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1. Doelstelling

De student kan zelfstandig een (analoge) signaalverwerkende schakeling op een systematische

wifjze analyseren en ontwerpen.

2. Competenties

Bachelorcompetentie

Ba Comp-Matrix

kan de functionaliteit van een analoog signaalverwerkend systeem beschrijven | Ki3, AV2, V1
ad.h.v. schema, transferfunctie, pole-zero plot

kan het gedrag van een analoog signaalverwerkend systeem analyseren a.d.h.v. | Ki3, AVZ, V1
impulsresponsie, stapresponsie en frequentieresponsie

kan verbanden leggen tussen het functionele schema, de pole-zero plot en het | Ki3, AVZ, OV1
gedrag (stapresponsie en frequentieresponsie) van een analoog signaalverwerkend

systeem

kan een gepast schema selecteren voor de implementatie van een analoog fiiter KI3, AV2

kan voor opgegeven specificaties een analoog filter (Butterworth, Cebyshev, Bessel) | KI3, AVZ, V1,
synthetiseren als een cascade van tweede orde trappen V3, SV3

kan het verschil tussen het gedrag van een gemodelleerde en een gerealiseerde | OV1

schakeling vaststellen en verklaren

kan een analoog signaalverwerkend systeem m.b.v. een hedendaagse EDA- | KI3, AVZ, V1,
omgeving (Matlab/SPICE) ontwerpen, het gedrag beschrijven en analyseren: pole- | IV2, V3, SVi,
zero karakterisatie, tijdsgedrag, frequentiegedrag, invloed van de eindige | SV3
nauwkeurigheid van de componenten

kan zijn activiteiten plannen, rekening houdend met opgegeven deadlines SV3

kan de informatie, ideeén, problemen en oplossingen communiceren met vakgenoten | AV3

ir. J. Meel Signaalverwerking




3. Inhoud

De theoretische en prakfische basis van analyse en synthese van analoge signaalverwerkende
systemen word! aangebracht. Na de formele studie volgens Fourier en Laplace, wordt een brede waaier
praktische schakelingen geanalyseerd in het tijds- en frequentiedomein. Als inleiding tot synthese wordt
het onfwerp bestudeerd van hogere orde filters (laagdooriaat, hoogdooriaat, banddoorlaat, bandsper)
volgens Butterworth, Chebyshev en Bessel op basis van actieve filterschema’s.

Beschrijving & Analyse & Ontwerp-vaardigheid Transformatie | EDA
= heschrijving van analoge signaal-verwerkende systemen | = Fourier Matiab
{transferfunctie, pole-zero plot) = Laplace SPICE

* analyse van analoge signaal-verwerkende systemen
{impuls-responsie, stapresponsie en frequentieresponsie)

* synthese van analoge filters op basis van een cascade van
actieve tweede orde trappen

1. Signalen
2. Fourier Analyse
a. Technieken
b. 1st orde systemen
c. 2% orde systemen
3. Laplace Analyse
a. Technieken
b. 1% orde systemen
c. 2% orde systemen — RLC ketens
d. 2% orde systemen - algemeen
Systematische Netwerkanalyse
5. Actieve Filters

ha

ir. J. Meel Signaalverwerking 2



4. Evaluatiecriteria

kan het gedrag van een {nieuw) analoog signaalverwerkend systeem {op basis van een cascade van
1ste en 2% orde systemen) analyseren volgens de systematische netwerkanalyse:
= schema
transferfunctie
pole-zero plot
= frequentieresponsie
= impulsresponsie
=~ stapresponsie
en maakt hierbij gebruik van de algemene eigenschappen van een 1% en 2% orde systeem

kan voor opgegeven specificaties een analoog filter (Butterworth, Cebyshev, Bessel) synthetiseren als
een cascade van 15t en 24 orde trappen, kan deze trappen karakteriseren (K - m.348 - @n, Q), kan een
gepast schema (MFB, VCVS, Biquad) selecteren voor de implementatie ervan, kan coéfficiént
matching, frequency scaling en impedance scaling toepassen

kan verbanden leggen tussen het functionele schema, de pole-zero plot en het gedrag {stapresponsie
en frequentieresponsie} van een analoog signaalverwerkend systeem

kan de oplossingen op een éénduidige en heldere wijze schriftelifk en mondeling communiceren

ir. J. Meel Signaalverwerking
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Foreword

This text is intended to serve as a companion to a basic course covering signals and
systems theory. To accommodate students’ interests, we have organized it by
applications. We believe that learning signals and systems theory is best motivated
by applications, and thus have elected to explore a variety of applications rather than
focusing on a single domain. Each application is introduced at a level requiring
minimal theoretical background and can be revisited later as more advanced topics
are covered.

To facilitate experimentation with applications as early in the course as possible, we
treat fundamental signals and systems representations as a language. By
familiarizing students with these standard representations early, they can confidently
use MATLAB to explore and discover implications of signals and systems concepts in
real applications.

The use of MATLAB as a computational tool is intentional. it allows so many
theoretical concepts to be easily implemented that it would aimost be a crime not to
use it in this field. MATLAB raises programming to a data-processing abstraction,
thus minimizing the dependence on strong coding abilities to get results. We assume
that while students have had some exposure o computers and programming, they
will not have any familiarity with MATLAB. Hence, we begin with a tutorial covering
the basic concepts, toals, and syntax needed for problem solving using MATLAB.
The use of MATLAB does not, however, remove our emphasis on practicality. By
including exercises on topics such as finite-precision effects and un modeled
nonlinear dynamics, we attempt to introduce beginning students to some of the many
differences that exist between theory and practice, as well as some of tricks and
pitfalls in bridging this gap.

The early labs focus primarily on processing audio signals, which are familiar to
students and allow them to develop an intuilive feel for their resulis. This
necessitates a basic hardware platform, namely a PC with audio capabilities. Any
computing environment that can run MATLAB and support audio playback and
recording is satisfactory. Some labs require extensive computing power, such as the
image processing assignment; we recommend that a more powerful platform be used
for these labs so as fo eliminate long operation times.

We are planning to use some of the more advanced sections of laboratory
assignments in an introductory DSP course. We cover applications from all of these
different areas in the assignments in an attempt o stimulate the student's interest in
the possibilities of a subject area as well as a foundation for further study. We hope
that you will find them both interesting and challenging and worth the doing!

Introduction to MATLAB Uitgave 2001-2002 lic. ing.Van Landeghem D,
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Tutorial, Getting started 1

All commands will be entered after a prompt like this one.

LM

Problern: Express sach of the follawing complex
+-where a=Re{s} and b=Imis}
'-__ex;?-j-:je‘i“ﬂ#':.::_:: R

You can use standard symbols for arithmetic eperations

Other variables can be set
in the same way :

| FrzEd R Aty

30000+ 4.00008

03/02/2009 lic. ing. Van Landeghem D. 2

Note that MATLAB has evaluated the expression and echoed the result {o the screen,
expressed in Cartesian form as the variable ans. Also, just tike any programming
language, exp (x} returns X, Other standard functicns, including trigonometric
functions, are available; type help elfun for a list. Additionally, pi is defined as a
special variable having the value «, and j is defined as V1 . Any special variable will
act as defined until you change its value by assigning a new value to it.

Introduction to MATLARB Uitgave 2001-2002 lic. ing.Van Landeghem D.
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Tutorial, Getting started

MATLAB provides the real and imag functions to seperate
the real and imaginasy parts of an imaginary number,

To plot a complex number, we can either plot the real paris vs. the
imaginary parts or let MATLAB do it for us.

5

4.8
4.6
4.

42
Muiltiple sets of parameters can be given to plot;

4
each pair of arguments is taken as x and y data pairs.

a8
36
34

a2

3 [ s
2 2z 24 26 28 3 32 a4 3s 3.8 4

03/02/2009 lic. ing. Van Landeghem D). 3

plot (x, ¥) generates a plot where the values of the vector x indicate points along the
horizontal axis corresponding to the values in the vector y that are to be plotted on
the vertical axis. Vectors x and y must have the same number of elements.

Note that typing a semicolon at the end of the command line prevents MATLAB from
echoing the resuit back to your screen. This will be important when you create large
matrices and vectors. in the second example, the value of z was not printed as it was
above.

The "x' parameter to the plot function tells MATLAB to generate an x shape for each
data point instead of a ‘connected-dot’ display. Since we only plotted one data point,
this is extremely useful. In general you should always label axes on your plot and
include a titte. help plot shows you the other characters that can be used as well as
the different colors that can be used on the plot.

If you wish to have several plots shown at once on different sets of axes, use
subplot, see on-line help or open new figures by typing figure and creating a whole
new plotting window.

Introduction to MATLAB Ulitgave 2001-2002 lic. ing.Van Landeghem D.
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Tutorial, Vectors and Matrices 1

Probiem g

This generales a row vector x containing 6 elements.

it This generates the same using a range-generating statement.

Evaluate the function y, using x as defined above.

e ploiGy) . e

N // yE3r a2

° e Thus 3*x is freated as scalar
i e multiplication of a vector and

o ~ the 2 is implicitly treated as a
o / vector of the same length as x

e comprising afl 2s.
03/02/2009 lic. ing. Van Landeghem D. 4

Matrices and vectors make up the heart of MATLAB computations. In this section,
matrix and vector manipulations wili be introduced. A vector is a one-dimensional list
of values, an m x 1 or 1 x m matrix. Vectors hold single signals or lists of data. They
can be assigned a name and freated as any other variable in MATLAB, however,
operations performed on vectors are done element by element.

The colon operator in the second ex. acts like the word "to", in effect generating the
function "0 to 5". A step size of 1 is the default. A different step size, positive,
negative, real or integer, can be specified by placing the step value between the
beginning and end of the range, as in z below:

»Zz=0:0.01:5;

This statement generates 501 data points that are 0.01 apart, starting from 0 and
ending at 5.

Since MATLAB is based on matrix operations, it is important to recall that you can
only add or subtract matrices having the same dimensions, e.g., the addition of a 3x2
matrix with a 2x3 matrix is undefined. Matrix multiplication requires that the number
of columns in the first matrix be the same as the number of rows in the second matrix.
For example, multiplication of a2 2x5 matrix A with a 5x3 matrix B resulis in a 2x3
matrix C=ARB, whereas the multipiication BA is undefined. However, the
multiplication D=B'A is defined, where ' denotes the transpose operation in MATLAB.

Introduction to MATLAB Uitgave 2001-2002 lic. ing. Van Landeghem D.
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Tutorial, Vectors and Matrices :

The first step is to create a time variable;
note the use of the : operator with a non-integer siep size.

Next, construct a vector containing values of this funclion

for each fime value in t.

The variable f now has the
complex result of the function
evaluation.

a \\ -
T 7
-3 2 ; - o ))1
03/02/2009 tic. ing. Van Landeghem D.

The semicolon at the end of the first fwo statements is especially important, unless
you really want to see and wait for all 1000 values to be echoed back on your screen.

It should be pointed out that transcendental functions (ex. sin, cos, exp) in MATLAB
work on a point-by-point basis; in the second command, the function exp computes a
vector where each element is the exponential of its corresponding element in

j* 3 *pi*t (1001 total elements) .

Introduction to MATLAB

Utitgave 2001-2002

lic. ing.Van Landeghem D.
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Tutorial, Vectors and Matrices

25th element of vector f.
Elements 3 through 10, inciusive of vector f.
QOdd-numbered elements between 1 and 50 of vector f.

Element in the third row and the second column of matrix f. 123458788

‘I A matrix that is equivalent t¢ a secticn of f containing the first
through third rows, and the fourth through eighth cgizumns.

A
LT

34845788

: All rows of the 5th column only of matrix f.

- S

L L

Rows 1 to 3 of the 5th column only of matrix f.

S

The index number can be anather variable as well. Loops generaily are not desirable, since they take a
This is useful for creating programming loops. very long time to run. Rewrite loop operations in
——— ferms of vector additions and multiplications.

B 3 (07 1 B 20
freext T [zeros{h 10y x), -
2 =[x zejos (110} ];

03/02/2009 lic. ing. Van Landeghem D. 6

Elements in MATLAB vectors are identified by the vector name and an integer
number or index. Only positive integer indices are used. Thus the first element in a
row or column vector f is denoted by f (1) , the second element by f (2), and so forth.
To access specific elements in a vector, you need to use the name of the variable and
the integer index numbers of the elements you wish to access. Range statements
can be used for indices to access the indexed elements much in the same way that
range statements are used fo define vectors comprising values in a specified range.

If a: is used by itself, it refers to the entire range of that index.

The index number can be another variable as well. This is useful for creating
programming loops that execute the same operations on the elements of a matrix.

At the left-hand side ex. we want to generate an output vector where each element is
the sum of the current element and the element from 10 back in an input vector. The
task to be repeated is the sum of two elements; we need to repeat this for each
element in the vector past 10. The elements of the vector x define the input ramp
function to be integrated, y will hold the result, and k is the loop index.

When a loop structure is entered in MATLAB, the body of the loop does not have a
prompt Note that the loop will not be executed untif the end command is entered and
followed by a carriage refurn. You will wait forever for the lcop results if you leave off
end.

As you can see, the variable k is set to range from 11 fo the length of x; this allows k
to index all elements in x. k is set to increment by integers.

Note that using vector addition in MATLAB is significantly more efficient than using
for loops. :

Introduction to MATLAB Uitgave 2001-2002 lic. ing.Van Landeghem D.
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Example: Functions of Vectors .

Que:sti.oh._”f ';:_Ad'ct the fu.r_.lzc.i_ﬁéﬁé p=3sin(x2) + 2c08ty%).and g=3cos(xy) + 2y2for X'In the range 0 to 5.
L Y E0.0K 2;:01§_in_ail',c35_es. __Us,_e'in;:remenl;s 0f:0.01: Plot all three functions 01

The easiest way to do this,
is {0 make two vectors
containing the individual
functions and a third vecior
cortaining the sum.

> Fung: vect 1

P
/
\\\-
C
.
>
.——'—'—/
,::’/
T

03/62/2009 lic. ing. Van Landeghem D. 7

Storing Results and M-Files :

Usually you want fo save the results that you have generated during a MATLAB
session, including data vectors created and commands used to process them.

This can be accomplished by :

1.Using the diary command to save a record of all commands typed.
Enter help diary to iearn how to use this command.

2. Using M-files that you have created using a text editor; such files have am
extension and contain a list of MATLAB commands to be executed when you type
the root filename in the command window. You can also execute the script by
clicking the run button in the MATLAB editor window.

3.8aving the contents in variables for the next session using the save command.

It is recommended that you become familiar with M-files. They are extremely useful
and will save you much time and effort. There are fwo types of M-files: scripts, which
are essentially a series of commands typed into a file instead of typed at a MATLAB
prompt; and functions, which allow you to create new MATLAB functions.

To edit M-files, any text editer can be used-not word processors like MS Word.

Note that when a dot precedes an operator, as using .* for multiplication, it implies
that each element in the vector (matrix) results from applying that operator to
corresponding elements in the first and second vectors {matrices). For example, dot
muttiplication of two m x 1 vectors results in an m x 1 vector where each element is
the product of the corresponding elements in the first and second vectors.

Note that .* is equivalent to the "dot-product’, or inner product operation from linear
algebra. This type of multiplication requires that the vectors (matrices) must be of the
same size and is called point wise, rather than vector or matrix, multiplication.

Introduction to MATLAB Uitgave 2001-2002 lic. ing.Van Landeghem D.
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E__x_a_mple: Functions of Vectors :

- Cusstior 2  Plot the function y{{)=(1-6*)sin(50st). Use't frori 010 0.25 In 0.001increments.

0.8
Q 0.05

(340272009

o1

[
.15

0.2 0.25 [l

lic, ing. Van Landeghem D.

50 100 150 ‘200 250 300

Note that when a dot precedes an operator, as using .* for multiplication, it implies
that each element in the vector (matrix} results from applying that operator to
corresponding elements in the first and second vectors {matrices). For example, dot
multiplication of two m x 1 vectors results in an m x 1 vector where each element is
the product of the corresponding elements in the first and second vectors.

Note that .* is equivalent to the "dot-product”, or inner product operation from linear
algebra. This type of multiplication requires that the vectors (matrices) must be of the
same size and is called point wise, rather than vector or matrix, muitiplication.

Introduction to MATLAB

Uitgave 2001-2002

lic. ing.Van Landeghem D.
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Example Functions of Vectors 3

o _gs at-2,2, -2+3;, 23} S

\ ;>—fui:/ﬂe/

4

>3 help poly

= heip ;)olyval

S help %‘OOtS :-'

(3/02/2009

USE CONLINE HELP 11
lic. ing. Van Landfaghgm D3 )

You can look up the functions poly, roots and polyval. Just type help followed by
the function name at the command line of MATLAB.

For ex.
>> help poly

POLY Convert roots to polynomial.

POLY(A), when A is an N by N matrix, is a row vector with

N+1 elements which are the coefficients of the

characteristic polynomial, DET({lambda*EYE(SIZE(A)) - A} .

POLY(V), when V is a vector, is a vector whose elements are
the coefficients of the polynomial whose roots are the
elements of V . For vectors, ROOTS and POLY are inverse
functions of each other, up to ordering, scaling, and

round off error.

ROOTS(POLY(1:20)) generates Wilkinson's famous exampie.

See also ROOTS, CONV, RESIDUE, POLYVAL.

AXIS Control axis scaling and appearance. AXIS([XMIN XMAX YMIN YMAX]) sets
scaling for the x- and y-axes on the current plot.

Introduction to MATLAB

Uitgave 2001-2002

lic. ing.Van Landeghem D.
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Example Functio_ns of Vectors 4

Retip

Irit)
5 o
-
T
- ..

am
<
—
J
o

03/02/2009

25

plolitpy
ille(Phase ot iy}
sMabel(Time) ylabel(fofty): |
lic. ing. Van Landeghem D.

Magritude of i)
[ a5 3
75
Phasa of H
.
Ny M
. N
e
™ N
. .
.
15 2 a5 3
Time
10

You may wish to look up the functions subplot, title and plot to see how to generate
more than one plot in the graphics window at the same time. You will also need abs
and angle. These commands are very useful in signals and systems.

Forex.
>> help subplot

Introduction to MATLAB

SUBPLOT Create axes in tiled positions.

H = SUBPLOT({m,n,p), or SUBPLOT(m,n,p), breaks the Figure window

into an m-by-n matrix of small

axes, selects the p-th axes for the currant plot, and returns the axis handle. The axes are counted

along the top row of the Figure window, then the second row, etc. For exampile,

SUBPLOT(2,1,1), PLOT(income)
SUBPLOT(2,1,2), PLOT(outgo)

plots income on the top half of the window and outgo on the bottom half.

SUBPLOT(m,n,p), if the axis already exists, makes it current.
SUBPLOT(H), where H is an axis handle, is another way of making an axis current for subsequent

plotting commands.

SUBPLOT ('position',[left bottom width height]) creates an axis at the specified position in normalized
coordinates {in the range from 0.0 to 1.0}.

If a SUBPLQT specification causes a new axis o overlap an existing axis, the existing axis is deleted.

For example,

Figure window and creates a new axis on that side.

the statement SUBPLOT(1,2,1} deletes all existing axes overlapping the left side of the

SUBPLOT(111) is an exception to the rules above, and is not identical in behavior to SUBPLOT{1,1,1).
For reasons of backwards compatibifity, it is a special case of subplot which does not immediately
create an axes, but instead sets up the figure so that the next graphics command executes CLF
RESET in the figure (deleting all children of the figure), and creates a new axes in the default position.
This syntax does not return a handle, so it is an error to specify a return argument. The delayed CLF

RESET is accomplished by setting the figure's Next Plot to 'replace’.

Uitgave 2001-2002

P.10

lic. ing.Van Landeghem D.
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Example: Creation of a Functton m MATLAB 1

F‘mblem Let ake_ a functlon that takes twu varlables as arguments
: o addst o - multiplies the second by two and returms the product of the f vanabl
i This function IS ‘called blackbox - the: file is: called blackboxm;’
Blackbox.m
function [output] = blackbox{a,b) > 2'1e!p blac.kbox:'
Yhbiackbox{a.b} o
%Adds 1 to argument a and muitiplies b by 2 B blackbox(a b) S
%Returns the product of a and b in the output. S Adds 110 argument a and muttiplies.b I
% : 'Returns the pmduct of & and B ln fhe output
%I the two variables are not of the same size, =
%ihe farger variable is stripped 1o be the same | | lfthe two va_ﬂ,a_bles are no! of the same 5|ze
%size ays the smalier, .. the larger variable is stripped to be the san
| sizeas the smal[er L

%Determing the lengths of each vector
ia = length{a) ; Ib = length(b);

a=a+1t;b=h*2;

%Compare the lengths! if a ia sherder than b,
%iruncate b, clherwise truncate a, Ly
ifla<lib St 203

output = a .* b{1:a); : :
else - 2> hiackbox(x,y)..
output = a(1:lb) * b; ans = ol
end [ 4. 12, 24
03/02/2009 lic. ing. Van Landeghem D. 1i

A function in MATLAB is a special kind of M-file. The first line in the file defines the
function, both giving it a name and indicating what values are fo be passed as
arguments to the function and those that are to be generated by the function, much
like a subroutine in other programming languages.

Cnce you have created a function you can use it just as would use a MATLAB-
supplied function.

A useful feature of function files is that the lines that follow the function definition and
begin with a comment symbol (%)} are printed when help is requested for your
function (help your function prints these lines).

The elements in this file that are required in order for MATLAB to recognize it as a
valid function are:

(1) the filename and the function name must be the same,

(2) the vector [output ] is the function output,

(3) and, finaily, the M-file must start with the word function to indicate to MATLAB
that it is a function that may require inputs.

LENGTH Length of vector. LENGTH(X) returns the length of vector X. It is
equivalent to MAX(SIZE(X)) for non-empty arrays and 0 for empty ones.

IF IF statement condition. The general form of the IF statement is

IF expression
statements
ELSEIF expression
statements
ELSE
statements
END

The statements are executed if the real part of the expression has all non-zero
elements. The ELSE and ELSEIF parts are optional. Zero or more ELSEIF parts can
be used as well as nested IF's. The expression is usually of the form expr rop expr
where rop is ==, <, =, <=, »=, 0f ~=.
Introduction to MATLAB Uitgave 2001-2002 lic. ing.Van Landeghem D.
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Example: Creation of a Function in MATLAB 2

. Question 5.: Generate a file. that calcifiates a sing wave with parameters 5Hz for.3 secunds usmg s
; 0,001 sécond intréments and plots the.sine wave versus time with.all axes jabeled RS
. Display-the length of the time sample and the.length of the sing wave-calculaled:« 77770 0

Sine_wave.m

function [output,t] =
%sine_wave

%
b
%

freq ..

time_ince .

% Piot waveform
plot(t,output)
fitle('Sine wave")

sine_wavel(freq,time_win,time_incr)
% Calculates the waveform of a sine that is functi/opféﬁ
time_win ...,
%Calculate the waveform o \ ‘

osf] |

t=({0:time_incr:time_win);
output = sin(2*pitfreq™t);

«tabel{' Time'}, ylabel(sins($))

%Show length of X_ads and Y _ axis
disp(['i.engih time vector :
disp(['Length sine vector :

... frequency in Hz
Hime window in semnﬁ/ﬁ; B SO
.. thme increments is sgeonids

Sinavane

«»sinUSw«S sme wave(SZ 3 {}001)
Length time: vector-" 3 S

SE o piot(ssnus)\ T

R | BNUE, UM,
Lerngth time’ vec}cor 300170

: Lenath sing'v

B ploi(tlme axts stnus

is]=sing, wav :

tor. 3001

' \

; \\ i
1 | \ IR

a
os 1 [0 2 F13 a

sinaily

Time

L numz2str{length(t))])

] u} | J \/ \\

' num2strilength{ouiput)}})

03/02/2009

! |

lic. ing. Van Landeghem D.

The elements in this file that are required in order for MATLAB to recognize it as a

valid function are:

(1) the filename and the function name must be the same,
(2) the vectors [output,t ] are the function output, (you can use them both or at least
the single vector "output”)
(3) and, finally, the M-file must start with the word function to indicate to MATLAB
that it is a function that may require inputs.

DISP Display array. DISP{X) displays the array, without printing the array name.

In

all other ways it's the same as leaving the semicolon off an expression except that
empty arrays don't display. If X is a string, the text is displayed.

NUM2STR Convert number to string. T = NUM2STR(X) converts the matrix X into a
string representation Twith about 4 digits and an exponent if required. This is useful

for labeling plots with the TITLE, XLABEL, YLABEL, and TEXT commands.

T

NUM2STR(X,N) converts the matrix X into a string representation with a maximum N
digits of precision. The default number of digits is based on the magnitude of the
elements of X. T = NUM2STR{X, FORMAT) uses the format string FORMAT (see
SPRINTF for details).

Example: num2str{randn(2,2),3) produces the string matrix

Introduction to MATLAB

'-0.433 0.12%
'-1.67 0.288
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Example Analysis of 2 order LP (bode) «

Quastlon g Determme the: relationshlp between the bode ampi;tude fesgmnse and the Iocatlon
S _‘ of poles in:the's-plane far 8,28 ‘order EP Eunctlon with k=10; mn-5 en Q-D fooi

Bode Dlagrams

Ty,

I g . 2 - Fepre 3]
H(s) == e B
Z ~..
/ +2 ;’ a, +a) .

Phase [deg);, Magnituds (dB)

10,5000 « 4.97491
H L +-0,5000 < 4.974%
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TIC Start a stopwatch timer. The sequence of commands TIC, operation, TOC prints
the number of seconds required for the operation.

CLEAR, Clear variables and functions from memory. CLEAR removes all variables
from the workspace.

CLEAR VARIABLES does the same thing. CLEAR VAR1 VARZ ... clears the
variables specified. The wildcard character ™ can be used to clear variables that
match a pattern. For instance, CLEAR X* clears all the variables in the current
workspace that start with X.

TF 15 used for the creation of transfer functions or conversion to transfer function.

Creation: SYS = TF(NUM, DEN) creates a continuous-time transfer function SYS with
numerator{s) NUM and denominator{s) DEN. The oufput SYS is a TF object.

ROOTS Find polynomial roots. ROOTS(C) computes the roots of the polynomial
whose coefficients are the elements of the vector C. If C has N+1 componenis, the
polynomial is C(1)*X N + ... + C(N)*X + C{N+1}).

BODE Bode frequency response of LT (linear time-invariant) models. BODE(SYS)
draws the Bode plot of the LTI model SYS (created with either TF, ZPK, SS, or FRD).
The frequency range and number of points are chosen automatically.

P13
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Example Analysis of 2 order LP (s-plane) :

:mplltude response arzd the: Iocaemn
T with k=10,.0,=5 . en: (=0.1,

: .'Determme the relat:onshlp betw 9 'th_e__b
_of poles in the 5 plana for & 2E rder L P funct

Quest%

s=0+ o

Pole zero map

Real Ax\s
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PZMAP Pole-zero map of LTl models. PZMAP{SYS) computes the poles and
{transmission) zeros of the LTI model SYS and plots them in the complex plane. The
poles are plotted as x's and the zeros are plotted as o's. When invoked with left-hand
arguments, [P,Z] = PZMAP{SYS) returns the poles and zeros of the system in the
column vectors P and Z. No plot is drawn on the screen.

MIN Smallest component. For vectors, MIN(X) is the smallest element in X. For
matrices, MIN(X) is a row vector containing the minimum etement from each column.

MAX Identical to MIN except that this function returns the largest component.

AXIS Control axis scaling and appearance. AXIS([XMIN XMAX YMIN YMAX]) setfs
scaling for the x- and y-axes on the current plot.

Introduction to MATLAB Uitgave 2001-2002 lic. ing.Van Landeghem D.



DE NAYER instituut Opleiding Elektronica

Exampile: Analys:s_ of 2 order LP

Questmn 6 Determlne the reiat:onshap between th:' .ode ampi:‘tude tesponse and the Iocation
: o of poles in the s-piaﬂe for:a: ze order LP functlon wnh k-10 Ay -5 en: C;--D 1

Fraquency respanse; 2 ordat LP system

 sigmaifses) ornega frad/sec)

rmap{hsv) \re 37, 5+90 30)
), label gt db) )
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ZEROS Zeros array. ZEROS(N} is an N-by-N matrix of zeros.
ZEROS(M,N} or ZEROS([M,N]) is an M-by-N matrix of zeros.

ZEROS(M,N,P,...) or ZEROS({IM N P ...]) is an M-by-N-by-P-by-...
array of zeros.

ZEROS(SIZE({A)) is the same size as A and all zeros.

FREQRESP Freguency response of LTi models, H = FREQRESP{SYS W)
computes the frequency respense H of the LTl model SYS at the frequencies
specified by the vector W. These frequencies should be real and in radians/second.

FOR Repeat statements a specific number of times. The general form of a FOR
statement is:

FOR variable = expr, statement, ..., statement END

Long loops are more memory efficient when the colon expression appears in the FOR
statement since the index vector is never created. The BREAK statement can be
used to terminate the loop prematurely.

SURFC Combination surf/contour plot. SURFC(...) is the same as SURF(...} except
that a contour plot is drawn beneath the surface.

SURF 3-D colored surface. SURF(X,Y,Z,C) plots the colored parametric surface
defined by four matrix arguments. The view point is specified by VIEW. The axis
labels are determined by the range of X, Y and Z, or by the current setting of AXIS.
The color scaling is determined by the range of C, or by the current setting of CAXIS.
The scaled color values are used as indices into the current COLORMAP. The
shading model is sef by SHADING. SURF(X,Y,Z) uses C = Z, so color is proportional
to surface height.

Introduction to MATLAB Uitgave 2001-2002 lic. ing.Van Landeghem D.
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Example: Analysis of 2 order LP relationship «

Frequency responss: 2 order LP system
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SHADING Color shading mode. SHADING controls the color shading of SURFACE
and PATCH objects. SURFACE and PATCH objects are created by the functions
SURF, MESH, PCOLOR, FILL, and FILL3.

SHADING FLAT sets the shading of the current graph to flat.
SHADING INTERP sets the shading to interpolated.
SHADING FACETED sets the shading to faceted, which is the default.

Flat shading is piecewise constant; each mesh line segment or surface patch has a constant color
determined by the coler value at the end point of the segment or the corner of the patch which has the
smaliest index or indices.

Interpolated shading, which is also known as Gouraud shading, is piecewise bilinear; the celor in each
segment or patch varies linearly and interpolates the end or corner values.

Faceted shading is flat shading with superimposed black mesh lines. This is often the most effective and
is the default.

COLORMAP Color look-up table. COLORMAP(MAP) sets the current figure's
colormap to MAP. COLORMAP('default’) sets the current figure's colormap to the
root's default, whose setting is JET. MAP = COLORMAP retrieves the current
colormap. The values are in the range from 0 o 1. A color mag matrix may have any
number of rows, but it must have exactly 3 columns. Each row is interpreted as a
color, with the first element specifying the intensity of red light, the second green, and
the third blue. Color intensity can be specified on the interval 0.0 to 1.0

For example, [0 0 0] is black, [1 1 1] is white, [1 0 0} is pure red, [.5 .5 .5} is gray, and
[127/255 1 212/255] is aguamarine.

HSVY Hue-saturation-value color map. HSV(M) returns an M-by-3 matrix containing an HSV colormap.
HSV, by itself, is the same length as the current colormap. An HSV colormap varies the hue component
of the hue-saturation-value color model. The colors begin with red, pass through yellow, green, cyan,
biue, magenta, and return to red. The map is particularly useful for displaying periedic functions.

For example, to reset the colormap of the current figure: colormap(hsv}
See alsc GRAY, HOT, COOL, BONE, COPPER, PINK, FLAG, PRISM, JET...

TOC Read the stopwatch timer. TOC, by itself, prints the elapsed time (in seconds)
since TIC was used. t=TOC,; saves the elapsed time in t, instead of printing it out.

Introduction to MATLAB Uitgave 2001-2002 lic. ing.Van Landeghem D.
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Example: Signal Sampling and Playback

@I_.Questzon 7. Generate a ﬁle that ganerates a d|screte sme wave wnh parameters 440Hz and m*:m;aia AT

{software respectlvally the soundbla'ste'r ha Ware 'ari the- ?v%atiah faiciiog sound.
<. Verify the impfi¢ation of the paramefers sample_ frequency and quantization bits.

“ genorate sine
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: :.1': Quantlzatloe-
P > sound{x fs 8)
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?/ ';_._>_> sound{x,fsf'z‘jﬁ).

> sour;d{xM fs 16)
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HOLD Hold current graph. HOLD ON holds the current plet and all axis properties so that
subsequent graphing commands add to the existing graph. HOLD OFF returns to the default mode
whereby PLOT commands erase the previous piots and reset all axis properties before drawing new plots.
HOLD, by itself, toggies the hold state. HOLD does not affect axis autoranging propetiies.

Aigarithm note: HOLD ON sets the NextPlot property of the current figure and axes to "add". HOLD OFF
sets the NextPlot property of the current axes to "replace”,

STEM Discrete sequence or "stem” plot.  STEM(Y) piots the data sequence Y as stems from
the x axis terminated with circles for the data valuze. STEM(X,Y) plots the data sequence Y at the values
specified in X. STEM(...,'filled) produces a stem plot with filled markers. STEM(...,'LINESPEC') uses the
line type specified for the stems and markers. See PLOT for possibilities. H = STEM{...) returns a vector
of fine handles.

STALK Has the same functionality as STEM, except that there are no terminated

circles for the data values.
Note : This function is not a member of the MATLAB function library.

SOUND Play vector as sound. SOUND(Y,FS) sends the signal in vector Y (with
sample frequency FS) out to the speaker on platforms that support sound. Valuesin Y
are assumed to be in the range -1.0 <= y <= 1.0. Values outside that range are
clipped. Stereo sounds are played, on platforms that support it, when Y is an N-by-2
matrix. SOUND(Y) plays the sound at the default sample rate of 8192 Hz
SOUND(Y,FS,BITS) plays the sound using BITS bits/sample if possible. Most
platforms support BITS=8 or 16.

WAVWRITE Write Microsoft WAVE (".wav") sound file.
WAVWRITE(Y FS NBITS,WAVEFILE) writes data Y fo a Windows WAVE file
specified by the file name WAVEFILE, with a sample rate of FS Hz and with NBITS
number of bits. NBITS must be 8 or 16. Stereo data should be specified as a matrix
with two columns. Amplitude values outside the range [-1,+1] are clipped.
WAVWRITE(Y FS,WAVEFILE) assumes NBITS=16 bits. WAVWRITE(Y WAVEFILE)
assumes NBITS=16 bits and FS=8000 Hz.

Introduction to MATLAB Uitgave 2001-2002 lic. ing.Van Landeghem D.
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Example Signal Manipulation and Playback 1

- "speech wav file that contalns some speech mformat]on and put it through a LP faiter

)

: E_ ?i&ybauk the ortglnai daia stream usmg the %uﬁdbi&&mr hardware and the i’ﬁat ab ﬁmctisn" ;
i goundand compree IE wih the filtered datns :
“Verify the'implication i time doma:n of he fi Iter parameters order and natural frequency
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subplot(3.1.2) plo
subplot(3,1,3),pfal

03/02/2009 lic. ing. Van Landeghem D. 18

WAVREAD Read Microsoft WAVE (".wav") sound file. Y=WAVREAD(FILE) reads a
WAVE file specified by the string FILE, returning the sampied data in Y. The ".wav"
extension is appended if no extension is given. Amplitude vaiues are in the range [-
1,+1]. [Y.FSNBITS]"WAVREAD(FILE) returns the sample rate {FS) in Hertz and the
number of bits per sample (NBITS) used fo encode the data in the file.
[...]=WAVREAD{FILE N} returns only the first N samples from each channel in the file.
[.."WAVREAD(FILE,[N1 N2]) returns only samples N1 through N2 from each
channel in the file. SIZ=WAVREAD(FILE,'size") returns the size of the audio data
contained in the file in place of the actual audio data, returning the vector
SiZ={samples channels]. [Y,FS,NBITS OPTSI=WAVREAD(...} returns a structure
OPTS of additional information contained in the WAV file. The content of this
structure differs from file to file. Typical structure fields include '.fmt' (audio format
information) and ".info' (text which may describe subject title, copyright, etc.} Supports
multi-channel data, with up to 16 bits per sample.

BUTTER Butterworth digital and analog filter design. [B,A] = BUTTER{N,Wn)
designs an Nth order fowpass digital Butterworth filter and returns the filter
coefficients in length N+t vectors B (numerator) and A (denominator). The
coefficients are listed in descending powers of z. The cut-off frequency Wn must be
0.0 < Wn < 1.0, with 1.0 corresponding to half the sample rate. If Wn is a two-
element vector, Wn = [W1 W2], BUTTER returns an order 2N bandpass filter with
passband W1 < W < W2. [B,A] = BUTTER({N,Wn,high) designs a highpass filter.
[B,A] = BUTTER(N,Wn,'stop") is a bandstop filter if Wn = [W1 W2]. When used with
three left-hand arguments, as in [Z,P,K] = BUTTER(...), the zeros and poles are
returned in length N column vectors Z and P, and the gain in scalar K. When used
with four left-hand arguments, as in [AB,C,D] = BUTTER(...), state-space matrices
are returned. BUTTER(N Wn,'s", BUTTER(N,Wn, 'high''s') and
BUTTER({N,Wn,'stop','s") design analog Buiterworth fillers. in this case, Wn can be
bigger than 1.0.

Introduction to MATLAB Uitgave 2001-2002 lic. ing.Van Landeghem D.
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Example: Signal Manipulation and Playback -
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FILTER One-dimensional digital filter. Y = FILTER(B,A X) filters the data in vector X
with the filter described by vectors A and B to create the filtered data Y. The filteris a
"Direct Form | Transposed” implementation of the standard difference equation:

a(1)*y{n} = b(1)*x(n) + b{2}*x(n~-1) + ... + bnb+1)*x(n-nb) - a{2)*y{n-1) - ... - a{na+1)*y(n-na)

If a(1)} is not equal to 1, FILTER normalizes the filter coefficients by a{1}). When Xis a
matrix, FILTER operates on the columns of X. When X is an N-D array, FILTER
operates along the first non-singleton dimension. [Y,Zf] = FILTER(B,A X Zi) gives
access to initial and final conditions, Zi and Zf, of the delays. Ziis a vector of length
MAX(LENGTH(A),LENGTH(B))-1 or an array of such vectors, one for each column of
X FILTER(B,A X[.DIM) or FILTER(B,A,X Zi,DIM) operates along the dimension
DiM.

CHEBY1 Chebyshev type | digital and analog filter design. [B,A] = CHEBY1(N.R,Wn)
designs an Nth order lowpass digital Chebyshev filter with R decibels of ripple in the
passhand. CHEBY1 returns the filter coefficients in length N+1 vectors B (numerator)
and A (denominator). The cut-off frequency Wn must be 0.0 < Wn < 1.0, with 1.0
corresponding to half the sample rate. Use R=0.5 as a starting point, if you are
unsure about choasing R. If Wn is a two-element vector, Wn = [W1 W2], CHEBY1
returns an order 2N bandpass filter with passband W1 < W < W2, [BA] =
CHEBY1(N,R,Wn,high'} designs a highpass filter. [B,A] = CHEBY1(N,R,Wn,'stop’) is
a bandstop filter if Wn = [W1 W2]. When used with three left-hand arguments, as in
[Z P K] = CHEBY{...), the zeros and poles are returned in length N column vectors Z
and P, and the gain in scalar K. When used with four left-hand arguments, as in
JA.B,C.D] = CHEBY1(...}, state-space matrices are returned. CHEBY1(N,RWn,'s’},
CHEBY1(N,R,Wn 'high''s") and CHEBY1{N,R,Wn,'stop’,'s") design analog Chebyshev
Type | filters. In this case, Wn can be bigger than 1.0.
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Example Slgnal Mampulatlon _ap_d Playback 2
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ROUND Round towards nearest integer. ROUND(X) reunds the elements of X to the nearest integers.
See also FLOOR, CEIL, FIX.
ZEROS Zeros array. ZEROS(N} is an N-by-N matrix of zeros. ZEROS(M,N) or ZEROS(M,N]) is an M-

by-N matrix of zeros. ZEROS(M,N,P,...} or ZEROS{M N P ..} is an M-by-N-by-P-by-... array of zeros.
ZEROQOS(SIZE(A)) is the same size as A and all zeros.

ONES The same as ZEROS exception that the the matrix content are Ones.

PLOT Linear plot. PLOT(X,Y) plots vector Y versus vector X. If X or Y is a matrix,
then the vector is plotted versus the rows or columns of the matrix, whichever line up.
If X is a scalar and Y is a vector, length(Y) disconnected points are plotted PLOT(Y)
plots the columns of Y versus their index. If Y is complex, PLOT(Y) is equivalent to
PLOT(real(Y),imag(Y)). In all other uses of PLOT, the imaginary part is ignored.
Various line types, plot symbols and colors may be obtained with PLOT{X,Y,S) where
S is a character string made from one element from any or all the following 3
colunms: '

¥ yellow point solid

m magenta o circle dotied
[4 cyan X x-mark - dashdot
r red + plus - dashed
g green * star
b blue s square

W white d diamend

k black triangle {down)

” triangle {up)
friangle (ieft)
triangle (right)
pentagram

Tw v A

hexagram

Introduction to MATLAB
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Example: Signal Manipulation and Playback 4
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PLOT {continued)

For example, PLOT(X)Y,'c+:") plots a cyan dotted line with a plus at
each data point; PLOT(X,Y,'bd") plots blue diamond at each data point
but does not draw any line.

PLOT(X1,Y1,81,X2,Y2,52,X3,Y3,83,...) combines the plots defined by the {X.Y,5)
triples, where the X's and Y's are vectors or matrices and the S's are strings.

For example, PLOT(XY,'y- . X,Y,'go'} plots the data twice, with a solid yellow line
interpolating green circles at the data points.

The PLOT command, if no color is specified, makes automatic use of the colors
specified by the axes ColorOrder property. The default ColorOrder is listed in the
table above for color systems where the default is yellow for one line, and for multiple
fines, to cycle through the first six colors in the table. For monochrome systems,
PLOT cycles over the axes LineStyleOrder property.

PLOT returns a column vector of handles to LINE objects, one handle per line.

The XY pairs, or X)Y,S triples, can be followed by parameterivalue pairs to specify
additional properties of the lines.

See also SEMILOGX, SEMILOGY, LOGLOG, GRID, CLF, CLC, TITLE, XLABEL,
YLABEL, AXIS, AXES, HOLD, COLORDEF, LEGEND, and SUBPLOT.
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Analog breadbord work
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The practical way to check an electrical circuit is to build it.

However, in the case of components which are connected on an integrated circuit,
they are much smaller than individual discrete components. Physical effects that
are negligible for normal circuits, such as a stereo amplifier, are important for
microcircuits. So the circuits cannot be assembled from components in the lab. To
give the correct test results, the circuit had to be physically built, which is expensive
and time consurning.

On the other hand for discrete circuits, just like for integrated circuits mentioned
before, the designs are pressed for shedule time, budget expense and
manufacturing yield. Check a circuit idea by building a breadboard is :

-time consuming and expensive.
-needs special test equipment.

-doing some tests would destroy the circuit itself before the resulis
are available.

Building a prototype of the integrated circuit or the discrete circuit is necessary, but
must be prepared by a circuit simulation design cycle.

Introduction to SPICE Uitgave 2001-2002 lic. ing.Van Landeghem D.
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Analog circuit simulation
NOT DESIGN THE CIRCUIT FOR YOU il

Design entry Design verification

Mfb Ip filter
VIN 100 AC 1V

.inc 11084, cir

vee 100 0 de 15v

vee 2000 do-15v

R11 1011 10k

R12 11143 10k

R13 1112 10k

G111 1312 27n

c12 11 0 100n

XOPAMP 012 100200 13 7L084
JAG DEG 100 10HZ 10megHZ
PROBE

END
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SPICE (Simulation Program with Integrated Circuit Emphasis), from the University
of California, at Berkeley, is an analog circuit simulation tool. PSpice is a PC
version of the SPICE family of circuit simulators, all of which derive from the
SPICE2 circuit simulator. SPICEZ2 evolved from the original SPICE program.
Tremendous effort created a simulator whose algorithms are robust, powerful and
general. SPICEZ2 quickly became an industry standard ool in the mid 1870s. Since
this development was supported using public funds the software is « in the public
domain », which means it may be freely used.

PSpice uses the same algerithms as SPICE2 and is conform to its input syntax.
PSpice became a « lab bench » on which you create test circuits and make
measurements. With PSpice you can check a circuit idea before building a
breadboard, even before ordering the parts {PSpice is technology independent).
You can try out ideal operation by using ideal components to isolate limiting effects
in your design. Simulated test measurements can be made, which are:

-Difficult (due to electrical noise or circuit loading)
-Inconvenient (special test equipment is unavailable or expensive)
-Unwise (the test circuit would destroy itself)
However, PSPICE WILL NOT DESIGN THE CIRCUIT FOR YOU!I
Running a simulation requires several basic accomplishments:
-Create the input file or circuit file (file.cir)
-Run the simulator
-Find where the output went
-inspect and interpret the cutput

Introduction to SPICE Uitgave 2001-2002 lic. ing.Van Landeghem D.
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Getting started with a small circuit

: . Resistor devider
[rem— - *the first line is the title line
: vinl 0 6Gvolt ;you may also write : 6 or Gv
L ithis is a dc voltage source
L R1 12 10ohm :PSpice is not case sensitive
O 2 20 200 ithis means 20 chm
and

Resisior devider L

seve " SMALL SIGNAL BIAS SOLUTION .~ TEMPERATURE.= 27.000 DEGC -

NODE VOLTAGE. e
LAY 80000
{2y 40000

" VOLTAGE SOURCE CURRENTS.
NAME . GURRENT . RREERE AT o

- TOTALPOWER DISSIPATION 1.20E+00 WATTS, 1"
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The best way to learn a circuit simulator is to « do » simulations. Therefore we use
a small circuit (resistor divider) that you know, by inspection, will work. Create and
run the above simulation on your system.

Describe the circuit file « rdevider.cir ». PSpice always expects the first line of the
circuit file to be a title line. A title line can contain a sentence such like « resistor
divider » but can also start with a « * » which also indicates a comment line. The
last line is indicated by « .END ", which completes the description of the entire
circuit including any simulation controls. Between the first line (title line) and the last
line, the circuit file may be in almost any order.

You may think of the nodes as the connecting wires or lines in the circuit schematic.
in SPICE?2 these nodes are positive integers, including O, which is reserved to mean
« ground ». PSpice does not require that you use integers (any text string will do),
but O is still « ground ». Every circuit file must have a ground node, as a reference,
and every other node in the circuit file must have a DC current path to ground.
PSpice also requires that all terminals be connected to at least one other terminal,
(Otherwise you create dangling wires.)

The circuit file for our example uses only two-terminal devices, a voltage source and
two resistors. A separate line is used to describe each element in the circuit. The
basic syntax is: <name> <node> <node> ... <value> the device « value » is a
number, either decimal or floating point, that describe the size of the device. After
the value you may include a unit such as « volt » or « ochm » for your own use.

Any line may be a comment line by starting it with a « * » in the first column. You
can also insert comments on any line by starting the comment with « ;» . Blank
lines are ignored.

The simulation resuits can be found in the output file « rdevider.out » and consists of
at least a «small signal bias solution », this is the DC bias-point.

Introduction to SPICE Uitgave 2001-2002 lic. ing.Van Landeghem D.
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Component values

PSnice metric-dike suffy 0 Exampls
F fempto 10718 S I 4 18000
P pico 1012 & E 1B0000hm
N nano 100 & 18k
U micro 109 ¢ 18kolm
M milk 108 5000
K kilo 100 18 30hm
MEG  mega 10*6 8.015meyg
p giga 109 s o
T tera 10%2

03/02/2009 lic. ing. Van Landeghem D. 4

All of the quantities, or values, in PSpice may be expressed as decimal or floating-
point values.

Also, PSpice lets you use a metric-like suffix to express a value. These suffixes
multiply the number they follow by a power of ten. Using the suffix notation aflows
values written into the circuit file to look like the values on a circuit schematic. This
is a great convenience that removes a source for most simulation errors, using the
wrong component values.

Introduction to SPICE Uitgave 2001-2002 lic. ing.Van Landeghem D.
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PSpice Devices

¥ ; i i :
H
: H
i :
1 i

Passive ' Independent Dependent: Dependent  Active | Subcircuits
Devices| Sources = Sources . Switches Devices |
Linear V volt. source Linear & S D Diode X subcircuit
R resistor | curr. source Mon-Lin, W J junction FET call
C capacitor . Ecy Q Bip. Trans.
L inductor G B GaAs FET
Kind. coupl. F:i M MOSFET
T trans. line Mo
i
Non-Linear
C capacitor
L inductor
03/02/2009 lic. ing. Van Landeghem D. 5

Device models (or just models) are PSpice's way of collecting the operating
characteristics of a circuit element (device). So far we have worked only with fairly
simple passive devices, such as resistors, and even these devices can make good
use of having a model. But especially for active devices, such as diodes and
transistors, it is essential to collect the numerous parameters that describe how the
device will behave and refer to that particular set of parametric values by a
shorthand name. This lets you label each instance of the device, in the circuit file,
by a name that is convenient and mnemonic. Furthermore, when you decide to
change the model parameters this needs to be done only in the device modet and it
will affect the entire device in your circuit file, which refer o that model.

The .MODEL statement sets aside a set of parametric values for reference by
devices in PSpice. Not every device needs a model; for example, resistors that do
not refer to a model are assumed to have a constant resistance value for all
simulations. Every device, which does refer to a model, must have that model
defined, which means it needs to have a .MODEL statement that completes the
description for how the device will operate.

The syntax for the statement is
.MODEL <name> <type name> ([<parameter name> = <value>]*)
Some of the following slides will illustrate the use of the .MODEL statement.

Introduction to SPICE Uitgave 2001-2002 lic. ing.Van Landeghem D.
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Passive components

Fansive devices using value spag Passive devices using model spee. :

* +node -node value ¥ +node -node model  multiplier
Resistori 1 2 18k Resistore 1 2 rmod 15
Linductor1t 2 3 10m Linductorz 2 3 imod 10
Capaciter! 3 0 1.2u Capacitor2z 3 o cmod 1.2k
* Lname Lname coupling .model rmod res{r= 1k dev 5% ..)
Kind_coupling iprim Lsec 0.8 .modei [mod ind{l= 1m dev 10% ...)

.model cmod cap{c =1n dev 20% ...}

Resistorl = 15K = Resis{or2
Linductor1 = 10mH = Linductor2
Capacitor? = 1.2uF = Capacitor2

03/02/2009 lic. ing. Van Landeghem D. 6

As you can see, the names for devices start with an alphabetic letter reserved for
that device. These letters correspond fo the standard ones used on circuit
schematic diagrams for labelling devices. For instance, if you used R24 as the label
of a resistor in a schematic then you would probably use R24 in your circuit file as
the name of that resistor. The remaining letters of the component name may be
alphabetic or numbers.

Since PSpice is not case sensitive we can use: RSENSE1 = Rsenset = rsense.
They all refer to the same device.

If a model name is included, the vaiue of the passive device is depending of the
multiply value at the component line and the nominal value parameter at the

« .model » line. The second parameter «dev » in the «.model » lines of the example
above is a tolerance parameater, which can be used in conjunction with the Monte
Carlo Analysis.

The .MODEL statement defines a set of device parameters, which
can be referenced by devices in the circuit. <Rmod, Lmod and
Cmod> are model names, which devices use to reference a particular
model. <name> must start with a letter. it is good practice to make
this the same letter as the device name (e.g., R for resistor, C for
capacitor and L for inductor), but this is not required. LOT tolerances
track, so that all devices that refer to the same model will use the
same value of the model parameter. DEV tolerances are
independent. The "%" indicates a relative (percentage) tolerance.

More information about passive model parameters can be found in the «PSpice
devices summary »

Introduction to SPICE Uitgave 2001-2002 lic. ing.Van Landeghem D.
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Independent source components

! - L Indanendant SOUTCes
!« T i * +node -node DCvalue

o Vsupply 1 0 [DC} &v

L Isupply 2 0 100mA

[ +node -node AC specification

yo magnitude phase

¢ Volt_int 2 0 AC1v

| Voit_in2 3 0 AC1v 90

P +node -node transient specification

i* Vo Va freq td df phase

Vsin 4 0 sin {1v 2v 100hertz 10ms 40 180degree)

Yo Vinit Vpulse td r ff pw per

";\ Vpuse 5 0 pulse{-05v 2v &ms 2ms 4ms 5ms 20ms)
i vl 12 v2 3 vd t v4..
Wpwi 6 0 pwl (0OsOv 1ms1v 3ms 1.5v 4ms-0.5v

+ 5ms -0.5v 20ms 2v 21ms 1.9v)

* Vinit Vpeak td rise taurise td fali tau fail

P Exp 7 0 exp (D5 2v 10ms 6ms 30ms 12ms)

03/02/2009 lic. ing. Van Landeghem D. 7

To simulate your circuits you will also need some way to tell PSpice what is exciting
or supplying electrical power to the circuit. For this we use independent sources,
which supply a fixed voltage level or current flow. A voltage source is like a battery
or lab-bench power supply. Current flows using the positive current convention out
from the positive terminal (+node) through the circuit and then into the negative
terminal {-node). Butwhy, in our first example, did PSpice calculate the supply
current as a negative value? Because PSpice print the value of a current through a
device. « Through » means into the +node and out the -node. In this case the
current was flowing out the +node, so the current has a negative value.

An independent source can have a DC specification, an AC specification or a
transient specification.

The DC specification can be used for the simulation of the power supply component
of the circuit.

The AC specification is used during the frequency domain analysis of the circuit, for
fnstance: bode plots, input impedance, output impedance etc.

The transient specification is used during the time domain analysis of the circuit.
The transient source must be one of. EXP{exponential waveform),
PULSE(waveform}, PWL{piecewise linear waveform), SFFM(single-frequency FM
waveform) or SIN(sinuscidal waveform).

More syntax information about independent sources can be found in the «PSpice
devices summary »

Introduction to SPICE Uitgave 2001-2002 lic. ing.Van Landeghem D.
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Dependent source components

Linesr dependant souroas Eveve: .
V1-v0 = (V10-v20) * 100G voltage gain = 1000

* +out -out +cti_n -ctr_n Guoce: |
Evevs 1 0 10 20 1000 : . g
Gvies 3 o a0 40 0.002 13 = (V30-V40) * (1/5004) transconductance = 0.002 |
Fooos:
* +out -out  clr_Vdevice = 1(\iny * n=
Focos 5 0 vin 100 15 = 1(Vin} * 100 current gain = 100
Hoovs 7 4] Vin 500 | Heovs:
V7-V0 = I{Vin) * 500Q {ransresistance = 500
(3/02/2009 lic. ing. Van Landeghem D. 8

The controlled sources are one of the most useful features of PSpice. Controlled
sources measure voltage or current and use the measured value to control its
output (also a voltage or a current). Allowing two types of input (V an I} and output
yields four combinations of input/output:

-VCVS voltage-controlled voltage source
-CCCS current-controlled current source
-VCCS voltage-controlled current source
-CCVS current-controlled voltage source

When the measured input is voltage, the output voltage or current is controlled by
the voltage present at the controiling nodes.

When the measured input is current, the syntax is different. PSpice needs to be told
which current, that is, the current through which device. PSpice measures currents
through voltage sources (fixed value V devices). Instead of controlling nodes the
syntax includes the name of the V device that has the controlling current.

Besides the linear case of controlled sources in the previous explanation, we refer to
the «PSpice devices summary » for the polynomial controlled sources and the
multiple input controlled sources.

Introduction to SPICE Uitgave 2001-2002 lic. ing.Van Landeghem D.
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03/02/2009

Active components

Antive devines ;
*

ancde cathode model
Diode 1 2 Dmod

* coliecter base emitter model
Qbip_trans 2 3 4 Gimod

* drain gate source madel
Mosfet 5 6 7 Mmod
Junction_Fet 8 9 10 Jmod

model Dmod D 1S=6.9E-16 RS=10 VJ=0.7
.nodel Qmod npn

+TF=0.3n3 KF=1E-16 ...

lic. ing. Van Landeghem D.

BV=40 ...
I1S=1E-16A BF=500 VAF=40V CJE=1pF CJC=2pF

If we use an active device like a diode or a transistor, we must refer to a model for
that device instead of simply adding a single value.

Lets take a quick overview of some diode model parameters.

The parameter IS means the saturation current. In the Shockley equation, the pn
junction current is defined as followed:

pn junction current = Is . (e VI(k.T/q) - 1)
Where k and q are physical constants and T is the simulation temperature.

The parameter RS means the parasitic junction resistance and VJ is the pn
potential. The reverse breakdown voltage BV is an interesting parameter to create
a zenerdiode. In that case you also have to change the «anode» and «cathode»
node in the Diode line.

Much more information about active model parameters can be found in the «PSpice
devices summary »

Introduction to SPICE
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PSpice Analyses
Tvai MG AC analysis I”TRAN analysis |
bC anaIyS|s Monte Carlo i y ; . i y
DC equivalent statistical pe Operat'%??iﬁm.,.h.,.m Start~pomi ]
-time dep. sources: | analysis
V's are shoris,
I ’s are opens
-L 's are shorts : DC equivalent CTRAN
-G s are opens ] »DC lbias-_p(?int fransient
S M >Imears§mg time domain
{small-signal) !
TF B SENS SRS MNOISE FOUR
DC transfer DCsweep DC sensitivity freq. domain noise harmonic
function decomposition
Results to output files -
03/G2/2009 lic, ing. Van Landeghem D. 10

in PSpice about 8 different types of analysis are used.

The DC analysis starts to create a DC equivalent circuit. In such a circuit all of the
time dependent sources are out of interest, inductors are shortened and capacitors
are opened. Now PSpice is able to determine the bias-point of the circuit,
eventually as a function of a certain source (ex. a voltage supply). A sensitivity
analysis can be executed on the DC-circuit. Here by, a variation (in %) of voltage or
current will be determined as a function for each different circuit element.

The AC analysis also staris creating a DC circuit to determine the bias-point or
operation point. Around this operation point, liberalization takes place. On the
linearized AC-circuit, an AC-analysis can be executed for a certain frequency
spectrum. The AC-analysis feature allows us to determine the small signal
distortion and the noise properties of the circuit.

The transient analysis starts to determine the start-point of this time domain
analysis. On a default base, capacitors are considered without any charge and
inductors without any magnetic flux. By the use of numerical integration voltages
and currents will be determined in successive time points. Based on the transient
analysis PSpice can determine the Fourier coefficients of one or more output
signals.

In aimost every analysis an iterative calculation takes place for different values of a
parameter, for example the parameter frequency in the case of an AC-analysis and
the parameter time in the case of the fransient analysis. 1n one PSpice simulation,
different types of analysis can take place on a certain circuit. As a supplement
feature, PSpice allows designers to calculate every analysis type for a specified
temperature in an overall calculation loop.

lic. ing.Van Landeghem D.
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DC analysis

*Resistor devider
*TF, DC swesp, Sens analysis
7 Vin 1 0 8V

R1 12 10
R2 20 20

TE _V(2) Vin

. L |A.SENS V(1) V(2)
{ 0 ARDC ViR 1V 50V 0.5V
]—;ﬁl "/ |LPRCBE
/| end

i SMALL SIGNAL CHARACTERIST!CS
V(2¥VIn'= 66676017 .
iNPUT RESISTANCE AT Vin = 3. 000E+01

B OUTPUT RESISTANCE ATV = 8, EBTEHJD

R
Vs

ox D'CSENSITIVITYANALYSiS TEMPEm;ggggz? 000PEGC
B SENSITIVITIES OF GUTEUT V(T)

“ELEMENT ELEMENT. .. ELEMENT - NORMALIZED
CNAME . VALUE . . SENSITIVITY SENSITITY

: L (VOLTSIUNIT) (VOLTSIPERGENT)
R1 1.000E+!3_1; - 0.0D0E00: - D.000E408, 7 10
‘- R2 © 2.000E+01, 0, 0.000E+00 T 0.000E400. . L

©vin T 6.000EROD _:_1coos+m)

‘6.000E-02  :

DC SENSITI\.‘]TEES OF OUTPUT V(2) S
TELEMENT © ELEMENT.  ELEMENT . NORMALIZED -
= NAM_E STVALUET o0 SENSITIVITY : SENSITIVITY

S . (VOLTSIUNIT) (VOLTS/PERCENT}
. Ri. o LOGDEHDT . ~4.333E-01 . -1.333E-02 7.
R2 ‘2.000E+01 . BSBTE-G2 | 1.333E-02
vin 6,000E+00 - S867E01" 400002 -~
03/02/2009 lic. ing. Van Landeghem D. I

As a default, the simulator starts to calculate the DC-operation point of the circuit.

The .TF statement causes the small-signal transfer function to be calculated by
linearizing the circuit around the bias-point. The gain from input source name Vin to
the output variable V{2) will be output along with the input and output resistances.
The output is done as soon these guantities are calculated and does not require
\PRINT, .PLOT, or .PROBE statements.

The .SENS statement causes a DC sensitivity analysis to be performed. By
finearizing the circuit around the bias-point, the sensitivities of each of the output
variables V(1) and V(2) to all the device values and model parameters will be
calculated and output. This can easily generate huge amounts of output.

The .DC staterment causes a DC sweep analysis {o be performed on the circuit.
The DC sweep analysis calculates the circuit's bias-point over a range of values
from 1V to 10V with a step size equal to 0.5V. Because there is no additional
sweep information in the statement, the sweep will be executed linearly.

The .PROBE statement writes the results from DC, AC, and transient analyses to a
data file named PROBE.DAT for use by the Probe graphics post-processor,

Introduction to SPICE Uitgave 2001-2002 lic. ing.Van Landeghem D.
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;;;;;;;;;;;;;;;;;

1 i G o1
I T T
iy e : e
S : 1
| e | R
LI e l N i
*Resistor deviders & RC ¥ H
Vin 1 0 evraen MG
+PULSE(Ov 8v 15ms 1u tu 15ms 30ms} .
Rt 12 10
Rz 20 20
Rre 23 30
Cre 30 100u | o
R3 34 10 : B B o
R4 40 20 // K *“Resistor deviders & RC
FRAN 1ms 45ms g i Vineq 1 0
'PROBE i s;miﬁimmn +BULSE(OV 4v 15ms 1u 1u 15ms 30ms)
end 1 eguivalent |Rout 12 6667
! : Re 23 30
i Crc 3 0 100u
: Rin 30 30
TRAN 1ms 45ms
PROBE
[ st .end
03/02/2009 fic. ing. Van Landeghem D, 12

Vin is an independent voltage source with in this case a transient specification of a
pulse description.

Positive current flows from the (+) node through the source to the (-) node. The
default value is zero for the DC, AC, and transient values. None, any, or all of DC,
AC, and transient values may be specified.

The transient specification is: PULSE {<v1> <v2> <td> <tr> <tfl> <pw> <per>})

Parameters Default value Units
<y{> initiai voltage none volt
<v2> pulsed voltage none volt
<td> delay time 0 sec
<tr> rise time TSTEP sec
<ff> fall time TSTEP sec
<pw> pulse width TSTOP sec
<per> period TSTOP sec

The .TRAN statement causes a transient analysis to be performed on the circuit.
The transient analysis calculates the circuit's behavior over time, starting at TIME =
0 and going to 45ms. The transient analysis uses an internal time step, which is
adjusted as the analysis proceeds. Over intervals where there is little activity, the
internal time step is increased and during busy intervals it is decreased. 1ms is the
time interval used for printing or plotting the results of the transient analysis.

Introduction to SPICE Uitgave 2001-2002 lic. ing.Van Landeghem D.
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AC analysis:

4 5 *RG frequency responsie
[ Vin 10 ACTv

- : Rre 1 2 300
A

Crc 2 0 100u

AG dec 50 1Hz 1KHz
. g PROBE
end

03/02/2009 lic. ing. Van Landeghem D, 13

Vin is an independent voltage source with in this case an AC specification.

Positive current flows from the (+) node through the source to the (-) node. The
default value is zero for the DC, AC, and fransient values. None, any, or all of DC,
AC, and transient values may be specified. The AC phase value {if present) is in
degrees.

Note that the input level selected for the AC source is 1 volt. Since frequency
response analysis is a small-signal analysis, this choice simplifies looking at the
ratio of output response {o input response. If the input equals 1, there is no need to
literally calculate the ratio since the output value is the ratio.

The .AC statement is used to calculate the frequency response of a circuit over the
range of 1Hz to 1KHz. DEC specify a frequency sweep by decades and the
frequency is swept logarithmically by decades. 50 is the number of frequency
poinis per decade.

Note that a single node (voltage or current) can be added to the tracing list of the
PROBE graphical post-processor by simply typing the node specification in the
trace expression line. For example: in the plot above V(2) is equal to V(2,0} and
means the voltage at node 2 referred to node 0.

The voltage V(2) is equal to Vm{2}, which means the magnitude of the voltage at
node 2. Because the trace expression line of the graphical post-processor allows us
to calculate an expression it is normal to write for example V(1)-V(2}. This will plot
the result of the magnitude voltage at node 1 subtracted with the magnitude voltage
of node 2 as a function of frequency.

Some other syntax examples: V{Rrc) is equal to V(1)-V(2)} which means the
magnitude over the passive device Rrc. I{Vin) is the current through the
independent voltage source Vin.

Introduction to SPICE Uitgave 2001-2002 lic. ing.Van Landeghem D.
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)= _bglg(a)RJ'cCi'c)‘

i

*RC frequency responsie
vin 10 AC1v

Rre 1 2 300

Crc 20 100u

.AC dec 50 THz 1KHz
.PROBE

end

; L rer
L2540 ,g\/:. 1

iz |

03/02/2009 lic. ing. Van Landeghem D, 14

When defining analog trace expressions, you can include any combination of analog
simulation output variables, arithmetic operators, functions, macros, and sweep
variables.

For AC analysis, PSpice uses complex arithmetic to evaluate expressions and
displays the magnitude of complex results. If the resuit is real (for example,
IMG{V(1}+V(2))), then it can be negative. If the resulf is complex, (for example,
V{1+(2)), then the magnitude is displayed, which is always positive.

Note: By adding a node suffix a really efficient feature can be used for tracing a
specific property of a node.

For exampie :
Vm(node) —magnitude voltage im{device) —>magnitude current
Vr{node) -»real part of voltage Ir(device) —real part of current

Vi{node) -»imaginary part of voltage li(device) —imaginary part of current
Vdb(node) ->db magnitude voltage idb({device) —»db magnitude current
Vp(node) —phase of voltage Ip(device) -»phase of current

This means we can use different expression syntax for the same expression:
IMG(V(1)+V(2)} is equal to VI{1)+Vi(2)

Introduction to SPICE Uitgave 2001-2002 lic. ing.Van Landeghem D.
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*RC frequency responsie
Vin 10 AC1v
Rre 1 2 300
Crc 20 100w
v+ Zouf equivalent *

R1 11 0 300
ci 11 ¢ 100u ;
AC dec 50 1Hz 1KHz
PROBE
.end

B ko B s BERD

AC analysiss

1 b 2

—

AL

iz
H
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As a summary we can consider the following lists of analog arithmetic operators and
analog functions designers often use in the trace expression line of the graphical

post processor.

Valid analog arithmetic operators:
() grouping

*/
+ -

Analog functions

ABS(x) ARCTAN(x)
COS(x) d(x)

IMG(x}) LOG()
MIN(X) Px)

5(x) SGN(x})

Introduction to SPICE

multiplication/division
addition/subtraction

ATAN(X) AVG(X} AGX(xd)
DB(x) EXP(x) G(x)
LOG10(x) M(x)  MAX(x)
PWR(xy) R(() RMS(x)
SIN(X)  SQRT() TAN(X)

Uitgave 2001-2002 lic. ing.Van Landeghem D.
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OPAMP AC model

*TLOB4 opamp AC-maodel
E1 10 0 1 0 201000 ,VCVS (AoL)
E2 30 0 200 1 VOVS 1 S
RGC 10 20 105K sfirst order fred. I T I :
C1 20 0 fu Jresponse AT o . )
Rout 30 5 b50ohm Zout L AG ¥ o L 5 R
Rin 1 0 1E120hm \Zin PR ’ . o P
Vin 1 0 AC 1V input source GJ : i . ' S | : fw
Rioad 5 0 1Meg savoid <2 connections :

- TF ¥(5) Vin /77@7
AC DEC 100 1Hz 10MegHz }
.PRCBE
.END

L SAIALL-SIGNAL CHARACTERISTICS-

S BVEIVING e T = 2.010EH05

2% INPUT RESISTANCE AT VIN - = {.000E+12
. § OUTPUT. RESISTANGE AT V(5)% 5.000E+D1:

03/02/2009 lic. ing. Van Landeghem D, 16

The devices E1 and E2 are both dependent voltage sources. They are both
controlled by a voltage in a linear way. The Voltage Controlled Voltage Source E1
has two output nodes, a (+) node 10 and a (-) node 0.

Positive current flows from the (+) node through the source to the (-) node.
The (+ controlling) node 1 and (-controlling) node 0 define the controlling voltages.

A particular node may appear more than once, and the output and confrolling nodes
need not be different. For the linear case, there are two controlling nodes and these
are followed by the gain, which is equal to 201000 for VCVS E1.

The use of controllable sources allows us to describe a behavioural model of a
complex analogy circuit (ex. OPAMPs) with a higher level of abstraction and a faster
processing time over the lower level description of the real analog function. These
simple models emulate the transfer characteristics of the circuit elements that they
replace, but with increased efficiency they lead to substantial reduction in the actual
simulation time per circuit. This reduction in elapsed fime per simufation, when
considering the whole of the design and simulation cycle, can lead to a tremendous
increase in design efficiency, as well as possible reduction in the time necessary to
take a design from a concept to a marketable product.

Introduction to SPICE Uitgave 2001-2002 lic. ing.Van Landeghem D.
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Behavioral Modeling

Circuit representation

Full Behavioral

OPAMP OPAMP
Subcircuit Subcircuit
Aoeuracy High tovel

03/02/2009 lic. ing. Van Landeghem D. 17

The use of controliable sources allows us to describe a behavioural model of a
complex analog circuit (ex. OPAMPS) with a higher level of abstraction and a faster
processing time over the lower level description of the real analog function. These
simple models emulate the transfer characteristics of the circuit elements that they
replace, but with increased efficiency they lead to substantial reduction in the actual
simulation time per circuit. This reduction in elapsed time per simulation, when
considering the whole of the design and simulation cycle, can lead to a tremendous
increase in design efficiency, as well as possible reduction in the time necessary to
take a design from a concept to a marketable product.

Typical behavioural design process using PSpice:

The design cycle of a circuit or system using PSpice behavioural models is
described below.

«Perform full simulation of a sub circuit with pertinent inputs, characterizing its
transfer functions.

+Determine which of the PSpice elements, singularly or in combination, accurately
describe the transfer function.

*Reconfigure the sub circuit appropriately.

After the behavioural model is verified, substitute the model into the larger system
in place of the lower level sub circuit,

Introduction to SPICE Uitgave 2001-2002 lic. ing.Van Landeghem D.
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Non_Inv.Amp with OPAMP SubCircuit

180 + . TL084.

*Non inverting amplifier
*OPAMP AC-model
SUBCKT Ti084 125
E1 100 1 2 201000
E2 300 200 1

Re 10 20 10.5K

Ct 200 1uF

Rout 30 5  50ohm
Rin 1 2 1E12chm
ENDS

*components

Vin 100 0 AC1V
X1 100 12 15 TLOB4
R12 45 12 990K
R13 12 0 1K
ACDEC 100 1Hz 10MegHz
.PROBE

.END

03/02/2009 lic. ing. Van Landeghem D. 18

Reusable cells are the key to saving labour in any CAD system, and this also
applies to circuit simulation. To create a reusable circuit, it must be constructed as
a sub circuit. Use parameters to expand the utility of a sub circuit. PSpice can
introduce sub circuits by the .SUBCKT statement.

The .SUBCKT statement begins the definition of a sub circuit. The definition is
ended with an .ENDS statement. All the statements between .SUBCKT and .ENDS
are inciuded in the definition. Whenever the sub circuit is called, by an X statement,
all the statements in the definition replace the calling statement.

‘TL.084' is the sub circuit's name and is used by an X statement to reference the sub
circuit. It must start with a letter.

1 2 5 is an optional list of nodes. There must be the same number of nodes in the
sub circuit calling statements as in its definition. When the sub circuit is called, the
actual nodes {the ones in the calling statement) replace the argument nodes (the
ones in the defining statement).

Sub circuit calls may be nested. That is, an X statement may appear between a
.SUBCKT and an .ENDS.

Sub circuit definitions may not be nested. .SUBCKT statement may not appear in
the statements between a SUBCKT and an ENDS.

Sub circuit definitions should contain only device statements (statements without a
leading ".") and possibly MODEL statements. Models defined within a sub circuit
definition are avaitable only within the sub circuit definition in which they appear.
Also, if a .MODEL statement appears in the main circuit, that model is available in
the main circuit and all sub circuits.

Node, device, and model names are local to the sub circuit in which they are
defined. Thatis, it is OK to use a name in a sub circuit, which has already been
used in the main circuit. When the sub circuit is expanded all its names are prefixed
with the sub circuit instance name: for example, "TL0O84" becomes "X1. TL.084."
After expansion all names are unique.,

Introduction to SPICE Uitgave 2001-2002 lic. ing.Van Landeghem D.
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Graeme Boyle macro model of an OPAMP

The same hehavior for the inputs and cutputs 1

NON-RIVERTING HPUT
{INVERTING INPUT
{ { POSITIVE POWER SUPPL Y

] 1 | HEGATIVE POWER SUPFL Y
114 {ouTPUT
) iiitd
LSUBGKY TLOB4 12345

Consider the following seffects:
— input impedance and input current
—» differentiai- and common mode current gain
-+ amplitude- and fase response
—» slew rate and ouiput impedance
— limitations of output voliage (voltage sweep) and ocutput current
—» dissipated power

03/02/2009 fic. ing. Van Landeghem D. 19

A realistic simulation of a TLO84 OPAMP should be very difficult for a designer.
Therefore he should know all the different parameters of the internal semiconductor
{transistors, diodes,...} elements of the OPAMP. By using a macro model (normally
delivered by the component manufacturer) the system designer can simulate his
design with the datasheet parameter values of the component (OPAMP).

As you can see, a macro model is also a rather complex equivalent circuit. One of
the famous OPAMP macro models was developed by Graeme Boyle. His OPAMP
macro modef will be used by a major group of OPAMP manufacturers.

in a complete version of PSpice, macro models can be generated by the use of the
model editor. The network elements of the Boyle macro model get a value by the
input of the datasheet parameters of the selected OPAMP.

The file ‘'TLO84.cir' defines the Graeme Boyle macro model of the OPAMP TL084.

A macro model doesn’t have the complexity of the real TL084 circuit, but it has the
same behaviour for the inputs and outputs of the circuit. A macro model must take
into consideration the following effects:

- Input impedance and input current

- Differential- and common mode current gain

- Amplitude- and phase response

- Slew rate and output impedance

- Limitations of output voltage (voltage sweep) and output current
- Dissipated power

Introduction to SPICE Uitgave 2001-2002 lic. ing.Van Landeghem D.
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Including Circuits or SubCircuits:

{ T

*  SMALL-SIGNAL CHARACTERISTICS
V(15)in L= BOBSEH01
- - NON-NVERTING INPUT "INRUT RESISTANCE AT- Vin. "= 9.863E+11
" 500 | INVERTING WPUT OUTPUT RESISTANCE AT V(15) = 1.312E.01,
100 | 1 POSITIVE POWER SUPPLY o s s
+' . | | | NEGATIVE POWER SUPPLY
B 15 - 1 : :?uwu‘r : ————
TLOB4 “T JSUBCKT TLGB4 “2345 : §f«§m

B R 1
- 12
ht

*Transient analysis for N_inv_amp
NG TLDGA ol
*Amplifier Circuit
oo 200 0 18V

Vee 300 0 15V

vin 100 0 AC 1V ; 0V for Zout,
Yout 0 15 AC 1A for Zout
R1 15 12 990K

Rz 12 0 10K

X1 10012 200 300 15 TLOB4|
ACDEC 100 1Hz 10MegHz
.PROBE

.END

.031’.02.’2009 lic. ing. Van Landeghem D. 26

The .INC statement is used to insert the cantents of another file. Included files may
contain any statements with the following exceptions: no title line is allowed (use a
comment), END statement (if present) marks only the end of included file, INC
statement may be used (only up to four levels of "including").

Including a file is the same as simply bringing the file's text into the circuit file.
Everything in the included file is actually read in, and every model and sub circuit
definition, even if not needed, takes up space in main memory (RAM).

The file ‘TLO84.cir defines the Graeme Boyle macro model of the OPAMP TLO84.
Using the macro model in the non-inverting amplifier circuit above, allows us to
analyse following (in bold written} effects:

- Input impedance and input current

- Differential- and common mode current gain

- Amplitude- and phase response

- Slew rate and output impedance

- Limitations of output voltage (voltage sweep) and output current
- Dissipated power

Introduction to SPICE Uitgave 2001-2002 lic. ing.Van Landeghem D.
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Including Circuits or SubCircuits:

*Transient analysis for N_inv_amp : ;" i ;
INC TLOB4.cir H : ]
*Amplifier Cirouit Co : ; t
Vec 200 O +15V H |
Vee 300 0 -15V ! o i ! f
SR O 1o 0 1 ; ‘

Vie 100 G PULSER 2V 05 100 1008 % Sus Bus) _ ]
R1 15 12 40K y \
R2 12 0 10K frovsemomnavnng
X1 10012 200 300 15 TLOB4 ¢ !
TIRAN D.00ems ; . .

Puitge wavelons

TRAN O
,PROBE
.END

03/02/2009 lic. ing, Van Landeghem D. 21

Introduction to SPICE

The file ‘TL084.cir' defines the Graeme Boyle macro model of the CPAMP TLO84.
Using the macro mode! in the non-inverting amplifier circuit above, allows us to
analyse foliowing (in bold written) effects:

- Input impedance and input current

- Differential- and common mode current gain

- Amplitude- and phase response

- Slew rate and output impedance

- Limitations of output voltage (voltage sweep) and oufput current
- Dissipated power

Uitgave 2001-2002
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L] L]
Active Filters:
W0 i
R cn TLO84
______________ G TAC i
’ 4] - K
5 //””“‘“ 12
: o iﬁ
“Low Pass n=1 Active fiiter I
JNC TLOBA.cir - _
“Fiter Gircuit Ving 0T QAT L Al
Ve 200 0 +15V T
Vee 300 0 -15y | ho) 10127 100K
| et ettt XD 21 22 200 300 25 TLO84
AVin 100 0 AC V! R22 25 22 890K
SRTT 100 11 100K | R23 22 0 10K
dC1 11 0 100
UX1 11 200 300 12 15 TLO84
Jr1z 15 12 90K
dR13 12 ¢ 10K
.PROBE S e O U LR Bt
END o
03/02/2009 lic. ing. Van Landeghem D. 22

Introduction to SPICE

Active filters combine resistors, capacitors and gain devices (OPAMP's) into active
networks achieving filtering performance. The term active filters comprise a host of
different circuit concepts and design methods. One of the most important design
strategies is to build higher-order transfer functions as a cascade of first and second
order building blocks.

The reasons for this choice are simple. In modern communication and data-
processing systems much of the signal processing is achieved with digitai VLSI
circuitry. As a consequence the demands on the peripheral analog actives filters
are often moderate and, in particular, the pole Q's are refatively low. On the other
hand, the requirements on minimum power consumption are becoming ever more
stringent. In applications of this kind the cascade design of singie-amplifier second-
order sections presents a near-to ideal solution to the filtering problem.

In some filter cases we need an odd order filter, than a first-order filter section will
he cascaded with second-order filter sections. In the circuit above we show a first-
order section with VCVS (Voltage Controlled Voltage Source) topology. The filtering
is done by the use of R11 and C11, the OPAMP TL084, R12 and R13 as a non-
inverting amplifier achieve gain.

Utitgave 2001-2002

lic. ing.Van Landeghem D.
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Active Filters:

*Low Pass n=3 Active filter

1

Vee 3000 -15¥ - :
Ll -
Vin 1000 AC 1V :

Ri1 10011 100K

NG TLO84.<ir 00 T o ‘
*FILTER CIRGUIT L 15 ﬁL 23 -
vec 2000 15V CAE TLOB4 : +

12

C11 11 0 $00nF
X1 11 42 200 300 15 TLOB4 i(}
R12 15 12 90K

R13 12 0O 10K [

R21 16 21 100K

R24 21 23 100K

C21 23 01nF

€22 21 25100pF

X2 23 22 200 300 25 TLOB4
R22 25 22 490K

R23 22 0 10K

*

*ANALYSIS

AC DEG 100 1Hz 100KHz
.PROBE 120 G K
END T, [ U U [T

03/02/2009 lic. ing. Van Landeghem D. 23

In some filter cases we need an odd order filter, than a first-order filter section will
be cascaded with second-order filter sections. The circuit above is a third-order LP
{low pass) filter. The first section is a first-order section with VCVS (Voltage
Controlled Voltage Source) topology. The second section is a second-order section
with also a VCVS topology. The filtering in the second section is done by the use of
R21, R24 and C21, C22, gain is achieved by the OPAMP TL084, R22 and R23 as a
non-inverting amplifier. This second-order section can be referred to in literature, as
Sallen & Key topology.

For high-quality filters, those with higher pole Q’s and requirements for very low
sensitivity, multiple-amplifier sections, i.e. cascaded second-order sections using
more than one amplifier each and, if need be, additional coupling between the
sections, can be used.

Cascade design has the additional advantages of extreme design simplicity, simple
component trimming and filter tuning, and minimum power. The latter comes about
because the number of OPAMP's per second-order filter section can be medified
according to the performance quality desired. Thus a low-selectivity (low pole Q)
filter can be built with one OPAMP, whereas the stability demands of a higher pole-
Q section can be met with a two- or three- amplifier section.

Introduction to SPICE Uitgave 2001-2002 lic. ing.Van Landeghem D.
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Monte Carlo & Worst Case analysis

5

b G

B 1

*Twin T circuit
Vin 1 0 AC1v

Rt ¢t 2 Rmod1

Rz 2 4 Rmod1

R3 3 & Rmod(G5

Ct 4 3 Cmodi

C2 3 4 Cmod1 &
C3 2 0 Cmod2 [ I

MODEL Rmod RES (R=10K  Dev10% | Lot10% §

MODEL Cmod CAP {C =150nF Dev30% | Lot30% | N7

AC dec 50 10Hz 1kHz ! N[ A7

“MC 10 AC Vdh(4) YMAX LIST OUTPUT ALL A

WCASE AC Veb(4) YMAX LIST OUTPUT ALL -~ ff iuf

PROBE - f

end T
03/02/2009 lic. ing. Van Landeghem I3, 24

The MODEL statement defines a set of device parameters, which can be
referenced by devices in the circuit. <Rmod and Cmod> are model names, which
devices use to reference a particular model. <name> must start with a letter. ltis
good practice to make this the same letter as the device name {e.g., R for resistor,
C for capacitor), but this is not required. LOT tolerances track, so that all devices
that refer to the same model will use the same value of the model parameter. DEV
tolerances are independent. The "%" indicates a relative {percentage) tolerance.

Monte Carlo/Worst Case analyses vary the lot or device tolerances of devices
between multiple runs of an analysis (exactly one of DC, AC, or TRAN).

You can run either a Monte Carlo or a worst-case analysis, but not both at the same
time.

The MC statement causes a Monte Carlo (statistical) analysis of the circuit. The
first run is done with nominal values of ali components. Subsequent runs are done
with variations on model parameters as specified by the DEV and LOT tolerances
on each .MODEL statement.

<10 (#runs value)> is the total number of runs to do. The other specifications on the
MC statement control the output generated by the Monte Carlo analysis.

The keyword YMAX specifies the operation to be performed on the values of the
<Vdb(4) {output variable)> to reduce these to a single value. This value is the
basis for the comparisons between the nominal and subseguent runs.

if the keyword LIST is specified PSpice will print out, at the beginning of each run,
the model parameter values actually used for each component during that run.

The output from the nominal (first) run is governed by the .PRINT, .PLOT, and .PROBE statements in
the file. The oufput of subseqguent runs are suppressed unless requested by the QUTPUT keyword:

AlL forces all output to be generated

FIRST <valug> generates output only during first n runs
EVERY <value> generates output every nth run

RUNS <value> generates output only for the listed runs

Introduction to SPICE Uitgave 2001-2002 lic. ing.Van Landeghem D.
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1. Sinus — Golfvorm

Periode T

Spanning {Volt)

Amplitude Tijd (Seconde)
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P> Py

P<B
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000
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M
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2. Complexe Getallen

V= A0/ = Acose + j.Asing

Im : Euler: el® = cosp + | sing
A
V poo! carthesische
y . ; coérdinaten codrdinaten
. : s s
A Lo V=Ad? V=x+ijy
. A_S]ﬂq} i : Cararaparravarere oy roeemoeemeverseen ey avosoe
R " R A= +y? X = A.COSp
| Acosp X ' S y .
. Q= arctan; y = A.sing

AL j.arctan?.
Vax+iy=x®+y’e  * .
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3. Sinus - Voorstelling met Complex Getal

’-\\‘\ y
\,\‘ S
T -A
: . . A
Im(v) = A.sin(at + ¢) | v= AP got - y glot
o = 2nf = 2n/T tiidsonafhankedijk {Udzaot?;g:glﬁk
3.1 Amplitude
Jm{v)
‘A
""""""""""""""""""""""""""""" _:7‘*"“':_:“““ e
{i,/‘-. A .
¢ | Re(v)
__i'
A ) e
...A ~_A
A e ST
r\ / t / ®,  \Re(v)
_(plm i ! ;!
\\\ /
_A1 :~A1
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32 Fase

- a0

AL

V=-1=1680- 2140

At

fase = tijdsvertraging, RELATIEF t.o.v. de pulsatie
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4. Bewerkingen met Complexe Getallen

4.1 Vermenigvuldiging

V= A1.e_’iq:‘1 ..ej“’t- =

C; = A_z-e-j'q)2

V=V, X6, = (AP x A, el9z) gl
- ; ”_'=_A,.ei‘P Lt

Im{v)

A.cosg w}t
A=A, A,
. Ay P=01+ Py

A, i
% P2 1A;.8ing,
04 Re{v)
A4.CO804

4.2 Optelling
Dezelfde Frequentie

v, = A,.el® glot

| ; Vvt v, = (AnelPs A0 gt
v, = Az.'ej-(Pz glot ! = Ael? glot

Im{v)
z 2
joot A= yX'+Y
A.cose \
@ = arctan s
E A.sing, X :
A.sing A A 0 X = A..COSQ, + A,.COSQ,
2
A,.cosp — i ;
¢ o Alsing,. Re(v) y = A,.sing, + A,.8ing,
A, coso, e

SIGNAALVERWERKING: Signalen



ir. J. Meel - DE NAYER instituut

Verschillende Frequentie

V=V, + v, = AelPelorl Az.ej(pz.ejmzt :

= AP [1 + (A, /A,) 0] OO

jlo—o,)t

AlA, .
1] P 1 Rew)

)

geen sinus!
max=A.(1+AJA)=A+A,
min=A(1 - AfA)=A - A,

min.'Aﬁ.‘_ ; ;;nund.ﬂ;1
s‘\ /}.—'
\‘~. . .,..,‘*‘x

5. Periodische Signalen -
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fO \/

3% harmonische
f, = 3.,
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f=1,

Spectrum
spectrum
AEt
oA
S f

TS

Fourier Reeks

periodiek signaal
= L A.sinus(f)
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A=113

spectrum
CAF

AR s

fs = 5.1,

f=f,

d 1]
3% harmonische ~N N A
f, =31, TS
+
5% harmonische 5= 110

o

0.8'sin(zxt) |}
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\ / \\ /\\\ f/\ %
v \\/ i
y IR R VR

+

0,6/2*sin{2x*31) =

1 : L L L TR
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— ey
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] L] b 2] L] L) e
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] i L i 15} L] g
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500 1000 150D 2000
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cos(mf) =

Im '\+j£0’[

.
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./ —jot

_ Spectrum

/

6. Frequenties: + en ~

atiot 4 g-jot
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T
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v=Ael? ot

eHot 4 g-jot

cos(ot) = >

3

7. Niet-Lineaire Systemen

7.1 Kwadrateren

vz = AZ ] equ) ) e]2(0f

cosXot) =

2 4+ gtj2ot | o-j20t
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X

~1

1;4 " - 114 :
8 Rl SO
2 0'.- RS S

1 +cos(2ml)
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7.2 Modulatie

etont 4 o jout cos{am,t) x cos(a,t) =

cos(myt) = ) .
" 2 e+J(0)H+(DL)t + e_j(mH+mL)t

4

e-+j (wy—w )t e“j(mi-l_mL)t
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. ;u'zli}.-'_ef:;._:?}fl1:?? l e

Lo o

Lt M
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] :
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Embadded System Design

1. Eigenschappen van een Lineair Systeem

1.1 Sinus is een eigenfunctie

no A sinalre) — sﬂg?g:sﬁw v, = A, sin(o,t + o)

o=, =, pulsatie } I \/

sin, = sin, golfvom
biijft behouden

Al
v
AR .
sinus
L NS :
/ol 0/ \ jt eigenfunctie
"Ai \ /
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1.2 Evenredigheid van In- en Uitgangsamplitude

= A, .sin(at '
vi= A sin(ot * @) _-’:':-_SY.S_TE'EM i

O LINEAR . L A gingo,t+ o)

. A

(4]

t /| 1

g X2 %”‘te gx 2
N 7 2.A,

| N

v = Aol elot

2. Transfertfunctie H

Vo = A, el efot

_ LINEAR o
CSYSTEEM [~ = Vet

: AN 1

W+ W A

NS

v

A, el
Al,ej(i’i

H{o) = ~° = , . =

Ve A, (q),,-(p;) afhankelijk van o

onafhankelifk van t

AMPLITUDERESPONSIE

FASERESPONSIE
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3. Bepalen van Responsie met Transfertfunctie

v,= A, el9 elot

A :
= v,elot

A
-9 /o A!m
I——

A

9

—

| He)

" LINEAR
 SYSTEEM

~/Hla
_Ai :
"Ao e
4. Bepalen van de Transfertfunctie: Formeel
v, = \:’i. elot
tijd frequentie
N AT v =AY, V=AY e H(o) = A
v, SR v, elot _1
> :_f_dt" >V =lvdt C VNem H(w) o
MR g—t Y, v, = g—t v, v, = jo .\A/i.ej"z't H(o) = jo
Vi | Yo - — omi0At (ot = o-ioht
At > Vo =Vi(t-At) | v = e OV T H(e) = oot
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transfertfunctie

H(o) = A

amplitude

Ho)i=A
M)l =
M=o

H)=1

fase

SH(o)=0°
ZH(@)=-90°
ZH(w) = +90°

ZH(0) = ~oAt

+90°

dt]
0° . o [radis]
1 2 3 4 5
- 90°
~fal-

Ml

o fradls]

n.90°
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fH{)|
50

40
30

20

» @ [rad/s]

{ineair diagram

beperkte dynamiek

, o [radls]

30

46 50

spanning V

v,
[R{®)lgs = ZG-Iogm(-\-li) - [dB]
1

|H{o)lye »0d8 =

|H(®)|g =0dB. =

Decibel

172

Vv,>V,

Ho)lg <048 = V<V,

vermogean P = VAR

) (o8]
. alsR1=R2

10Jog,o( T2
1

P,>P,
P,=P,

P,<P,
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Rekenregels Logaritmen
v, v Hiola
Hiollg = 200D = Ho) = = w0 )
1 1
P, p vV [He} g
H{®)|g = 10.10gy( =) = [|H)P-= Fz = (72)2 = 10( n
1 1 1
H)lg = 20109¢(@®% =b200ogye)  [H{o)ly = 200gi(a™) = ~b.20Iogy(a)
IH(&))! 4 = 20.log,g{@) + 20.logyx{b) = 20.log4(a.b)
: machten
[H{®)}ys = 20.log (0" + 20J0g, (o) = 20Jog,y{0™.0k) = (1+K) . 2010g.q(w) - optellen
[H(@)|,g = 2040gy(10%)=n.20dB = = 10.Jog,,(102™ =n . 20 dB
Decibel Tabel

qaB ViV | PiPy

+1.0 | 1122 | 1.258

+0.8 | 1.109 | 1.230 di3 | VaV, | PPy

+08 | 1.006 | 1.202 #1000 1 10° 10"

.7 1.084 | 1175 +§0.0 10t 10°

06 | 1.072 | 1,148 +50.0 10° 10°

0.5 1.059 | 1.122 +40.0 102 10?

+04 | 1.047 | 1.096 +20.0 107 10°

+0.3 1,086 | 1,072 +10.0 | 3.162 10?

0.2 | 1.023 | 1.047 +6.0 | 1.995 | 3.980

+0.4 | 1.012 | 1.023 +3.0 | 1413 | 1.995

-0.1 | 0.989 | 0.977 ~3.0 | 0708 | 0.501

~0.2 0.877 .955 ~§.0 0.501 0.251

~0.3 0.866 0.833 —48.0 0.3158 107"

~0.4 0.955 | 0912 260 107" 1072

-0.5 0.944 0.891 wd 3.0 1072 1074

«0.6 04933 0.871 ""69.9 10—3 10—8

-0.7 0,923 0.851 -80.0 107 1072

~{1.8 0.912 0.832 ~400.0 1078 107™®

-0 | 0902 | 0813

~10 | 0.891 | 0.794
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-40 4B

-60 dB

H0dB |-

-304dB |

-504dB |-

+20 dB - 1110

20.j0g;(@M =n . 20dog,(0) . =

[H{o)) [H{0)| s
1eeo 048 h1000
200 50 dB
&0 o1 L w100 @™? ot
3048 H
e Bep) 1 4.0° 55
50 12:; 1 2@t g 1 2 3 ’Ogm((_ﬂ)
100 e F T e A
it soapl I8
30dB
b 408} 1100
oo 4,00 U [0] 50 dB
o - -
0 100 200 200 400 660 60D 700 500 B00 1000 0 d5 E’E‘;‘;
ZH(w) ZH(®)
+90° +90° :
ag° Ll H
v > ® e e %)
O™400 200 300 400 500 600 700 800 GO0 1000 03 02 11 i 101 2 107 0)7
0 507
- 900 _ 900
-60° 480°
2700 o0
- —oAt s —oAt
4507 450
540" 5400
Lineair Diagram Bode Diagram
{H{®)lga [HI
8 dB L 1000 "5‘0)—1':" ; g ”.’."'(D.'H
sned . -20dBidecads  +20 dBldecade
dnde ! i " hefling +1°
o +20 dB L
30 dB x10) R
. R
20dB .0 dBfdecade
0B F helling 0
odB . |Ogm(ﬁ))

n.20 dB/decade

helling n

SIGNAALVERWERKING: Fourier Analyse - Techniéken

16/05/2008



ir. J. Meel - DE NAYER instituut

Ti4 /

f.'_:|—|
I
. :
8 T
]
N
-

Ti2

Ti4

AT

T

T2 -

A2

¢=-90°

AMPLITUDERESPONSE  [G] =

FASERESPONSIE £ZG = -/H

5. Constructieregels Bodediagram

5.1 Inverse Transfertfunctie

— H(@);; . —_]

G(o) = 1/H(o) —

H(o) = [H] . &<H Gla) = |G| . el4C =

A ei<H
[HI|

inverteer fase

1

20.10g,,( 1G] ) = =20.Jogy( [HI )

inverteer helling

SIGNAALVERWERKING: Fourier Analyse - Techni.eken
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@
k=1

OD

N

Ho)lea ~ot. 0 et |Gl
\ . =20 dBidecade: - +20 dB/decade’ /
P helling =17 - heliing +1
- -20dB +20 dB

x10 x|
108 102 163
£G{o) +90°
g2 1&2 ID"1 100 ﬂ;‘ !(‘)2 'E(‘l3
ZH{o} — 900

logyq{m}

logyy{)

5.2 Cascade van Systemen

Hy(o)

fr—-

— jHﬁ‘IﬁS)' >

v, =H,.H,.v;

H;.v;

FASERESPONSIE

H,. &<t |H,). elH2 =

H,.H, = H{o)

20logy IHI) = 20dog( [Hy| ) + 20Jog( Hyl ).

ZH = /H, + ZH, |

L)

IH| . e<H

tel hellingen op

tel fasen op

SIGNAALVERWERKING: Fourier Analyse
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5.3 Voorbeelden van Cascadeschakelingen

Cascade van Versterkers

Yo, H(w) =H,.H, .H,

H, = A,

Hy = A,

20.logyo( H| ) = 20.l0gyq( Ay )} + 20.logyy( A, ) + 20.l0gy( A;)

=A . A . A e

[HI = [Hq| . [Ho| - [H3] = Ay Ay A

ZH = ZHy + LHy+ ZHy = 00400+ 0°= 0°

dB tH| [H(©)] 45 = 50 dB |H{o)| = 320
50
a0}-100 [Hy(0)|4p = 18 dB [Hy{w)| =8
a0} 3248740
PN SR
20|10 |H {w)}yg = 20 dB [H{w)] =10 40 dB/decade
Cheling 0.~ ¢
0 12dB14
i |H (w)|4g =12dB Hy(w)| =4
1 ‘ ‘ , : N
Vo= 107 1 100 10! 10 w " 0g;g(o)
907
ZH, @) = ¢ £G(o) = 0°
i3 et . . ‘ _—
162 162 107 10 107 10 10 loggl)
80t
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Hogere Orde Differentiator

v d ‘-
-—-—-i' ""d""t'- »

d | Y

—— T —————————

_'-dt

Hi(o) =jo  Hyw)=jo

ZH = ZH, + £H, = 90°+ 90°= 180°

Hio) =H;.H,=jo .j o = — ©?

= o2 o180

[H| = [Hy| . [H] = o'. o' =a?  heling (+1) + helling (+1) = helling (+2)

20.logys{ [H] ) = 20.log,( @' ) + 20.Jog,( w' ) = 40.log,,( o' )

= 20.logq( ©? ) = 2.20.J0g4y( ®1 )

[H{e}4s

AHA0AB T e

x 10

x10

(109 <20 dBidecade

#20dB - heliing +1

| ZH{w)

+180°

4220 dBldecade

~helling +2 -

+2.90°

10 i

10°

ZH,4 5{0}

+90°

+90°

00

10 102

> logiglem)

log,q(w)

SIGNAALVERWERKING: Fourier Analyse -
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Hogere Orde Integrator

Yo, H(w) = H,.H, = 1jo 1 ljo = ~1o?

LN

H,(o) = ljo

v

i d;_

= o2 e 118"

H,{o) = 1fjo

Hl = [Hy] . [H]= 0. o™= m‘2 helling {~1) + helling (1) = helling (-2)

20.l0g,,{ [H] ) = 20.Jogy,{ @™ ) + 20.logyy( 0" ) = ~40.logi( o' )

= zo-iog-m( (D-Z ) = _2=20.i°g10( (D1 )

g0l ~40dB

x 10

i

2220 dBldecade
helling -2

-20dB

x10

107 1672

1071

W w " loglo)
|H1,z(m”ds :

Ao
‘~20 dB/decade |
helling =1~ - |

W 10 e T fogygl)

-— 900

-2.90°
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v, |

HA >

A4

>

Hy(o}) = A H,{o) = 1jo

= 20.log,,{ A.0™1}

Integrator met Versterking

f dt %, H(o) =H,.H, =A 1 fjo = Aljo
- = Alo . e %0

IHl = [Hil . [H=A. co““”‘ helling (0} + helling (1) = helling (~1)

20.0g,,( [H| ) = 20109 A ) + 20.Jogy{ 0! )

B ‘ . oA g
0= 107 10 15 10 107 - logyle)
a0t ;
400 SR
Tt
80| s
i «20 dBidecade :
0 hefling =1~
-100 T
420
i . . . . : .
107 102 10 10° 10! 10?2 10? Iogygle)
. ZH{w) - 9p°
-180°
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6. Bepalen van H: Differentiaalvergelijking

v, = AP elot

TD

. LINEAR
" SYSTEEM

= A, et
A ACL

FREQUENTIE

iHI ellH vc ..... Z.I (jm)

v Toutio®

¥ d"
a

_ R
1

+ Y -

C
e

V'

L
_i.Jm\

v

tijd
V=R_i v R.?.ejwt
e ot
v =JilC dt V=
d . A ot
V=La"“t"l v =jol |.el®

frequentie

Zw)=R
o

Z(n) = jol

SIGNAALVERWERKING: Fourier Analyse - Technieken
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logglZ(w)|

100.R

10.R

S

0

CAlC - ol

hefling -1 helling

%

x 10 _/V\/.

x10

x 10

" Ro¥

RHO:

“helling 0

102

RM00O

101 T I 0™ 0

10%

22{(o)

103

. . L .
o 108 10¢ 102

- logygfo)

o=tRC  o=thLE  o=RL

» log, (@)
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7.2 Cascade Voorwaarde
R, i iﬂ R,
—W : —VWV :
vi R Vo1 Viz R4 Vo
R Ry
Hy= — H, =
R +R, R+ R,
HoHe — R g RIRR) R,
Ri+R, Ry+R, R+ {R MRy #R}) Ry+R,
Cascaderegel: niet toepashaar bij wederzijdse beinvloeding tussen de gekoppelde systemen

R1
+ W *  THEVENIN +
v; R, v, ; vi 1 Z v,
Z=R,+R, Z,=R,IIR;
R2
%~ R, +R, Y

Z, = ingangsimpedantie (Z gezien aan de ingang, met onbelaste uitgang)
Z, = uitgangsimpedantie (Z gezien aan de uitgang, met ingang kortgesloten)

e, = nullastspanning {e gemeten aan de onbelaste uitgang, met ingang v;}

SIGNAALVERWERKING: Fourier Analyse - Techni.eken

16/05/2008
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i
—
+ - + + +
V‘ Zi1 V01 VIZ ZIZ VU
voorwaarde: geen wederzijdse invioed
Ly Av Z Vor = €y
Vo= g Bt T Ly<< Z,
o1 ¥ 4iz Vo1 i2 Av <<v, e
Vi [Zi=ee s (B
ideale buffer i
R, i=0 | i#£0 R,
— S -
W : 5 1 v .
Vi R, Vo Vio R, Vo
R, Rq
H1 = H2 =
Ri+R, Ry *+R,
R R .
H,.H,= R P ! foepassing:
7 R+R, R;+R, actieve filters

SIGNAALVERWERKING: Fourier Analyse - Technieken

16/05/2008
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'DE NAYER INSTITUUT |

EINT-KATELIJNE-WAVER

: 2 ir. J. Meel
Ebedded System Design {2;‘%’* % & feb 2008
1. Laag Doorlaat Filter (LDL)
1.1 Schema
R
W Y
Vi C=—: Vv,
1.2 Limietanalyse
DC . HF
R i =0 R
W [+ DC: H(O)=1  + Vv :
Vi Z=00 Vo=V, v, =() V=
: 1 HE:HE=)=0 :

SIGNAALVERWERKING: Fourier Analyse - 1ste Orde Systemen
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1.3 Transfertfunctie

R ) i:i]
: /WJ_ A
vi C—l— Vo
MG .
R+ 1/joC 1+ joRC

He ——
1+ joloy

o, = 1IRC

DC: H{w=0)=1
controle (limietanalyse):
HF: H{o=)=0

1.4 Amplitude- en Faseresponsie

H= 1 é
1+jolo,

®, = 1/RC

1
AMPLITUDERESPONSIE  |H| = ——
V1 + (oloy)

[Hlgg = =10.logyol 1 + (/o]

FASERESPONSIE £H = —arctan (o/o,)
1.5 Asymptoten
00  1>»olo,  Hof
® — © 1 << /o, H%%

SIGNAALVERWERKING: Fourier Analyse - 1ste Orde Systemen

16/05/2008



ir. J. Meel - DE NAYER instituut

1V @1kHz
0.2V @50kHz
; S
1kHz 16 kHz 100 kHz

1.6 BodeDiagram
IHoNas 11 119 1 7 10 LN
0dB . ‘ sl ¢
helling 0 : :
Hi= oo
_ . =20.dBfdecade
~30 ¢B o, = kantelpuisatie I
= -3 dB pulsatie hefling =1, -
[: [H.o =,
-4 4B
AH(c%)D 11100 1110 {helling 0).90° 1 19 10, ol
_450 -
e 0
o | (hefling —1).90° ] {
1.7 Filtertoepassing
R 1.2 VO

14

: ’\/\/J_
v v, !

i C O a2
4

- - EY:
| -8

R
-2

1V @1kHz
0.2v1M00 @50kHz
1 l Ef

1 kHz 10 }Hz 100 kHz

SIGNAALVERWERKING: Fourier Analyse - 1ste Orde Systemen
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R f, = 500 H

|H(m3|:: 10 Hz ] g itz 5kHz 10 kHz 80kiz 100Kz

- 7.0 dB {0.45~11+29) _
selectiviteit
~0dBL ~20 dBldecade ~ 40 dB {:100)
H.f = f, ;
-4p 4B
. f, = 500 H
AH(CO(})D 10 H 100 He ' zla KHz 5Kz 10 kHz 50khz 100kHz ¢
_450 |
-63,5° = -360%arclan(2) { Zn
_900 .
v
R s
/\/\/ 23] _//" \'\\
+ o 2
v C v a2 i \\ 1:
! . ¢ 311/ N\ \f
- . i -\'\..‘ y /-
2
1V @1kHz
0.45V @1kHz
0.2V @50kHz 0.2V1100 @50KkHz
L : f | l nt
1 kHz 10 kHz 100 kHz 1kHz 10 kHz 100 kHz
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2. Hoog Doorlaat Filter (HDL)

DC: H(w=0)=0

controle (limietanalyse):

HF: H{w=w) =1

2.1 Schema
g
¥ L +
v, R v,
2.2 Limietanalyse
DC HF
Z=o0 j=¢ Z=0
S ,
+ + DC: H(0)=0 + +
v, v,=0 v; R v,V
- - HF: H=)=1 . -
2.3 Transfertfunctie
C .
=2
+ 3 T e
v, R % v
o= _ joRC
R+ 1/joC 1+ joRC
jolo,
=tk 5 =1RC
1+joloy,

SIGNAALVERWERKING: Fourier Analyse - 1ste Orde Systemen
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2.4 Amplitude- en Faseresponsie
He A% CqRe

olo,

AMPLITUDERESPONSIE  |H| = W
Hlgg = 20.logg(wlay) ~ 10.logy[ 1+ (wlo )]

FASERESPONSIE ZH=90° - arctan {w/wm,)
2.5 Asymptoten

o—0 1> alo,

0 — 1 << /oy,

2.6 BodeDiagram

Hieo
Holat, o 10117 1 10 heling0 100

0dB olo,

420 dBldecads” 1%
gl o helling +1

ZH{w) 4 . (hefling +1).90°
e

6°

B K

. . ) (helling 0).90° ‘ L :
"o . 76 T 0 5;

SIGNAALVERWERKING: Fourier Analyse - 1ste Orde Systemen
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3. Hoog Doorlaat Filter: Cascade
3.1 Schema - Cascade Schakeling
C '- R
I —ftd
3 1 + + oy dt- + 84% L+
Vi R v, =V Vy C=—| Y
jolo ) 1 :
= 0% = jolo, . —
1+jolo, 1+ jolo,
o, = 1/RC
3.2 BodeDiagram
H@ll 1100 110 hellng +1 100 :
‘ ! 0 olo,
0B helling 0 helling 0 O
Sad
—oop | [Pt
: hetling +1 helling —1
i : o
—-46 dB B—— : -
ZH(@} 4 (helling +1).90°
455 -
..., (1EHING 0).90° :
S I I

SIGNAALVERWERKING: Fourier Analyse - 1ste Orde Systemen
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controle (limietanalyse)

DC: Z(®=0) =

HF: Z (=»)=R

DC: Z,{0=0)=R

HF: Z (=)= 0

4. Impedantie
4.1 Schema - Serie en Parallel Schakeling
R pae!
NMN—— .
1 e
H :
serie (Z) parallel (Z)
4.2 Limietanalyse
R Z=c0 R Z=0
W—"—~  DC: Z0)=x MN—
) Z{0)=R
DC P ~ A HF
R HF: Z(=)=R R
il Z,()=0 T z=0
4.3 Impedantie
y R
W
. _” 11C
i
serfe (Z,) paraliel (Z,)
Z. =R+ 1joC Z = !
TR O PR+ joC
1+joRC R
= Z =
%% e P 1+joRC

SIGNAALVERWERKING: Fourier Analyse - 1ste Orde Systemen
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4.4 BodeDiagram
Zw) 1 _| l_
10.R
helling ~1
o N heliing 0
i helling 0
helling =1
‘ . » 0o
R0 10 1 16 *
ZZ (0] i 1] . a
{ }ﬂo _1_,“0 {helting 0).90 i {heliing 0).96 10 ol
—45
s reling =)0 (helling = 11805
_900
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£
Embedded System Design A e

SINT-KATELIJNE-WAYER

! DE NAYER INSTITUUT

ir. J. Meel
maart 2006

1. Laag Doorlaat Filter (LDL)

1.1 Schema
Y > R,
“T | Viz CzT v,
1.2 Limietanalyse
” HF
R i =0 | _
T [T+ pcHo=1 ¢ %Y .
Y Z=eo VoY, Vi Z2=0 Vo=
- W - HRHe=0 ¢

SIGNAALVERWERKING: Fourier Analyse - 2de Orde Systemen
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1.3 Transfertfunctie
R B R,
+ + |A_1 + /\/\/ +
Yi Ci—r—| Yo Viz C,/—1| Y
_ 1 1 1
1 + jmlﬂ)k1 1 + j(DI(Okz
1 _ wyq = 1RC,
H= - -
. (tjologh (1 +jolog) o, =1RC,
DC: H{o=0)=1
controle (limietanalyse):
HF: H{ow=%)=0

1.4 Amplitude- en Faseresponsie

1 oy = 1R,C,

H= - - e:
. tjolog) (T+jolog) @, = 1R,

1 1
AmpLITUDERESPONSIE [H| = F0log) 1+ (@logh

[Hlgs = —10.l0g,[ 1 + (@/00q)2] = 10.d0gye[ 1+ (0fe,)*]

FASERESPONSIE ZH = —arctan (olo,) = arctan (w/oy,)
1.5 Asymptoten
o—0 1> oloy, H—1 “b_’

SIGNAALVERWERKING: Fourier Analyse - 2de Orde Systemen
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Mo}

helingd Oy

1.6 BodeDiagram

helling 0 Dy

iy hellng0
-20dB
—4dBL

~B0dB ¢

nel P

ZH(e) t

hefling—1
helling —1

Fa

(helling 0).90° @y

—-45° |-

-9 |

=135

~180° |-

Y —

{helling -2).90°"

@) T 1100 netingo 1110

W= Wy

odiB | -
g helling
=2048 |

-40dB |

-60dB &

-80 dB |- 4.[>_.,

helting 0 1, 10 100 f
L —+ . > 0oy

helling —1

=180 |-

ZH{®) { ‘ " :
. 1100 (helling 0)901.‘|10 1 1P 1ﬂi!} oloy:
T =0y ;
-5 |
"
..
-90° |- ..
\l‘\
135 | T
(helling =2).965 ™~~..
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2. Model Audio Versterker
2.1 Schema
HDL LDL
CH ' ? RL
K A
+ B + ’ . + +
vi RH% VoH Vil CL/1i %
2.2 Limietanalyse
Py
DC E % 0 L 0 \I ¥ |
DC: H(0)=0
A —WW ' w) =
HE % 2|y DT o HF: H(=)=0
HDL 2.3 Transfertfunctie oL

= o+
A
£
o
o =4

X
=2
=
()
&
H
tH
< +
[=

joloy 1
T A ' T
1+ jolog 1+ joloy
_ A. jolog o = 1R,Cy
DC: Ho=0)=0
controle {limietanalyse).
HF: H{o=+<)=0

SIGNAALVERWERKING: Fourier Analyse - 2de Orde Systemen 4
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2.4 BodeDiagram
IH{w)lag helling 0 hefling 0
2048
helling +1 A=20dB hetling —1
048 S
g helling 0 heilmg 0
i helling +1 helling -
~20dB ¢ a@—» »
ZH{o} ¢
8 (helling +1).90°
450 | ™ .,
) W o @y .
0 hefling 0).90°
45 -
—o° (helling —1).90°
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Embedded System Design

&
e ol
'
S
e N
(-
e
WWW
o
RS FIEEE ¥
s
mﬂmﬁ&
sy
“M?%f%

SINT-KATELIJNE-WAVER

' DE NAYER INSTITUUT

Y
4- £ é
A1 E)

.

|

% ir. J. Meel
W april 2008

vi=8(t) —

& |-|NEA5R : =

1. Eigenschappen van een Lineair Systeem

1.1 Impuls- en Stapresponsie

L, v.=A.e % sinet+g)

- SYSTEEM

-

N
TN

SIGNAALVERWERKING: Lapalce Analyse - Technieken
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Signalen in het s-vlak & tijdsgedrag
jo
1% y

s n\ \/ : " I
1 /\ | \ : ~ /\t
¢ Cal l \/
u\q —% o
0 t X X x
; \ s-vilak
1 TANTANYS :
0 \/ \\/ \/ A

2. Laplace Transformatie
L{f(t) } = f(t).e~Stdt

Betekenis: correlatie

o(t) 1
u(t) /s
g0t 1/(s+o)

SIGNAALVERWERKING: Lapalce Analyse - Technieken 2
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p. = pool (pole)

3. Transferfunctie H
. LINEAR
vi() — SYSTEEM |— v, (t) =] h{z).vi(t—7) dt
b Vo (8 = h{x)svt-
’ . o = h(t)«v;(t-1)
cl o
" LINEAIR
Vi(s) »  SYSTEEM  — V, (s)=H(s).Vi(s)
::_:-:'::-H_(S)':_-':f:'f

SIGNAALVERWERKING: Lapalce Analyse - Technieken 3
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4. Bepalen van de Transferfunctie: Formeel

v,= Ve St

tijd frequentie s-viak

L AT ve=Av,  He)=A | H)=A

S v=Sv Hesie  HEss

D et B ve=lvidt H(m)=jlm§ His)= =

A e voEv(tAY H(m)=e-imAt§ H(s) = et

5. Bepalen van de Impedantie

| Z(s) = — | [0]
v=V.e v il

tifd frequentie s-viak

LA veRi  Zw=R  Ze)=R

| UG dt N 1
_._{' : }_ vefiCat  zo=gr  Z=gp
. d . H . ;

_I"{O-m\: V=La| Z(G)’=10)L Z(s):sL |

SIGNAALVERWERKING: Lapalce Analyse - Techhieken
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6. Bepalen van H: Differentiaalvergelijking

LINEAIR
SYSTEEM

m-— o ———)V §
WD (Z' )v ___Z kdt_. =

sVLAK "H(s) = IHE eMH..m_w _Zh(s) "

oo
Vi 2ods) "]

s-VLAK H(s)

@ - Com(s-p)

x | o omi-sz) |

n(t-sip)

z, = nulpunt (zero})

p. = pool (pole)
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Met dezelfde frekwentietransformatie wordt de transfertfunktie
van het genormaliseerde laagdoorlaatfilter L,(S), zoals deze
volgt uit de beschikbare tabellen, omgezet in de gezochte
transfertfunktie BD(s) van het banddoorlaatfilter:

2 2
sz + ®,

BD(s) = Ly(S) = Lp(———) (4.7)
BW.S

Deze voldoet aan de oorspronkelijke specifikaties wvan het
banddoorlaatfilter.

4.2 EERSTE ORDE TRAP
De genormaliseerde transfertfunktie L,(S) van een eerste
orde laagdoorlaat-trap, zoals die in de Eabellen wordt terug-

gevonden, is:

C

L, (5) = (4.8)

s+ C

Door toepassing van de frekwentietransformatie (4.6) wordt een
tweede orde banddoorlaatfilter bekomen:

52 + w02 C.BW.s
BD(s) = L,| ——— | = (4.9)

BW.s s? + C.BW.s + woz

Door identifikatie met de algemene voorstelling van een 2de
orde systeem, volgen dadelijk volgende eigenschappens:

=1 Q= — (4.10)

(Voor Butterworth is C=1, voor Chebyshev is C<1 en dus Q>Qy¢)

4.3 TWEEDE ORDE TRAP

De genormaliseerde transfertfunktie L _(S) van een tweede
orde laagdoorlaat-trap, zoals die in de Babellen wordt terug-
gevonden, is:

L,(8) = (4.11)
S§2 + B, + C

SIGNAALVERWERKING (J. Meel) FILTERS - FTl1



Door toepassing van de frekwentietransformatie (4.6) wordt een
vierde orde banddoorlaatfilter bekomen:

Sz e moz
BD(s) —

It
=

BW.s

c.Bw?,s2

2.s + w 4

3
s4 + B.BW.s3 + (C.BW?+20,%).s2 + B.BW.0, o

Deze transfertfunktie kan gerealiseerd worden als een kaskade-
schakeling van 2 tweede orde banddoorlaatfilters , BDl(s) en
BD2(s), met eenzelfde kwaliteitsfaktor, maar die t.o.v. van de
center frekwentie ., symmetrisch ‘“"verstemd" =zijn, met een
faktor D > 1 (detuning factor):

K: K

1

i

|
jcsca$.D>2
i

!
|
|
|
!
E

1 Wq

Wy = mOID Wy = d Wy -y Wy = ©g.D

fig. 4.1 : BD(s) ALS EEN KOMBINATIE VAN 2 TWEEDE ORDE FILTERS
[ BD{w,) = BDl(w,) = BD2(wy) = 1 1]

o)
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