 140
logical, 151
logical operators, 152–4
logical vectors, 220–1
logic gates, 216–18
circuit diagram for connection to, 216

loglog( . . . ), 353
lookfor, 26, 27
loop analysis, 116–18
Lorentz Force Law, 38
lower(S), 295
low output impedance, 280
low-pass filter, 279, 281, 282
frequency response of, 368
ODE function for, 523
program to find the complete response of,

521
LTI continuous time systems (LTI CTS),

response of, 509
convolution, 531–6
impulse response, 527–31
stability, 536
state variables, 514–27
steady-state response, 536–42
zero-input response, 510–13
zero-state response, 513

LTI discrete time systems, response of, 543–9
convolution, 556–7
impulse response, 555–6
stability, 557
state variables, 551–5
steady-state response, 557–63
zero-input response, 549–50
zero-state response, 551

LTI system, program to find the impulse and
step responses of, 531

ltiview(LTI_sys), 539

M(k) ¼ getframe, 399
M ¼ dlmread(‘filename’), 330

M ¼ load(‘filename’), 330
M ¼moviein(N), 399
machine code, 64
magnetic field, 37
magnetic permeability, 37
magnetostatic force, 38
magnitude, 121, 255
magnitude frequency response, 276
finding and plotting, 276

magnitude spectrum, 266
plotting, 267

major diagonal, 77, 82
MAPLE system of programs, 435
mat-file, 324–5
MATLAB
arithmetic operations, 84
binary operations, 213–14
built-in functions, 12
commands, 379
data classes, 210
data types, 17
default desktop, 1–4, 8–12
dock and undock window, 9
elementary math functions, 21–3
help facility, 23–6
meaning of, 1
modes, 3–4
purpose of windows, 2–12
Quick Start, 4–8
quitting, 3
scripts, 4
statements, 16–21
Symbolic Math Toolbox, 435
variables, 12–16

matrix, building, 105–9
matrix arithmetic, 80–6
matrix definition, 75–80
matrix manipulations
matrix, building, 105–9
sub-matrix, extracting, 103

max, 43, 67, 80
maximum quantization error, 231
mean, 91, 140, 169
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p-code, 64–5
to passing anonymous function handle to

function function, 63
piano key sound, 172–5
piecewise linear plot, 36
to plot a quadratic function, 246
to plot frequency response of a band-pass

filter, 384
to plot frequency response of band-pass and

low-pass filter, 367
to plot segments of left and right channels

of music, 358
to plot the spectrogram of a sinusoidal

pulse, 502
to produce a mesh plot, 388
to produce plots of a signal, sampled signal,

and reconstructed signal
to produce plots of signal, sampled signal,

and reconstructed signal, 374
to prove distributive property, 203
to report inventory of circuit given in mat-

file, 325
to rotate an object in 3-D space, 393
to run an FIR discrete time system, 546
to run an IIR discrete time system, 547
saved as rotate.m to rotate a vector, 122
setting up problem, 136
to simulate the activity of a serial adder, 371
to suggesting action when approaching

intersection with traffic lights,
189–90

test the function function f_plot, 61–2
toolboxes, creating, 65–6
use of for loops to multiplying two matrices,

158–9
using random number generator to simulate

tossing a coin, 166
program flow control
for loop structure, 157
median filtering, 171–5
probability, 164–71

if–elseif–else–end structures, 154–7
logical operators, 152–4

method of steepest descent, 178–81
numerical integration, 181
built-in integration functions, 186–8
Euler’s method, 182–4
trapezoidal rule, 185

relational operators, 149–52
switch–case–otherwise structure, 188–90
while loop structure, 176–7

program mode, of MATLAB operation, 4
propagation delay, 217
propedit(h), 349
proper (improper) function, 537
pseudorandom number generator, 165, 170
pulmonary valve, 333
pzplot, 537, 566

[Q,R]¼quorem(A,B), 451
quad, 186, 188, 192, 269
quad1, 67
quad2d, 188, 192
quadl, 63, 188, 192
quadratic function, program to plot, 246–7
quadratic polynomial, roots of, 251–2
program to find, 251

quantization error, 226–36
query statement, 17
quit, 3, 12, 19, 27

R ¼ rand(N,M), 191
R ¼ randn(N,M), 192
rand(N,M), 80
rand, 165
randi, 168
randn, 168–9, 170
rank, 119, 140
rceps, 494
real, 436
realization of the Boolean function, 221
real part, 245
reconstruction equation, 478, 492
record, 300
record ¼ audiorecorder(fs,nBits, nChannels),

336
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rectangle(‘Position’, [x y w h]), 355
rectangle objects, 351
rectangular form, 245
and complex arithmetic, 247–54

rectangular matrix, 77
rectangular window, 495
rectwin, 497
regexp(s1,pat), 295
regexpi(s1,pat), 296
regexprep(s1,pat,s2), 296
relational operators, 149–52
repmat, 106, 299, 311
reserved words, 13, 16
reshape, 106, 136
resistance, 41
resistive circuit analysis, 109
component circuit analysis, 110–14
loop analysis, 116–18
nodal analysis, 115–16

resistor, 40–1, 270
resolution of ADC, 232
response, 506
restoredefaultpath, 66
return, 164, 191, 420
reverse biased, 45
right-sided derivative, 458
rmdir(‘folder_name’), 334
rmfield(S,‘field’), 302
rmpath, 66
rng(‘default’) statement, 166
robust, making program, 156
root mean square (RMS) value, 268
root object, 351
roots, 252, 589
of a polynomial, 252

roots of a polynomial, MATLAB program to
find, 253–4

rot90(A,K), 106
rotate an object, function view to, 398
rotation, 121–3
round, 443
rounding, 214
round off errors, 449

row index, 76
row reduced echelon form, 101
row vector, 77
rref, 101, 140, 451
run-time error debugging, 417
error and warning messages, 421–30

S1 (sound), 333
S2 ¼ orderfields(S1), 302
[S.fields] ¼ deal(v), 302
S ¼ cell2struct(C,fields,M), 310
s ¼ char(A), 292
s ¼ char(C), 292
s ¼ char(s1, s2, . . . ), 292
S ¼ dir(‘folder_name’), 334
S ¼ ferror(file_ID), 330
S ¼ fgetl(file_ID), 330
S ¼ fgets(file_ID), 330
S ¼ fileread(‘filename’), 330
s ¼ solve(‘f(x1,x2,x3, . . . ) ¼

g(x1,x2,x3, . . . )’,‘x1,x2’.), 311
s ¼ strcat(s1, s2, . . . ), 292
s ¼ strvcat(s1, s2, . . . ), 292
s ¼ [s1 s2 . . . ], 292
sample time increment, 481
sampling frequency, 108, 481
Sampling Theorem, 485
saturation current, 45
save, 321, 323, 324
saveas, 7, 27, 349
savepath, 66
sawtooth wave, 263
scalar, 77
scalar structure variable, 297–302
scatter, 354, 376
scatter diagram, 86–7
scatter plotting, 374
scope (oscilloscope) block, 585
screen image, editing, 611
script, 4
second-order dynamic system, unit step

response of, 585
semilogx, 354
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semilogy, 354
serial adder
program to simulate the activity of, 371

set, 349, 351, 374
setfield(S,‘field’,v), 302
shading, 389
illustration of, 390, 391

short time Fourier transform (STFT), 500–1
siemens, 41
signal, sampled signal, and reconstructed

signal
program to produce plots of, 374

signal analysis, 477–80
discrete Fourier transform, 481–92
inverse discrete Fourier transform,

492–4
non-stationary signals, 499–505
Windows, 494–9

signal frequency ambiguity, program to
demonstrate, 486

signals and systems, 477
signal variance to noise variance ratio (SNR),

232, 235
sign bit, 214
significand, 214
sign magnitude notation, 215
simulation of model with graph and

workspace output., 581
Simulink simulation, 575
custom blocks, 591–8
dynamic systems, 582–91
environment, 575–82
Fcn block, utility of, 582
graphical user interface (GUI), 575
Library Browser, 576

sinc, 183
single, 326
single precision, 214
single step button, 426
singular matrix, 96
singular values, 127
decomposition, 126–8

size, 140

solve, 306, 451
sort(A,dim,mode), 106
sortrows(A), 106
sound, 172, 192, 336–41
functions concerned with, 336

sound built-in function, 337
soundsc, 172, 192, 336
source code, 64
sparse matrix, 112
spectrogram, 501
spectrogram of a signal, program to obtain,

505
spectrogram of a sinusoidal pulse, program to

plot, 502
spectrum, 478
sphere, 354
s-plane, 386, 537
spline, 91
sqrt_finder.m, script of, 414
square matrix, 77
ss2tf, 566
sscanf(s,‘format’), 296
ss function, 566
stairs, 354, 361, 376
stairs plotting function, 374
standard breakpoint, 424
standard breakpoint location, 424
standard deviation, 169
state equation, 551
state of the system, 506
State-Space block, 589
state variables
LTI continuous time systems, 514–27
LTI discrete time systems, 551–5
of LTI DTS, 551

state vector, 551
stationary signals, 499–500
status ¼ fseek(file_ID,offset,origin), 330
std, 91
steady-state response
LTI continuous time systems, 536–42
LTI discrete time systems, 557–63

stem, 140, 347, 354
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tril(A), 92
triu(A), 92
trivial solution, 97
true, 151
in Boolean algebra, 201

truncating the fraction, 214
truth table, 203
two-sided derivative, 458
type, 44, 67, 612
type m-file, 320

ubitn, 326
uint, 326
uint8, 214
uintn, 326
unitary matrix, 127
unit pulse, program to find, 524
unit pulse response, 555
unit step function, 459, 460, 494, 548
unit step responses, program to find, 524
universal gate, 239
unzip(‘zip_file_name’), 335
upper(s), 295
userpath, 66

validatestring, 294
var, 91, 169, 234
variable precision arithmetic (VPA), 435–50
variables, MATLAB, 12–16
variance, 169
vector, 6
vectorizing, 85, 186
vector space, 118–21
vector state function, function to compute, 520
vertcat(A1,A2, . . . ), 106
view, 383, 385, 398
visio, 611
volt, 39
voltage, 38–9
voltage resolution of ADC, 231
vpa, 450

warning, 424, 431
watt, 41

WAV file, 304
function to find and play, 306

wavplay, 304, 311, 336
wavread, 304, 311
wavwrite, 172, 192, 336
which, 43
while loop structure, 176–7
who, 47–8, 67, 581
Windows, 171–2, 494–9
workspace, 3

[X Y] ¼ ginput, 353
[X Y] ¼meshgrid(x,y), 385
XData property, 395
[X,map] ¼ frame2im(F), 399
[X,map] ¼ imread (‘FileName’), 400
xlabel, 7, 27, 354, 359
xlim, 383
xor operator, 152
xor option, 395
X_lim¼xlim, 355

y ¼ ceil(x), 436
y ¼ char(x), 436
y ¼ conj(x), 436
y ¼ double(x), 436
y ¼ factor(f), 443
y ¼ fix(x), 436
y ¼ floor(x), 436
y ¼ frac(x), 436
y ¼ imag(x), 436
y ¼ intn(x), 436
y ¼ limit(f,x,a), 445
y ¼ limit(f,x,a,‘direction’), 445
Y ¼mean(X), 192
y ¼median(X), 192
y ¼ real(x), 436
y ¼ round(x), 436
y ¼ simple(f), 443
y ¼ simplify(f), 443
y ¼ simplify(f,N), 443
Y ¼ sinc(X), 192
y ¼ sym(0x0, 0property0), 436
y ¼ symsum(f,x), 445

642 Index



y ¼ symsum(f,x,a,b), 445
y ¼ symvar(f), 436, 443
y ¼ sym x property, 436
y ¼ taylor(f,n,a), 445
y ¼ uintn(x), 436
Y ¼ var(X), 192
Y ¼wavrecord(N,fs), 336
YData property, 395
ylabel, 7, 27, 354, 359
ylim, 383
Y_lim¼ylim, 355

zero-input response, 509, 543
LTI continuous time systems, 510–13

LTI discrete time systems,
549–50

program to find, 512
zeros, 80, 140, 245, 386, 537, 558
zero-state response, 509, 543
LTI continuous time systems, 513
LTI discrete time systems, 551

zip(‘zip_file_name’, ‘name1’, . . . , ‘nameN’),
335

zlim, 383
zoom feature, 333
zplan, 558
z-plane, 558
Z_lim¼zlim, 355
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