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Welcome to SchematicSolver, a powerful and easy-to-use schematic capture, symbolic analysis, processing and implemen-
tation tool in Mathematica. Using SchematicSolver's unique capabilities and mixed symbolic-numeric processing, you
can perform fast and accurate simulations of discrete-time (digital) and continuous-time (analog) systems.

SchematicSolver is a convenient and comprehensive environment in which to draw, analyze, solve, design, and imple-
ment systems in Mathematica. It is the first mouse-driven, interactive drawing tool based entirely on Mathematica's
built-in functions and pal ettes.

With even a minimum understanding of basic system theory, you can successfully use SchematicSolver to design and
simulate various systems. dynamic feedback and control systems, digital filters, nonlinear discrete-time systems, and
much more. For beginners, SchematicSolver is perfect for learning and experimenting with system analysis, implementa-
tion and design. For advanced and experienced users, SchematicSolver's symbolic analyses and processing provide a
sophisticated environment for testing and trying all the "what if" scenarios for system design. Best of al, you can
accomplish more in less time with SchematicSolver than with traditional prototyping methods.

The SchematicSolver application package requires Mathematica 4.2.1 or later.
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We are dedicated to producing only the finest quality software and supporting customers after the initial purchase. If you
encounter problems while using SchematicSolver or just need general help, contact us via electronic mail or postal mail
and we'll provide prompt and courteous support.
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11000 Belgrade, Serbia, Europe
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1. Introduction

1.1. What is SchematicSolver?

Welcome to SchematicSolver, a powerful and easy-to-use schematic capture, symbolic analysis, processing, and imple-
mentation tool in Mathematica. Using SchematicSolver's unique capabilities and mixed symbolic-numeric processing,
you can perform fast and accurate simulations of discrete-time (digital) and continuous-time (analog) systems.

SchematicSolver is a convenient and comprehensive environment in which to draw, analyze, solve, design, and imple-
ment systems in Mathematica. It is the first mouse-driven, interactive drawing tool based entirely on Mathematica's
built-in functions and pal ettes.

You can find many practical solutions in the rich SchematicSolver's documentation, such as velocity servo system,
adaptive LMS system, automatic gain control (AGC) system, quadrature amplitude modulation (QAM) system, square-
law envelope detector, thermodynamics of a house, high-speed recursive filters, Hilbert transformer, and efficient
multirate systems.

SchematicSolver has many unique features not available in other software:

e The graphical representation of a system is not a frozen picture (it is not a bitmap image); it changes automatically as
you change system parameters or element values.

e A large schematic can be made of replicas of simpler schematics; you can write a code to automate drawing for an
arbitrary number of repeated parts.

e Functions exist for generating schematics for arbitrary symbolic system parameters.
e Symbolic signal processing brings you computation of transfer function matrices as closed-form expressions in terms
of system parameters kept as symbols, and much more: for a symbolic input sequence you can compute the symbolic

output sequence with system parameters and states specified by symbols.

o Automated generation of software implementation of linear and nonlinear discrete systems. The generated implementa-
tion function can symbolically process symbolic samples.

e Symbolically derives important closed-form relations between parameters of a system, such as power-complementary
property of high-speed filters.

e Find the closed-form symbolic response from the schematic of alinear system keeping system parameters and the state
as symbols; all system parameters and the initial conditions are given by symbols and the derived result is the most
general.

e Symbolically optimize a selected parameter for the specified response.

e Symbolic design: For known transfer function, impulse, or step response, generates the schematic of the system and
computes the system parameters.

e Design of optimal multirate implementations by working in the symbolic domain.
e Model a system that works with symbolic complex signals, such as the Hilbert transformer.

e Find closed-form expressions of output signals for known stimuli given by closed-form expressions for certain classes
of nonlinear systems.

e Solve systems with unconnected elements: signals at unconnected element inputs are automatically generated as
unigue symbols.
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1.2. Required User Background

With even a minimum understanding of basic system theory, you can successfully use SchematicSolver to design,
implement, and simulate various systems: dynamic feedback and control systems, digital filters, nonlinear discrete-time
systems, and much more. For beginners, SchematicSolver is perfect for learning and experimenting with system analysis,
implementation and design. For advanced and experienced users, SchematicSolver's symbolic analyses and processing
provide a sophisticated environment for testing and trying all the "what if" scenarios for system design. Best of al, you
can accomplish more in less time with SchematicSolver than with traditional prototyping methods.

1.3. Technical Support
We are dedicated to producing only the finest quality software and supporting customers after the initial purchase. If you

encounter problems while using SchematicSolver or just need general help, contact us via electronic mail or postal mail
and we'll provide prompt and courteous support.

NOTE: Please be prepared to provide your name and license number (found on the Registration Card) when contacting us.

Email: lutovac@kondor.etf.bg.ac.yu

Postal mail: Mirodlav Lutovac
Bulevar Arsenija Carnojevica 219

11000 Belgrade, Serbia, Europe
Future versions of SchematicSolver are planned so please feel free to write and let us know what features or additions

you would like to see. Our goal isto provide a product that will meet your needs and expectations, so feedback from the
end user is essential!

For more information:
http://mww.wol fram.com/products/applications/schematicsol ver/
http://www.SchematicSol ver.com

http://kondor .etf.bg.ac.yu/~lutovac
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1.4. About this Manual

This User's Guide has been designed to guide you through SchematicSolver’s many features and simplify the retrieval of
specific information once you have a working knowledge of the product.

The manual assumes that you are familiar with the operating system and its use of icons, menus, windows and the
mouse. It also assumes a basic understanding about how the operating system manages applications (programs and
utilities) and documents (data files) to perform routine tasks such as starting applications, opening documents and saving
your work.

1.5. Manual Conventions

The following conventions are used to identify information needed to perform SchematicSolver tasks.
Step-by-step instructions for performing an operation are generally numbered as in the following examples:
1. Select the Adder Element on the Palette.

Menu names, menu commands, and Palette items usually appear in bold type as are text strings to be typed:
2. Typethe Vaue: 3400.

This manual also includes some special terminology—words that are either unique to schematic capture and system
simulation or have some specific meaning within SchematicSolver. Such terms are italicized when first introduced.

SchematicSolver Version 2.0 www.schematicsolver.com



15

1.6. Teams Up with Other Mathematica Applications

SchematicSolver complements Control System Professional with tools for drawing and solving systems described by
block diagrams.

Control System Professional is a Wolfram Research application. It uses analytical solutions to study relationships
between design elements and gain added insight into complex composite systems, and use numerical solutions for
plotting and testing. It handles linear MIMO and SISO systems in both time and frequency domains and provides
linearization techniques for non-linear systems. For more information: www.wolfram.com/products/applications/.

SchematicSolver provides objects such as transfer functions for further analysis with Sgnals and Systems.

Sgnals and Systems is a Wolfram Research application. It greatly simplifies tasks that involve linear transforms, stan-
dard signal representations, and visualization with numerous built-in tools. With a focus on symbolic techniques, these
tools bring you capabilities not traditionally available in signal processing software, yet increasingly in demand for
high-quality signa analysis. In addition, Sgnals and Systems lets educators easily create interactive lessons and have
students derive, explain, and submit their solutions in the same notebook.

For more information:

www.wolfram.com/products/applications/.

SchematicSolver has access to al Mathematica capabilities to perform further manipulations on results returned by the
SchematicSolver's functions.

1.7. Acknowledgments

We are thankful to Theodore Gray, Chris Carlson, Louis D'Andria, Igor Bakshee, Jeff Bryant, and Ljiljana Milic for
making useful suggestions.

2. Quick Tour of SchematicSolver

With even a minimum understanding of basic system theory, you can successfully use SchematicSolver to design,
simulate, and implement various systems. dynamic feedback and control systems, digital filters, nonlinear discrete-time
systems, and much more.

Symbolic signal processing is a SchematicSolver's unique feature that brings you computation of transfer function
matrices as closed-form expressions in terms of system parameters kept as symbols, and much more: for a symbolic
input sequence you can compute the symbolic output sequence with system parameters specified by symbols.

You can find many practical solutions in the rich SchematicSolver's documentation, such as velocity servo system,
adaptive LMS system, automatic gain control (AGC) system, quadrature amplitude modulation (QAM) system, square-
law envelope detector, thermodynamics of a house, high-speed recursive filters, Hilbert transformer, and efficient
multirate systems.

For beginners, SchematicSolver is perfect for learning and experimenting with system analysis, implementation and
design. For advanced and experienced users, SchematicSolver's symbolic analyses and processing provide a sophisticated
environment for testing and trying all the "what if" scenarios for system design. Best of all, you can accomplish more in
less time with SchematicSol ver than with traditional prototyping methods.

The graphical representation of a system is essential for supporting a designer's view of the implementation, which often
comes in the form of block diagrams. SchematicSolver provides an easy graphical user interface for building models as
block diagrams, using point-and-click mouse operations for performing the most common drawing tasks. Y ou can draw
the models just as you would with pencil and paper.

SchematicSolver describes a system as alist of elements. Thislist specifies what elements are in the system and how they
are interconnected. A list describing a system will be referred to as the schematic specification. Each element in the
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system is also described as a list that states what the element is, to which other elements it is connected, and what its
valueis. A list describing an element will be referred to as the element specification.

When you draw a new element, SchematicSolver automatically adds a new element specification in the schematic
specification. The schematic specification contains al details for drawing, solving, simulating, and implementing the
system. In addition, it is not necessary to insert manually all elements. A large schematic can be made of replicas of other
schematics. You can draw smaller parts that constitute the large system and combine them into a desired schematic.
Once when you have a set of basic schematics, and when you find out that they can be used to build large schematics
with repeated parts, you can write a code to automate drawing for an arbitrary number of repeated parts. This is a unique
feature of SchematicSolver not available in other software for system modeling and analysis. The graphical representa-
tion of a system isnot a frozen picture (it is not a bitmap image); it changes automatically as you change system parame-
ters or element values.

Chapter Examples of Discrete System Implementation describes solutions to common modeling problems. Y ou can
easily build models from automatically generated schematics and clearly visualize sophisticated algorithms. You can
change system parameters on the fly and immediately see what happens with the results because the SchematicSolver's
simulations are interactive.

Adaptive LMS system example illustrates (a) useful modeling of system identification, (b) simulation of the system that
performs the least mean sguares adaptive algorithm, and (c) automated code generation for the implementation of the
LMS system. Two systems, the unknown linear system and the adaptive nonlinear system, are represented by two
schematic specifications. Usually, the impulse response of the unknown system has a finite duration and it can be
modeled as an FIR system with symbolic parameters. The numeric parameter values are determined using the adaptive
nonlinear system for known input and output sequences of the unknown system. The schematics of the FIR system and
the adaptive system are automatically generated for specified number of the unknown parameters. SchematicSolver
symbolically processes data samples keeping the system parameters as symbols. SchematicSolver proves that adaptive
system tries to solve a system of linear equations. Consequently, you can identify the parameters of the unknown system
with a small number of samples. Furthermore, SchematicSolver can process samplesin atraditional numerical way.

Automated procedure for generating software implementation of a nonlinear discrete system is illustrated by the AGC
system. Nonlinear function value can be any algebraic function of one argument: an algebraic Mathematica built-in
function or algebraic user-defined function with symbolic parameters. The implementation procedure embeds the code of
the nonlinear function. SchematicSolver returns the output sequence with symbolic sample values in terms of symbolic
parameters. This enables symbolic optimization and presenting results in a more convenient form. For example, if the
input samples of the Modulator system are expressions of the form sin(2x f;) and sin(2x f,), the output sample contains
sin(2x fy)sin2x f,), that can be simplified to the more convenient form % (cos(2n(fy — fp)) — cos(2n(f, + f2))). This
example demonstrates a SchematicSolver's unique feature, symbolic processing, not available in other software.

QAM system example illustrates modeling of the system by implementing and simulating the subsystems individually,
assuming that there are no feedback paths between the subsystems. The output signal from one subsystem is the input
signal to another subsystem. The subsystems may have feedback paths and each subsystem can be analyzed individually;
for example, you can find the transfer function of a linear subsystem and plot the frequency response or the impulse
response.

Square-law envelope detector is another example of the nonlinear system that demodulates the amplitude-modulated
signal. It shows how to start modeling with signals and systems represented by mathematical formulas and arrive to
actual processing that act on real data.

Simple model of the thermodynamics of a house provides a brief introduction to the efficient modeling concept; you
begin with a symbolic description of an algorithm and then try to manipulate it into other symbolic descriptions having a
more desirable form such as schematic specification. The MIMO linear discrete-time heating model can be used to find
the frequency response or the step response, to simulate data processing, to implement the system, and to process data
samples with the automatically generated implementation function. You can simply upgrade the linear model to a
nonlinear model of the heating system by inserting a nonlinear element. Various nonlinear models can be implemented
and simulated, such as the model with the parametric on-off function or with the user-defined hysteresis function.

Example of high-speed recursive filters presents automatic generation of schematic from known symbolic values of the
filter coefficients. The filter is a single-input two-output system. SchematicSolver symbolically derives important closed-
form relations between parameters of this system, such as power-complementary property. This is a unique feature of
SchematicSolver not available in purely numeric simulation software.

Velocity servo system example demonstrates another unique feature of SchematicSolver not available in numeric soft-
ware. First, it finds the closed-form symbolic response from the schematic of a continuous-time system keeping system
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parameters as symbols; all system parameters are given by symbols and the derived result is the most general. Next, it
finds the optimal symbolic value of a selected parameter for the specified response; no numeric value appears in the
calculation. Numeric optimum value is computed for a particular set of numeric parameters. Substituting the numeric
values into the symbolic expression, you can plot the response.

The rational transfer function, impulse, or step response are sufficient to describe the input/output characteristics of the
system. They have enough information to describe the internal workings of a genera continuous system implementation
or the discrete-time Transposed Direct Form 2 IIR implementation. SchematicSolver shows that a linear system can be
designed in a straightforward manner if its step response is known as a closed-form expression. It finds the correspond-
ing transfer function as closed-form expressions in terms of system parameters. SchematicSolver demonstrates how to
manipulate the symbolic expressions into a form that is suitable for automatic code generation. You can generate the
schematic of the general block-diagram of the system with symbolic parameters. For the known numeric values of the
transfer function coefficients, that are computed from the step response, and for the symbolic coefficients, that are
computed from the general schematic of the system, you can compute the system parameters and draw a high-quality
schematic of the system.

The graphical representation of a system is essential for supporting a designer's view of the implementation. Schematic-
Solver can help you to simplify your model graphically. You can modify a schematic specification by inspection and try
to find a simpler realization of the system. When you draw a schematic, you can solve the system, that is, you can find
the symbolic expressions of the transfer functions, by clicking a single button on the palette. Regardless how complex
the expressions are, there is a smple procedure for comparing the symbolic expressions. Although the design space is
unbounded, you can try to find more efficient and effective schematics with the same transfer function. In order to
evaluate and compare relative cost of different implementations, a figure of merit can be used to quantify the implementa-
tion compl exity.

Chapter Multirate Systems describes the ability of finding optimal multirate implementation by working in the sym-
bolic domain. Various multirate structures have been analyzed in order to find an efficient implementation within a class
of possible solutions. In some cases, you can identify that two structures are equivalent comparing their transfer func-
tions. However, in some cases you should analyze symbolically processed symbolic sequences. SchematicSolver works
with symbolic input, symbolic parameters, and symbolic states. It processes symbolic sequences and returns the output
sequences with symbolic sample values. Symbolic multirate system simulation is the SchematicSolver's unique feature
not available in other simulation software.

SchematicSolver allows you to model a system that works with complex signals. Chapter Hilbert Transformer illustrates
how to generate a complex signal from a real discrete signal by passing the real signal through a linear discrete system
referred to as the Hilbert transformer. SchematicSolver's functions compute the spectrum of the complex signals and
illustrate that the spectrum of the analytic complex signal has zero-valued spectrum for negative digital frequencies.
Schematic of the Hilbert transformer clearly visualizes the processing and it can be automatically generated by the
corresponding SchematicSolver's function. QAM system, in which the Hilbert transformer is used, is designed and
analyzed as an example of areal system that processes complex signals.

Using SchematicSolver's schematic capabilities, symbolic system analysis and signal processing, you can perform fast
and accurate simulations of nonlinear discrete-time systems. SchematicSolver can solve some classes of nonlinear
systems. The term solve means that SchematicSolver can find the closed-form expression of the output signa for a
known stimulus given by a closed-form expression. SchematicSolver illustrates step-by-step procedures for analyzing
nonlinear systems; for the given block-diagram of a system, the required equations are formulated as a system of equa-
tions, and then the set of equations is solved to find the system response as a discrete function.

Sometimes, it happens that inputs of some system elements are left unconnected. Traditionally, systems with uncon-
nected element inputs are not solvable. SchematicSolver successfully solves these systems: signals at unconnected
element inputs are automatically generated as unique symbols. Thus, if you by mistake left unconnected an element
input, it is easy to identify the mistake. If you intentionally leave some element inputs unconnected, you can assign
values to the corresponding input signals after the analysis.

This makes SchematicSolver available:

Inf[1] : = Needs["Schemati cSol ver "]

SchematicSolver describes a system as a list of elements referred to as the schematic specification. A list describing an
element will be referred to as the element specification. The junction points between elements are referred to as nodes.

Here is an example system specification:
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In[2]:= nySystems= {
{"I'nput", {0, 0}, X3,
{"Adder", {{0, 0}, {1, -2}, {2, 03}, {1, 233}, {1, 0, 2, -1}3},
{"Multiplier", {{2, 0}, {5, 0}}, a},
{"Block", {{5, 2}, {1, 2}}, H},
{"Line", {{5, 0}, {5, 2}}},
{"Qutput", {5, 0}, Y}
};

ShowSchemati c shows the system schematic:

In[3]:= ShowSchematic[nySystem PlotRange -» {{-1.5, 6.5}, {-1.2, 3}}]

3
2 - H
1,
- a
0 X —_ —O0 Y
-1+
-1 0 1 2 3 4 5 6

The system consists of one adder, one multiplier with gain a, and one block of transfer function H.

Linear time-invariant (LTI) systems, characterized by linear equations, are efficiently analyzed by using the Laplace or z
transforms. The transforms map the equations into new algebraic equations which are easier to manipulate.

DiscreteSystemTransferFunction finds the transfer function of the discrete system:

Inf4]:= {tfMatrix, systemnl np, systenfQut} = Di screteSyst enilransf er Functi on[nmySyst em]

atf4= {{{1 55} (Y10, 031}, (Y[{5, 0}1}]}

The system input is at the coordinate { 0,0} and the system output is at the coordinate { 5,0} .

The example system is a SISO (single-input single-output) system; therefore, its transfer function matrix is a 1-by-1
matrix.

Inf5]:= nyTF=tfMatrix[[1, 1]]

a

Qtl3]= 153m

Consider a specia case in which we assign some numeric and symbolic values to the system parameters:
Inf6]:= myValues ={a-»1/2, H->1/2z}
1

1
ait[6]= {a- 5, H> 2}

Hereisthe transfer function for the special case:
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Inf7]:= nyTFspeci al =nyTF /. nmyVal ues

B 1
WA= Ly
DiscreteSystemDisplayForm displays the transfer function in a more convenient way:

In[8]:= myTFspecial // Di screteSystenDi spl ayForm
Qut[8]//D spl ayFor ne
1
2+2z1

By default, SchematicSolver denotes the complex variable with z, and the transforms of signals with Y[{i, j}] where
pairs {1, j} designate coordinates on the schematic.

DiscreteSystemFrequencyResponse plots the frequency response of the system:

Inf9]:= DiscreteSystenfFrequencyResponse[nyTFspeci al 1;

Magni t ude (dB)

- c Frequency

0.1 0.2 0.3 0.4

Phase (degrees)
30}

257
20t
15}

10

: Frequency
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SchematicSolver can keep all system parameters as symbols. Y ou can assign various expressions to the parameters:

In[10]:= nyTFnested =nyTF /. {a->3/2, H-> nyTFspeci al };
Di scret eSyst enDi spl ayFor m[myTFnest ed]
Di scret eSyst emvagni t udeResponsePl ot [nyTFnested /. a-» 3/2];

Qut[11]// D spl ayFor nF

6+32z1
T+2z71

Here is another example of a specific system:

Inf13]:= nyTFhb =nyTF /. {a>1, H> (1+272)/ (1/2+2"2)};
Di scret eSyst enDi spl ayFor m[nmyTFhb]
Di scret eSyst emvagni t udeResponsePl ot [nyTFhb];

Qut[14]// D spl ayFor nF

2+2°2
i:3z7

DiscreteSystemSignals computes transforms of signals at al nodes:
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In[16]:= Di screteSystenSi gnal s[nySystem] // Tabl eForm

Qut[16]// Tabl eFor nF

_ax_ X a Hx X
l+aH l+aH l+aH
Y[{5, 0}] Y[{2, 0}] Y[{1, 2}] Y[{0, 0}]

DiscreteSystemEquations sets up the equations that describe the system:

In[17]:= DiscreteSystenEquati ons[nySystem] // First // Col utmForm

ait[17]= Y[{0, 0}] ==X
Y[{2, 0}] ==Y[{0, 0}]-Y[{1, 2}]
Y[{5, 0}] ==aY[{2, 0}]
Y[{1, 2}] ==HY[{5, 0}]

DiscreteSystemProcessingSI1SO0 processes a data list inputted to the system for the transfer function found from
the schematic:

In[18] := nylnputData= {1, 0, 0, 0, O, 0, O, O}

out[18]= {1, 0, 0, 0, 0, 0, 0, 0}

I'n[19] : = nyQut put = Di scret eSyst enProcessi ngSl SO[nyl| nput Dat a, nyTFspeci al ] // First

1
16 32’ 64’ 128" 56

Qut[19] = {%, _%, %, - CHR T

I'nf20] : = SequencePl ot [Li st ToSequence [nyCQut put 11;
0.5¢

0.4}
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Consider anonlinear system

In[21]:= nySystem= {
{"I'nput", {0, 0}, X3,
{"Adder", {{0, 0}, {1, -2}, {2, 0}, {1, 2}}, {1, 0, 2, -13}3},
{"Function", {{2, 0}, {5, 0}}, Exp},
{"Multiplier", {{5 0}, {5, 2}}, a},
{("Delay", {{5 2}, {1, 2}}, 1},
{"Qutput", {5, 0}, Y}};
ShowSchenatic[% Pl ot Range » {{-1.5, 6.5}, {-1.2, 3}}]

3

2 <] 7!

1+ - a

0 X — Exp = oY
-1t | | | | | | | |

Here isthe impul se response of the system:

I'n[23]:= myQut Seq = Di screteSystenSi nul ati on[mySystem]

B _aeae e
fo fee J

-ae -a
-ae ae -ae
_ae-ae _aeae

(eret ) e o e )

Note that the system parameters are symbols and that the response is a list of symbolic expressions. You can aways
assign numeric values to the parameters, for example to plot the response, as follows:

ae

-ae —ae”

it[23]= {{e}, {e?°}, {e®° "}, {e?*

e ae

_ge-ae”

In[24] : = SequencePl ot [myQutSeq /. a-»1/2]7;
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SchematicSolver can solve nonlinear discrete-time systems. Here is an example two-input modulator system:

I'n[25]:= modul at or System= {{"I nput", {0, 2}, X},
{"lInput", {0, 0}, U3,
{"Qutput", {3, 1}, Y},
{"Mdul ator", {{0, 1}, {0, 0}, {3, 13}, {0, 233}, {0, 1, 2, 13}}};
ShowSchenatic[% Pl ot Range » {{-2, 5}, {-1, 3}}1;

3

2 X

1r Y
0r U

Output Y isthe product of two sinusoidal signals X and U.

In[27]:= x = UnitSi neSequence[8, Fx];

u = Uni t Si neSequence[8, Ful;

i npSeq = Mul ti pl exSequence[x, ul;
DiscreteSystemSimulation simulates the system:
I'n[30]:= outSeq = Di screteSystensti mul ati on[nodul at or System i npSeq];

Schemati cSolver works with symbolic signals:

In[31] : = dataSeq = Mul ti pl exSequence[i npSeq, out Seq];
%/ / Tabl eForm

Qut [ 32]// Tabl eFor nF

0 0 0

Sin[2 Fx ] Sin[2Fu ] Sin[2Fux] Sin[2 Fx )
Si n[4 Fx ] Sin[4 Fu )] Sin[4 Fu] Sin[4 Fx
Sin[6 Fx ] Sin[6 Fu )] Sin[6Fu] Sin[6 Fx ]
Si n[8 Fx 1] Sin[8Fu ] Sin[8 Fu ] Sin[8Fx ]
Sin[10 Fx ] Sin[10 Fu r] Sin[10 Fu ] Sin[10 Fx ]
Sin[12 Fx ] Sin[12 Fu r] Sin[12Fu ] Sin[12 Fx ]
Sin[14 Fx ] Sin[14 Fu r] Sin[14 Fu ] Sin[14 Fx ]

The output signal can be presented in a more convenient form that reveals output as a sum of two sinusoidal signals of
frequencies (Fu-Fx) and (Fu+Fx):
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In[33]:= (outSeq //Flatten // TrigReduce) //. f_[e_] »f [Factor [e]];
%// Mat ri xForm

Qut[34]//MatrixFornr

0
1 (Cos[2 (Fu-Fx) n] - Cos[2 (Fu+Fx) n])
+ (Cos [4 (Fu-Fx) ] - Cos [4 (Fu+Fx) r])
%+ (Cos [6 (Fu-Fx) ] - Cos [6 (Fu+Fx) r])
+ (Cos [8 (Fu-Fx) 1] - Cos [8 (Fu +Fx) r])
4 (Cos [10 (Fu - Fx) 1] - Cos [10 (Fu +Fx) r])
4+ (Cos[12 (Fu-Fx) 1] - Cos [12 (Fu +Fx) r])
+ (Cos[14 (Fu-Fx) n] - Cos [14 (Fu + Fx) r])

With a focus on symbolic techniques, SchematicSolver brings you capabilities not traditionally available in signal
processing software.

Palettes provide a simple way to access the full range of SchematicSolver's drawing and solving capabilities.

The SchematicSolver's palettes provide an easy point-and-click interface for performing the most common drawing tasks.
However, advanced users might prefer to type and evaluate functions directly. But for users who only want to perform
the basic operations, these palettes provide the simplest alternative.

If apalette is not open, choose, e.g., the DiscreteElements palette with

File> Palettes > DiscreteElements
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Discrete Elements

| nput —
Qut put —o
Node

Text A
Arrow A
Adder o
Li ne —
Mult —
Delay =z

Bl ock =
Pol yl i ne i

{X, y}
Redr aw

L 7/ < n -~

Si mul ate

| mpl ermrent

Sol ve

Initialize

To Start Drawing a New Schematic

1. Place the insertion point in a new empty cell in your notebook.

2. Click the button| Initialize |onthe palettetoload SchematicSolver:

Initialize
Load Schennt i cSol ver

Aninput cell will be opened with pasted text, as shown below, and then the whole cell will be evaluated:

In[35]:= Needs["SchematicSol ver ™ "17;
Set Opt i ons [ nput Not ebook [], | nmageSi ze » {350, 300}, W ndowSi ze -» {500, 600}];

Palette footer, below the button| Initialize | indicatesthe function of this button.

3. Click the button

A new input cell will be opened with pasted text. Then the whole cell will be evaluated producing a new graphic output
cell below the input cell:
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In[37]:= mnmySchematic = {

{"Polyline", {{-1, -1}, {-1, 21}, {28, 21}, {28, -1}, {-1, -1}}}};
ShowSchenmati c[%];

e e e e e e e e e e e e e e e e

20 |
18 -
16 -
14 -
12 -

|
|
|
|
|
|
|
|
|
|
|
107:
|
|
|
|
|
|
|
|
|
|

0O 2 4 6 8 10 12 14 16 18 20 22 24 26 28

Cy clicking the button anew schematic (typically, a system specification) is generated with only
one annotation element — Polyline. The ShowSchematic function shows the drawing workspace with grid lines. By
default, the list of elements that describe the schematic is nhamed mySchematic. We cal this list the schematic
specification.

4. Place the insertion point in the empty line in your schematic specification, above the drawing workspace.

5. To draw an input element, click the button

Move the mouse over the drawing workspace. Click once, say when the mouse position is over the coordinate {5, 10}.
The coordinate { 5,10} is selected, and it appears in the Input element specification.

The Input element specification is pasted at the current insertion point:
{"Input"”, {5, 10}, X, "', TextOffset - {1, 0}},
The schematic specification changes and it has a new element above the empty line.

The insertion point remains in the empty line. The drawing workspace does not change until you evaluate the cell with
the schematic specification.

6. Click the button to redraw the schematic:
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In[39]:= nmySchematic = {
{"I'nput", {5, 10}, X, "", TextOFfset » {1, 0}},

{"Polyline", {{-1, -1}, {-1, 21}, {28, 21}, {28, -1}, {-1, -1}}}};
ShowSchemati c[%];

20
18 ¢
16 ¢
14 ¢
12 ¢

|
|
|
|
|
|
|
|
|
|
|
10—: X o
|
|
|
|
|
|
|
|
|
|

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
The cell insertion bar appears below the drawing workspace.

7. Place the insertion point in the empty linein your schematic specification, above the drawing workspace.

8. You can continue filling in your schematic specification with other elements. For example, to add the Block element,
click the button [ Block | Move the mouse over the drawing workspace. Press and hold the mouse button, say when
the mouse position is over the coordinate {5, 10}. Drag the mouse to specify the second coordinate. Release the mouse
button, say at {15, 5}. The schematic specification changes and it has a new element above the empty line.

In asimilar way, you can add the Output element at { 15, 5} .

Here isthe corresponding schematic specification and the block diagram:
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Inf41] := mnySchematic = {

{"I'nput", {5, 10}, X, "", TextOFfset » {1, 0}},
{"Bl ock", {{5, 10}, {15, 5}3}, G "bl ock"},
{"Qutput", {15, 5}, Y, "", TextOffset » {-1, 0}},

{"Polyline", {{-1, -1}, {-1, 21}, {28, 21}, {28, -1}, {-1, -1}}}};
ShowSchenmati c[%];

20
18 ¢
16 ¢
14 ¢
12 ¢

|

|

|

|

|

I

I

|

|

|

| block

10 ¢ : Xe

|
|
|
I
I
I
|
I
|
|

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Typicaly, we want to solve the system: to find the system response, or to compute the transfer function. The palette

button pastes and evaluates a template for general solving a system. The button assumes that the
name of the schematic specification ismySchematic:
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In[7]:=

aut[9] =

Qut[12] =

Print ["Equations of the System"];

{myEquations, nyVars} = Di screteSystentEquati ons[mySchenatic];
nyEquati ons // Col umForm

Print ["Response of the System"7];

{myResponse, nyVars} = Di screteSystenResponse[nySchematic];
nyResponse // Col utmForm

Print ["Signals of the System"];

{mySi gnal s, nyVars} = Di screteSystentignal s[nySchematic];

% // Transpose // Tabl eForm

Print ["Transfer Function Matrix:"];

{myTF, nylnputs, nyQutputs} = D screteSysteniransferFuncti on[nmySchematic];
nyTF // Matri xForm

Print ["lInputs of the System"];

nmyl nput s

Print ["Qutputs of the System"7];

myQut put s

Print ["End of SchematicSol ver Sol ving"];

Equations of the System

Y[ {5, 10}] ==X
Y[ {15, 5}] == GY[{5, 10}]

Response of the System

Y[ {15, 5}] - GX
Y[{5, 10}] - X

Signal s of the System

Qut [ 15]// Tabl eFor nF

GX Y[ ({15, 5}]
X Y[ ({5, 10}]

Transfer Function Mtri x:

Qut[18]//Matri xFornr

Qut [ 20] =

Qut[22] =

(G)
Inputs of the System
{Y[{5, 1011}
Qut puts of the System

{Y[{15, 5}]}

Further reading:

Chapter 4 Solving Systems

Chapter 5 Examples of Solving Systems

Chapter 6 Solving Large Systems

Chapter 9 Examples of Discrete System Implementation

Chapter 10 Hilbert Transformer

Chapter 11 Multirate Systems

©2003-2004 Prof Miroslav Lutovac & Prof Dejan Tosic. All rights reserved.



30

Chapter 12 Hierarchical Systems

Chapter 13 Palettes for Drawing and Solving Systems
Chapter 15 Processing with SchematicSolver

Running Demo in GettingStarted.nb

SchematicSolver has many other distinguished features: for example, you can use SchematicSol ver to create linearts,
such as alineart of the Space Shuittle.

I'n[43]: = ShowSchemati c [Schemati cSol ver Fi gureShuttl e, GidLi nes » None, Frane - Fal se];

3. System Representation

3.1. Basic Definitions

System is usually defined as a group of related parts, called elements, working together. A system takes one or more
signals as input, performs operations on the signals, and produces one or more signals as output. Therefore, the input is
the stimulus or excitation applied to a system from an external source, usually in order to produce a specified response.
The output is the actual response obtained from a system.

From an implementation point-of-view, a system is an arrangement of physical components connected or related in such
a manner as to form and/or act as an entire unit. From a signal processing perspective, a system can be viewed as any
process that results in the transformation of signals, in which systems act on signals in prescribed ways.

A system issaid to be a 9SO (single-input single-output) systemif it has only one input and only one output. A system is
said to be a MIMO (multiple-input multiple-output) systemif it has more than one input or more than one output.

An equation that describes the relation between the input and the output of a system is called the input-output relation-
ship, also known as the external description or the input-output description, of the system. In developing this relation-
ship, we assume that the knowledge of the internal structure of a system is unavailable to us. Instead, the only access to
the system is by means of the input ports and the output ports. Under this assumption, a system may be considered as a
"black box."

In a continuous-time system, the input and output signals are continuous-time. A discrete-time system has discrete-time
input and output signals.
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A discrete-time system is digital if it operates on discrete-time signals whose amplitudes are quantized. Quantization
maps each continuous amplitude level into a binary number.

Analysis of a system is investigation of the properties and the behavior (response) of an existing system. Design of a
system is the choice and arrangement of systems components to perform a specific task.

In order to analyze, design and implement a system, the description of its components and their interconnections must be
put into a suitable form. A mathematical or graphical representation of a systemis called the model.

A mathematical model is a set of mathematical relations representing the system. The solution of these equations repre-
sents the system's behavior.

A more detailed introduction to signals and systems can be found in the book

M. D. Lutovac, D. V. Tosic and B. L. Evans, Filter Design for Sgnal Processing Using MATLAB and Mathematica,
Upper Saddle River, NJ: Prentice Hall, 2001.

3.2. Loading SchematicSolver
SchematicSolver is one of many available Mathematica applications and is normally installed in a separate directory,
SchematicSolver, in parale to other applications. If this has been done at the installation stage, the application package

should be visible to Mathematica without further effort on your part. Then, to make all the functionality of the applica-
tion package available at once, you simply load the package with the Get or Needs command.

This makes SchematicSolver available:

In[1] : = Needs["SchenaticSol ver " 1;

3.3. Block Diagrams

A block diagram is a shorthand pictorial representation of the cause and effect relationship between the input and output
of a system. It provides a convenient and useful method for characterizing the functional relationships among the various
components of a system.

Block diagrams are representations of either the schematic diagram of a physical system or the set of mathematical
equations characterizing its parts.

Firstly, we specify some options to better present the examples of this section:
In[2]:= Needs["SchenaticSol ver " 1;

Set Opt i ons [ShowSchenati c, Frame - Fal se,
G i dLi nes - None, Pl ot Range » {{-3, 5}, {-1.2, 1.2}}1;

Each system has at least one input that SchematicSolver representsas alist

Inf4]:= nylnput = {"lnput", {0, 0}, x}

Qut[4]= {lnput, {0, 0}, x}
A simple system containing only this element SchematicSolver represents asalist

In[5]:= nySystem= {nyl nput }
Qut[5]= {{lnput, {0, O}, x}}

SchematicSolver graphically shows a system with the ShowSchemati ¢ function
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In[6]:= mnySystem// ShowSchenati c

Any system has at least one output that is represented by alist

In[7]:= nyQutput = {"Qutput", {2, 0}, y}

aut[7]= {Qutput, {2, 0}, y}

A system that contains one input and one output, SchematicSolver represents asalist o two items

In[8]:= mySystem= {nyl nput, nyQut put }
aut[8]= {{lnput, {0, O}, x}, {Qutput, {2, 0}, y}}

The schematic of this system looks like

In[9]:= mnySystem// ShowSchenati c

The simplest form of the block diagram is the single block, with one input and one output. SchematicSolver represents a
block asalist

Inf10]:= nyBl ock = {"Bl ock", {{0, 0}, {2, 0}}, H, "Bl ock"}

aut[10]= (Bl ock, {{0, 0}, {2, 0}}, H, Block}
A three-element system, with one input, one output and one block, is represented by

Inf11]:= nySystem= {nyl nput, myQut put, nyBl ock}

Qut[11]= {{lnput, {0, 0}, x}, {Qutput, {2, 0}, y}, {Block, {{0, O}, {2, 0}}, H, Block}}

The corresponding schematic is
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Inf[12]:= mySystem// ShowSchenmatic

Block

The interior of the rectangle representing the block usually contains

(a) the name of the element,

(b) adescription of the element, or

(c) the symbol for the mathematical operation to be performed on the input to yield the output.

The arrows represent the direction of unilateral information or signal flow.
The standard symbols used to represent various types of blocks are
a) Delay of adiscrete system, y(n) = x(n - 1),

Inf13]:= nyDel ay = {"Del ay", {{0, 0}, {2, 0}}}

Qut[13]= {(Delay, {{0, 0}, {2, 0}}}
A system with one input, one output, and one delay is represented by

Inf14] : = nySystem= {nyl nput, myQut put, nyDel ay}
Qut[14]= {{lnput, {0, 0}, x}, {Qutput, {2, 0}, y}, {Delay, {{0, O}, {2, 0}}}}

In[15]:= mySystem// ShowSchenmat i c

b) Multiplier by constant, Gain, or Amplifier, y = Ax,

Inf16]:= nmyMultiplier = {("Multiplier", {{O, O}, {2, 0}}, A}

aut[16]= {Multiplier, {{0, 0}, {2, 0}}, A}

In[17]:= nySystem= {nyl nput, myQut put, nyMiul tiplier}

Qut[17] {{lnput, {0, 0}, x}, {Qutput, {2, 0}, y}, {Miltiplier, {{0, O}, {2, 0}}, A}}
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In[18]:= mySystem// ShowSchenmat i c

c) Integrator with respect to time, y(t) = K f X(t) dt.

In[19]:= nylntegrator = {"Integrator”, {{0, 0}, {2, 0}}, K}

Qut[19]= {lIntegrator, {{0, 0}, {2, 0}}, K}

In[20]:= nySystem= {nyl nput, nyCut put, nyl ntegrator}
Qut[20]= {{Input, {0, O}, x}, {Qutput, {2, 0}, y}, {Integrator, {{0, O}, {2, 0}}, K}}

Inf[21]: = mySystem// ShowSchenmat i c

d) Transfer function Block element, Y = H X.

In[22]:= nyTF= {"Block", {{0, 0}, {2, 0}}, H "TF"}

Qut[22] {Bl ock, {{0, 0}, {2, 0}}, H, TF}

In[23]:= nySystem= {nyl nput, nyCQut put, nyTF}
auit[23]= {{lnput, {0, 0}, x}, {Qutput, {2, 0}, y}, {Block, {{0, 0}, {2, 0}}, H, TF}}

In[24]: = mySystem// ShowSchenmat i c

TF

€) Function element, y = F(X).

I'n[25]:= nyFunction = {"Function", {{0, 0}, {2, 0}}, F, "Fnct"}

aut[25]= {Function, {{0, 0}, {2, 0}}, F, Fnct}
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I'n[26] := nySystem= {nyl nput, myQut put, nyFunction}

at[26]= {{lnput, {0, 0}, x}, {Qutput, {2, 0}, y}, {Function, {{0, 0}, {2, 0}}, F, Fnct}}

In[27]:= mySystem// ShowSchenmat i c

Fnct

The operations of addition and subtraction are represented by a circle, referred to as Adder, also called a summing point,
with the appropriate minus sign associated with the lines entering the circle.

In[28]:= nyAdder = {"Adder", {{0, 0}, {0, -1}, {2, 0}, {O, 1}3, {1, -1, 2, 1}}

Qut[28]= {Adder, {{0, 0}, {0, -1}, {2, 0}, {0, 1}}, {1, -1, 2, 1}}
Let usform a system with one adder, three inputs, and one output:

In[29] := mnySystem= {nyl nput, myQut put, nyAdder, {"Input”, {0, 1}, u}, {"Input", {0, -1}, w}}

Qut[29]= {{Input, {0, 0}, x}, {Qutput, {2, 0}, y}I,
{Adder, {{0, 03}, {0, -1}, {2, 0}, (O, 133}, {1, -1, 2, 1},
{I nput, {0, 1}, u}, {Input, {0, -1}, w}}

In[30]:= mySystem// ShowSchenmat i c

WOQ———

wQ——!

The output is the algebraic sum of the inputs. In the above example, y = u+ x —w.

The operation of multiplication is also represented by a circle, referred to as Modulator,

I'nf31] : = nyNModul ator = {"Mdul ator", {{0, 0}, {0, -1}, {2, 0}, {0, 133}, {1, 1, 2, 1}}
Qut[31]= {Modul ator, {{0, 0}, {0, -1}, {2, 0}, {0, 1}}, {1, 1, 2, 1}}
Let usform a system with one modulator, three inputs, and one output:
In[32]:= nySystems=
{myl nput, myQut put, nyModul ator, {"lnput", {0, 1}, u}, {"lnput", {0, -1}, w}}

Qut[32]= {{Input, {0, 0}, x}, {Qutput, {2, 0}, y}I,
{Modul ator, {{0, 0}, {0, -1}, {2, 0}, {O, 133}, {1, 1, 2, 13},
{I nput, {0, 13}, u}, {Input, {0, -1}, w}}
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In[33]:= mySystem// ShowSchemat i c

u

w
The output is the product of the inputs. In the above example, y = uxw.

In order to employ the same signal or variable as an input to more than one block or summing point, a takeoff point is
used. SchematicSolver uses the Line element to represent the takeoff point.

In[34]:= nmySystem= {nyl nput,
{"Line", {{0, 0}, {0, 1}, {2, 1}}},
{"Line", {{0, 0}, {2, 0}}},
{"Li ne", {{Or O}, {O, _1}1 {21 _1}}}1
{"Qutput", {2, 13}, x}, {("Qutput", {2, 0}, x}, {("Qutput", {2, -1}, x}}

Qut[34]= {{lnput, {0, 0}, x}, {Line, {{0, O}, {0, 1}, {2, 1}}},
{LI ne, {{O, 0}1 {21 O}}}! {LI ne, {{01 O}, {Or _1}1 {21 _1}}}1
{Qutput, {2, 1}, x}, {Qutput, {2, 0}, x}, {Qutput, {2, -1}, X}}

In[35]:= mySystem// ShowSchenmat i c

Takeoff point permits the signal to proceed unaltered along several different pathsto several destinations.

The blocks representing the various components of a system are connected in a fashion which characterizes their func-
tional relationship within the system. The arrows connecting one block with another represent the direction of flow of
signals or information.

In general, a block diagram consists of a specific configuration of five types of elements: 1) blocks, 2) summing points,
3) modulators, 4) takeoff points, and 5) arrows representing unidirectional signal flow.

SchematicSolver represents a system as alist of elements, and each element is specified by alist of items that state what
elements are in the system and how they are interconnected.

3.4. Discrete Elements

Introduction

SchematicSolver describes a system as a list of elements; this list specifies what elements are in the system and how they
areinterconnected. A list describing a system will be referred to as the system specification or schematic specification.

Each element in the system is also described as a list that states what the element is, to which other elements it is con-
nected, and what its value is. A list describing an element will be referred to as the element specification.
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The junction points between elements are referred to as nodes.

SchematicSolver supports various discrete elements that can be used to describe a discrete-time system or a digital
system.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
In[36]:= Needs["SchematicSol ver ™ "7;

Input Element

Input isthe stimulus or excitation applied to a system from an external source. It isdescribed by alist of the form
{"Input", {x,y}, value, "label"}

{"Input", {x,y}, value, "label", elementOpts}

"Input" isthe element name. Note that the word I nput is enclosed within double quotation marks.

{x,y} arethe element coordinates.

value isthe element value. It isaknow stimulus (excitation).

"label" isalabel associated to the element. Usually, the element label is atext string.

elementOpts are element options: ElementSize, PlotStyle, ShowNodes, TextOffset, and TextStyle.
Hereis an example of the Input-element specification:

In[37]:= nylnputEl ement = {"Input”, {1, 2}, X, "nylnput"}

Qut[37]= {lnput, {1, 2}, X, nylnput}

We specify some options to show grid lines and frame for the examples of this section:

In[38]:= SetOptions[ShowSchematic, Frane - True,
GidLi nes - Automatic, Pl otRange » {{-2, 6}, {0, 4}}1;

SchematicSolver represents a system with single Input element as follows:

In[39]:= {nyl nput El ement } // ShowSchemati c
4

-1 0 1 2 3 4 5 6

In this example {1,2} are the element coordinates (see Figure above). X is the element value, and "'my Input' isthe
element label that is not shown in the schematic.
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Output Element

A system takes one or more signals as input, performs operations on the signals, and produces one or more signals as
output. The output is the actual response obtained from a system. It isdescribed by alist of the form

{"Output", {x,y}, value, "label"}

{"Output", {x,y}, value, "label", elementOpts}

"Output" isthe element name. Note that the word Output is enclosed within double quotation marks.
{x,y} arethe element coordinates.

value isthe element value. Typically, it isthe name of the output signal.

"label" isalabel associated to the element. Usually, the element label is atext string.

elementOpts are element options: ElementSize, PlotStyle, ShowNodes, TextOffset, and TextStyle.
Hereis an example of the Output-element specification:

In[40]:= myQutput El enent = {"CQutput", {1, 2}, Y, "myQutput"}

Qut[40]= {CQutput, {1, 2}, Y, nyCQutput}

SchematicSolver represents a system with single Output element as follows:

Inf41] : = {myCut put El enrent } // ShowSchemati c
4

-1 0 1 2 3 4 5 6

In this example {1, 2} are the element coordinates (see Figure above). Y is the element value, and "'myOutput" isthe
element label that is not shown in the schematic.

The circle that graphically represents Output element has a smaller radius than the circle that represents Input element.

Multiplier Element

Multiplier of a discrete-time system is a single-input single-output block defined by the equation y(n) = Ax(n), where A
is the multiplier coefficient, y(n) is the multiplier output, and x(n) is the multiplier input. Multiplier is also referred to as
amplifier or gain. It is described by alist of the form

{"Multiplier", {{x1,y1}, {x2,y2}}, value, "label"}

{"Multiplier", {{x1,y1}, {x2,y2}}, value, "label", elementOpts}
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"Multiplier" isthe element name. Note that the word M ultiplier is enclosed within double quotation marks.

{{x1,y1}, {x2,y2}} arethe element coordinates. {x1,y1} are the input coordinates and {x2,y2} are the output coordinates.
value isthe element value. It isthe multiplier coefficient, also called the multiplier constant or gain.

"label" isalabel associated to the element. Usually, the element label is atext string.

elementOpts are element options: ElementSize, PlotStyle, ShowNodes, TextOffset, and TextStyle.
Hereis an example of the Multiplier-element specification:

Inf42]:= nmyMiultiplierElenent = {("Multiplier", {{0, 2}, {4, 2}}, A "nmyMiultiplier"}

Qut [ 42] {Mul tiplier, {{0, 2}, {4, 2}}, A, myMiultiplier}
SchematicSolver represents a system with single Multiplier element as follows:

In[43]:= {nyMultiplierEl ement} // ShowSchematic
4

37 myMultiplier
A

-1 0 1 2 3 4 5 6

In thisexample {{0,2%},{4,2}} are the element coordinates (see Figure above). A isthe element value, and ""'myMul -
tiplier" isthe element label. The element input isat {0, 2%}, and the element output isat {4,2}.

Delay Element

Delay of a discrete-time system is a single-input single-output block defined by the equation y(n) = x(n — k), where k is
the number of delayed samples, y(n) isthe delay output, and x(n) isthe delay input. Delay with k = 1 is also referred to as
the unit delay. It is described by alist of the form

{"Delay", {{x1,y1}, {x2,y2}}, value, "label"}

{"Delay", {{x1,y1}, {x2,y2}}, value, "label", elementOpts}

"Delay" isthe element name. Note that the word Delay is enclosed within double quotation marks.

{{x1,y1}, {x2,y2}} arethe element coordinates. {x1,y1} are the input coordinates and {x2,y2} are the output coordinates.
value isthe element value. It is the number of delayed samples.

"label" isalabel associated to the element. Usually, the element label is atext string.

elementOpts are element options: ElementSize, PlotStyle, ShowNodes, TextOffset, and TextStyle.
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Hereis an example of the Delay-element specification:

In[44] : = nyDel ayEl enent = {"Del ay", {{0, 2}, {4, 2}}, 1, "nyDel ay"}

Quit[44]= {Delay, {{0, 2}, {4, 2}}, 1, nyDel ay}
SchematicSolver represents a system with single Delay element as follows:

Inf45]:= {myDel ayEl ement } // ShowSchemati c

4
3 L
myDelay
2 1 ! >
1 L
-1 0 1 2 3 4 5 6

In this example {{0,2},{4,2}} are the element coordinates (see Figure above). 1 is the element value, and "'myDe-
lay" isthe element label. The element input isat {0, 2}, and the element output is at {4,2}. This example illustrates
aunit delay.

Adder Element
Adder performs the operations of addition and subtraction of signals. It is represented by a circle, with the appropriate
minus sign associated with the lines entering the circle. SchematicSolver's adder of a discrete-time system is a three-input

single-output block defined by the equation y(n) = Py uy(n) + P, ux(n) + P53 uz(n), where P is the sign parameter, y(n) is
the adder output, and u(n) is the adder input. It is described by alist of the form

{"Adder”, {{xLy1}, {x2y2}, {x3)y3}, {x4.,y4}}, {pl,p2,p3,p4}, "label"}

{"Adder", {{x1,y1}, {x2,y2}, {x3,y3}, {x4,y4}}, {p1,p2,p3,p4}, "label", elementOpts}

"Adder" isthe element name. Note that the word Adder is enclosed within double quotation marks.

{{x1y1}, {x2,y2}, {x3,y3}, {x4,y4}} are the element coordinates. {x1,y1} are the coordinates of the left-hand node,
{x3,y3} refer to the right-hand node, {x2,y2} correspond to the lower node, and {x4,y4} are the coordinates of the upper
node.

{p1, p2, p3, p4} isthe element value. It isthe sign pattern of the element. The sign parameters pl, p2, p3, p4 can have an
integer value of -1, 0, 1, or 2, and are interpreted as follows: 1 denotes the positive input (addition), —1 designates the
negative input (subtraction), 2 designates the output, and O denotes the unused port. pl corresponds to {x1,y1}, p2
corresponds to {x2,y2}, and so on.

"label" isalabel associated to the element. Usually, the element label is atext string.

elementOpts are element options: ElementSize, PlotStyle, ShowNodes, TextOffset, and TextStyle.

Hereis an example of the Adder-element specification:
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I'n[46] : = nyAdder El enent = {"Adder", {{0, 2}, {1, 13}, {3, 2}, {1, 3}}, {1, -1, 2, 1}, "nmyAdder"}

Qut[46]= ({Adder, ({0, 2}, {1, 1}, {3, 2}, {1, 3}}, {1, -1, 2, 1}, nyAdder}
SchematicSolver represents a system with single Adder element as follows:

In[47]:= {myAdder El ement } // ShowSchemati c

4
3 L
myAdder
2L —_—
1 L
-1 0 1 2 3 4 5 6

In this example {{0,2},{1,1},{3,2},{1,3}} are the element coordinates (see Figure above). {1,-1,2,1} is
the element value, and ""'myAdder" is the element label. The element positive inputs are at {0,2} and {1,3}, the
negativeinputisat {1, 1}, and the element output isat {3,2}. Thisexample illustrates a three-input adder.

An example of atwo-input adder follows:

I'n[48] : = myTwoport Adder El enent =
{"Adder", {{0, 23}, {1, 13}, {3, 23}, {1, 3}}, {1, -1, 2, 0}, "nyAdder2"}

Qut [ 48] {Adder, ({0, 23}, {1, 13, {3, 23}, {1, 333}, {1, -1, 2, 0}, nmyAdder2}

I'n[49]: = {nyTwoport Adder El ement } // ShowSchemati c

4
3 L
myAdder2
2+
1 L
-1 0 1 2 3 4 5 6

Note that the unused port at {1, 3%} is not drawn.

Block Element

Block of a discrete-time system is a single-input single-output block defined by the equation Y(2) = H(2) X(2), where
H(2) is the block transfer function, Y(2) is the block output in the ztransform domain, and X(2) is the block input in the
z-transform domain. Block isalso referred to as black box. It is described by alist of the form
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{"Block", {{x1y1}, {x2,y2}}, value, "label"}

{"Block", {{x1y1}, {x2,y2}}, value, "label", elementOpts}

"Block" isthe element name. Note that the word Block is enclosed within double quotation marks.

{{x1,y1}, {x2,y2}} arethe element coordinates. {x1,y1} are the input coordinates and {x2,y2} are the output coordinates.
value isthe element value. It isthe transfer function of the block.

"label" isalabel associated to the element. Usually, the element label is atext string.

elementOpts are element options: ElementSize, PlotStyle, ShowNodes, TextOffset, and TextStyle.
Hereis an example of the Block-element specification:

In[50]:= nmyBl ockEl ement = {"Bl ock", {{0, 2}, {4, 2}}, H, "nyBl ock"}

aut[50]= {Block, {{0, 2}, {4, 2}}, H, nmyBl ock}
SchematicSolver represents a system with single Block element as follows:

In[51] : = {myBl ockEl ement } // ShowSchemati c

4
3,
myBlock
2 - — H |=>>————:
1,
-1 0 1 2 3 4 5 6

In this example {{0,2},{4,2}} are the element coordinates (see Figure above). H is the element value, and "'my-
Block" isthe element label. The element input isat {0, 2%}, and the element output isat {4,2%.

The value can be arational function in terms of the complex variable:
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In[52]:= {myBl ockEl ement /. H»>z/ (z+1)} // ShowSchemati c

4
3+
myBlock
) z
o ==
z+1

l L

-1 0 1 2 3 4 5 6

Line Element

Line serves to connect nodes or element ports. In addition, line can implement takeoff points, and it permits the signal to
proceed unaltered along the path specified by the line coordinates. It is described by alist of the form

{"Line", {{x1,y1}, {x2,y2}, {x3,y3}, ... }}
{"Line", {{x1,y1}, {x2,y2}, {x3,y3}, ... }, elementOpts}
"Line" isthe element name. Note that the word L ine is enclosed within double quotation marks.

{{x1,y1}, {x2,y2}, {x3,y3}, ... } are the element coordinates. Line can have two or more coordinates. The first and the
last coordinate pair represent the line nodes that connect to other nodes.

elementOpts are element options: PlotStyle and ShowNodes.
Hereis an example of the Line-element specification:

I'n[53]: = nyLi neEl enent = {"Line", {{0, 1}, {0, 3}, {4, 3}}}

Qut [ 53] {Line, {{0, 1}, {0, 3}, {4, 3}}}

SchematicSolver represents a system with single Line element as follows:

In[54] : = {myLi neEl enent } // ShowSchemati c
4
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Polyline Element

Polyline serves to annotate a schematic. It is described by alist of the form

{"Palyline", {{x1,y1}, {x2,y2}, {x3y3}, ... }}

{"Polyline", {{x1,y1}, {x2,y2}, {x3,y3}, ... }, elementOpts}

"Polyline" isthe element name. Note that the word Polyline is enclosed within double quotation marks.
{{x1,y1}, {x2,y2}, {x3,y3}, ... } arethe element coordinates. Polyline can have two or more coordinates.
elementOpts are element options: PlotStyle and PolylineDashing.

Hereis an example of the Polyline-element specification:

In[55]:= nyPolylineEl ement = {"Polyline", {{0, 1}, {0, 3}, {4, 3}, {4, 13}, {0, 1}}}

aut[55]= {Polyline, {{0, 1}, {0, 3}, {4, 3}, {4, 1}, {0, 1}}}
SchematicSolver represents a system with single Polyline element as follows:

In[56]:= {nyPol ylineEl ement} // ShowSchemati c
4

-1 0 1 2 3 4 5 6
By default, SchematicSolver draws polyline as a dashed line (see Figure above). Typicaly, polyline can be used to
indicate a group of related elements.

Node Element

Node serves to annotate a schematic. It is described by alist of the form

{"Node", {x,y}, value, "label"}

{"Node", {x,y}, value, "label", elementOpts}

"Node" is the element name. Note that the word Node is enclosed within double quotation marks.
{x,y} arethe element coordinates.

value isthe element value.

"label" isalabel associated to the element. Usually, the element label is atext string.
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elementOpts are element options: PlotStyle, TextOffset, and TextStyle.
Hereis an example of the Node-element specification:

In[57]:= mnyNodeEl enent = {"Node", {1, 2}, U, "nyNode"}

aut[57]= {Node, {1, 2}, U mnyNode}
SchematicSolver represents a system with single Node element as follows:

In[58]:= {myNodeEl enent } // ShowSchemati c

4
3,
U
2t °
1,
-1 0 1 2 3 4 5 6

In this example {1,2%} are the element coordinates (see Figure above). U is the element value, and "'myNode" is the

element label that is not shown in the schematic.

Node can be used to indicate signals at the schematic nodes. In addition, nodes are used to emphasize the points at which

two or more element nodes are connected.

Text Element

Text serves to annotate a schematic. It is described by alist of the form

{"Text", {xy}, value}

{"Text", {xy}, value, elementOpts}

"Text" isthe element name. Note that the word Text is enclosed within double quotation marks.
{x,y} arethe element coordinates.

value isthe element value. Usually, the element value is a text string.

elementOpts are element options: TextDirection, TextOffset, and TextStyle.
Hereis an example of the Text-element specification:

In[59]:= nyText El enent = {"Text", {1, 2}, "nmyText"}

Qut[59]= {Text, {1, 2}, nyText}

SchematicSolver represents a system with single Text element as follows:
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In[60]:= {myTextEl enent} // ShowSchemati c
4

2 myText

-1 0 1 2 3 4 5 6

In this example {1, 2} are the element coordinates (see Figure above). ""myText" isthe element value.
Note that, by default, the text value is centered around the coordinates.

Arrow Element

Arrow servesto annotate direction of signal paths along lines. It is described by alist of the form
{"Arrow", {{x1,y1}, {x2,y2}}, value}

{"Arrow", {{x1,y1}, {x2,y2}}, value, elementOpts}

"Arrow" isthe element name. Note that the word Arrow is enclosed within double quotation marks.
{{x1,y1}, {x2,y2}} arethe element coordinates.

value isthe element value. Usually, the value is atext string.

elementOpts are element options: ElementSize, PlotStyle, ShowArrowTail, TextOffset, and Text-
Style.

Hereis an example of the Arrow-element specification:

In[61] := mnyArrowEl enent = {"Arrow', {{4, 3}, {0, 1}}, "nmyArrow'}

Qut[61]= {Arrow, {{4, 3}, {0, 1}}, nyArrow}

SchematicSolver represents a system with single Arrow element as follows:
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In[62] := {myArrowEl enent } // ShowSchemati c

4
myArrow
3 y
2,
1,
-1 0 1 2 3 4 5 6

Note that the arrowhead is drawn at the first coordinate pair specified, in this example at {4, 3}.

3.5. Nonlinear Discrete Elements

Introduction

SchematicSolver supports two nonlinear discrete elements, in addition to the previously described discrete elements.
This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
In[63]:= Needs["SchematicSol ver "7;

We specify some options to show grid lines and frame for the examples of this section:

In[64] : = Set Opti ons [ShowSchemati c, Frane - True,
GidLi nes - Automatic, Pl otRange » {{-2, 6}, {0, 4}}1;

Function Element

Function of a discrete-time system is a single-input single-output block defined by the equation y = F(x), where F is the
block function, y isthe block output, and x is the block input. It is described by alist of the form

{"Function", {{x1,y1}, {x2,y2}}, value, "label"}

{"Function", {{x1,y1}, {x2,y2}}, value, "label", elementOpts}

"Function" isthe element name. Note that the word Function is enclosed within double quotation marks.

{{x1,y1}, {x2,y2}} arethe element coordinates. {x1,y1} are the input coordinates and {x2,y2} are the output coordinates.

value is the element value. It is a symbol that represents the name of a built-in or user-defined algebraic function of one
argument.

"label" isalabel associated to the element. Usually, the label is atext string.
elementOpts are element options: ElementSize, PlotStyle, ShowNodes, TextOffset, and TextStyle.

Hereis an example of the Function-element specification:
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In[65]:= nyFuncti onEl ement = {"Function", {{0, 2}, {4, 2}}, F, "nyFunction"}

aut[65]= {Function, {{0, 2}, {4, 2}}, F, nyFunction}
SchematicSolver represents a system with single Function element as follows:

In[66]:= {nyFunctionEl emrent } // ShowSchemati c

4
3 L
myFunction
2 - — F f=>———
1 L
-1 0 1 2 3 4 5 6

In thisexample {{0,2},{4,2}} are the element coordinates (see Figure above). F is the element value, and "'myFunc-
tion" isthe element label. The element input isat {0, 2} and the element output isat {4, 2}.

The Function-element value can be an arbitrary built-in algebraic function of one argument:

In[67]:= {nyFunctionEl ement /. F- Abs} // ShowSchenatic

4
3+
myFunction
2 - ————— Abs [ =>——
1 L
-1 0 1 2 3 4 5 6

Modulator Element

Modulator performs the operation of multiplication of signals. It is represented by a circle. SchematicSolver's modulator
of adiscrete-time system is a three-input single-output block defined by the equation y(n) = uz(n) uz(n) uz(n), where y(n)
isthe modulator output and u(n) isthe modulator input. It is described by alist of the form

{"Modulator", {{x1,y1}, {x2,y2}, {x3,y3}, {x4,y4}}, {p1,p2,p3,p4}, "label"}
{"Modulator", {{x1,y1}, {x2,y2}, {x3,y3}, {x4,y4}}, { p1,p2,p3,p4}, "label", elementOpts}

"Modulator" isthe element name. Note that the word M odulator is enclosed within double quotation marks.
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{{x1y1}, {x2,y2}, {x3,y3}, {x4,y4}} are the element coordinates. {x1,y1} are the coordinates of the left-hand node,
{x3,y3} refer to the right-hand node, {x2,y2} correspond to the lower node, and {x4,y4} are the coordinates of the upper
node.

{p1,p2,p3,p4} is the element value. The parameters pl, p2, p3, p4 can have an integer value of 0, 1, or 2, and are inter-
preted as follows: 1 denotes the input, 2 designates the output, and 0 denotes the unused port. pl corresponds to {x1,y1},
p2 corresponds to {x2,y2}, and so on.

"label" isalabel associated to the element. Usually, the label is atext string.
elementOpts are element options: ElementSize, PlotStyle, ShowNodes, TextOffset, and TextStyle.
Hereis an example of the Modulator-element specification:

I'n[68] : = myNbdul at or El enent =
{"Modul ator", {{0, 2}, {1, 13}, {3, 2}, {1, 333}, {1, 1, 2, 1}, "3-input Mbddul ator"}

Qt[68]= {Mdul ator, {{0, 2}, {1, 1}, {3, 2}, {1, 3}}, {1, 1, 2, 1}, 3-i nput Mbddul ator}
SchematicSolver represents a system with single Modulator element as follows:

I'n[69]:= {nmyMbdul at or El enent } // ShowSchemati c
4

3—-input Modulator

-1 0 1 2 3 4 5 6

In this example {{0,2%},{1,1},{3,2},{1,3}} are the element coordinates (see Figure above). {1,1,2,1} isthe
element value, and "'3-input Modulator™ is the element label. The element inputs are at {0,2}, {1,1}, and
{1,3}. The element output is at {3,2}. This example illustrates a three-input modulator. The output is the product of
the three inputs.

An example of atwo-input modulator follows:

I'nf70] : = myTwol nput Modul at or El enrent =
{"Modul ator", {{0, 2}, {1, 13}, {3, 2}, {1, 3}3}, {1, 1, 2, 0}, "2-input Mbddul ator"}

Qt[70]= {Modul ator, {{0, 2}, {1, 1}, {3, 2}, {1, 3}}, {1, 1, 2, 0}, 2-i nput Mbddul ator}
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I'n[71] : = {nyTwol nput Modul at or El enent } // ShowSchemati c
4

2—-input Modulator

-1 0 1 2 3 4 5 6

Note that the unused port at {1, 3%} isnot drawn. In this case, the output is the product of the two inputs.

3.6. Continuous-Time Elements

Introduction

SchematicSolver describes a system as alist of elements; this list specifies what elements are in the system and how they
areinterconnected. A list describing a system will be referred to as the system specification.

Each element in the system is also described as a list that states what the element is, to which other elements it is con-
nected, and what itsvalue is. A list describing an element will be referred to as the element specification.

The junction points between elements are referred to as nodes.

SchematicSolver supports various continuous-time elements that can be used to describe a continuous-time system or an
analog system.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
In[72] : = Needs[" Schemati cSol ver ™ "7;
We specify some options to show grid lines and frame for the examples of this section:

In[73]:= Set Options[ShowSchematic, Frane - True,
GidLi nes - Automatic, Pl otRange » {{-2, 6}, {0, 4}}1;

Input Element

Input isthe stimulus or excitation applied to a system from an external source. It is described by alist of the form
{"Input", {x,y}, value, "label"}

{"Input”, {x,y}, value, "label", elementOpts}

"Input" isthe element name. Note that the word I nput is enclosed within double quotation marks.

{x,y} arethe element coordinates.

value isthe element value. It isaknow stimulus (excitation).
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"label" isalabel associated to the element. Usually, the label is atext string.
elementOpts are element options: ElementSize, PlotStyle, ShowNodes, TextOffset, and TextStyle.
Hereis an example of the Input-element specification:

In[74] : = nylnput El ement = ("I nput”, {1, 2}, X, "nylnput"}

Qut[74]= {lnput, {1, 2}, X, nylnput}
SchematicSolver represents a system with single Input element as follows:

Inf75]:= {myl nput El ement } // ShowSchemati c
4

-1 0 1 2 3 4 5 6

In this example {1,2%} are the element coordinates (see Figure above). X is the element value, and "'my Input' isthe
element label that is not shown in the schematic.

Output Element

A system takes one or more signals as input, performs operations on the signals, and produces one or more signals as
output. The output is the actual response obtained from a system. It isdescribed by alist of the form

{"Output", {x,y}, value, "label"}

{"Output", {x,y}, value, "label", elementOpts}

"Output" isthe element name. Note that the word Output is enclosed within double quotation marks.

{x,y} arethe element coordinates.

value isthe element value. Typically, it isthe name of the output signal.

"label" isalabel associated to the element. Usually, the label is atext string.

elementOpts are element options: ElementSize, PlotStyle, ShowNodes, TextOffset, and TextStyle.
Hereis an example of the Output-element specification:

In[76]:= myQutput El enent = {"CQutput", {1, 2}, Y, "myQutput"}

Qut[76]= {CQutput, {1, 2}, Y, nyCQutput}

SchematicSolver represents a system with single Output element as follows:
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In[f77]:= {myCut put El enrent } // ShowSchemati c
4

-1 0 1 2 3 4 5 6

In this example {1, 2} are the element coordinates (see Figure above). Y is the element value, and "'myOutput" isthe
element label that is not shown in the schematic.

The circle that graphically represents Output element has a smaller radius than the circle that represents Input element.

Amplifier Element

Amplifier of a continuous-time system is a single-input single-output block defined by the equation y(t) = Ax(t), where A
isthe amplifier gain, y(t) isthe amplifier output, and x(t) is the amplifier input. It is described by alist of the form

{"Amplifier", {{x1,y1}, {x2,y2}}, value, "label"}

{"Amplifier", {{x1,y1}, {x2,y2}}, value, "label", elementOpts}

"Amplifier" isthe element name. Note that the word Amplifier is enclosed within double quotation marks.

{{x1,y1}, {x2,y2}} arethe element coordinates. {x1,y1} are the input coordinates and {x2,y2} are the output coordinates.
value isthe element value. It isthe amplifier gain.

"label" isalabel associated to the element. Usually, the label is atext string.

elementOpts are element options: ElementSize, PlotStyle, ShowNodes, TextOffset, and TextStyle.

Hereis an example of the Amplifier-element specification:

In[f78]:= nyAnplifierEl enent = {("Anmplifier", {{0, 2}, {4, 2}}, A "nmyAmplifier"}
at[78]= {Amplifier, {{0, 2}, {4, 2}}, A nyAmplifier}

SchematicSolver represents a system with single Amplifier element asfollows:
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In[79]:= {nmyAnplifierEl ement} // ShowSchematic
4

3¢ myAmplifier
A
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In this example {{0,2},{4,2}} are the element coordinates (see Figure above). A is the element value, and "'myAm-
plifier' isthe element label. The element input isat {0, 2}, and the element output isat {4,2%}.

Integrator Element

Integrator of a continuous-time system is a single-input single-output block defined by the equation
y(t) = y(0) + K fot X(t) dt, where K is the integrator gain, y(t) is the integrator output, y(0) isthe initial condition, and x(t)
isthe integrator input. It isdescribed by alist of the form

{"Integrator", {{x1,y1}, {x2,y2}}, value, "label"}

{"Integrator", {{x1,y1}, {x2,y2}}, value, "label", elementOpts}

“Integrator" isthe element name. Note that the word I ntegr ator is enclosed within double quotation marks.

{{x1,y1}, {x2,y2}} arethe element coordinates. {x1,y1} are the input coordinates and {x2,y2} are the output coordinates.

value is the element value. value can be a pair of the form {gain, initialCondition}, or it can be an expression represent-
ing the gain (assuming zero initial condition).

"label" isalabel associated to the element. Usually, the label is atext string.
elementOpts are element options: ElementSize, PlotStyle, ShowNodes, TextOffset, and TextStyle.
Hereis an example of the Integrator-element specification:

In[80]:= nylntegratorEl enent = {"Integrator", {{0, 2}, {4, 2}}, {K v}, "nylntegrator"}

Qut[80]= {lIntegrator, {{0, 2}, {4, 2}}, {K, v}, nylntegrator}

SchematicSolver represents a system with single Integrator element as follows:
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In[81]:= {nylntegratorEl ement} // ShowSchematic

4
3¢ my | ntegrator
{K, v}
2 L
l L
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In this example {{0,2},{4,2}} are the element coordinates (see Figure above). {K,Vv} is the element value, and
"myIntegrator" isthe element label. The element input is at {0,2} and the element output is at {4,2}. K isthe
gain and v istheinitial condition.

Adder Element
Adder performs the operations of addition and subtraction of signals. It is represented by a circle, with the appropriate
minus sign associated with the lines entering the circle. SchematicSolver's adder of a continuous-time system is a three-in-

put single-output block defined by the equation y(t) = Py uy (t) + P ux(t) + P3 us(t), where P is the sign parameter, y(t) is
the adder output, and u(t) is the adder input. It is described by alist of the form

{"Adder”, {{xLy1}, {x2y2}, {x3)y3}, {x4.,y4}}, {pl,p2,p3,p4}, "label"}

{"Adder", {{x1,y1}, {x2,y2}, {x3,y3}, {x4,y4}}, {p1,p2,p3,p4}, "label", elementOpts}

"Adder" isthe element name. Note that the word Adder isenclosed within double quotation marks.

{{x1y1}, {x2,y2}, {x3,y3}, {x4,y4}} are the element coordinates. {x1,y1} are the coordinates of the left-hand node,
{x3,y3} refer to the right-hand node, {x2,y2} correspond to the lower node, and {x4,y4} are the coordinates of the upper
node.

{p1, p2, p3, p4} isthe element value. It isthe sign pattern of the element. The sign parameters pl, p2, p3, p4 can have an
integer value of -1, 0, 1, or 2, and are interpreted as follows: 1 denotes the positive input (addition), —1 designates the
negative input (subtraction), 2 designates the output, and O denotes the unused port. pl corresponds to {x1,y1}, p2
corresponds to {x2,y2}, and so on.

"label" isalabel associated to the element. Usually, the label is atext string.

elementOpts are element options: ElementSize, PlotStyle, ShowNodes, TextOffset, and TextStyle.

Hereis an example of the Adder-element specification:

In[82] : = nyAdder El enent = {"Adder", {{0, 2}, {1, 13}, {3, 2}, {1, 3}}, {1, -1, 2, 1}, "nmyAdder"}

Qut [ 82] {Adder, ({0, 23}, {1, 13, (3, 23}, {1, 333}, {1, -1, 2, 1}, nyAdder}

SchematicSolver represents a system with single Adder element as follows:
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In[83]:= {myAdder El enent } // ShowSchemati c

4
3+
myAdder
2L —_—
1 L
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In this example {{0,2},{1,1},{3,2},{1,3}} are the element coordinates (see Figure above). {1,-1,2,1} is
the element value, and ""'myAdder" is the element label. The element positive inputs are at {0,2} and {1,3}, the
negativeinputisat {1, 1}, and the element output isat {3,2}. Thisexample illustrates a three-input adder.

An example of atwo-input adder follows:

I'n[84] : = myTwoport Adder El enent =
{"Adder", {{0, 23}, {1, 13}, {3, 23}, {1, 3}}, {1, -1, 2, 0}, "nyAdder2"}

Qut[84]= {Adder, ({0, 2}, {1, 1}, {3, 2}, {1, 333}, {1, -1, 2, 0}, nyAdder2}

I'n[85]:= {nmyTwoport Adder El ement } // ShowSchemati c

4
3+
myAdder2
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Note that the unused port at {1, 3} is not drawn.

Block Element

Block of a continuous-time system is a single-input single-output block defined by the equation Y(s) = H(s) X(s), where
H(s) isthe block transfer function, Y(s) is the block output in the Laplace-transform domain, and X(9) is the block input
in the Laplace-transform domain. Block is also referred to as black box. It is described by alist of the form

{"Block", {{x1y1}, {x2,y2}}, value, "label"}
{"Block", {{x1y1}, {x2,y2}}, value, "label", elementOpts}

"Block" isthe element name. Note that the word Block is enclosed within double quotation marks.
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{{x1,y1}, {x2,y2}} arethe element coordinates. {x1,y1} are the input coordinates and {x2,y2} are the output coordinates.
value isthe element value. It is the transfer function of the block.

"label" isalabel associated to the element. Usually, the label is atext string.

elementOpts are element options: ElementSize, PlotStyle, ShowNodes, TextOffset, and TextStyle.
Hereis an example of the Block-element specification:

In[86]:= nmyBl ockEl ement = {"Bl ock", {{0, 2}, {4, 2}}, H, "nyBl ock"}

ait[86]= {Block, {{0, 2}, {4, 2}}, H, nmyBl ock}
SchematicSolver represents a system with single Block element as follows:

In[87]:= {myBl ockEl ement } // ShowSchemati c

4
3,
myBlock
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In this example {{0,2},{4,2}} are the element coordinates (see Figure above). H is the element value, and "'my-
Block" isthe element label. The element input isat {0, 2} and the element output isat {4,2%}.

The value can be arational function in terms of the complex variable:

In[88]:= {myBl ockEl ement /. H>s/ (s+1)} // ShowSchemati c

4
3+
myBlock
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» e
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Line Element

Line serves to connect nodes or element ports. In addition, line can implement takeoff points, and it permits the signal to
proceed unaltered along the path specified by the line coordinates. It is described by alist of the form

{"Line", {{x1,y1}, {x2,y2}, {x3,y3}, ... }}

{"Line", {{x1,y1}, {x2,y2}, {x3,y3}, ... }, elementOpts}

"Line" isthe element name. Note that the word Line is enclosed within double quotation marks.

{{x1y1}, {x2,y2}, {x3,y3}, ... } are the element coordinates. Line can have two or more coordinates. The first and the

last coordinate pair represent the line nodes that connect to other nodes.
elementOpts are element options: PlotStyle and ShowNodes.
Hereis an example of the Line-element specification:

I'n[89]:= nyLi neEl enent = {"Line", {{0, 1}, {0, 3}, {4, 3}}}

Qut[89]= ({Line, {{0, 1}, {0, 3}, {4, 3}}}
SchematicSolver represents a system with single Line element as follows:

I'n[90]: = {myLi neEl enent } // ShowSchemati c
4

Polyline Element

Polyline serves to annotate a schematic. It is described by alist of the form

{"Polyline", {{x1,y1}, {x2,y2}, {x3,y3}, ... }}

{"Polyline", {{x1,y1}, {x2,y2}, {x3,y3}, ... }, elementOpts}

"Polyline" isthe element name. Note that the word Polyline is enclosed within double quotation marks.

{{x1,y1}, {x2,y2}, {x3,y3}, ... } arethe element coordinates. Polyline can have two or more coordinates.

elementOpts are element options: PlotStyle and PolylineDashing.

Hereis an example of the Polyline-element specification:
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Inf91] : = nyPol ylineEl ement = {"Polyline", {{0, 1}, {0, 3}, {4, 3}, {4, 1}, {0, 1}}}

Qut[91]= {(Polyline, {{0, 1}, {0, 3}, {4, 3}, {4, 1}, {0, 1}}}
SchematicSolver represents a system with single Polyline element as follows:

In[92]:= {nyPol ylineEl ement} // ShowSchemati c
4
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By default, SchematicSolver draws polyline as a dashed line (see Figure above). Typicaly, polyline can be used to
indicate a group of related elements.

Node Element

Node serves to annotate a schematic. It is described by alist of the form

{"Node", {x,y}, value, "label"}

{"Node", {x,y}, value, "label", elementOpts}

"Node" isthe element name. Note that the word Node is enclosed within double quotation marks.
{x,y} arethe element coordinates.

value isthe element value.

"label" isalabel associated to the element. Usually, the label is atext string.

elementOpts are element options: PlotStyle, TextOffset, and TextStyle.

Hereis an example of the Node-element specification:

I'n[93] : = mnyNodeEl enent = {"Node", {1, 2}, U, "nyNode"}

Quit[93]= {Node, {1, 2}, U mnyNode}

SchematicSolver represents a system with single Node element as follows:
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In[94] : = {myNodeEl enent } // ShowSchenmati c

4
3,
U
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1,
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In this example {1,2%} are the element coordinates (see Figure above). U is the element value, and "'myNode" is the
element label that is not shown in the schematic.

Node can be used to indicate signals at the schematic nodes. In addition, nodes are used to emphasize the points at which
two or more element nodes are connected.

Text Element

Text serves to annotate a schematic. It is described by alist of the form

{"Text", {xy}, value}

{"Text", {xy}, value, elementOpts}

"Text" isthe element name. Note that the word Text is enclosed within double quotation marks.
{x,y} arethe element coordinates.

value isthe element value. Usually, the value is atext string.

elementOpts are element options: TextDirection, TextOffset, and TextStyle.
Hereis an example of the Text-element specification:

In[95]:= nyText El enent = {"Text", {1, 2}, "nmyText"}

Qut[95]= {Text, {1, 2}, nyText}

SchematicSolver represents a system with single Text element as follows:
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In[96] := {myTextEl enent } // ShowSchemati c
4

2 myText
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In this example {1, 2} are the element coordinates (see Figure above). ""myText" isthe element value.
Note that, by default, the text value is centered around the coordinates.

Arrow Element

Arrow servesto annotate direction of signal paths along lines. It is described by alist of the form
{"Arrow", {{x1,y1}, {x2,y2}}, value}

{"Arrow", {{x1,y1}, {x2,y2}}, value, elementOpts}

"Arrow" isthe element name. Note that the word Arrow is enclosed within double quotation marks.
{{x1,y1}, {x2,y2}} arethe element coordinates.

value isthe element value. Usually, the value is atext string.

elementOpts are element options: ElementSize, PlotStyle, ShowArrowTail, TextOffset, and Text-
Style.

Hereis an example of the Arrow-element specification:

In[97]:= mnyArrowEl enent = {"Arrow', {{4, 3}, {0, 1}}, "nmyArrow'}

Qut[97]= {Arrow, {{4, 3}, {0, 1}}, nyArrow}

SchematicSolver represents a system with single Arrow element as follows:
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In[98] := {myArrowEl ement } // ShowSchemati c

4
myArrow
3 y
2,
1,
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Note that the arrowhead is drawn at the first coordinate pair specified, in this example at {4, 3}.

3.7. Drawing Options for Elements

Introduction

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
In[99]:= Needs["SchematicSol ver ™ "17;

SchematicSolver can draw elements in different colors and sizes by means of element options. The following options are
available:

In[100] : =
Opt i ons [Dr anEl enent ]

Qut[100] =
{El ement Si ze - {1, 1},
Pl ot Styl e - {{RGBCol or [0, 0, 0.7], Thi ckness[0.005], PointSize[0.012]},
{RG@BCol or [0, 0, 1], Thickness[0.0035], PointSize[0.01]}},
ShowAr r owTai | — True, ShowNodes —» True, Text Of f set — Autonati c,
Text Styl e » {FontFam |y » Ti nes, FontSi ze - 10} }

A detailed description and examples for each option follow.

We specify some options to show grid lines and frame for the examples of this section:

Inf101] : =
Set Opt i ons [ShowSchenati c, Frane - True,
GidLi nes - Automatic, PlotRange » {{-1, 12}, {-1, 4}}1;

ElementSize

ElementSize isan option that specifies the size and aspect ratio of a schematic element.
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Inf102] : =
myDef aul t Bl ock = {"Bl ock", {{0, 0}, {5, 0}}, H, "Default Bl ock"};
myLar geBl ock = {"Bl ock", {{11, 2}, {4, 2}}, G "El enmentSi ze-»{3, 2}",

El enent Si ze » {3, 2}};
{nyDef aul t Bl ock, myLar geBl ock} // ShowSchenati c

4
3 L
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1y Default Block ElementSize—{3,2}
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In above Figure, ElementSize-{3, 2} specifies a block whose width is three times larger than the default width, and
whose height istwo times larger that the default height.

Default value for ElementSize isElementSize-»{1,1}.

The following example changes the radius of the circle that represents the Input element. The scaled element is four
times larger than the default one: ElementSize-4.

In[105] : =
myDef aul t I nput = {"Input", {2, 1}, X};
nmyLargel nput = {"lI nput", {10, 2}, "El enent Si ze-»4", " ",
El enent Si ze -» 4};
{myDef aul t | nput, nylLargel nput } // ShowSchemati c
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Here is an example of an adder of reduced size; its radius is two times smaller than the radius of the default element:
ElementSize-1/2.
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In[108] : =
myDef aul t Adder =
{"Adder", {{0, 13}, {1, 0}, {3, 13}, {1, 233}, {1, -1, 2, 0}, "Default Adder"};
nmySnal | Adder = {" Adder", {{6, 2}, {7, 1}, {9, 2}, {7, 3}},
{1, -1, 2, 0}, "El enent Si ze-»1/2",
El enent Si ze - 1/2};
{nyDef aul t Adder, nmySmal | Adder } // ShowSchenati c

4
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PlotStyle

PlotStyle specifies color, line thickness and point size of elements. Two specifications are given: one for the element
shape (graphic symbol), and one for the element ports (lines connecting the graphic symbol and nodes).

Inf111]: =
myDef aul t Bl ock = {"Bl ock", {{0, 0}, {5, 0}}, H, "Default Bl ock"};
myG eenBl ock = {"Bl ock", {{11, 2}, {4, 2}}, G "Green Bl ock",
Pl ot Styl e » { {R&BCol or [0, 1, 0], Thickness[0.02]},
{R@&BCol or [0, 0.7, 0], Thickness[0.01], PointSize[0.03]1}}};
{nyDef aul t Bl ock, myGreenBl ock} // ShowSchenati c

4
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TextStyle

TextStyle specifies font properties of labels and values. You can specify font family, font size, font color, etc. See
Mathematica help for details.
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Inf114]: =
myDef aul t Bl ock = {"Bl ock", {{0, 0}, {5, 0}}, H, "Default Bl ock"};
myFont Bl ock = {"Bl ock", {{11, 2}, {4, 2}}, G "Font Si ze-»16",
Text Styl e » {Font Fam | y - Hel veti ca, FontSi ze » 16, Font Col or - Hue[0.9]}};
{nyDef aul t Bl ock, myFont Bl ock} // ShowSchenati c

4
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ShowArrowTail

ShowArrowTai I specifies the appearance of Arrow element.
ShowArrowTai I-True draws both the arrow head and the arrow tail.

ShowArrowTai I-False draws only the arrow head.

Inf117]: =
myDefaul tArrow= {"Arrow', {{8, 2}, {4, 1}}, X -w};
myNoTai | Arrow= {"Arrow', {{2, 2}, {6, 2}}, u,
ShowAr r owTai | -» Fal se};
{nyDef aul t Arrow, myNoTai | Arrow} // ShowSchemati c

4
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ShowNodes

ShowNodes specifies the appearance of circles that represent nodes (junctions of element ports).
ShowNodes-True draws circles that represent nodes.

ShowNodes-Fal se does not draw circles that represent nodes.
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Inf120] : =

myAdder 1 = {"Adder", {{0, 2}, {1, 1}, {3, 2}, {1, 3}}, {1, -1, 2, 0}, "ShowNodes-Fal se",
ShowNodes - Fal se};

myAdder 2 =
{"Adder", {{5, 13}, {6, 0}, {8, 13}, {6, 2}3}, {1, -1, 2, 0}, "ShowNodes-True",
PlotStyl e » {{Hue[0.5]}, {PointSize[0.02]}},
ShowNodes - True};

{myAdder 1, nmyAdder 2} // ShowSchemati c

4
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TextOffset

TextOffset specifies position of the element value and label.

Inf123]: =
myAdder 1 = {"Adder", {{0, 2}, {1, 1}, {3, 2}, {1, 33}, {1, -1, 2, 0}, "Default Adder"};
nmyAdder 2 =
{"Adder", {{5, 1}, {6, 0}, {8, 1}, {6, 2}}, {1, -1, 2, 0}, "TextOffset-{-1, 1}",
Text OFfset » {-1, 1}};
{myAdder 1, nmyAdder 2} // ShowSchemati c

4
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See the Mathematica Text function for details about choosing the text offset.

Default Options
Obtain the default options for drawing elements with the Mathematica function

In[126]: =
Opt i ons [Dr anEl enent ]

Qut[126] =
{El ement Si ze - {1, 1},
Pl ot Styl e - {{RGBCol or [0, 0, 0.7], Thi ckness[0.005], PointSize[0.012]},
{RGBCol or [0, 0, 1], Thickness[0.0035], PointSize[0.01]}},
ShowAr r owTai | — True, ShowNodes —» True, Text Of f set — Autonati c,
Text Styl e - {FontFami |y » Ti nes, FontSi ze - 10} }

and change the options defaults with the Mathematica SetOptions function
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Inf127]: =
Set Opt i ons [Dr awEl enent, TextStyle » {FontFanmily - Arial, FontSize -»9}]

Qut[127] =
{El ement Si ze - {1, 1},
Pl ot Styl e - {{RGBCol or [0, 0, 0.7], Thi ckness[0.005], PointSize[0.012]},
{RG@BCol or [0, 0, 1], Thi ckness[0.0035], PointSize[0.01]}},
ShowAr r owTai | — True, ShowNodes —» True, Text Of f set — Autonati c,
TextStyle - {FontFamly - Arial, FontSize - 9}}

Text Direction

Text element often annotates a schematic with a rotated text. The option TextDirection controls the angle of that
rotation.

Inf128]: =
myDef aul t Text = {"Text", {3, 2}, "Default Text"};
myRot at edText = {"Text", {8, 2}, "Rotated Text",

TextDirection- {0, -1}};
{nyDef aul t Text, nmyRot at edText } // ShowSchenati c
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See the Mathematica Text function for details about choosing the text direction.

Polyline Dashing

Specia option is provided for controlling the dashing of the Polyline element.

Inf131] : =
myDef aul t Pol yl i ne = {"Pol yli ne", {{0, 0}, {0, 3}, {5, 3}, {5, 0}, {0, 0}3}};
nmyDashPol yl i ne = {"Pol yline", {{6, 0}, {7, 3}, {11, 3}, {6, 0}},

Pol yl i neDashi ng - Dashi ng[{0. 04, 0.03}1};
{nyDef aul t Pol yl i ne, myDashPol yline} // ShowSchemati c
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See the Mathematica Dash i ng function for details about choosing the dashing parameters.
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3.8. Showing Schematic of Systems

Graphical Representation of Systems

SchematicSolver describes a system as alist of elements; this list specifies what elements are in the system and how they
areinterconnected. A list describing a system will be referred to as the system specification.

Each element in the system is also described as a list that states what the element is, to which other elements it is con-
nected, and what its value is. A list describing an element will be referred to as the element specification.

SchematicSolver draws the schematic of a system with the ShowSchematic function that takes the system specifica-
tion asinput. ShowSchematic iscalled asfollows:

ShowSchemati c [ systemSpecification]
ShowSchemati c [ systemSpecification, options]

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with

In[134]: =
Needs [" Schemati cSol ver ™" ];

Hereis an example of a system specification. Firstly, let us specify elements that constitute the system:
In[135]: =
myl nput = {"Input”, {0, 0}, X, "l nput"}
Qut[135] =
{I nput, {0, O}, X, Input}
In[136]: =
nyAdder = {"Adder", {{O0, 0}, {1, -1}, {2, 03}, {1, 13}, {1, -1, 2, O}, "Adder"}
Qut [ 136] =
{Adder, {{0, 0}, {1, -1}, {2, 0}, {1, 1}}, {1, -1, 2, 0}, Adder}
In[137]: =
myBl ock = {"Bl ock", {{2, 0}, {5, 0}}, H, "Block"}
Qt[137] =
{Block, {{2, 0}, {5, 0}}, H, Block}
In[138]: =
myQut put = {("Qutput”, {5, 0}, Y, "Qutput"}
Qut[138] =
{Qut put, {5, 0}, Y, Qutput}
In[139]: =
myLi ne = {"Line", {{5, 0}, {5, -1}, {1, -1}}}
Qut[139] =
{Line, {{5, 0}, {5, -1}, {1, -1}}}

Next, let usform the system specification as alist of the element specifications:
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I'nf[140] : =
mySchemati ¢ = {nyl nput, nyAdder, nmyBl ock, myQut put, nyLi ne}

Qut [ 140] =
{{I'nput, {0, 0}, X, Input},
{Adder, ({0, 0}, {1, -1}, {2, 0}, {1, 13}, {1, -1, 2, O}, Adder},
{Bl ock, {{2, 0}, {5, 0}}, H, Block},
{Qutput, {5, 0}, Y, Qutput}, {Line, {{55 0}, {5, -1}, {1, -1}}}}

Finally, we show the graphic representation of the system with ShowSchematic:

Inf141] : =
ShowSchenati c[nySchemati c, Pl ot Range » {{-1, 7}, {-2, 2}}]
2
1 L
Adder Block
0F X -1 H = oY
-1+
0 1 2 3 4 5 6

Drawing Options for ShowSchematic

Graphics created by ShowSchematic can be fine-tuned by various options:

Inf142]: =
Opti ons [ShowSchemati c] // Col umFor m

Qut[142] =
El enent Scale - 1
Font Si ze —» Aut omati c
Frame - True
GridLi nes - Automatic
Pl ot Range - {{-1, 12}, {-1, 4}}

PlotRange isan option that specifies what points to include in a plot. (See the Mathematica help for details.)

SchematicSolver Version 2.0
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Inf143] : =
ShowSchenati c[nySchenmati c,
Pl ot Range » {{-1.3, 6.4}, {-1.8, 1.6}}]

1 L
Adder Block
O+ X H = oY
-1t
-1 0 1 2 3 4 5 6

GridLines isan option that specifies grid lines. (See the Mathematica help for details.)
In[144]: =

myXhorGrid = {{0, {Hue[O0.5]1}}, {2, {Hue[0.5]1}}, {5, {Hue[0.51}}};
myYverGid= {{-1, {Hue[O0.5]}}, {0, {Hue[0.5]1}}};
myG& i dLi nes = Gi dLi nes » {nmyXhorGrid, nyYverGid}
Qut[ 146] =
GridLines - {{{0, {Hue[0.5]}}, {2, {Hue[0.5]}},
{{-1, {Hue[0.5]}}, {0, {Hue[0.5]}}}}

Inf147] : =
ShowSchenati c[nySchenmati c,
Pl ot Range » {{-2, 7}, {-2, 2}}, nmyGi dLi nes]

{5, {Hue[0.5]}}},

2
1 L
Adder Block
0 X H = oY
-1t !
-1 0 1 2 3 4 5 6 7

No grid lines are drawn with GridLines-None:
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Inf148] : =
ShowSchenati c[nySchemati c, Pl ot Range » {{-2, 7}, {-2, 2}},
Gri dLi nes -» None]

2
1 L
Adder Block
0 X H = oY
-1t _
-1 0 1 2 3 4 5 6 7

Frame isan option that specifies whether a frame should be drawn around the plot. Fr ane — Tr ue by default draws a
frame with tick marks. Fr ame - Fal se draws no frame:

In[149]: =

ShowSchenati c[nySchemati c, Pl ot Range » {{-2, 7}, {-2, 2}}, GidLi nes -» None,
Franme - Fal se]

Block

Adder

FontSize is an option that specifies the size in points of the font in which to render values and labels. Let us choose
the font size of 12 points:

In[150] : =
ShowSchenati c[nySchenmati c,
Pl ot Range » {{-2, 7}, {-2, 2}}, GidLi nes - None, Frame - Fal se,
Font Si ze » 12]

Adder Block
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ElementScale is an option that specifies the reduction or magnification of element dimensions. Let us reduce the
elements by 25%:

Inf151] : =
ShowSchenat i c[nySchenmati c,
Pl ot Range » {{-2, 7}, {-2, 2}}, GidLi nes - None, Frame - Fal se,
El enent Scal e » (1 -25/7100) ]

Adder Block

Y ou can change the default options for drawing elements. For example, to suppress drawing element nodes, execute

In[152] : =
Set Opt i ons [Dr awEl enent, ShowNodes - Fal sel;

In[153]: =

ShowSchenati c[nySchemati c, Pl ot Range » {{-2, 7}, {-2, 2}},
Gri dLi nes -» None, Frane - Fal se, El enent Scal e » 0. 75]

Adder Block

If necessary, you can restore the initial option by

Inf154] : =
Set Opt i ons [Dr awEl enment, ShowNodes - True];

Feel free to experiment with different setting for the ShowSchematic options.

3.9. Check Syntax of Schematic Specification

Introduction

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
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In[155] : =
Needs [" Schemati cSol ver ™" ];

Check Schematic Syntax
CheckSchematicSyntax checks the syntax of a schematic specification.

In[156] : =
mySystem= {{"Input”, {0, 0}, X "lnput"},
{"Adder", {{O, 03}, {1, -1}, {2, 0}, {1, 133, {1, -1, 2, 0}, "Adder"},
{"Block", {{2, 0}, {5, 033}, H "Block"},
{"Qutput", {5, 0}, Y, "Qutput"},
{"Li ne", {{51 0}1 {5! _1}1 {11 _1}}}}1
ShowSchenmati c[% Pl ot Range » {{-1, 6}, {-2, 2}}1;

2
1 L
Adder Block
0 X —_— H = O Y
- 1 L
0 1 2 3 4 5 6

CheckSchematicSyntax returns False if the schematic specification is not a list specifying a schematic.
In[158]: =
CheckSchenmat i cSynt ax [nySyst em]

Qut[158] =
True

Check Element Syntax

CheckElementSyntax checks the syntax of an element specification. We can individually check any element in the
schematic specification:
In[159] : =

mySystem[[3]]
CheckEl enent Synt ax [%]

Qut[159] =
{Block, {{2, 0}, {5, 0}}, H, Block}

Qut[160] =
True

CheckElementSyntax returns Fal se if the element specification is not a list specifying an element:
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Inf161] : =
nyBadEl ement = {"Gai n", {{0, 0}, {4, 0}}, 3/4, "g"}
CheckEl enent Synt ax [%]

Qut[161] =
. 3
{Gain, ((0, 0}, (4, 0}}, 7. g}

CheckEl enent Synt ax: : unsup : Unsupported el ement "Gain" in the specification
{("Gin", {{0, 0}, {4, 01}, 3/4, "g"}. Supported elenents are Adder, Anplifier,
Arrow, Block, Delay, Input, Integrator, Line, Miltiplier, Node, Cutput,
Polyline, and Text. Elenment nanme is enclosed within double quotation marks.

Qut[162] =
Fal se

3.10. Discrete Signals

Introduction

SchematicSolver can draw, solve, and implement discrete systems with several inputs and several outputs. These systems
are known as multiple-input multiple-output systems, or MIMO systems for short.

Samples that are inputted to, or outputted from, MIMO systems are represented in SchematicSolver as matrices that
contain several signals, and are of the form

{{a0, bo,Co, ..., Wo},{a1, b1, C1, ...y W1}, {@2, b2, Co, ey W}, o {@NC1s DNC1y ONCgy v Wit}
where

&y, &, ay, ..., ay_1 represent N samples of thefirst discrete signal,

b, by, by, ..., by_1 represent N samples of the second discrete signal, and so on.

Each column of the above matrix represents a discrete signal; each row of this matrix is a data set that is processed at a
time as a unit. SchematicSolver refers to this matrix as data sequence, or sequence for short.

Consider a single-input single-output system, also referred to as the SISO system. The input sequence to the system is of
the form

{{ao}. {a}, {@2}, ... {an-1}}
and it isan N-by-1 matrix. In other words, this sequence is a single-column matrix.

Here are example sequences:

In[163]: =
dat aSeqM MO = {{ao, bo, Co}, {a@i, b1, €1}, {az, bz, c2}, {as, bs, Cc3}}

Qut[163] =
{{ao, bo, co}, {a1, b1, €1}, {@z, b2, c2}, {as, bs, c3}}

Inf164]: =
dat aSegM MO // Tradi ti onal Form

Qut[164]// Traditional For ne
a by ¢
a b o
a b o
az bs c3
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In[165]: =
dat aSeqSl SO= {{ao}, {a1}, {az}, {as}}

Qut[165] =

{{a0}, {a1}, {a2}, {asz}}
In[166]: =

dat aSeqSl SO// Tradi ti onal Form

Qut[166]// Traditional For me
Qo

Creating Input Sequences
This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with

In[167]: =
Needs [" Schemati cSol ver ™" ];

Y ou can create the most typical input sequences with the following SchematicSolver's functions:

In[168]:=

myl npSeq = Uni t | mpul seSequence[]
Qut[168] =

{{1}, {03, {03, {0}, {0}, {0}, {0}, {0}}
In[169]: =

mySt epSeq = Uni t St epSequence[]
Qut[169] =

({13, {13, {13, {13, {1}, {1}, {1}, {1}}
In[170]:=

myRanpSeq = Uni t RanpSequence[]

Qut[170] =
({0}, {1}, (2}, {3}, {4}, {5}, {6}, {7}}

In[171]: =

nmySi neSeq = Uni t Si neSequence[]
Qut[171] =

(O, {5} @ {5 0 Fgp) G0 g5 )
In[172]: =

myExpSeq = Uni t Exponent i al Sequence[]
Qut[172] =

({20 {30 () (b L) (ea ) (azg))
In[173]: =

myRandSeq = Uni t Noi seSequence[]

Qut[173] =
({0.856559}, {-0.224317}, {-0.516228}, {-0.316171},
(-0.361907}, {-0.0408154}, {0.624452}, (0.597351})

The above functions can be combined to generate compound sequences:
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Inf174]: =
myConbSeq = Uni t Exponenti al Sequence[8, -0.1, E] »Abs[Unit Si neSequence[8, 1/8]]

Qut[174] =
({0}, {0.639817}, {0.818731), {0.523838), (0}, (0.428882}, (0.548812}, {0.351139}}

In addition, you can create your own sequences by typing the particular sasmple values:

Inf175]: =
nySeq = {{1}, {0.9}, {-0.7}, {0.5}, {0.1}, {0}, {-1/6}, {-0.3}}

Qut[175] =
1
{1}, (0.9}, {-0.7}, (0.5}, (0.1}, (0}, {-5}., (-0.3}}
The above sequence can be converted to alist with

In[176]: =
nmyLi st = SequenceTolLi st [mySeq]

Qut[176] =
{1, 0.9, -0.7, 0.5, 0.1, O, _%, -0.3}
A list of values can be converted to a sequence with

Inf177]: =
mySequence = Li st ToSequence [myLi st ]

Qut[177] =
{11}, (0.9}, {-0.7}, {0.5}, {0.1}, {0}, {—%}, {-0.3}}

Plotting Sequences
SchematicSolver's function SequenceP 1ot plots sequences in atraditional way as a stem plot:

In[178]: =
SequencePl ot [nySequence];

14
0.75¢
0.5}

0.25¢

D —e
3

-0.257]

Add options to fine-tune the plot:
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Inf179]: =
SequencePl ot [nySequence,
Pl ot Range -» {{0, 10}, {-2, 2}},
SequencePoi nt Si ze -» 0. 03,
SequencelLi neThi ckness - 0. 017;

2.
1.5}

ol

¢ ¢

-1.5¢

-2t

Combining Sequences

Y ou can combine several sequences into one sequence with the SchematicSolver's function Mul tiplexSequence:

ln[lgor]n../l\:/UXSeqﬂ\/Ultipl exSequence [nyRandSeq, nyStepSeq/Sqrt [2], 2 *nyExpSeq]
Qut[180] =

[{0. 856559, % 2}, {-0.224317, \/% 1},

[-0.516228, \/% %}, [-0.316171, % %}, [-0.361907, % %},

{—0.0408154, % %} {0.624452, \/% %} {0.597351, \/% %H
Inf181]: =

myMuxSeq // Tradi tional Form

Qut[181]// Traditional For ne

0.856559 -1 2
V2
-0224317 -+ 1
V2
1 1
-0.516228 N
1 1
-0.316171 N
1 1
-0.361907 N
1 1
—0.0408154 7w
1 1
0.624452 @
1 1
0.597351 O

The above sequence isreferred to as a multiplexed sequence. The plot of the multiplexed sequences follows:
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Inf182] : =
SequencePl ot [nyMixSeq];

2¢
1.5}

1+ q
0.5+ !

q
[}
1 Y 3 4 5 6

-0.5+ e

You can plot the discrete signals more clearly by setting the SequencePlot options to StemPlot-False and
PlotJoined-True.

In[183]: =
SequencePl ot [nyMuxSeq, StenPl ot -» Fal se, Pl ot Joi ned » True];

2 4

-0.5¢

Each multiplexed segquence is plotted in a different color. The first sequence is plotted in blue, the second sequence is
plotted in red, and so on.

Y ou can extract individual sequences from a multiplexed sequence with
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Inf184]: =

{seql, seq2, seq3} = Denul ti pl exSequence [myMixSeq]

Qut [ 184] =
{{{0.856559}, ({-0.224317},

(-0.5162287,

(-0.316171}, {-0.361907}, {-0.0408154}, ({0.624452}, {0.597351}},

U b {ggh I |

(@, {34 (3) (5

= {55 lge)h () (b
bolts) (a2 ) lea)))

Obviously, the sequences seql and myRandSeq must be the same:

In[185]: =
SanmeQ[seql, nyRandSeq]

Qut[185] =
True

3.11. Fourier Transform of Discrete Signals

Introduction

The theory of transforms has an important aspect in examining the nature of signals or sequences. The term transform
refers to a mathematical operation that takes a given function, called the original and returns a new function, referred to
as the image. The transformation is often done by means of summation formula. Commonly used transforms are named

after Fourier.

The Fourier Transform (FT) occupies a central place in analysis of signals and systems. A major reason for this is that
the most convenient way of measuring and specifying the performance of a system or signal is based on frequency. The
Discrete-Time Fourier Transform (DTFT) and the Discrete Fourier Transform (DFT) are very important tools for signal

processing techniques.

SchematicSolver has functions for computing and plotting FT:

SequenceDiscreteFourierTransform,

SequenceDiscreteFourierTransformMagnitudePlot,

SequenceFourierTransform,

SequenceFourierTransformMagnitudePlot.

The functions will beillustrated by typical examples often met in practice.

Discrete-Time Fourier Transform (DTFT)

Consider a sinusoidal sequence, of amplitude 1, of digital frequency % and of zero initial phase, represented by 40

samples:

In[186]: =

Needs [" Schemati cSol ver ™" ];

In[187] : =
anmplitude = 1;
sineDigital Freq=1/9;
initial Phase = 0;
number O Sanpl es = 40;

Inf191] : =
sineSeq =anplitudexUnitSi

neSequence [nunmber O Sanpl es, sineDigital Freq, initial Phase];
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Inf192] : =
SequencePl ot [si neSeq];

1+

= =T

-1+

SequenceFourierTransformMagnitudePlot plots the Discrete-Time Fourier Transform magnitude of the
sequence sineSeq.

In[193]: =
SequenceFouri er Tr ansf or mvagni t udePl ot [si neSeq];

17|

0.4+
0.3¢

0.2¢

oo 1711 —

-0.4 -0.2 0.2 0.4

The magnitude plot shows peaksthat correspond to sineDigitalFreq. By default, SequenceFourierTrans-
formMagnitudeP lot plots magnitude over the frequency range from ‘71 to % Y ou can change the frequency range
to zoom the peaks:

In[194] : =
fregRange = {-0.2, 0.2};
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In[195]: =
SequenceFouri er Tr ansf or mvagni t udePl ot [si neSeq, fregRange];
0.5}
0.4
-0.2 -0.1 0.1 0.2

In addition, you can change the plot range and add grid lines to refine the graphic:

In[196]: =
SequenceFouri er Tr ansf or mvagni t udePl ot [si neSeq, {0, 1},
Pl ot Range -» {Automatic, {0, 0.6}},
GridLi nes » Automaticl;

0.5 n n

0.4

0.3

0.2

0. -+ i
1T rnssnan et 11

0.2 0.4 0.6 0.8 1

By default, SequenceFourierTransformMagnitudeP 1ot plots normalized magnitude, so the peak values
correspond to amp 1 i tude/2. The normalized magnitude isthe DTFT magnitude divided by the number of samples.

Here is the magnitude plot without normalization:
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In[197] : =
SequenceFouri er Tr ansf or mvagni t udePl ot [si neSeq,
Nor mal i zedSpect rum- Fal seJ;

-
15+
10 ¢
5,
-0.4 -0.2 0.2 0.4

Notethat, for Normal izedSpectrum—False, the peak values correspond to numberOf-
Samples*amplitude/2.

SequenceFourierTransformMagnitudePlot plots the DTFT magnitude in linear scale. You can plot the
magnitude in decibels (dB) with:

In[198] : =
SequenceFouri er Tr ansf or mvagni t udePl ot [si neSeq,
dBMagni t udePl ot - True];

‘ R N ‘
-0.4 -0.2 [|-10¢ 0.2 0.4

e

The peak value in dB corresponds to

In[199] : =
dBanpl i tude2 =20 xLog[10, anplitude/2];
%// N

Qut [ 200] =
-6. 0206
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Inf201] : =
SequenceFouri er Tr ansf or mvagni t udePl ot [
si neSeq, {0, 1}, dBMagni tudePl ot » True, Pl ot Range -» {-45, 0},
GidLi nes » {Autonmatic, {dBanplitude2}}];

0.2 0.4 0.6 0.8 1

-10 ¢+

20! M ﬂ

-30

MR

Assume that the sinusoidal sequence was obtained by sampling a continuous-time sine signal, of frequency 1000 Hz, at
the rate Fgmp = 9000 Hz.

SequenceFourierTransformMagnitudePlot can plot the magnitude versus the continuous-time frequency with

Inf202]: =
SequenceFouri er Tr ansf or mvagni t udePl ot [si neSeq,
SequenceSanpl i ngFr equency - 90001;

||

0.4+
0.3¢

0.2+

et T ..

- 4000 - 2000 2000 4000

SequenceFourierTransformMagnitudePlot can plot the magnitude over an arbitrary range of digital
frequencies.
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In[203]: =
SequenceFouri er Tr ansf or mvagni t udePl ot [si neSeq, {0, 3}1;
0.5¢
0.4+

0.3+

0.2¢

0.5 1 1.5 2 2.5

w F

You can plot DTFT magnitudes of severa sequences:

In[204] : =
noi seSeq = Uni t Noi seSequence [nunber O Sanpl es];

In[205]: =
si neNoi seSeq = Mul ti pl exSequence[si neSeq, noi seSeq];

I n[ 206] : =
SequenceFouri er Tr ansf or mvagni t udePl ot [si neNoi seSeq];
“ 0.5¢ n
0.4
0.3}
0.2}
-0.4 -0.2 | 0.2 0.4

Pass any Pl ot option to SequenceFourierTransformMagnitudeP 1ot to refine the graphic:
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In[207] : =
SequenceFouri er Tr ansf or mvagni t udePl ot [si neNoi seSeq,
Frame -» True];

|

0.4+

0.3+

0.2+

VY

-0.4 -0.2 0 0.2 0.4

In[208] : =
SequenceFouri er Tr ansf or mvagni t udePl ot [si neNoi seSeq, {0, 1/2},
Pl ot Label -»"Si ne and Noi se",
AxesLabel - {"Digital\nFrequency", "DTFT\ nMagni t ude" }1;

DTFT

Magni t ude Si ne and Noi se
0.5

0.4
0.3
0.2

0.1

‘ ‘ ‘ - Digital
0.1 0.2 0.3 0.4 0. 5 Frequency

SequenceFourierTransform computes the Discrete-Time Fourier Transform (DTFT) of a sequence. It returns
exact closed-form expressions for DTFT in terms of the digital frequency and sample values:

In[209]: =
si neSeql0 = Uni t Si neSequence[10, sineDigital Freq]
Qut [ 209] =
(o0, {sin[ZF]) (sin[ 4]} (22} (sin[ &)
(sin[252)) (-5} (sn[ A7) (sin[255 ) ()
In[210]: =
{si neSeql0DTFT} = SequenceFouri er Tr ansf or m[si neSeql10]
Qut[210] =
(Lygesin o Lygenitn cnnsn 2] et sin[ 47,
e trsin[ 8] er0rtngin[ L) it gin[ 13T L et gin[ 100
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By default, SequenceFourierTransform denotes the digital frequency with f. You can specify an aternative
symbol for the digital frequency with

Inf211] : =
SequenceFouri er Tr ansf or m[si neSeq10, f 1]
Qut[211] =
{%\/g e—Gifln_%\/ge&Zifln*_e—Ziflnsin[%Tﬁ} +e’4jf1”8in[49—ﬁ} +
8ifln qj 8 “10ifln o 10 x “14iflr o 14 n “16ifln o 16 n
e Sln[T}He Sin| 5 | +e Sin| 5 | +e Sin| 5 I

If you work with sampled continuous-time signals, you can specify the sampling frequency as an option:

Inf212]: =
SequenceFouri er Tr ansf or m[si neSeq10,
SequenceSanpl i ngFr equency -» Fsanp]

Qut[212] =
{% \/§ e eriaf”; - % \/§ e lFZS;éP" +e ZFSiaf”; Si n[z—} +e AFSiaf”; Si n[4—} +

9 9
10 14

+e Feamp Sin +e Feary Sin
5| [~ [

1)

e Fuw sin[ 8] e B sin
In that case, T denotes the continuous-time frequency in Hertz (Hz).

SequenceFourierTransform works with symbolic values of samples. Here isa symbolic sequence and its DTFT:

In[213]: =
synbSeq = Uni t Synbol i cSequence[6, a, 0]

Qut[213] =
{{a0}, {al}, {a2}, {a3}, {a4}, {ad}}

Inf214] : =
SequenceFouri er Transf or m[synbSeq]

Qut[214] =
{a0+ale? " +a2e* ™" +a3e® " tad4edif 7 a5e10ifmy

Notethat SequenceFourierTransform returns the result asalist.

SequenceFourierTransform canfind DTFT of a multiplex sequence:

Inf215] : =
synbSeqTwo = Uni t Synbol i cSequence[6, b, 0]

Qut[215] =
{{b0}, {bl}, (b2}, {b3}, {b4}, (b5}}

Inf216]: =
mxSynbSeq = Mul ti pl exSequence [synbSeq, synbSeqTwo]
%// Matri xForm

Qut[216] =
{{a0, b0}, {al, bl}, {a2, b2}, {a3, b3}, {a4, b4}, {(ab, b5}}

Qut[217]// Mat ri xFor nF
a0 bo

al bl
a2 b2
a3 b3
a4 b4
a5 b5
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In[218] : =
SequenceFouri er Tr ansf or m[mxSynbSeq]
%// Matri xForm

Qut[218] =
{a0+ale?""+ta2e* " +a3e®if " rade?®if " a5 201l 7,
bO+ble?' ' +b2e* " +b3e® " +bde® ' +b5e ")

Qut[219]// Mat ri xFor nF
a0+ale? " +a2e*""+a3eb " +adebif 7 a5et0tln

b0 +ble? 7" +bh2e?if 1 b3e®ifmh4eldifm  p5el0ifr

SequenceFourierTransform computes DTFT of samples
{X0: X1y ey X0y weey X1}

according to the formula

X(f) = XN % w™, wherew = ¢ 27,

It isassumed that the first sample index is equal to zero.
SequenceFourierTransformMagnitudeP lot computes the normalized DTFT as Xporm (f) = % X(f).

Discrete Fourier Transform (DFT)

Consider a sinusoidal sequence, of amplitude 1, of digital frequency % and of zero initial phase, represented by 40
samples:

I'n[220] : =
Needs [" Schemati cSol ver ™" ];

Inf221] : =
anplitude = 1;
sineDigital Freq=1/9;
initial Phase = 0;
number O Sanpl es = 40;

Inf225]:=
si neSeq = anpl i t ude » Uni t Si neSequence [nunber O Sanpl es, sineDigital Freq, initial Phase];

In[226]: =
SequencePl ot [si neSeq];

14

I = =

-1+

SequenceDiscreteFourierTransformMagnitudePlot plots the Discrete Fourier Transform magnitude of
the sequence sineSeq.
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In[227]: =
SequenceDiscreteFouri er Tr ansf or nvagni t udePl ot [si neSeq];

0.35¢
0.3}
0.25;
0.2¢

0.15;

O.OSH (LIZ”TTTTTTTTTTTTTTTTTT”lIl H

0.4 0.6
The magnitude plot shows peaksthat correspond to sineDigitalFreq.

SequenceDiscreteFourierTransformMagnitudePlot plots magnitude over the frequency range from O to
1. You can change the plot range to zoom the peaks:

In[228]: =
SequenceDiscreteFouri er Tr ansf or mvagni t udePl ot [si neSeq,
Pl ot Range -» {{0, 0.2}, {0, 0.5}}1;

0.5;
0.4
0.3

0.2

|| R

0. 05 0.1 0.15 0.2

In addition, you can change the plot range and add grid lines to refine the graphic:
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In[229]: =
SequenceDi scret eFouri er Tr ansf or mvagni t udePl ot [si neSeq,
Pl ot Range -» {Automatic, {0, 0.5}},
GridLi nes » Automaticl;

0.5

It11t1eterrererrterrrr?l l {[
2 0.4 0.6 0.8

0.
By default, SequenceDiscreteFourierTransformMagnitudePlot plots normalized magnitude. The normal-

ized magnitude is the DFT magnitude divided by the number of samples.

Here is the magnitude plot without normalization:
In[230] : =
SequenceDi scret eFouri er Tr ansf or mvagni t udePl ot [si neSeq,
Nor mal i zedSpect rum- Fal seJ;
14 ¢
12+

10|

2{ hHTTTTTTTTTTTTTTTTTTTT”{ {
0.8

0.2 0.4 0.6

SequenceDiscreteFourierTransformMagnitudePlot plots the Discrete Fourier Transform (DFT) magni-
tudein linear scale. Y ou can plot the magnitude in decibels (dB) with
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In[231] : =
SequenceDiscreteFouri er Tr ansf or mvagni t udePl ot [si neSeq,
Pl ot Joi ned » True, StenPl ot -» Fal se,
dBMagni t udePl ot - Truel;

Assume that the sinusoidal sequence was obtained by sampling a continuous-time sine signal, of the frequency 1000 Hz,
at the rate Fgyyp, = 9000 Hz.

SequenceDiscreteFourierTransformMagnitudePlot can plot the magnitude versus the continuous-time
frequency with

Inf232]:=

SequenceDiscreteFouri er Tr ansf or mvagni t udePl ot [si neSeq,
SequenceSanpl i ngFr equency - 9000];

0.35;
0.3}
0.25¢
0.2¢

0.15¢

0. 05‘

{IHTTTmmnrmTTTTT”{ ‘ ‘

2000 4000 6000 8000

You can plot DFT magnitudes of several sequences:

In[233]:=
noi seSeq = Uni t Noi seSequence [nunber Of Sanpl es1;

In[234] : =
si neNoi seSeq = Mul ti pl exSequence[si neSeq, noi seSeq];
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In[235]: =

SequenceDi scret eFouri er Tr ansf or mvagni t udePl ot [si neNoi seSeq];

0.35¢
0.3}
0.25;
0.2¢

0.15;

Pass any Graphics option to refine the graphic:

2 0.4

naf Lt

In[236]: =
SequenceDi scret eFouri er Tr ansf or mivagni t udePl ot [si neNoi seSeq,
Franme -» True];

0.35
0.3
0.25|
0.2
0.15|
0.1

ol
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In[237]: =
SequenceDi scret eFouri er Tr ansf or mivagni t udePl ot [si neNoi seSeq,
Pl ot Label -»"Si ne and Noi se",
AxesLabel - {"Digital\nFrequency", "DFT\ nMagni t ude" },
Pl ot Joi ned -» True, StenPl ot -» Fal se];

DFT
Magni t ude Si ne and Noi se
0. 35
0.3
0. 25
0.2
0.15
0.1
0. 05

Digital
Frequency

SequenceDiscreteFourierTransform computes the Discrete Fourier Transform (DFT) of a numeric sequence.
Hereisasinusoidal sequence of 10 samples:

In[238]: =
si neSeql10 = Uni t Si neSequence[10, sineDigital Freq]

Qut [ 238] =

(), (sin[ %)) (sin %)) (2] (sin

(sin[2g7 ]}, (-2} {sin[ 14

In[239]: =
SequenceDiscreteFouri er Transf or m[si neSeq10]

Qut[239] =
{{-2.22045x107%% 1 0. 1}, {1.42837 -4.39607 i},
{-0.485918 + 0. 668808 i}, {-0.391336 +0.284322 1},
{-0.369133 +0.119939 i}, {-0.36397 +0. i}, {-0.369133-0.119939 i},
{-0.391336 - 0.284322 i}, {-0.485918 - 0.668808 i}, {1.42837 +4.39607 i}}

SequenceDiscreteFourierTransform finds DFT of a multiplex sequence as a matrix of spectral components.
Here is a noise sequence of 10 samples:

I'nf240] : =
noi seSeq10 = Uni t Noi seSequence[10]

Qut [ 240] =
({-0.144899}, {-0.424729}, {0.605028}, (0.151323}, {0.713948},
(-0.093818)}, {-0.728581}, {-0.433926}, {0.345475)}, {-0.376499})

Y ou can form amultiplex sequence from sineSeg10 and hoiseSeql0:
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Inf241] : =
mxSeql0 = Mul ti pl exSequence [si neSeql0, noi seSeql0]

Qut [ 241] =

2
9

4 5t

{(0, -0.144899}, {Sin[~y=], -0.424729}, {Sin[—4-] 0.605028}, {@, 0. 151323},

{Sin[gg_”}, 0. 713948}, {Sin[lgﬂ, -0. 093818}, {_@, -0. 728581},
{Sin[l‘é”}, -0. 433926, {Sin[lg”}, 0.345475}, {0, -0.376499}}

The multiplex sequence is a matrix of samples. Each column of mxSeq10 corresponds to a discrete signal :

Inf242]: =
mxSeql10 // Tradi tional Form

Qut[242]// Traditional For ne
0 —0.144899

sin(2) -0.424729
sin(4)  0.605028
3 0151323
sin(%%)  0.713948
sin(42%) -0.093818
-Y3 _o728581
sin(#%) -0.433926
sin(£%)  0.345475

0  -0.376499

Hereisthe DFT of the multiplex sequence:

Inf243] : =
mxSeqlODFT = SequenceDi scr et eFouri er Tr ansf or m[nxSeq10]

Qut [243] =
{{-2.22045x107*® +0. 1, -0.386679 +0. 1},
{1. 42837 - 4. 39607 i, -0.3064 -1.623 1}, {-0.485918 +0. 668808 i, -1.03117 + 1. 60924 i},
{-0.391336 + 0. 284322 i, -0.805614 - 0. 8294951},
{-0.369133 + 0. 119939 i, 0.627721 + 0. 566491 i},
{-0.36397 +0. i, 1.96862 +0. i}, {-0.369133-0.119939 i, 0.627721 - 0. 566491 i},
{-0.391336 - 0. 284322 i, -0.805614 +0. 8294951},
{-0. 485918 - 0. 668808 i, -1.03117 - 1.60924 i}, {1.42837 +4.39607 i, -0.3064 +1. 623 i}}

DFT of the multiplex sequence is a matrix of spectral components. Each column of mxSeq1ODFT corresponds to a
discrete signal:
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Inf[244]: =
mxSeql0DFT // Tradi ti onal Form

Qut[244]// Traditional For ne
—2.22045%x 1071 +0.; —0.386679 +0.i
1.42837 - 4.39607i —0.3064 — 1.623i
—0.485918 + 0.668808; —1.03117 + 1.60924 i
—0.391336 + 0.284322; —0.805614 — 0.829495 i
—0.369133+0.119939;  0.627721 + 0.566491 i
—-0.36397 +0.i 1.96862 + 0. i
—0.369133-0.119939;  0.627721 — 0.566491 i
—0.391336 — 0.284322; —0.805614 + 0.829495 i
—0.485918 — 0.668808; —1.03117 — 1.60924 i
1.42837 + 439607  —0.3064 + 1.623i

SequenceDiscreteFourierTransform computes DFT of samples

{X0, X1, weey Xny ey XN-1)
as spectral components {Xg, X1, -y Xy -y XN}y

2z

where X = N X Wk w= @ .
SequenceDiscreteFourierTransformMagnitudePlot computes the normalized DFT as X norm = ﬁ K.

You can use SequenceDiscreteFourierTransformMagnitudePlot to demonstrate a well know feature of
sinusoidal sequences: if the number of samplesis an integer multiple of the digital period, then DFT has only two
nonzero components.

Inf245] : =
di gital Period = 10;
nunmber Of Sanpl es = 3« di gital Peri od;
sineDi gital Freq=1/digital Peri od,;

In[248] : =

si neSeq30 = Uni t Si neSequence [nunber O Sanpl es, sineDigital Freq];
%// SequencePl ot ;

0.75¢
0.5¢
0.25}

>
>
>
>
>

[10 15] | [ |20 25
-0.25!

-0.5¢
-0.757
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I'n[250] : =
si neSeq30DFT = SequenceDbi scr et eFouri er Tr ansf or m[si neSeq30]

Qut [ 250] =
{{0. +0. 1}, {0. +0. 1}, {0. +0. i}, {6.93239x107% - 15. i},
{0. +0. i}, {0. +0. i}, {8.74563x107Y" -3.21791x10%® 1}, {0. +0. 1},
{0. +0. i}, {-8.74563x107'" -3.21791x107*® 1}, {0. +0. i},
{0. +0. i}, {-6.93239x107%% +4.44089%x10*° 1}, {0. +0. 1}, {0. +0. i},
(0. +0. i}, {0. +0. i}, {0. +0. 1}, {-6.93239x107*® - 4.44089x107® 1},
{0. +0. i}, {0. +0. i}, {-8.74563x107'" +3.21791x107%® 1},
{0. +0. i}, {0. +0. i}, {8.74563x107Y +3.21791x10%® 1}, {0. +0. 1},
{0. +0. i}, {6.93239x107% +15. 1}, {0. +0. 1}, {0. +0. 1i}}

SequenceDiscreteFourierTransform may return numbers that are very close to zero, and you may well want
to assume that the numbers should be exactly zero. The function Chop allows you to replace approximate real numbers
that are close to zero by the exact integer 0.

Inf251]: =
si neSeq30DFT // Chop

Qut[251] =
({03}, {0}, (O}, {-15. i}, {0}, {0}, {O}, {0}, {O}, {0}, {O}, {0}, {0}, {0}, {0},
{0}, {03}, {0}, (O}, {0}, (O}, {0}, (O}, {0}, {0}, {O}, {0}, {15. i}, {0}, {O}}

Note that there are exactly two non-zero spectral components.
In[252]: =
SequenceDi scr et eFouri er Tr ansf or mvagni t udePl ot [si neSeq301;
0.5}
0.4

0.3+

0.2+

N

0.2 0.4 0.6 0.8

The non-zero spectral components occur at
sineDigitalFreq

and at

1-sineDigitalFreq.

The magnitude of the peaksis half the amplitude of the sinusoidal sequence.
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In[253]: =
SequenceDi scret eFouri er Tr ansf or mvagni t udePl ot [
si neSeq30, Pl ot Range -» {{-0.01, 0.205}, {-0.01, 0.6}},
SequencePoi nt Si ze » 0. 027;

0.3¢

0.2¢

—0 *——@ *o——@ L
0.05 0.1 0.15 0.2

SequencePointSize-p sets relative point size to p, 0 < p < 1. Use this option to plot larger dots that correspond to
spectral components.

4. Solving Systems

4.1. Continuous-Time Systems

Introduction

Using SchematicSolver's schematic capabilities, symbolic system analysis and signal processing, you can perform fast
and accurate simulations of continuous-time (analog) systems.

Linear time-invariant (LTI) systems, characterized by linear constant-coefficient differential equations, are efficiently
analyzed by using the Laplace transform. The transform maps the differential equations into algebraic equations which
are easier to manipulate. This section illustrates step-by-step procedures for analyzing LTI systems in the transform
domain. For the given block-diagram of a system, the required equations are formulated and mapped by the transform
into a system of algebraic equations. The set of algebraic equations is solved to find the system response in the transform
domain. Next, by the inverse transform, the system response is computed as a continuous-time function.

ContinuousSystemEquations, ContinuousSystemResponse, ContinuousSystemSignals, and
ContinuousSystemTransferFunction are SchematicSolver's functions that solve systems described by lists of

element specifications. The functions can take only one argument, the system specification, and return the corresponding
solution.

In[1] : = Needs["Schemati cSol ver "]
Consider a simple system specified by the following list:

In[2]:= nySystem= {
{"I'nput", {0, 0}, X3,
{"Bl ock", {{0, 03}, {3, 0}}, G},
{"Adder", {{3, 03}, {4, -2}, {5, 0}, {4, 2}3}, {1, 0, 2, -1}},
{"Integrator”, {{5, 0}, {8, 0}3}, 13},
{"Arr‘plifier", {{8, 2}, {4, 2}}, A},
{"Line", {{8, 0}, {8, 2}1}},
{"Qutput", {8, 0}, Y}
1
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ShowSchemati c shows the block diagram of the system:

In[3]:= ShowSchematic[nySystem Pl ot Range » {{-1.5, 9.5}, {-1.5, 3}}1;
3

System Equations

ContinuousSystemEquations sets up the equations directly from the schematic:

I'n[4]:= myEquations = Conti nuousSyst enEquati ons [nySyst em]

ut[4]= {{Y[{0, 0}] ==X, Y[{3, 0}] ==GY[{0, 0}],

Y[{5 O
Y[(5, 0}] == Y[(3, 0)] - Y[{4, 2}], Y[(8, 0}] == ~L 15 2]

{Y[{8, 0}], Y[{5, 0}], Y[{4, 2}1, Y[{3, 0}], Y[{0, 0}]}}

. Y[{4, 2}] == AY[{(8, 0}]},

ContinuousSystemEquations returns alist of the form { systemEquations, systemVariables}. The first item,
systemEquations, isalist of equations describing the system:

In[5]:= First [myEquations] // Col umForm

ait[5]= Y[{0, 0}] ==X
YI[{3, 0}] == GY[{0, 0}]
YI{5, 0}] ==Y[{3, 0}] - Y[{4, 2}]
Y[{8, 0}] == 52
YI{4, 2}] == AY[{(8, 0}]

The last item, systemVariables, isalist of symbolsthat represent transforms of signals at nodes:

In[6]:= Last [myEquations]

Quf6]= {Y[{8, 0}], Y[{5 03}], Y[ {4, 2}], Y[{3, 0}1, Y[{0O, 031}

The symbol Y[{0, 0}] denotes the signal at the system input and Y[{8,0}] standsfor the signal at the system output.

By default, Y[{k,n}] designates a signal, in the transform domain, at node with coordinates {k,n}. The default
symbol for the complex frequency is s.

System Response

ContinuousSystemResponse finds the response of the system directly from the schematic:

In[7]:= myResponse = Conti huousSyst emResponse [mySyst em]

Qi[7]= {{Y[(5, 0}] > 92X, Y[(8, 01] > %, Y4, 2)] » RO%,

{Y[{8, 0}, Y[{5, 0}], Y[{4, 2}1, Y[{3, 0}], Y[{0, 0}]}}

Y[{3, 0}] >GX, Y[{0, 0}] - X},

SchematicSolver Version 2.0 www.schematicsolver.com



97

ContinuousSystemResponse returns alist of the form { systemResponse, systemVariables}. The first item, system-
Response, isalist of replacement rules describing the system response:

In[8]:= First [myResponse] // Col umForm

ait[8]= Y[{5, 0}] » 53X
Y[{8, 0}] » X
Y[ {4, 2}] » 5&X
Y[{3, 0}] - GX
Y[{0, 0}] » X

The last item, systemVariables, isalist of symbolsthat represent transforms of signals at nodes:

In[9]:= Last [myResponse]

Qit[9]= {Y[{8, 0}], Y[{5, 0}], Y[{4, 2}], Y[{3, 0}], Y[{O, 0}]}

System Signals
ContinuousSystemSignals finds the transforms of signals at all nodes of the system directly from the schematic:

I'nf10]:= nySignal s = Conti nuousSyst entSi gnal s[mySyst em]

GX GsX AGX
at[10]= {{ 175 moer Ace GX% X}, (Y[(8, 0}], Y[{5, 03], Y[{4, 2}], Y[{3, 0}, Y[{0, 0}]}}

ContinuousSystemSignals returns alist of the form { systemSgnals, systemVariables}. Thefirst item, sysemSg-
nals, isalist of expressions representing the transforms of signals at all nodes of the system:

In[11]:= First [nySignal s] // Col umForm

ait[11]= £X

Gs X
A+s

AGX
A+s

GX
X

The last item, systemVariables, isalist of corresponding symbols that represent transforms of signals at nodes:

Inf12]:= Last [nySi gnal s]

Qut[12]= {Y[{8, 0}], Y[{5, 0}1, Y[{4, 2}], Y[{3, 03], Y[{O, 0}1}
The following table shows the signal expressions and the corresponding names:

I'n[13]: = Tabl eForm[Transpose[nySi gnal s]]

Qut[13]// Tabl eFor nF

o Y[{8, 0}]
QX Y[{5, 0}]
nex Y[ {4, 2}]
GX Y[{3, 0}]
X Y[{0, 0}]

Transfer Function

ContinuousSystemTransferFunction finds the transfer function directly from the schematic:
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In[14] : = {myTransfer Function, system np, systenCut } =
Cont i nuousSyst enilr ansf er Functi on[nmySyst em]
G
ait[14]= {{{ x5} (Y0, 03]}, (Y[{8, 0}]}}

ContinuousSystemTransferFunction returns alist of the form {transferFunction, systemlinput, systemOutput} .
Thefirst item, transfer Function, is the transfer function matrix of the system:

I'nf15]: = nyTransfer Function

ai[15]= {{zoc})

The second item, systeminput, is the symbol that represents the system input:
In[16] := system np

Qut[16]= {Y[{0, 0}1}

The last item, systemOutput, is the symbol that represents the system output:
In[17]:= systenQut

Qut[17]= {Y[{8, 0}1}

Frequency Response

For specific values of system parameters, you can plot the magnitude response:

In[18]:= nyValues = {A-50.5, G- (s+2)/(s+1)}

2+S}

t[18]= {A-0.5, G- T+s

Inf19]:= nyTF = nyTransferFunction[[1, 1]] /. myVal ues

2+s

QU[I9]= 5 55sy (1+5)

Inf20]:= Plot [Abs[nmyTF /. s> 1 xw], {w, 0, 4}];
4
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SchematicSolver provides symbolic solution to the system: the response and the transfer function are closed-form
expressions in terms of the system parameters, kept as symbols, and the complex frequency.

Impulse and Step Response

Impulse response of a continuous-time system is a continuous-time function. It can be computed as the inverse Laplace
transform of the system transfer function returned by SchematicSolver:

Inf21]:= nyTF
_ 2+s
Qit[21] = (0.5+s) (1+5)
I'nf22] : = inpul seResponse = | nver seLapl aceTr ansf or m[nyTF, s, t]
ait[22]= -2. et +3. 05t
Inf23]:= Pl ot [i npul seResponse, {t, 0, 10},

Pl ot Range » Al | , AxesLabel - {"t", "I npul se response"}];

I mpul se response

t

2 4 6 8 10
Sep response of a continuous-time system is a continuous-time function. It can be computed as the inverse Laplace
transform of myTF/s:

TF
In[24]: = ny

S

_ 2+s
Qif24]= g (0.5+s) (1+5s)
nyTF
In[25]:= stepResponse =l nverselLapl aceTr ansform[ , S, t ]
5

Qut[25]= 4. +2. et! -6, 5!

Hereisthe plot of the step response:
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In[26] := Pl ot [stepResponse, {t, 0, 10}, PlotRange -» Al |, AxesLabel - {"t", "Step response"}];

Step response
4 L

Time-Domain Response

Time-domain response of linear time-invariant systems can be found by using the Laplace transform. Assume a sinusoi-
dal stimulus

Inf27]:= stimulus =10%Sin[2 =t ];
Find the Laplace transform of the stimulus:

In[28]:= stimuluslLT =Lapl aceTransform[stimulus, t, s]

20
4 452

Qut [ 28]
Next, by the inverse transform of the product stimulusLT*myTF, compute the response:

In[29]:= responseLT = myTFxstimul usLT

20 (2 +5s)
(0.5+s) (L+s) (4+5s2)

aut [ 29]

I'n[30]:= response = | nverselLapl aceTransfor mresponselLT, s, t] // Re // Conpl exExpand

Qut[30]= -8. el! +14.1176 ¢ *5' _6.11765Cos[2. t] - 0.470588 Sin[2. t ]
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In[31] := Pl ot [response, {t, 0, 25},
Pl ot Range » Al | , AxesLabel - {"t", "Ti me-domai n response" }];

Ti me-domai n response

10}

7.5}

SULAAD
3 VTV

4.2. Discrete-Time Systems

Introduction

Using SchematicSolver's schematic capabilities, symbolic system analysis and signal processing, you can perform fast
and accurate simulations of discrete-time (digital) systems.

Linear time-invariant (LTI) systems, characterized by linear constant-coefficient difference equations, are efficiently
analyzed by using the z-transform. The transform maps the difference egquations into algebraic equations which are easier
to manipulate. This section illustrates step-by-step procedures for analyzing LTI systems in the transform domain. For
the given block-diagram of a system, the required equations are formulated and mapped by the transform into a system
of algebraic equations. The set of algebraic equations is solved to find the system response in the transform domain.
Next, by the inverse transform, the system response is computed as a discrete function.

DiscreteSystemEquations, DiscreteSystemResponse, DiscreteSystemSignals, and Discrete-
SystemTransferFunction are SchematicSolver's functions that solve systems described by lists of element
specifications. The functions can take only one argument, the system specification, and return the corresponding solution.

In[32]:= Needs["Schemati cSol ver "]
Consider a simple system specified by the following list:

In[33]:= nySystem= {
{"I'nput", {0, 0}, X, ""3,
{"Block", {{0, 0}, {3, 0}}, G ""},
{"Adder", {{3, 0}, {4, -2}, {5, 0}, {4, 2}3}, {1, O, 2, -1}, ""}3,
{"Delay", {{5, 0}, {8, 03}, 1, ""},
{"Multiplier", {{8, 2}, {4, 2}}, A ""},
{"Line", {{8, 0}, {8, 2}}},
{"Qutput", {8, 0}, Y, ""}
1N

ShowSchemati c shows the block diagram of the system:
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In[34] : = ShowSchematic[nmySystem Pl otRange » {{-1.5, 9.5}, {-1.5, 3}}1;
3

System Equations

DiscreteSystemEquations sets up the equations directly from the schematic:

I'n[35]:= mnyEquations = Di scr et eSyst enEquat i ons [nySyst em]

Qit[35]= {{Y[{0, 0}] ==X, Y[{3, 0}] ==GY[{0, 0}],

Y[{5 O
Y[{5, 0}]==Y[{3, 0}]-Y[{4, 2}], Y[{8, 0}] == _[{2 }

{Y[{8, 0}], Y[{5, 0}1, Y[{4, 2}1, Y[{3, 0}], Y[{0, 0}]}}

, Y[{4, 2}] ==AY[{8, 0}]},

DiscreteSystemEquations returns alist of the form { systemEquations, systemVariables}. The first item, system-
Equations, is alist of equations describing the system:

I'n[36]:= First [nyEquations] // Col umForm
Qut[36]= Y[{0, 0}] ==X
Y[{3, 0}] ==GY[{0, 0}]
Y[{5 0}]==Y[{3, 0}]-Y[{4, 2}]
Y[(8, 0}] == 5L
Y[{4, 2}] ==AY[{(8, 0}]

The last item, systemVariables, isalist of symbolsthat represent transforms of signals at nodes:

I'n[37]:= Last [nyEquati ons]

Qut[37]= {Y[{8, 0}], Y[{5, 0}1, Y[{4, 2}], Y[{3, 03], Y[{O, 0}1}

The symbol Y[{0, 0}] denotes the signal at the system input and Y[{8,0}] standsfor the signal at the system outpuit.

By default, Y[{i,j}] designates a signal, in the transform domain, at node with coordinates {i,j}. The default
symbol for the complex variableis z.

System Response

DiscreteSystemResponse finds the response of the system directly from the schematic:

I'n[38]: = nyResponse = Di scret eSyst enResponse[nmySyst em]

GX GX AGX
ut[38]= {{Y[{5, 0}] - A+§, Y[{8, 0}] » x> Y[{4 2}] > x>, Y[(3, 0}] »GX Y[{0, 0}] - X},

{Y[{8, 0}], Y[{5, 0}1, Y[{4, 2}1, Y[{3, 0}], Y[{0, 0}]}}

DiscreteSystemResponse returns alist of the form { systemResponse, systemVariables} . The first item, systemRe-
sponse, isalist of replacement rules describing the system response:
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I'n[39]:= First [nyResponse] // Col umForm

GXz
A+z
GX
= A+z

Y[ ]
Y[ ]
Y[{4, 2}] » A&X
Y[ ]
Y[ ]

—

aut [ 39]

A+z
- GX
- X

The last item, systemVariables, isalist of symbolsthat represent transforms of signals at nodes:

In[40] : = Last [nyResponse]

Qut[40]= {Y[{8, 0}], Y[{5, 0}1, Y[{4, 2}], Y[{3, 03], Y[{O, 0}1}

System Signals

DiscreteSystemSignals finds the transforms of signals at al nodes of the system directly from the schematic:
Inf41] : = nySignal s = Di scret eSyst enSi gnal s[nmySyst em]

anfay= ({20, X2 ACX 6x X}, (Y((8, 0}], Y((5, 0}, YI(4, 2}], Y[(3, 0}], Y[(0, 0}]}}

DiscreteSystemSignals returnsalist of the form { systemSgnals, systemVariables}. The first item, systemSg-
nals, isalist of expressions representing the transforms of signals at all nodes of the system:

In[42]:= First [nySignal s] // Col umForm

ait[42]= £

GXz
A+z

AGX
A+z

GX
X

The last item, systemVariables, isalist of corresponding symbols that represent transforms of signals at nodes:

In[43]:= Last [nySi gnal s]

Qut[43]= {Y[{8, 0}], Y[{5, 0}1, Y[{4, 2}], Y[{3, 03], Y[{O, 0}1}
The following table shows the signal expressions and the corresponding names:

I'n[44]: = Tabl eFor m[Tr anspose[nySi gnal s]]

Qut [ 44]// Tabl eFor nF

22 Y[{8, 0}]
§e Y[{5, 0}]
Lox Y[{4, 2}]
GX Y[{3, 0}]
X Y[{0, 0}]

Transfer Function

DiscreteSystemTransferFunction finds the transfer function directly from the schematic:
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In[45]:= {myTransferFunction, system np, systenCut } =
Di scret eSyst emlr ansf er Functi on[nmySyst em]
Qut [ 45] = {{{%}}, {Y[{0, 0}1}, {Y[{8, 0}]}}

DiscreteSystemTransferFunction returns a list of the form {transferFunction, systeminput, systemOutput} .
Thefirst item, transfer Function, is the transfer function matrix of the system:

I'n[46] : = nyTransfer Function

aifa6]= ({51

The second item, systeminput, is the symbol that represents the system input:
In[47] : = system np

Qut[47]= {Y[{0, 0}1}

The last item, systemOutput, is the symbol that represents the system output:
In[48] : = systenQut

Qut[48]= {Y[{8, 0}1}

Frequency Response

For specific values of system parameters, you can plot the magnitude response:

Inf49]:= myValues = {A-0.4, G (1 +z"(-1))/ (1+0.5%xz" (-1))}

1+1
t[49]= {A-0.4, G- 1+g}

z
In[50]:= nyTF =nyTransferFunction[[1, 1]] /. myVal ues

1+ 41
QE[S01= 305y (0.4 2)

Inf51]:= Plot [Abs[myTF /. z > Exp[l *2+Pi xf1], {f, 0, 0.5}7];
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SchematicSolver provides symbolic solution to the system: the response and the transfer function are closed-form
expressions in terms of the system parameters, kept as symbols, and the complex variable.

Impulse and Step Response

Impulse response of a discrete system is a discrete function. It can be computed by using the inverse ztransform of the
system transfer function returned by SchematicSolver.

Inf52]:= nyTF

1+ 41
QU[52]= 305, (0. 4:2)

I'n[53]: = inpul seResponse = | nverseZTransformnyTF, z, n]

ait[53]= -10. (-0.5)" +10. (-0.4)" + (20. (-0.5)" -25. (-0.4)") UnitStep[-1+n]
myTF isthe system transfer function returned by SchematicSolver.
Hereisthe plot of the impulse response:

I'n[54] : = i npul seResponseSeq = i npul seResponse /. n -» Range[0, 20] // Li st ToSequence

out[54]= {{0.}, {1.}, {0.1}, {-0.29}, {0.241}, {-0.1589}, ({0.09481},
(-0.053549}, (0.0292321}, {-0.0155991}, ({0.00819276}, {-0.00425367},
(0.00218975}, {-0.00112004}, {0.000570086}, {-0.00028907}, {0.000146145},
(-0.000073717}, {0.0000371162}, {-0.0000186612}, {9.37182x10°})

I'n[55]:= SequencePl ot [i mpul seResponseSeq, AxesLabel - {"n", "I npul se response"}];

I mpul se response

11
0.8
0.6
0.4

0.2

-0.2¢

You can use DiscreteSystemProcessingS IS0 to compute the impulse or step response as a sequence of samples
for the transfer function, returned by SchematicSolver, as follows:

In[56]:= stepData =UnitStepSequence[21] // SequenceToli st

out[s56]= {1, 1,1, 1,1, 1,1, 1,1, 1,1, 1,1, 1, 1, 1, 1, 1, 1, 1, 1}

In[57]:= {stepResponseData, final States} = Di screteSystenProcessi ngS| SO[st epDat a, nyTF];
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In[58]:= stepResponseSeq = st epResponseDat a // Li st ToSequence

out[58]= {{0}, {1}, {1.1}, {0.81}, {1.051}, {0.8921}, {0.98691}, {0.933361}, {0.962593],
(0. 946994}, ({0.955187}, {0.950933}, ({0.953123}, {0.952003}, {0.952573},
(0. 952284}, ({0.95243}, ({0.952356}, (0.952393}, (0.952375}, {0.952384})

Hereisthe plot of the step response:

In[59]: = SequencePl ot [st epResponseSeq, AxeslLabel -» {"n", "Step response"}];

Step response

0.8+

0.6

0.4+

0.2¢

4.3. Systems with Unconnected Inputs

Sometimes, it happens that inputs of some system elements are left unconnected. Traditionally, systems with uncon-
nected element inputs are not solvable. SchematicSolver successfully solves these systems: signals at unconnected
element inputs are automatically generated as unique symbols. Thus, if you by mistake left unconnected an element
input, it is easy to identify the mistake. If you intentionally leave some element inputs unconnected, you can assign

values to the corresponding input signals after the analysis.
In[60]: = Needs["Schemati cSol ver "]

Consider the following system:
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In[61] : = myUnconnect edSystem= {
{"I'nput", {0, 0}, X, ""},
{"Block", {{0, 0}, {3, 0}}, G ""},
{"Adder", {{3, 0}, {4, -2}, {5, 0}, {4, 133}, {1, O, 2, -1}, ""}3,
{"Integrator”, {{5, 0}, {8, 03}, 1, ""},
{"Amplifier", {{8, 2}, {4, 2}}, A ""},
{"Line", {{8, 0}, {8, 2}}},
{"Qutput", {8, 0}, Y, ""}
1
ShowSchemati c[% Pl ot Range » {{-2, 10}, {-2, 3}}]

3

2t

>/\

-1 0 1 2 3 4 5 6 7 8 9 10

Obviously, the negative adder input isleft unconnected. Let usfind the response of the system:

I'n[63]: = ContinuousSyst enResponse[nmyUnconnect edSystem] // First // Col utmForm

Ly _ ZGXeY[{4,1}]

[ ]
[ ] L
[{5, 0}] > GX-Y[{4, 1}]
[ ] > GX
[ 1 ->X

The above solution is correct. SchematicSolver finds the output signal Y[{8,0}] in terms of two input signals, X and
Y[{4,1}]. ShematicSolver assigns the symbol Y[{4,1}] to the unconnected adder input. The appearance of the
symbol Y[{4,1}] in the response indicates that an error might exist in the schematic.

Consider another system:
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In[64]:= nmySystem= {
{"I'nput", {0, 0}, X, ""},
{"Block", {{0, 0}, {3, 0}}, G ""},
{"Adder", {{3, 0}, {4, -2}, {5, 0}, {3, 2}}, {1, O, 2, -1}, ""}3,
{"Delay", {{5 0}, {8, 03}, 1, ""},
{"Multiplier", {{0, 2}, {3, 2}}, a, ""},
{"Qutput", {8, 0}, Y, ""}
1
ShowSchemati c[% Pl ot Range » {{-2, 10}, {-2, 4}}]

4

-1 0 1 2 3 4 5 6 7 8 9 10

Obviously, the multiplier input is left unconnected. Let usfind the response of the system:

In[66] : = myResponse = Di scret eSyst enResponse[nySystem] // First

Qut [ 66] = {YH8,0}1+_‘GX+aZ“O'2”, Y[(5, 0}] >GX-aY[{0, 2}],

Y[{3, 0}] >GX, Y[{3, 2}]1>aY[{0, 2}], Y[{0, 0}] eX}

Again, the above solution is correct. SchematicSolver finds the output signal Y[{8,0}] in terms of two input signals, X
and Y[{0, 2}]. SchematicSolver assigns the symbol Y[{0, 2}] to the unconnected multiplier input.
In[67]:= Youtput =Y[{8, 0}] /. nyResponse

 -GX+aY[{0, 2}]
z

Qut [ 67]
Suppose, now, that the multiplier input should be connected to the same input X. The system output becomes

In[68]:= Youtput /. Y[{0, 2}] » X

aX-GX
-

Qut [ 68]
and it isan expression in terms of system parameters and the known stimulus.

SchematicSolver can report on unconnected inputs if you specify the option PrintFloatingPorts-True:

In[69]: = DiscreteSystenResponse[nySystem PrintFloatingPorts - True]
Fl oating ports = {Y[{0, 2}]}

{{Y[(8, 0}] - ‘GX”’”;[{O' 211 Y5, 0}] > GX-aY[{0, 2},

Y[{3, 03] > GX, Y[{3, 2}] »aY[{0, 2}], Y[{0, 0}] > X},
{Y[{8, 0}], Y[{5, 0}, Y[{3, 2}], Y[{3, 0}], Y[{O, 0}]}}

Qut [ 69]
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Default value of PrintFloatingPortsisFalse.

4.4. Combining Unconnected Systems

Unconnected element inputs can be used for combining subsystems into flexible larger systems. For example, let us
consider again the system myUnconnectedSystem and find its response:

I'n[70] : = myUnconnect edSystem= {
{"I'nput", {0, 0}, X, ""},
{"Block", {{0, 0}, {3, 0}}, G ""},
{"Adder", {{3, 0}, {4, -2}, {5, 0}, {4, 133}, {1, O, 2, -1}, ""}3,
{"Integrator”, {{5, 0}, {8, 03}, 1, ""},
{"Amplifier", {{8, 2}, {4, 2}}, A ""},
{"Line", {{8, 0}, {8, 2}}},
{"Qutput", {8, 0}, Y, ""}
1
ShowSchemati c[% Pl ot Range » {{-2, 10}, {-2, 3}}]

3

2t

>/\

-1 0 1 2 3 4 5 6 7 8 9 10

I'nf72] : = myUnconnect edSyst emResponse = Cont i nuousSyst enResponse [nyUnconnect edSystem] // First

A(GX-Y[(4, 1 GX+Y[{4, 1
Qut[72]= {Y[{4, 2}] » 2 L& 1) ypgs, 01 - KNI

Y[{5 0}]->GX-Y[{4, 1}7, Y[{3, 0}] -GX, Y[{0, 0}] eX}

The amplifier output Y[{4,2}] is left unconnected. We shall denote this signal with YoutUnconnected and find it
as

I'nf 73] : = Yout Unconnected = Y[ {4, 2}] /. nyUnconnect edSyst enResponse

A (GX-Y[{4, 1}])

Qut[73] = <

Note that YoutUnconnected is in terms of the unconnected input Y[{4,1}]. If we connect the two unconnected
nodes, Y[{4,1}] becomes

Inf74] : = nyNewY41 = Sol ve[{Y[{4, 1}] == Yout Unconnected}, Y[{4, 1}1]// Flatten// Sinplify

AGX
J

it[74]= {Y[{4, 1}] > x ¢

The output of the unconnected system isintermsof Y[{4,1}]

Inf75]:= Youtput =Y[{8, 0}] /. myUnconnect edSyst enResponse

 -GX+Y[{4, 1}]

Qut[75] = S
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and after connected the two nodes, it becomes

I'n[ 76] : = Yout put New = Yout put /. nyNewY41l // Sinplify
GX
Qit[76] = ;<

Previous example illustrates the simplest connection of unconnected nodes. Generally, two nodes can be connected
through another system of a know transfer function, say

In[77]:= gTF=g-> (s+1) / (S+2)

1+s

Qit[77]= 9 5~

Inthiscase, Y[{4,1}] becomes

In[78]:= mnyY4lg = Sol ve[{Y[{4, 1}] == g * Yout Unconnected}, Y[{4, 1}11 /. gTF// Flatten // Sinplify

AG(1l+s) X |

ut[78]= {Y[{4, 1}] > A(l+s)+s (2+8)

the system output takes the value

In[79]:= Youtg = Yout put /. nyY4lg // Toget her

2GX+Gs X
A+2s +As +5s2

Qut[79] =
and the corresponding transfer function is

In[80]:= Hg =Youtg/X//Sinplify

G(2+s)

Qt[80]= R 1is)+s (2+3)

Thisresult can be verified by solving the modified system in which the unconnected nodes are connected by the block g.

Inf81] : = nyModi fi edSystem= {
{"Block", {{4, 2}, {4, 1}}, g, ""},
{"I'nput", {0, 0}, X, ""3},
{"Block", {{0, 0}, {3, 0}}, G ""},
{"Adder", {{3, 0}, {4, -2}, {5, 0}, {4, 133}, {1, O, 2, -1}, ""}3,
{"Integrator”, {{5, 0}, {8, 03}, 1, ""},
{"Ar'r'plifier", {{8, 2}, {4, 2}}, A ""},
{"Line", {{8, 0}, {8, 2}}},
{"Qutput", {8, 0}, Y, ""1}};
ShowSchenmati c[% Pl ot Range » {{-2, 10}, {-2, 3}}]

3

2t
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In[83]:

{myModf i edSyst enilF, system np, systenmQut } =
Cont i nuousSyst enilr ansf er Functi on[nmyModi fi edSystem/. gTF] // Sinplify

G(2+5s)

ai[83]= {{{ x1rs) s @rsy ) (YO 031}, (Y[{8 0}]}}

In[84]:

Qut [ 84]

SameQ[nmyMdf i edSystenmlF[[1, 111, Hg]

True

4.5. Names for System Variables and Signals

By default, SchematicSolver denotes the complex frequency with s, the complex variable with z, and the transforms of
signals with Y[{i, j}]. You can change these default names by providing two additional arguments to the function for
solving systems.

Consider the following system:

In[85]:

In[86]:

mySystem= {
{"I'nput", {3, 0}, Uy,
{"Adder", {{3, 0}, {4, -2}, {5, 0}, {4, 2}3}, {1, 0, 2, -1}},
{"Integrator”, {{5, 0}, {8, 0}}, 13,
{"Ar‘r'plifier", {{8, 2}, {4, 2}}, A},
{"Line", {{8, 0}, {8, 2}}},
{"Qutput", {8, 0}, V}
1

ShowSchenati c[nySystem Pl ot Range -» {{1, 10}, {-2, 3}}]
3

| e
s

2 3 4 5 6 7 8 9 10

Analyze the system and denote the signals with X, and assume that the complex frequency is designated by p:

In[87]:

Qut [ 87]

Cont i nuousSyst enmResponse[nmySystem X, p] // First // Col umForm

AU
A+p
_u
A+p

Py
- A+p

- U

-

N
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4.6. Solving Nonlinear Discrete-Time Systems

Using SchematicSolver's schematic capabilities, symbolic system analysis and signal processing, you can perform fast
and accurate ssimulations of nonlinear discrete-time systems. SchematicSolver can solve some classes of nonlinear
systems. The term solve means that SchematicSolver can find the closed-form expression of the output signal for a
known stimulus given by a closed-form expression.

This section illustrates step-by-step procedures for analyzing nonlinear systems. For the given block-diagram of a
system, the required equations are formulated as a system of equations. The set of equations is solved to find the system
response as a discrete function.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
In[88]:= Needs["SchematicSol ver ™ "7;
Consider a simple system specified by the following list:

In[89]:= nonlinearSystem = {{"Qutput", {2, 5}, "y"},
{"Mdul ator", {{0, 0}, {4, -1}, {4, 0}, {1, 133, {1, 0, 1, 233},
{"Mdul ator", {{0, 6}, {1, 5}, {2, 6}, {1, 73}, {1, 1, O, 2}},
{"Adder", {{O, 8}, {1, 7}, {4, 8}, {1, 9}}, {1, -1, 2, 03},
{"Adder", {{0, 2}, {1, 13}, {2, 5}, {1, 33}, {0, 1, 1, 2}},
{"Line", {{0, 0}, {O, 6}}}, {"Line", {{1, 5}, {2, 5}}},
{"Input", {0, 0}, x1}, {"lnput", {0, 8}, x23},
("Multiplier", {{4, 8}, {4, 0}}, 1/16}, {"Delay", ({1, 3}, {1, 5}}, 1}};

ShowSchematic shows the block diagram of the nonlinear system:

I'n[90] : = ShowSchemati c[nonlinear System Pl ot Range » {{-2, 18}, {-1, 9}}1;

SO P N W 01 O N 0O ©

0 2 4 6 8 10 12 14 16 18

Thisisapart of an adaptive system based on the least mean squares (LMS) algorithm.
A unit step sequence is applied to the input x1.

I'n[91] : = nunber O Sanpl es = 50;

In[92]:= inpSeql = Unit StepSequence [nunber O Sanpl es];

Let us apply to the second input the sequence inpSeql multiplied by a constant gain.
In[93]:= gain =10;

In[94] : = inpSeq2 = gai n*i npSeql;
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Here isthe multiplex sequence that represents the input to the system:

In[95]:= inpSeq = MiltiplexSequencel[i npSeql, i npSeq2?];

DiscreteSystemSimulation finds the system output:

In[96] : = out Seq = Di screteSystenSti mul ati on[nonl i near System i npSeq];

SequencePlot plots outSeq.

In[97] : = SequencePl ot [out Seq, Pl ot Range - {0, gai n}];

10 ¢

I

10

20 30 40 50

The above figure shows that the output sequence tends to the value of gain. After 30 samples, outSeq reaches about
90% of gain. The system output can be interpreted as an estimation of gain.

Can we find outSeq as a closed-form expression in terms of the sample index?

First, let us find the system implementation with DiscreteSystemImplementation:

In[98]:

Di scret eSyst em npl enent ati on[nonl i near System "i npl ement Proc" 1;

I mpl enent ati on procedure nane: inplenmentProc

| mpl enent ati on procedure usage:

{{Y1p5}, ({Y1p3}} =

i mpl ement Proc [ {YOpO, YOp8}, {Y1p5}, {}] is the tenplate

for calling the procedure. The general tenplate is {outputSanples,

final Conditions} =

systenPar aneters].

pr ocedur eNane [i nput Sanpl es, initial Conditions,
See al so: DiscreteSystem npl enent ati onProcessing

Assume that the system was at rest (zero initial conditions) and that the two inputs are excited by the first set of samples
(that correspond to the sample index 0).

In[99] :

aut [ 99]

initial State = {0}

{0}
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In[100] : =
firstSanpleSet =inpSeq[[1]]

Qut [ 100] =
{1, 10}

The corresponding output sample, y0, and the final state, dO, are computed with implementProc:

Inf101] : =
{{y0}, {dO}} = inplementProc[firstSanpleSet, initialState, {}]
Qut[101] =
5
{103, {g}}

Generally, we can compute the symbolic output sample, y2, and final state, d2, for an arbitrary initial state d1 and the
stimulus {1, gain} that correspond to an arbitrary sample index.

Inf102]: =
{{y2}, {d2}} = inplenmentProc[{l, gain}, {d1}, {}]1//Sinplify
Qut[102] =
5
{{d1y, {ﬁ (2+3d1) }}

For the next sample index, the output sample y3 and final state d3 follow:

In[103]: =
{{y3}, {d33}} = inplenentProc[{l, gain}, {d2}, {}1//Sinplify
Qut[103] =
5 5
{15 2+3d1)}, {5z (62+45d1)}}

The two output samples are functions of the symbolic initial state d1. The function Eliminate tries to eliminate the
initial state d1 and tries to find the relation between the two output samples.

In[104] : =

reducedEqns = Elimnate[{y[n-1] ==y2, y[n] ==y3}, {d1}]
Qut[104] =

2 (-5+8y[n]) ==15y[-1+n]

We have to load the package for solving recurrence equations:

In[105] : =
<<Di scret eMat h® RSol ve"

Here is the solution to the recurrence eguation:

In[106] : =
C ear [y, n]
mySol = RSol ve[{reducedEgns, y[0] =y0}, y[n], n]

Qut[107] =
(ym~10 (1~ (35) |1}

We have used the first output sample to specify the initial value of the solution. The solution to the recurrence relation is
areplacement rule. To form an expression, we define a new function using the replacement rule.

In[108] : =
Cl ear [w]
w[n_]:= (y[n] /. nySol [[1]1]) // Evaluate
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Inf110]: =
w[k]

Qut[110] =

10 (1_ (i_5)k)

The output sequence outSeq and the sequence computed with w[ k] should be identical:

In[111]: =
wSeq = Tabl e[ {w[k]}, {k, O, 49}1;
SaneQ[wSeq, out Seq]

Qut[112] =
True

Let usfind the number of samples after which the output sequence has the value gain*b, say 90% of the gain.

Inf113]: =
Sol ve[w[n] ==gainxb, n] // Sinplify
% /. b-0.9

Solve::ifun :
Inverse functions are being used by Solve, so sone solutions may not be found.

Qut[113] =
Log[l-b]
(no - ogr; 1)
Qut[114] =

{{n>35.6777}}
In this example, the function Sollve finds a closed-form expression in terms of the symbol b.

L et us process random samples of amplitude £1.

Inf115]: =
randSeq = Si gn[Unit Noi seSequence [nunber Of Sanpl es]1];
i npSeq = Mul ti pl exSequence[randSeq, gai n xrandSeq];
out Seq = Di scret eSystenSi nul ati on[nonl i near System inpSeq];

The plot of the input and the output sequences follows:
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Inf118]: =
pl ot Seq = Mul ti pl exSequence [out Seq, randSeq];
SequencePl ot [pl ot Seq,
Pl ot Range -» {-1. 1, gain}, GidLines - {{}, {0.9=xgain, gain}}];

10

il W

l l 10 20 30 40 50
]

The number of samples after which outSeq reaches 90% of gain isthe same as that obtained by solving the system.

5. Examples of Solving Systems

5.1. Continuous-Time Systems

Introduction

SchematicSolver has many unique features not available in other software: symbolic signal processing brings you
e Computation of transfer functions as closed-form expressionsin terms of symbolic system parameters

e Finding the closed-form response from the schematic

e Symbolic optimization of the system response

The derived result is the most general because all system parameters and inputs can be given by symbols.

Other important features include:

e Design of systems for known symbolic transfer function, impulse, or step response; you can generate the schematic of
the system and find the system parameters

e Building models from automatically generated schematics; you can change system parameters on the fly and immedi-
ately see what happens with the results

SchematicSolver's powerful functions for solving continuous-time (analog) systems are illustrated by the subsequent
examples.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with

In[1] : = Needs["SchenaticSol ver " 1;
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Diving Submarine System

For the simplified block diagram model of a diving submarine find the transfer function C/R. Stern plane actuator is an

(s+a)?

amplifier of gain K, submarine dynamics is represented by H = -, and pressure transducer is an amplifier with a

gain of negative one.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with

In[2]:= Needs["SchenaticSol ver " 1;
Here isthe system schematic:

I'nf3]:= divingSubmari neSystem= {
{"I'nput", {0, 2}, R},
{"Qutput", {8, 2}, C},
{"Integrator”, {{6, 2}, {8, 2}}},
("Amplifier", {{2, 2}, {4, 2}}, K, "Stern"},
{"Amplifier", {{8, 0}, {1, 0}}, -1, "Pressure"},
{"Block", {{4, 2}, {6, 2}}, H, "Dynamics"},
{"Text", {-1, 1}, "Desired\ n depth"},
{"Text", {9, 13}, "Actual\n depth"},
{"Adder", {{0, 2}, {1, 0}, {2, 2}, {1, 33}, {1, 1, 2, 0}},
{"Line", {{8, 2}, {8, 0}}}

3
ShowSchenati c[% Pl ot Range -» {{-2, 10}, {-2, 4}}1;
4
3| Stern
K Dynamics
2t R H a-—l:%»—o C
1l Desired Actual
depth depth
ol l e
Pressure
-1t _1

-1 0 1 2 3 4 5 6 7 8 9 10

ContinuousSystemTransferFunction computes the transfer function matrix of the system:

In[5]:= {tfMatrix, system np, systemQut} =
Cont i nuousSyst enilr ansf er Funct i on[di vi ngSubmar i neSyst em]

aifs]= {{{ s )} (Y1(0, 2)7), (Y[(8, 2}]})

Here isthe given submarine dynamics:

In[6]:= submarineDynam cs =H- (s+a)"2/ (s"2+w"2)

(a+s)?

it[6]= H> -~

Thetransfer function C/Risthe element of the transfer function matrix:
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Inf7]:= actual DepthTF=tfMatrix[[1, 1]] /. submari neDynam cs // Toget her

K@a+s)?

Q[ 7]= azK+2aKs +Ks2 +s3 ysw

This collects together terms involving the same powers of the complex frequency s:

I'n[8]:= Nunerator [act ual Dept hTF] / Col | ect [Denom nat or [act ual Dept hTF], s] // Tradi ti onal Form

Qut[8]// Traditional Forne
K@+s?
S+K2+W2+2aK)s+azK

The derived result is the most general because all system parameters are given by symbols. Here is the transfer function
with specific parameter values:

In[9]:= actual DepthTF1 = actual DepthTF /. {a>1, w-

«/E}

K(l+s)?

K+ 55 +2Ks +Ks2 +s3

aut[9] =

I'nf10]:= Numer at or [act ual Dept hTF1] /7 Col | ect [Denom nat or [act ual Dept hTF1], s] //
Tradi ti onal Form
Qut[10]// Traditional For e
K (s+ 1)
S +K2+ 2K+ 5)s+K
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Unstable Plant System

An unstable plant described by the transfer function H; is made part of a new feedback system (shown in Figure) that
includes a filter H, in the forward path and a sensor with a gain of negative one in the feedback path. Find the overall
transfer functionH = Y/R.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
In[11]: = Needs[" Schemati cSol ver ™ "7;
Here isthe system schematic:

Inf12]:= unst abl ePl ant System= {
{"Input", {0, 2}, R},
{"Qutput", {8, 2}, Y},
("Amplifier", {{2, 2}, {5, 2}}, H2, "Filter"},
{"Block", {{5, 2}, {8, 2}}, Hi, "Plant"},
{"Amplifier", {{8, 0}, {1, 0}}, -1, "Sensor"},
{"Adder", {{0, 2}, {1, 03}, {2, 2}, {1, 333}, {1, 1, 2, 0}}, {"Line", {{8, 2}, {8, 0}}}

1
ShowSchenmatic[%/. {HL->H,, H2 - H;}, Pl ot Range » {{-2, 10}, {-2, 4}}1;
4
3l Filter
H Plant
2 R Hy = oY
1 L

-1 0 1 2 3 4 5 6 7 8 9 10
ContinuousSystemTransferFunction computes the transfer function matrix of the system:
Inf14]:= {tfMatrix, system np, systenCut} =

Cont i nuousSyst enilr ansf er Funct i on[unst abl ePl ant Syst em]
H1 H2
ait[14]= {({{1mrpp 1) (Y0, 2313, (Y[{8, 2}]}}
Assume that the plant and filter are given by
Inf15]:= HiH2value={HL -1/ (s*(s-1)), H2» (k*s +8) / (s +10) };
Tradi ti onal For m[HLIH2val ue /. {H1 - H, H2 > H}]

Qut[15]// Traditional For ne
1 ks+8

{H - (s-1s’ Hz - s+10}

The overdl transfer function is the element of the transfer function matrix:

Inf16]:= unstablePlant TF =tfMatrix[[1, 1]] /. HLH2val ue // Toget her

8+ks
8-10s+ks +9s2 +5s3

Qut [ 16] =
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This collects together terms involving the same powers of the complex frequency s:

I'n[17]:= Numer at or [unst abl ePl ant TF] / Col | ect [Denomi nat or [unst abl ePl ant TF], s] //
Tradi ti onal Form

Qut[17]// Traditional Forne
ks+8

$+92 +(k-10)s+8
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Supply and Demand System

Assume that linear approximations in the form of transfer functions are available for each block of the supply and
demand system, and that the system can be represented by Figure below. Determine the overall transfer function of the
system.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
In[18] : = Needs[" Schemati cSol ver ™ "7;
Here isthe system schematic:

In[19]: = suppl yDemandSyst em= {
{"Input", {0, 2}, R},
{"Qutput", {8, 2}, C},
{"Block", {{2, 2}, {5, 2}}, HL, "Pricer"},
{"Block", {{5, 2}, {8, 2}}, H2, "Market"},
{"Block", {{8, 0}, {1, 0}}, H4, "Denmander"},
{"Block", {{8, 4}, {1, 43}, H3, "Supplier", Textffset » {0, 1}},
{"Adder", {{0, 2}, {1, 03}, {2, 2}, {1, 433}, {1, -1, 2, 133},
{"Line", {{8, 2}, {8, 0}}}, {"Line", {{8, 2}, {8, 4}}}

)
ShowSchematic[%/. {HL->H,, H2 > H,, H3 - H;, H4 » H;}, Pl ot Range » {{-2, 10}, {-2, 6}}];
6
5+ .
Supplier
4 <]| H;3
3+ .
Pricer Market
2+ RO*-G—% Hy = Hy = o C
Ll —
0 =<{ H,
1l Demander

-1 0 1 2 3 4 5 6 7 8 9 10

ContinuousSystemTransferFunction computes the transfer function matrix of the system:
Inf21]:= {tfMatrix, systeml np, systenQut} =
Cont i nuousSyst enilr ansf er Funct i on[suppl yDenmandSyst em]

arf217= {{{- e b (Y0 2313, (Y[(8, 2)1)}

Thetransfer function C/Risthe element of the transfer function matrix:

Inf22]:= suppl yDemandTF =tfMatrix[[1, 111 // Sinplify

HL H2

QU[22]= T HiFp (—HE - )

that is better typeset with
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Inf23]:= suppl yDemandTF /. {HL - H, H2 - H,, H3 > H;, H4 - H,} // Tradi ti onal Form

Qut[23]// Traditional Forne
Hi Hp
Hl H2 (H4 - H3) +1
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Unity Feedback System

A unity feedback system is a feedback system in which the primary feedback isidentically equal to the controlled output.
Find the response of the system.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
In[24] : = Needs["Schemati cSol ver ™ "17;
Here isthe system schematic:

I'n[25]:= unityFeedbackSystem= {
{"I'nput", {0, 0}, R},
{"Qutput", {6, 0}, C},
{"Block", {{2, 0}, {6, 0}}, H, "Forward Path"},
{"Arrow', {{2, -2}, {6, -2}}, "FeedbackPath", ShowArrowTail - Fal se},
{"Adder", {{0, 0}, {1, -2}, {2, 0}, {1, 1}3}, {1, -1, 2, 03}},
{"Li ne", {{61 0}1 {61 _2}1 {11 _2}}}

1

ShowSchenatic[% Pl ot Range » {{-2, 8}, {-3, 2}}1;

2

l L

Forward Path

0+ R H = o C
-1k o

2 lFeedbackPath

-1 0 1 2 3 4 5 6 7 8
ContinuousSystemEquations sets up the equations of the system:
In[27]:= {unityFeedbackEquati ons, vars} = Conti nuousSyst enEquati ons[uni t yFeedbackSyst em;
It is better typeset with
In[28]:= typoSubst Ykn = {Y[{k_Integer, n_Integer}] = Y n};

I'n[29]: = unityFeedbackEquati ons /. typoSubst Ykn // Col umForm// Tradi ti onal Form

Qut[29]// Traditional Fornme
Yoo ==
Yoo ==H Y2,
Y20 == Yoo — Y60

ContinuousSystemResponse finds the response of the system:

In[30]:= {unityFeedbackResponse, vars} = Conti nuousSyst enResponse[uni t yFeedbackSyst em];
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I'n[31] : = unityFeedbackResponse /. typoSubst Ykn // Col umForm// Tradi ti onal Form

Qut[31]// Traditional For e

SchematicSolver Version 2.0

www.schematicsolver.com
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Satellite Elevation Tracking System

A simplified block diagram of a satellite elevation tracking system can be represented by Figure below. The multiloop
system uses a combination of unity negative feedback and rate feedback to produce a critically damped response. Obtain
the closed-loop transfer function of the system.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with

In[32]:

Needs [" Schemat i cSol ver ™" ];

Here isthe system schematic:

In[33]:= satelliteEl evati onTracki ngSystem= {

{"I'nput", {0, 0}, X, "Elevation demand"},
{"Adder", {{0, 0}, {1, -2}, {2, 0}, {1, 1}3}, {1, -1, 2, -13}3},
{"Amplifier", {{2, 0}, {4, 0}}, K., "Anplifier\nand Mdtor"},
{"Block", {{4, 0}, {7, 03}},
1/ J*s +F), "System nDynani cs\n", El enent Si ze » {3, 2}},
{"Integrator", {{7, 0}, {9, 0}}, 1, "Integrator\n"},
{"Li ne", {{71 0}1 {71 _2}}]’1
("Amplifier", {{7, -2}, {1, -2}}, K2, "Tacho"},
{"Line", {{9, 0}, {9, 3}, {1, 3}, {1, 1}}},
{"Arrow', {{5, 3}, {6, 3}}},
{"Qutput", {9, 0}, Y, "Pitch"}
1

that is better typeset with

In[34]:

In[35]:

typoSubst = {K1 » Ky, K2 - Ky};

ShowSchenatic[satel liteEl evati onTracki ngSystem/. typoSubst,
Pl ot Range -» {{-1.5, 10.5}, {-3.5, 3.5}}1;

3 -
2L » System
Amplifier Dynamics
11 | and Motor Integrator
— Ky
0r X -+ ! —o Y
F+Js
1t -
-2 <
Tacho

-3 K2

ContinuousSystemTransferFunction computes the transfer function matrix of the system:

In[36]:

{tfMatrix, system np, systemQut} =
Cont i nuousSyst enilr ansf er Functi on[satel | iteEl evati onTracki ngSyst em];

The transfer function of this single-input single-output system is the element of the transfer function matrix:
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Inf37]:= H=tfMatrix[[1, 111;
H/. typoSubst // Traditional Form

Qut[38]// Traditional For e
Ka
JL +Fs+ Kl K2 S+ Kl
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CD-media Controller

Find the transfer function and step response of the CD-media controller.
This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
In[39]:= Needs["SchematicSol ver ™ "17;

FANB8024D/BD, which is a 4CH motor drive IC suitable for CD-media applications (include CD-ROM, CD-RW, DVDP
and DVD-ROM), has 2 current feedback control channels for the Focus and Tracking actuator. The application system,
CD-media controller, is illustrates by the following block diagram (Application Note 4109, "A guide to the design of
current feedback control," Fairchild Semiconductor Corporation, http://www.fairchildsemi.com, AN-4109.pdf, ©2001):

In[40]: = CDnedi aController = {
{"Input", {0, 0}, X, "Reference Voltage"},
{"Adder", {{0, 0}, {1, -3}, {2, 03}, {1, 13}, {1, -1, 2, 03}3},
{"Block", {{2, 0}, {7, 03}},

(R+1/(Cxs))/Rin, "Error Anp.", El enent Si ze » {2. 4, 2}},
{"Amplifier", {{7, 0}, {9, 0}}, 2% AP, "Power Anmp."},
{"Block", {{9, 0}, {14, 0}}, 1/ (Ra+s=xLa), "Mtor", El enentSi ze » {2.4, 2}},
{"Line", {{14, 0}, {14, -33}}},

{"Amplifier", {{8, -3}, {1, -3}}, AS, "Sense Anp."},
{"Amplifier", {{14, -3}, {8, -3}}, RS},

{"Qutput", {14, 03}, Y, "Armature Current"}

1

It is better typeset with

Inf41]:

typoSubst = {AP - As, AS- Ag, La»L,, RAR»>R,, RNn>R,, RS> Rs};

I'n[42] : = ShowSchenati c [CDnedi aControl |l er /. typoSubst, Pl ot Range » {{-1.5, 15.5}, {-6, 3}}1;

3
2 L
Error Amp.  Power Amp. Motor
1+ 1 2 Ap
0 X RYcs >~—>o— ! =10 Y
- Rin SLla+ Ry
-1+
-2t
-3+t & /‘ - /I
N N
-4 Sense Amp. Rs
As
-5
0 2 4 6 8 10 12 14

ContinuousSystemTransferFunction computes the transfer function matrix of the system:

In[43]:= {tfMatrix, systeml np, systenQut} =
Cont i nuousSyst enilr ansf er Funct i on[CDnedi aControl | er ];

The transfer function of this single-input single-output system is the element of the transfer function matrix:

©2003-2004 Prof Miroslav Lutovac & Prof Dejan Tosic. All rights reserved.



128

Inf44]:= H=tfMatrix[[1, 111;
H/. typoSubst // Traditional Form

Qut[45]// Traditional For ne
2(CRs+ 1D Ap
CLi:Rn$+CRyRnS+2CRA AsRsS+2A: AsRs

This collects together terms involving the same powers of the complex frequency s:

I'n[46]:= Numer at or [H] / Col | ect [Denomi nator [H], s] /. typoSubst // Tradi ti onal Form

Qut[46]// Traditional For ne
2(CRs+ 1D As
CLiRhF+(CRyRy+2CRAr AsRs)s+2A: AsRg
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The load impedance of Makerl 40X focus actuator is 18.5 Q2 and 228.5 uH at 1 kHz, 0.1 V. Consider the required system
bandwidth of 60 kHz

In[47]:= wBandwi dth = 2 % 7t + 60 % 10%;
Assume the sensing resistor of 0.5 Q2 and other parameters as follows:

In[48]:= values = {RS»0.5 AP»2, AS=2, C76.5%10" (-12),
La »228.5%10” (-6), R»161.5%10"3, Ra»18.5, Rin-7.5%1073};

Here is the magnitude response in terms of angular frequency:

Inf49]:= M=20xLog[10, Abs[H/. s> | xw /. values]];
Inf50]:= Plot [M/. w-»10"n, {n, 3, 6},

AxesLabel -» {"w (rad/s)", "M (dB)"},

Pl ot Range » {Automatic, {-10, 1}},

GidLi nes » {{Log[10, wBandwi dth]}, {-3}},

Ti cks » {{{3, "10%"}, {4, "10*"3}, {5, "10°"3}, {6, "10°"}3}, Automatic}];

M (dB)

: w (rad/s)
10* 10 10°

-10¢t
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The step response follows:

In[51] : = stepResp =InverselLapl aceTransform[H/s /. val ues, s, t]

Qut[51]= 4 (0.25-0.249976 e ¥%97% ' 0. 0000239502 e 993+ 4")

In[52]:= Plot [stepResp /. t - x %x10" (-6), {x, 0, 40},
Pl ot Range » Al | , AxesLabel - {"tine (ms)", "Step\nresponse"}];

Step
response

1t

0.8

0.6

0.4

0.2

‘ ‘ — time (nms)
20 30 40
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Shuttle Pitch Control

Find the transfer function matrix of a pitch control MIMO system.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with

In[53]:=

Needs [" Schemat i cSol ver ™" ];

Hereis an example of a shuttle pitch control system that incorporates feedback to control the pitch of a vehicle. Measure-
ments are made by the vehicle' s inertial unit, gyros and accelerometers. A simplified model of a pitch controller is shown
for the space shuttle (Nise, N.S., Control Systems Engineering, 3/e, John Wiley and Sons, New Y ork, NY, 2000):

In[54] : = shuttlePitchController = {

{"I'nput", {1, 7}, X1, "Commanded pitch", TextOffset » {0, -1}},

{"I'nput", {5, 7}, X2, "Comuanded pitch rate", TextOffset » {0, -1}},
{"I'nput", {9, 7}, X3, "Commanded pitch accel eration", Textffset » {0, -1}},
{"Adder", {{0, 6}, {1, 03}, {2, 6}, {1, 733}, {0, -1, 2, 1313},

{"Adder", {{4, 6}, {5, 2}, {6, 6}, {5, 7}}, {1, -1, 2, 1313},

{"Adder", {{8, 6}, {9, 4}, {10, 63}, {9, 73}, {1, -1, 2, 133},

("Anplifier", {{2, 6}, {4, 6}}, Ki},

("Anplifier", {{6, 6}, {8, 6}}, K23},

{"Bl ock", {{10, 63}, {12, 6}}, Gl, "Controller"},

{"Block", {{12, 6}, {14, 6}}, &, "Shuttle dynami cs\n"},

{"Block", {{14, 0}, {1, 0}}, 1, "Inertial neasuring unit"},

{"Block", {{13, 2}, {5, 2}}, s, "Rate gyro"},

{"Bl ock", {{13, 4}, {9, 4}}, s?, "Accel eroneter"},

{"Qutput", {2, 6}, Y1, "Pitch error", TextOffset -» {0, 1}},

{"Qutput", {6, 6}, Y2, "Pitch rate error", Text Offset - {0, 1}},
{"Qutput", {10, 6}, Y3, "Pitch acceleration error", TextOffset » {0, 1}},
{"Qutput", {14, 6}, Y4, "Pitch"},

{"Line", {{14, 6}, {14, 0}}},

{"Line", {{14, 6}, {13, 23}}},

{"Line", {{14, 6}, {13, 43}}}

e

It is better typeset with

In[55]:=

I n[56]:

Set Opt i ons [Dr awEl enent, Pl ot Styl e - DrawEl enent Pl ot Styl eLi ght ];

typoSubst = {GL » G, & -»> G, Kl K;, K2 5K,

X1 Xy, X2 X, X3 X,
Yl-Y:, Y2-Y,, Y3-5Y;3, Y4-5Y,};
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I'n[57] : = ShowSchemati c[shuttl ePitchController /. typoSubst,
Pl ot Range -» {{0, 15.5}, {-1.5, 8.5}}1;

81 X X2 X3 .
Shuttle dynamics
[ K1 K> Controller
I | | |,
s o e waniSunllyall
5L Y1 - Y, - Y3
4t ¢
30 Accelerometer
2 S
16 Rate gyro
0+ 1
1t Inertial measuring unit
2 4 6 8 10 12 14

ContinuousSystemTransferFunction computes the transfer function matrix of this three-input four-output
system:

In[58]:= {tfMatrix, system np, systenut} =
Cont i nuousSyst enilr ansf er Functi on[shuttl ePitchController];

In[59]:= tfMatrix /. typoSubst // Toget her // Tradi tional Form

Qut[59]// Traditional For e

Gy Gy 2+G1 Gy Ky 5+1 _ Gy Gy Ko _ Gy Gy
Gy Gy £+G1 Gy Ky 5+Gy Gy Ky Kp+1 Gy Gy £+G1 Gy Ky 5+Gy Gy Ky Kp+1 G Gy 2+G; Gy Ky 5+Gy Gp Ky Kp+1
Gy Gy Ky 2+Ky Gy Gy 2+1 —sG1 Gy —Gp Ky Gy
Gy G, +G1 Gy Ky 5+Gy Gy Ky Kp+1 Gy G, +G1 Gy Ky 5+Gy Gy Ky Kp+1 G Gy 2+G; Gy Ky 5+Gy Gy Ky Kp+1
Ky K Ko 1
Gy G +G1 Gy Ky 5+Gy Gy Ky Kp+1 Gy G, +G1 Gy Ky 5+Gy Gy Ky Kp+1 G Gy 2+G; Gy Ky 5+Gy Gy Ky Kp+1
Gy Gp Ky Kp G1 G Ky G1 G
Gy G, +G1 Gy Ky 5+Gy Gy Ky Kp+1 Gy G, $+G1 Gy Ky 5+Gy Gy Ky Kp+1 G Gy 2+G; Gy Ky 5+Gy Gy Ky Kp+1

System inputs are the commanded pitch X;, commanded pitch rate X,, and commanded pitch acceleration X3. They
correspond to the following nodes, respectively:

In[60]:= system np

Qit[60]= {Y[{1, 7}], Y[{5, 7}, Y[{9, 7}]}

System outputs are the pitch error Yy, pitch rate error Y,, pitch acceleration error Yz, and pitch Y,. They correspond to
the following nodes, respectively:

In[61]:= systenQut

Qut[61]= {Y[{2, 6}], Y[{6, 6}], Y[{10, 6}], Y[{14, 6}1}

Hereisthe transfer function from the commanded pitch input X; to the actual pitch output Y,:
Inf62]:= H=tfMatrix[[4, 1]11;

H/. typoSubst // Traditional Form

Qut[63]// Traditional Forne
G; G, Ky Ky
G1G232+G1G2 Kos+G G Ky Ky +1
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SchematicSolver can be used to draw lineart figures. Let us restore the default plot style options:

In[64] : = Set Options[Drawkl ement, Pl ot Styl e » DrawEl enent Pl ot Styl eDef aul t ];
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Hereisa predefined specification to sketch the shuttle:

I'n[65]: = ShowSchematic[Schemati cSol ver Fi gureShuttl e, Frame -» Fal se, Gri dLi nes » None];

You can add various annotations to the above lineart figure. For example, you can use the SchematicSolver's Arrow
element and Text element to add labels. The corresponding coordinates, you can obtain with the SchematicSolver's
pal ettes.

In[66]:= shuttleAnnotations = {
{"Arrow', {{13, 613}, {-9, 42}}},
{"Arrow', ({674, 228}, {734, 237}}},
{"Arrow', {{243, 318}, {179, 380}}},
{"Arrow', {{715, 138}, {768, 165}}},
{"Arrow', {{648, 171}, {768, 165}}},
{"Arrow', {{661, 281}, {734, 335}}},
{"Arrow', {{622, 388}, {731, 353}}},
{"Arrow', {{115, 195}, {29, 272}}},
{"Arrow', {{505, 68}, {604, 54}}},
{"Arrow', {{79, 6}, {116, 2}}},
{"Arrow', {{482, 270}, {341, 406}}},
{"Arrow', {{203, 241}, {328, 387}}},
{"Arrow', {{637, 507}, {691, 513}}},
{"Arrow', {{624, 541}, ({538, 549}}},
{"Text", {531, 550}, "Vertical tail", TextOfset » {1, 0}},
{"Text", {698, 515}, "Split rudder\n speed brake", TextOffset -» {-1, 0}},
{"Text", {771, 166}, "El evons", TextOffset » {-1, 0}},
{"Text", {747, 350}, "Engi nes", Textffset » {-1, 0}},
{"Text", {333, 430}, "Payl oad doors"},
{"Text", {167, 400}, "Delta wi ng"},
{"Text", {27, 283}, "Flight deck"},
{"Text", {612, 48}, "Main | andi ng gear", TextOffset » {-1, 0}},
{"Text", {122, 5}, "Nose |l anding gear", TextOffset -» {-1, 0}},
{"Text", {746, 243}, "Body flap", Textffset -» {-1, 0}},
{"Text", {-11, 34}, "Nose\n cone", Textffset » {1, 0}}

e
It is better typeset with
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In[67]:= Set Options [Drawkl enent,
Text Styl e » {Font Fam |y - "Hel vetica", Font Col or - RGBCol or [0.6, 0, 0]}
1

Use Join to combine the predefined lineart figure and your annotations:

In[68]: = ShowSchemati c [Schemati cSol ver Fi gureShuttl e~Joi n~shuttl eAnnot ati ons,
Franme -» Fal se, Gri dLi nes » None, El enent Scal e » 50]

speed brake

_Payload doors
Delta wing

Body flap — a flap located at the bottom rear of the shuttle; it provides a thermal shield for the engines during re-entry
and also provides pitch control (the movement of the nose up and down) during atmospheric flight (Ilandings).

Delta wing — the triangul ar-shaped wings on either side of the Space Shuittle.

Elevons — flaps located on the trailing edge of each wing, used during atmospheric flight; elevons are used to control
pitch (the movement of the nose up and down) and roll. The elevons work only in the presence of air (they do not work
in space).

Engines — engines are located at the rear of the shuttle and are used to maneuver the Space Shuttle into orbit, to make
adjustments while in orbit, and to control the Space Shuttle during re-entry into the Earth's atmosphere: controlling the
roll, pitch (the movement of the nose up and down), and yaw (the movement of the nose to the left and right) in the
absence of air.

Flight deck —the part of the Space Shuttle in which the astronauts travel.

Main landing gear —the landing gear (wheels used for landing) located at the rear of the Space Shuittle.

Nose cone — the front of the Space Shuttle.

Nose landing gear —the landing gear (wheels used for landing) located at the front of the Space Shuttle.

Payload door s — the doors of the large storage compartment of the Space Shuttle; items like satellites can be carried into
space in the cargo (payload) bay.

Split rudder/speed brake — a divided flap located on the trailing edge of the tail fin, used during atmospheric flight.
This two-part rudder steers the shuttle, controls yaw (the movement of the nose to the left and right), and acts as a brake
(when the split rudder is opened like book). The rudder works only in the presence of air.
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Vertical tail —thefin at thetop rear of the shuttle. It provides stability while flying.

Thisrestores default drawing options:

In[69]:= Set Options [Drawkl enent,

Text Styl e » {FontFanmi |y - " Ti nes", Font Col or -» RGBCol or [0, O, 0]}
1
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5.2. Symbolic Optimization of a Continuous-Time System

Find the optimal value of a selected system parameter for a given value of the steady-state response.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
In[70] : = Needs[" Schemati cSol ver ™ "17;

Consider a continuous-time velocity servo system represented by the following schematic:

In[71] : = vel ocityServoSchematic = {
{"Line", {{18, 3}, {18, 0}}},
{"Line", {{18, 6}, {18, 3}}},
{"Adder", {{0, 6}, {9, 0}, {2, 6}, {1, 733}, {0, -1, 2, 1313},
{"Adder", {{8, 6}, {9, 3}, {10, 6}, {9, 73}, {1, -1, 2, 0}3},
{"Adder", {{14, 6}, {15, 5}, {16, 6}, {15, 7}}, {1, 0, 2, -1}},
("Anplifier", {{2, 6}, {4, 6}}, A},
("Anplifier", {{18, 0}, {9, 0}}, Kt},
("Anplifier", {{18, 3}, {9, 3}}, Kne},
{"Input", {1, 73}, Xr /s, "", TextOffset » {0, -1}},
{"Integrator", {{16, 6}, {18, 6}}, 1/J},
{"Qutput", {18, 63}, Y},

{"Block", {{4, 6}, {8, 6}}, Kg/ (Rg+s=Lg), "", ElenentSi ze » {2, 1.5}},
{"Block", {{10, 6}, {14, 6}}, Kem/ (Rt +s=xLt), "", ElenentSize » {2, 1.5}},
{"I'nput", {15, 7}, X0/s, "", TextOffset » {0, -1}}

1

It isbetter typeset with
In[72]:= typoSubst = {Kem- Kem, Kg » Ky, Knme » K, Kt - K,
Lg->Ly, Lt 5L, Rg>R;, R > R,
X0 » Xo, Xr = X, Yref - Yie };

Inf73]: = ShowSchematic[vel oci tyServoSchematic /. typoSubst, FontSize - 8, Frane » Fal se];

X Xo
s s
9 em
& SR DT R Y
| !
N
Kme
!
N
Kt

. . . . Xy X
The system has two inputs and one output. Both inputs are step stimuli whose transforms are <= and -
ContinuousSystemTransferFunction computes the transfer function matrix of the system:

Inf74]:= {tfMatrix, system np, systenQut} =
Cont i nuousSyst enilr ansf er Functi on[vel oci t yServoSchenatic];

The transfer functions of this two-input single-output system are the elements of the transfer function matrix:
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Inf75]:= HL =tfMatrix[[1, 1]] // Toget her;
%/. typoSubst // Traditional Form

Qut[76]// Traditional Fornme
(AKen Kg) /(J Ly L s®+JL, IR’(_,52+JLg R & + Ken Kine Lys+JRy R s+ AKgy Ky Ki + Ko Kie Ry)

Inf77]:= H2 =tfMatrix[[1, 2]] // Toget her;
%/. typoSubst // Traditional Form
Qut[78]// Traditional Fornme
—((sLg +R) (SLi + R/ LgLi S+ ILi Ry & + I Ly R & + Kay Kine Lg S+ I Ry R S+ AKem Kg Ky + Kem Kine Ry)

ContinuousSystemResponse finds the system response at al nodes:

In[79] := ({systenResponse, systenVars} = Conti nuousSystenResponse[vel ocityServoSchematic];

Here isthe transform of the output signal:

In[80]:= Yout =systenut [[1]] /. systenResponse // Toget her;
%/. typoSubst // Traditional Form

Qut[81]// Traditional For e
(-LoLi XS —Li Ry Xos—Lg R Xo 5= Ry R X + AKem Kg %)/
(S(JLth§+JLtRgsz+JLgRtsz+KanKmeLgs+JRgRts+AKengKt+Kem Kme Ry))

SchematicSolver has a unique feature: it finds the symbolic response keeping al system parameters as symbols. The
response Yout is closed-form and purely symbolic. All system parameters are given by symbols, so the obtained result
isthe most general.

You can find the optimal value of a selected parameter for the given steady-state value. For instance, the gain of the
amplifier A can be optimized to provide the output steady state of some value Yre¥. Notice than no numerical value
appears in the calculation.

In[82]:= Aopt =A /. First [Solve[Linmit[s=*Yout, s-0]-=Yref, All;
%/. typoSubst // Traditional Form

Qut[83]// Traditional For e
I% I%XO"'Kem KmeRngef
Kem Kg (Xr - Kt Yref)

For a particular set of numeric values

In[84] : = paranet er Val ues = {J » 0. 005, Kem- 0. 0005, Kg -» 20, Kne - 0. 0005, Kt - 0. 1,
Lg -» 10, Lt - 0.020, Rg»25, Rt » 1.6, X0 2.5, Xr -» 150, Yref - 150};

the optimum gain becomes

I'n[85]:= Aopt /. paraneterVal ues

Qut[85]= T74.0748

Substituting the numeric values into the symbolic expression Yout yields

I'n[86]:= nunericYout = Yout /. A- Aopt /. paraneter Val ues

11.1122 - 41.25s - 0.5s?
s (0.074081 + 0. 200003 s + 0. 0825s2 + 0. 001 s3)

Qut [ 86] =

Using the inverse Laplace transform provided by Mathematica the time response can be found:

SchematicSolver Version 2.0 www.schematicsolver.com



139

In[87]:= timeYout =I|nverselLapl aceTransforminunericYout, s, t]

Qut[87] = 150. -0.222917 ¢ 800119t | 371, 62 ¢ 203257t _ 521, 397 ¢ 0 45552t
The corresponding graph of this waveform proves the expected steady state value:

In[88]:= Plot[tinmeYout, {t, 0, 20}, AxeslLabel -» {"t", "Yout"}];
Yout
150 ¢t

100 ¢

50t

-50

-100 ¢
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5.3. Design of a Continuous-Time System from the Step Response

Linear system can be designed in a straightforward manner if its step response is known as a closed-form expression.
This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
In[89]:= Needs["SchematicSol ver ™ "7;

Here isthe step response of alinear continuous-time system:

1 1 1
In[90]: = stepResponse = (E -ge‘““ + Eeza‘5t (3Cos[543t] -3 si n[5«/§t])) UnitStep[t];

%// Tradi tional Form

Qut[91]// Traditional For ne
10t

(3—10«3‘5‘(3cos(5x/§t)—\/§sin(5\/§t))— 5 +1—10)0(t)

In[92] : = Pl ot [stepResponse, {t, -0.5, 2}, PlotRange » All, AxeslLabel - {"t", "Step response"}l];

Step response

0.1¢

0.08 ¢

0.06 ¢

0.04 ¢+

0. 02 j

-0.5 0.5 1 1.5 2
First, find the corresponding transfer function from the formular(t) = £7* % H(s), or equivalently, H(s) = s L r(t), where

L represents the Laplace transform, r(t) denotes the step response, H(9) is the transfer function, and s stands for the
complex frequency:

In[93] : = stepResponselLT = Lapl aceTr ansf or m[st epResponse, t, s]

1 1 1 5+s

U9]= 105 " 5 (10+s) 2 (100+10s+s?) ' 10 (100+10s +87)

In[94] : = transferFunction =s xstepResponselLT // Toget her;
%// Tradi ti onal Form

Qut[95]// Traditional For e
& +100
(s+10) (2 + 10s+ 100)

Second, design the system from the transfer function. Minimal number of integrators equals the order of the transfer
function
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I n[ 96] :

Qut [ 96]

In[97]:

Qut [ 97]

In[98]:

ait[98]= 3

nuniTF = Nurer at or [t ransf er Functi on]

100 + s2

denTF = Denomi nat or [t ransfer Functi on] // Expand

1000 +200s +20s? +s®

nunmber Of | nt egr at or s = Max [Exponent [nunilF, s], Exponent [denTF, s]]

The general block-diagram of this system, with symbolic parameters and 3 integrators, can be represented by the follow-

ing schematic:

In[99]: = general Schematic3 = {

{"I'nput", {0, 5}, X3,

{"Qutput", {12, 93}, "Y"},

{"Integrator”, {{2, 5}, {5, 5}}, 13},

{"Integrator”, {{5, 5}, {8, 5}}, 13},

{"Integrator”, {{8, 5}, {11, 533}, 1},

{"Ar‘r'plifier", {{5, 5}, {5, 2}}, az},

{"Ar‘r'plifier", {{8, 5}, {8, 1}}, al},

{"Amplifier", {{11, 5}, {11, 0}}, a0},

{"Ar‘r'plifier", {{5, 5}, {5, 10}}, b2},

{"Ar‘r'plifier", {{8, 5}, {8, 9}}, bly,

{"Amplifier", {{11, 5}, {11, 8}}, b0},

{"Adder", {{O, 53}, {4, 1}, {2, 5}, {1, 6}}, {1, -1, 2, 0}},
{"Adder", {{4, 13}, {11, 03}, {8, 13}, {5, 2}3}, {2, 1, 1, 13},
{"Adder", {{10, 93}, {11, 83}, {12, 9}, {5, 1033}, {1, 1, 2, 1313},
{"Line", {{8, 9}, {10, 91}}};

ShowSchenmati c[% Pl ot Range » {{-2, 14}, {-1, 11}}71;

11
10 t
9 Y
8,
b2
a bl
b0
6,
Al -
a2
3t al
a0

2,
1,
0,

o 2 4 6 8 10 12 14

ContinuousSystemTransferFunction computes the transfer function matrix of the system:

Inf101]: =

{tfMatrix, system np, systenCut} =
Cont i nuousSyst enilr ansf er Functi on[gener al Schenati c37;
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The transfer function of this single-input single-output system is the element of the transfer function matrix:

Inf102] : =
H=tfMatrix[[1, 1]]
Qut[102] =

b0 +bls +b2s?
a0 +rals +a2s2 +s3

Numeric coefficient values are found as follows.

Numerator picks out the numerator of the transfer function:
In[103]: =
nurmH = Nurrer at or [H]
Qut[103] =
b0 +bls +b2s?

Denoni nat or picks out the denominator of the transfer function:
In[104]: =
denH = Denomi nat or [H]

Qut[104] =

a0 +als +a2s? +s®

Coef fi ci ent Li st findsalist of the coefficients of polynomials:

In[105] : =
CoefficientlList[denH, s]

Qut [ 105] =
{a0, al, a2, 1}

Note that the leading coefficient equals 1.

For the known transfer function coefficients, that are computed from the step response, and for the symbolic coefficients,

that are computed from the general schematic of the system, we compute the system parameters as follows:

In[106] : =
nunPar aneters =
Sol ve[Coef fi ci entLi st [nunlTF, s] == CoefficientList[nunH, s], {b0, bl, b2}] // Flatten

Qut [ 106] =
(b0 > 100, bl -0, b2 -1}

In[107] : =
denPar anmeters =
Sol ve[Coeffi ci entLi st [denTF, s] == Coef fici entList [denH, s], {a0, al, a2}] // Flatten

Qut[107] =

{a0 - 1000, al - 200, a2 - 20}
In[108]: =

syst enPar anet er s = Joi n[nunPar anet er s, denPar anet ers]
Qut[108] =

{b0 - 100, b1 -0, b2 1, a0 - 1000, al - 200, a2 - 20}

The schematic specification of the system with numeric parametersis
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In[109] : =
numeri cSchemati ¢c3 = general Schenati c3 /. syst enPar anet er s;

Inf110] : =
ShowSchemat i ¢c [nuneri cSchenmati c3, Frane - Fal se];

0

20

200
1000

ContinuousSystemTransferFunction finds the transfer function of the above system:

Inf111]: =
{tfMatrix, system np, systenCut} =
Cont i nuousSyst enilr ansf er Functi on[nuneri cSchenati c37;
nunericH= tfMatrix[[1, 1]]

Qut[112] =

100 + s?
1000 + 200 s + 20s2 +s8

The corresponding step response can be computed as the inverse Laplace transform of numericH/s:

Inf113]: =

nuneri cSt epResponse = | nver seLapl aceTr ansf or m[nunericH/s, s, t1//Sinplify
Qut[113] =

io (3-6e0 +e5 (3Cos[5/3t]-/3Sin[5/31t]))

Ful ISimplify provesthat, for positive time, the step response computed from the schematic is the same as the given
step response:

Inf114]: =
Ful I Si mpl i fy[stepResponse - nuneri cSt epResponse, t > 0]

Qut[114] =
0

The system representation can be simplified by

e removing the Amplifier elements with zero gain
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e replacing the unity-gain Amplifier elements with the Line elements.

In[115]: =
si npl eSchematic3 = {
{"I'nput", {0, 5}, X3,
{"Qutput", {12, 93}, "Y"},
{"Integrator”, {{2, 5}, {5, 5}}, 13},
{"Integrator”, {{5, 5}, {8, 5}}, 13},
{"Integrator”, {{8, 5}, {11, 533, 1},
{"Arrplifier", {{5, 5}, {5, 2}}, az},
{"Arrplifier", {{8, 5}, {8, 1}}, al},
{"Amplifier", {{11, 53}, {11, 0}}, a0},
{"Line", {{5, 5}, {5, 10}}3},
{"Amplifier", {{11, 5}, {11, 8}}, b0},
{"Adder", {{0, 5}, {4, 1}, {2, 5}, {1, 6}}, {1, -1, 2, 0}},
{"Adder", {{4, 13}, {11, 03}, {8, 13}, {5, 2}3}, {2, 1, 1, 1313},
{"Adder", {{10, 93, {11, 83}, {12, 93}, {5, 10}3}, {0, 1, 2, 13}}};

In[116]: =
ShowSchenat i c[si npl eSchenati c3 /. systenPar anet ers, Franme - Fal se, Gri dLi nes -» None];

100

20

200
1000

Obviously, the transfer function remains the same:

Inf117]: =
{tfMatrix, system np, systenCut} =
Cont i nuousSyst enilr ansf er Functi on[si npl eSchemati c3];
sinpleH= tfMatrix[[1, 1]] /. systenParaneters

Qut[118] =
100 + s?
1000 +200s + 20s2 +s8
Inf119]: =
SameQ[nuneri cH, sinpl eH]
Qut[119] =
True
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5.4. Automated Drawing and Solving of General Systems

SchematicSolver comes with functions that create schematics important for practice. You can easily build new models
from these automatically generated schematics.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with

Inf120] : =
Needs [" Schemati cSol ver ™" ];

We shall adjust some options to obtain better appearance of the example schematics:

Inf121] : =
Set Opt i ons [ShowSchemati ¢, Frane - Fal se, G'i dLi nes -» None];

Typicaly, for the specified system order

Inf122]: =
systenOr der = 3;

the system parameters can be generated automatically with
Inf123]: =
paramsNum= Uni t Synbol i cSequence[systenOrder, a, 0] // Flatten // Reverse
Qut[123] =
{a2, al, a0}
Inf124] : =
paramsDen = Uni t Synbol i cSequence[systenOrder +1, b, 0] // Flatten // Reverse
Qut[124] =
{b3, b2, bl, b0}

Here is an example schematic specification of a discrete system that is generated automatically for the specified system
parameters:

Inf125]: =
{schemati cSpec, i nput Coor di nat es, out put Coordi nates} =
TransposedDirectForm21 IRFi lterSchematic[ {par ansDen, paramsNum}];

Y ou should add input and output to form the system:
In[126]: =
di screteSchemati ¢ = Joi n[schemati cSpec, {
{"Input", inputCoordinates[[1]], X},

{"CQut put", outputCoordinates[[1]], Y}
1

Note that the coordinates of input and output have been returned by DirectFormFIRFi lterSchematic.
For better typesetting, you may use

Inf127]: =
t ypoSubst = {a0 » ap, al »a;, a2 -»a,, b0 by, bl >b;, b2-5b,, b3 - bs};
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Inf128] : =
ShowSchenat i c[di scret eSchematic /. typoSubst ]

bo
>
ao
-1
b1
>
a1
-1
b, J\
>-O-—<
a
1
b3
~

xol > (D) y

DiscreteSystemTransferFunction finds the transfer function directly from the schematic:

Inf129]: =
{tfMatrix, mylnputs, nmyQutputs} =
Di scret eSyst emlr ansf er Functi on[di scret eSchematic];
%/. typoSubst // Di screteSystenDi spl ayForm

Qut[130]// D spl ayFor nF

b3 + bz zl 4 bl z% 4 bo z3
l+a,zl+a;z2%2+a9 23

The graphical representation of a system is not a frozen picture. Once when you have a schematic of the discrete-time
system, and when you find out that the same structure can be used to build a schematic of a continuous-time system, you
can do that by the following simple replacements:

o the Delay element isreplaced by the Integrator element

o the Multiplier element isreplaced by the Amplifier element
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Inf131] : =
conti nuousSchematic =
di screteSchematic /. {"Delay" »"Integrator", "Multiplier" -"Anplifier"};
%/. typoSubst // ShowSchematic

@<
-
I % <
kol T i -y

ContinuousSystemTransferFunction finds the transfer function directly from the schematic:

In[133]: =
{tfMatrix, mylnputs, nmyQutputs} =
Cont i nuousSyst enilr ansf er Functi on[conti nuousSchemati c];
tfMatrix[[1, 1]] /. typoSubst // Together // Traditional Form

Qut[134]// Traditional For e
b3§+b282+b13+b0
SL+a+a; S+a

Automated drawing and solving of general continuous-time and discrete-time systems is a unique feature of Schematic-
Solver not available in other software for system modeling and analysis.

Thisrestores default drawing options:

In[135]: =
Set Opt i ons [ShowSchenmati c, Frane -» True, G'i dLi nes -» Autonatic];
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5.5. Discrete-Time Systems

Introduction

SchematicSolver has many unique features not available in other software: symbolic signal processing brings you
e Computation of transfer functions as closed-form expressionsin terms of symbolic system parameters

e Finding the closed-form response from the schematic

The derived result is the most general because all system parameters and inputs can be given by symbols.

Other important features include building models from automatically generated schematics, you can change system
parameters on the fly and immediately see what happens with the results.

See other chapters for illustrations of unique features not available in other software:
Chapter 6 Solving Large Systems

Chapter 9 Examples of Discrete System I mplementation

Chapter 10 Hilbert Transformer

Chapter 11 Multirate Systems

Chapter 12 Hierarchical Systems

Chapter 15 Processing with SchematicSolver

SchematicSolver's powerful functions for solving discrete-time (digital) systems are illustrated by the subsequent
examples.
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Direct Form 2 Transposed IIR Filter

Find the transfer function of adigital filter realization known as direct form 2 transposed 11R.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with

In[136]: =
Needs [" Schemati cSol ver ™" ];

Here is the schematic:

In[137]: =

Di rect For m2Tr ansposed! | RSchematic = {
{"I'nput", {0, 153, X},
{"Qutput", {8, 153}, Y},
{"Multiplier", {{8, 10}, {5, 10}}, al},
{"Multiplier", {{8, 5}, {5, 5}}, a2},
{"Multiplier", {{8, 0}, {5, 0}}, a3},
{"Mltiplier", {{0, 15}, {3, 15}}, b0},
{"Multiplier", {{0, 10}, {3, 10}}, b1},
{"Multiplier", {{0, 5}, {3, 5}}, b2},
{"Multiplier", {{0, 0}, {3, 0}}, b3},
{"Delay", {{4, 1}, {4, 4}}, 1},
{"Delay", {{4, 6}, {4, 9}}, 1},
{"Del ay", {{4, 113}, {4, 143}, 13,
{"Adder", {{3, 03}, {4, -1}, {5, 0}, {4, 13}3, {1, 0, -1, 2}},
{"Adder", {{3, 5}, {4, 4}, {5, 5}, {4, 6}}, {1, 1, -1, 23},
{"Adder", ({3, 10}, {4, 9}, {5, 10}, {4, 1133, {1, 1, -1, 2}},
{"Adder", ({3, 15}, {4, 143, {5, 153}, {4, 16}}, {1, 1, 2, 0}},
{"Line", {{O, 5}, {0, 0}}}, {"Line", {{0, 10}, {O, 5}3}},
{"Line", {{0, 15}, {0, 103}}}, {"Line", {{8, 15}, {5, 15}}},
{"Line", {{8, 5}, {8, 0}}}, {"Line", {{8, 10}, {8, 5}}},
{"Line", {{8, 15}, {8, 10}}}
N
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It is better typeset with
In[138]: =

typoSubst = {al » a;, a2 »a,, a3 -»as, b0-» by, bl -sb;, b2 b, b3 - bs};
In[139]: =

ShowSchenati c [Di r ect For m2Tr ansposed! | RSchematic /. typoSubst, Frane - Fal se];

bo
o D@y

b1

az

b

a

b3

as
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DiscreteSystemTransferFunction computes the transfer function matrix of the system:

I'nf[140] : =
{tfMatrix, systeml np, systenut} =
Di scret eSyst enmlr ansf er Functi on[Di r ect For m2Tr ansposed! | RSchemati c];

The transfer function of this single-input single-output system is the element of the transfer function matrix:

Inf141]: =
df 2TF =tfMatrix[[1, 1]11;
df 2TF /. typoSubst // Toget her // Traditi onal Form

Qut[142]// Traditional For e
b023+b122+b22+b3
Bray2+ayz+ag

SchematicSolver can express transfer functions of discrete systems in terms of z with its function DiscreteSystem-
DisplayForm:

Inf143]: =
Di scret eSyst enDi spl ayFor m[df 2TF /. t ypoSubst ]

Qut[143]// D spl ayFor nF
bo + bl z14 b2 z? 4 b3 z8
l+a;z%'+a,z2%2+a3 23
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State-Space Model of Discrete System

Compute the transfer function for the state-space model of the discrete-time system shown below.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with

Inf144] : =
Needs [" Schemati cSol ver ™" ];

Here isthe system schematic:

In[145]: =
CSPFi gure3p2 = {
{"Input", {0, 43}, u},
{"Qutput", {16, 4}, vy},

("Block", ({10, 0}, {5, 3}}, A "", ElenentSize » {2, 1.5}},
("Block", ({0, 4}, {4, 4}}, B, "", ElenentSi ze » {2, 1.5}},

("Block", ({10, 4}, {14, 4}}, C, "", El enent Si ze » {2, 1.5}},
("Bl ock", ({0, 8}, {15, 5}}, D, "", El enent Si ze » {2, 1.5}},

("Del ay", ({6, 4}, {10, 4}}, 1, "Del ay"},
{"Adder", {{4, 43}, {5, 3}, {6, 4}, {5, 5}3}, {1, 1, 2, 0}},
("Adder", ({14, 4}, {15, 3}, {16, 4}, {15, 5}}, {1, 0, 2, 1}},
{"Line", {{0, 4}, {0, 8}}}, {"Line", {{10, 4}, {10, 0}}},
{"Node", {0, 43, ""}, {"Node", {6, 4}, ""},

{"Node", {10, 43}, x, "", TextOfset » {0, -1}}
};
ShowSchemati c[% Frane -» Fal sej;
D —_
Delay
uo B | zZ C y
A

DiscreteSystemTransferFunction computes the transfer function matrix of the system:

Inf147] : =
Di scret eSyst emlr ansf er Functi on[CSPFi gur e3p2] // Di scr et eSyst enDi spl ayForm

Qut[147]// D spl ayFor nF
-D+ (-BC+AD) z1
-1+Az1
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Unity Feedback System

A unity feedback system is a feedback system in which the primary feedback isidentically equal to the controlled output.
Find the response of the system.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with

Inf148] : =
Needs [" Schemati cSol ver ™" ];

Here isthe system schematic:

Inf149] : =
uni t yFeedbackSyst em= {
{"I'nput", {0, 0}, X3,
{"Qutput", {6, 0}, Y},
{"Block", {{2, 0}, {6, 0}}, G "Forward Path"},
{"Arrow', {{2, -2}, {6, -2}}, "FeedbackPath", ShowArrowTail - Fal se},
{"Adder", {{0, 0}, {1, -2}, {2, 0}, {1, 13}}, {1, -1, 2, 03}},
{"Li ne", {{61 O}r {61 _2}1 {11 _2}}}

1
ShowSchenmati c[% Pl ot Range » {{-2, 8}, {-3, 2}}1;
2
1 L
Forward Path
0r X G = oY
-1t o
) FeedbackPath

-1 0 1 2 3 4 5 6 7 8
DiscreteSystemEquations sets up the equations of the system:

Inf151] : =
{uni t yFeedbackEquati ons, vars} = Di scr et eSyst enEquat i ons [uni t yFeedbackSyst em];

It is better typeset with

Inf152] : =
t ypoSubst Ykn = {Y[{k_I nteger, n_Integer}] = Y« n};

In[153]: =
uni t yFeedbackEquati ons /. typoSubst Ykn // Col umForm// Tradi ti onal Form

Qut[153]// Traditional For ne
YO,O == X
Ye0 == G Yz
Y20 == Yoo — Y60

DiscreteSystemResponse finds the response of the system:

In[154] : =
{uni t yFeedbackResponse, vars} = Di scret eSyst enResponse [uni t yFeedbackSyst em];
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In[155]: =
uni t yFeedbackResponse /. t ypoSubst Ykn // Col umForm// Tradi ti onal Form

Qut[155]// Tradi tional For ne
GX
G+1
X
G+l

YO,O - X

YG,O d

Y2,O d

DiscreteSystemTransferFunction computes the transfer function matrix of the system:
In[156]: =
{tfMatrix, systeml np, systenCut} =
Di scret eSyst emlr ansf er Functi on[uni t yFeedbackSyst em];
The transfer function of this single-input single-output system is the element of the transfer function matrix:
In[157]:=

uni t yFeedbackTF =tfMatrix[[1, 1]];
%// Traditional Form

Qut[158]// Traditional For e
G
G+1

6. Solving Large Systems

6.1. Combining Schematics

Some large schematics consist of replicas of the subschematics. It is not necessary to manualy insert all elements.
Instead, you can draw smaller parts that constitute the large system and combine them into a desired schematic.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with

Inf[1] : = Needs["Schemati cSol ver "]

We shall adjust some options to obtain better appearance of the example schematics:

Inf2]:= SetOptions[lnputNotebook[], |nageSize - {360, 450}, | mageMargi ns » {{0, 0}, {0, 0}}1;

In[3]:= SetOptions[ShowSchematic, Pl ot Range » {{-2, 24.5}, {-5, 14}}1;
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Consider a schematic that consists of four subschematics and some additional elements.

In[4]:= conbi nedSystenfigure={ {"Input", {0, 0}, X},

{"Bl ock", {{0, 9},
{"Block", {{9, 9},
{"Bl ock", {{0, 0},
{"Bl ock", {{9, 0},
{"Del ay", {{0, 0},
(" Adder", {18, 0},
("Qutput", {22, 0},

{9, 933, Gc, "", ElenentSize » {3, 2}},
{18, 93}, &d, "", ElenentSize -» {3, 2}},
{9, 01}, Ga, "", ElenentSize » {3, 2}},
{18, 0}}, Gb, "", ElenentSize -» {3, 2}},
{0, 9}}, 1},

{19, -1}, {20, 03}, {19, 93}, {1, 0, 2, 1}3,
Y1,

("Multiplier", {{20, 0}, {22, 0}}, 1/23},

{"Line", {{18, 9},

{19, 911} i

ShowSchemati c[% Frame - Fal se, GridLi nes -» None];

Gt p——— Gd |=——e—t

N|

Xe Ga f|==—>—— Gb 9—0-(-!}0->-«Y

Large combined schematic can be generated from subschematics by using the SchematicSolver's function Translate-
Schematic and the Mathematica function Join.
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First, we draw smaller part that constitute the schematic. Here is a simple subschematic:

In[6]:= mySubSchematic = {{"Adder", {{2, -3}, {3, -4}, {4, -3}, {3, -2}}, {1, 0, 2, 1}},
{"Multiplier", {{4, 3}, {7, 3}}, a},
{”le ayuv {{41 _3}1 {71 _2}}1 2]’1
{"Adder", {{2, 3}, {3, 2}, {4, 3}, {3, 4}}, (-1, 1, 2, 03},
{"Adder", {{6, 0}, {7, -2}, {9, 0}, {7, 2}3}, {0, 1, 2, 13},
{"Li ne", {{71 _2}1 {31 2}}}! {"Li ne"r {{71 2}! {31 _2}}}1
{("Line", {{7, 3}, {7, 2}}}, {"Line", {{O, 0}, {2, 0}}},
{"Line", {{2, 0}, {2, -3}}}, {"Line", {{2, 0}, {2, 3}}}}
%/ / ShowSchemati c

13 ¢

11 ¢

The multiplier coefficient isa.
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Suppose that we want to add a new subschematic in cascade. The new subschematic is generated by trandating mySub-
Schematic by 9 steps to the right by using TranslateSchematic:

In[8]:= mnyTransl at edSubSchemati c = Transl at eSchenati c [nySubSchenmatic, {9, 0}] /. a-Db;
%// ShowSchemat i c

13 ¢

11 ¢

The multiplier coefficient is changed from a to b.
We form the cascade connection with the Mathematica built-in function Join:

I'nf10]: = myCascadeConnecti on = nySubSchemati ¢c ~Joi n~nyTransl| at edSubSchemat i c;
%// ShowSchemat i c

13 ¢

11 ¢
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We want to make another cascade subschematic. The new subschematic is generated by transating the subschematic
myTranslatedSubSchematic by 9 steps upwards:

Inf12]:= nyTransl at edCascadeConnecti on =
Transl at eSchemat i c [nyCascadeConnection, {0, 9}] /. {a-»c, b-d};
%/ / ShowSchemat i c

13 - d
>

11 ¢

0 2 4 6 8 10 12 14 16 18 20 22 24

The schematic that consists of two parallel subschematics are generated by Join:

In[14] : = nyPar al | el Connecti on = myCascadeConnecti on~Joi n~nyTransl| at edCascadeConnecti on;
%// ShowSchemat i ¢

13 ¢

11 ¢

a

0 2 4 6 8 10 12 14 16 18 20 22 24
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Next, we add some elements to complete the schematic. We can fill a new subschematic my InOutSubSchematic
with additional elements by selecting the coordinates from the workspace of the previously drawn myParal lelCon-
nection.

Inf16]:= nylnQut SubSchenmatic = {({"Input", {0, 0}, X},
{"Delay", {{0, 0}, {0, 9}}, 1},
{"Adder", {{18, 0}, {19, -1}, {20, 03}, {19, 93}}, {1, 0, 2, 1}},
{"Qutput", {22, 03}, Y},
{"Multiplier", {{20, 03}, {22, 03}}, 1/2},
{"Line", {{18, 93}, {19, 93}3}}};
%/ / ShowSchemat i c

13 ¢

11 ¢

|
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Finally, we build the system as shown below:

In[18]:= mySystem=nyl nOut SubSchenati c ~Joi n~nyParal | el Connecti on;
%// ShowSchemat i ¢

13 - d
>

11 ¢

6.2. Transfer Function

Transfer function of the resulting system is computed by the SchematicSolver's function DiscreteSystemTransfer-
Function:

Inf20]:= {myH, system np, systenQut} = Di screteSysteniransferFunction[mySystem;
nyVal ues = {a » -0. 1091, b » -0. 6335, c -» -0. 3616, d » -0.8774};
nmyHspeci fic =nyH /. nyVal ues;
%// Sinplify // Traditional Form

Qut[23]// Traditional Forne

( 0.0345574 (22 +0.399649 z+1.) (2 +0.569026 z+1.) (22 +1.00678 z+1.) (22 +1.61499 z+1.) (7 +2. z+1.) )
z(z+1.) (2 +0.1091) (22 +0.3616) (2 +0.6335) (z2 +0.8774)
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6.3. Frequency Response

Frequency response of the system is obtained by the SchematicSolver's function DiscreteSystemFrequencyRe-
sponse:

Inf24]:

Inf25]:

Set Opt i ons [| nput Not ebook [],

| mgeSi ze » {260, 190}1;

Di scret eSyst enfr equencyResponse [myHspeci fic]l;

Magni t ude

(dB)

-25
-50
-75
-100
-125
-150
-175

Phase (degrees)

Frequency

0.1 0.2 \0.3 0.4 0.5

1

0.2

0.3 0.4 0I5

Frequency

T~

- 200

N\

\

-400

- 600

- 800
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Let uszoom in to get a better insight into the magnitude response:

I'nf26] : = DiscreteSystenFrequencyResponse [nyHspecific, {0, 0.221}];

Magni t ude (dB)

Frequenc
FN\0.05 0.1\ 0. ¥5\ 0 quency
-5x 10

- 0. 00001
- 0. 000015
- 0. 00002
- 0. 000025
- 0. 00003

Phase (degrees)

Frequency
.05 0.1 0.15 0.2

-50
-100

-150
- 200 \
- 250

Fully symbolic expression of the transfer function is

Inf27]:= DiscreteSystenDi spl ayFor m[myH]

Qut[27]// D spl ayFor nF
(ab+cdz'+(-a-b-abc-abd)z?+(-c-d-acd-bcd) z3+
(l+ac+bc+ad+bd+abcd) z*+ (l+ac+bc+ad+bd+abcd) z®+
(-c-d-acd-bcd) z®+ (-a-b-abc-abd)z7 +cdz®+abz?®)/
(2+2 (-a-b-c-d)z?2+2 (ab+ac+bc+ad+bd+cd) z*+
2 (-abc-abd-acd-bcd)z®%+2abcdz?®)

where a, b, ¢, and d are arbitrary system parameters.

7. Implementation of Discrete Systems

7.1. Introduction
SchematicSolver can be used for generating software implementation of discrete systems.

Software implementation is a sequence of statements that are executed on a general-purpose computer or on a dedicated
hardware.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
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In[1] : = Needs["SchenaticSol ver " 1;

7.2. Schematic of Discrete System

Consider a system

Inf2]:= discreteSchematic = {

{"Input", {-2, 5}, X}, {"Qutput", {6, 5}, Y},

{"Multiplier", {{-2, -5}, {1, -5}}, b3},

{"Multiplier", {{-2, -1}, {1, -1}}, b2},

{"Multiplier", {{-2, 5}, {1, 5}}, bl}y,

{"Multiplier", {{6, -5}, {3, -5}}, a3},

{"Multiplier", {{6, 1}, {3, 1}}, a2},

{"Adder", {{1, -5}, {2, -6}, {3, -5}, {2, -4}}, {1, O, -1, 23},
("Adder", {{1, -1}, {2, -2}, {3, -1}, {2, 0}}, {1, 1, O, 2}},
("Adder", {{1, 1}, {2, 0}, {3, 1}, {2, 2}}, {0, 1, -1, 2}},
{"Adder", {{1, 5}, {2, 4}, {6, 5}, {2, 6}}, {1, 1, 2, 0}},

{”le ayuv {{21 2}! {21 4}}1 1}! {“le ay"l {{21 _4}1 {21 _2}}1 d]'x
{"Li ne", {{61 5}1 {61 1}}}7 {"Li ne", {{_21 5}! {_21 _1}}}1
{"Li ne", {{61 1}1 {61 _5}}}1 {"Li ne"r {{_21 _1}1 {_21 _5}}}]’1

ShowSchemati c[%/. {a2 »a,, a3 »az, bl->b;, b2 sb,, b3 > b3},

Pl ot Range -» {{-4, 8}, {-7, 7}}, Frame -» True];

b1
X O + °Y
,1
a
by
~d
bs
ag

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

It is more convenient to work with positive coordinates, therefore we shall translate the schematic with AdjustSche-
maticCoordinates:
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In[4]:= discreteSystem= Adj ust Schemati cCoor di nat es [di scret eSchematic];
ShowSchemati c[%/. {a2 » a,, a3 »az, bl->b;, b2 by, b3 > bz},
Pl ot Range » {{-2, 10}, {-2, 12}}, Frane -» True];

12

10 X O~ + oY

a

az

-1 0 1 2 3 4 5 6 7 8 9 10

The subsequent sections explain a procedure for generating software implementation of the system described by the
schematic specification discreteSystem.

7.3. Check Schematic Specification

We use DiscreteSystemlmplementationEquations to test whether the system specification meets the
necessary implementation conditions (e.g., unit delays are assumed, the Block element is not supported):

In[6]:= DiscreteSysten npl ement ati onEquati ons[di screteSystem/. d - 1]

Qut[6]= {{Y[{0, 10373, {Y[{4, 9}], Y[{4, 3}]}, {a2, a3, bl, b2, b3},
{Y[{0, 10}] ==X, Y[{4, 9}] ==previousSanpl e[Y[{4, 7}]],

[

[
Y[ {4, 3}] ==previousSanmple[Y[{4, 1}]], Y[{3, 0}] ==b3Y[{0, 10}],
Y[{3, 4}] ==b2Y[{0, 10}], Y[{3, 10}] ==b1Y[{0, 10}],
Y[{4, 5}] ==Y[{3, 4}] +Y[{4, 3}], Y[{8, 10}] ==Y[(3, 10}] +Y[{4, 9}],
Y[{5, 0}] ==a3Y[{8, 10}], Y[{5, 6}] ==a2VY[{8, 10}],
Y[{4, 1}] ==Y[{3, 0}] -Y[(5, 0}], Y[{4, 7}] ==Y[{4, 5}] -Y[{5, 6}1},
(Y[ {8, 10}1}, {Y[{4, 7}], Y[{4, 1}]}}

Here is an example of a system with one non-unit delay element. Consequently, DiscreteSystemImplementa-
tionEquations reports an error:
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Inf7]:= DiscreteSystenl npl ement ati onEquati ons[di screteSystem/. d - 2]

Nonl i near Di scr et eEl enent Topol ogy: : i nvdel ay :

{"Del ay", {{4, 1}, {4, 3}}, 2, ""}is not a well -forned el ement
specification. The Delay specificationis alist of the form
{"Del ay", {{x1,yl}, {x2,y2}}, 1, elenmentlLabel }. The el enment val ue
is 1 because only the unit delay is considered for inplenentation.

Unconnect ed nodes exist: {Y[{4, 3}]}

Di scret eSyst el npl ement ati onEquati ons: :intercon :
Unexpect ed i nterconnection of schematic
el enents. The system cannot be i npl enent ed.

ef71= ({3 {1 O {3 {3, {1

7.4. Generate Implementation

Software implementation is a sequence of statements that are executed on a general-purpose computer or on a dedicated

hardware.

The system summary, generated by DiscreteSystemImplementationSummary, points out the system input,

initial state, parameter set, output, and final state.

Inf8]:= DiscreteSysten npl ementati onSummary [di screteSystem/. d -1, Verbose -» True]
Input: {Y[{O, 10}]}
Initial state: {Y[{4, 9}], Y[{4, 3}]}
Paraneter: {a2, a3, bl, b2, b3}

Equations: Y[{0, 10}] ==X

{4, 9}] ==previousSanpl e[Y[{4, 7}]]
{4, 3}] ==previousSanmpl e[Y[{4, 1}]]
{3, 03] ==b3Y[{0, 10}]

{3, 4}] ==b2Y[{0, 10}]

{3, 10}] ==b1Y[{0, 10}]

{4, 531 ==Y[{3, 4}] +Y[{4, 3}]

{8, 10}] ==Y[{3, 10}1 +Y[{4, 9}]

{5, 0}] ==a3Y[{8, 10}]

{5, 6}] ==a2Y[{8, 10}]
{4, 1}] ==Y[{3, 0}] -Y[{5, 0}]
Y[{4, 7}] ==Y[{4, 5}]-Y[{5, 6}]

Qutput: {Y[{8, 10}7}
Final state: {Y[{4, 7}], Y[{4, 1}]}

DiscreteSystemImplementation creates a Mathematica function that implements the system and returns a
string that is the Mathematica code of that function.

Inf9]:= codeString =
Di screteSystem npl enent ati on[di screteSystem/. d -1, "inpl enmentati onProcedure"];

I mpl enent ati on procedure nane: inplenentationProcedure
| mpl enent ati on procedure usage:

{{Y8p10}, {Y4p7, Y4pl}} = inplenentationProcedure]

{YOp10}, {Y4p9, Y4p3}, {a2, a3, bl, b2, b3}] is the tenplate for
calling the procedure. The general tenplate is {outputSanples,
final Conditions} = procedureNane[i nput Sanpl es, initial Conditions,
systenParaneters]. See al so: DiscreteSystem npl enent ati onProcessing
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The name of the implementation function is arbirtrary and it is given as the second argument to DiscreteSystemIm-
plementation. In the above example, the name of the implementation function is implementationProcedure
and it should be enclosed within double quotation marks.

Here isthe string that contains the code of the implementation function:

Inf10]:= codeString

Qut[10]= inplenentationProcedure::usage = " {{Y8pl0}, {Y4p7, Y4pl}} =
i mpl ement ati onProcedure[{YOpl10}, {Y4p9, Y4p3}, {a2, a3, bl, b2, b3}] is the
tenplate for calling the procedure. The general tenplate is {outputSanples,
final Conditions} = procedureNane[i nput Sanpl es, initial Conditions,
systenParaneters]. See al so: DiscreteSysten npl ementati onProcessi ng";
i mpl ement ati onProcedure[] := {1, 2, 5, 12, 1, 2}; inplenentationProcedure]
dat aSanpl es_List, initial Conditions_List, systenParanmeters_List] : =
Modul e[ {YOp1O, Y4p9, Y4p3, Y3p0, Y3p4, Y3plO, Y4p5, Y8plO, Y5pO0,
Y5p6, Y4pl, Y4p7, a2, a3, bl, b2, b3}, {a2, a3, bl, b2, b3} =
systenParaneters; {YOpl0} = dataSanples; {Y4p9, Y4p3} = initial Conditions;
Y3p0 = b3+YOpl0; Y3p4 = b2xYOplO; Y3plO = blxYOplO; Y4p5 = Y3p4 +
Y4p3; Y8pl0 = Y3pl0 + Y4p9; Y5p0 = a3+Y8pl0; Y5p6 = a2+Y8plo0;
Y4pl = Y3p0 - Y5p0; Y4p7 = Y4p5 - Y5p6; {{Y8pl0}, {Y4p7, Y4pli} 1;

You can use ?? to get full information about the implementation procedure:

Inf11]:= ??inplenmentati onProcedure

{{Y8p1l0}, {Y4p7, Y4pl}} = inplenentationProcedure]

{YOp10}, {Y4p9, Y4p3}, {a2, a3, bl, b2, b3}] is the tenplate for
calling the procedure. The general tenplate is {outputSanples,
final Conditions} = procedureNane[i nput Sanpl es, initial Conditions,
systenParaneters]. See al so: DiscreteSystem npl enent ati onProcessing

i mpl ement ati onProcedure[] := {1, 2, 5, 12, 1, 2}

i mpl ement at i onProcedur e [dat aSanpl es_Li st,
initial Conditions_List, systenmParanmeters_List]:=
Modul e [ {YOp10, Y4p9, Y4p3, Y3pO, Y3p4, Y3plO, Y4p5, Y8pl0, Y5p0, Y5p6,
Y4pl, Y4p7, a2, a3, bl, b2, b3}, {a2, a3, bl, b2, b3} = systenParaneters;
{YOp10} = dat aSanpl es; {Y4p9, Y4p3} =initial Conditions;
Y3p0 = b3 YOp10; Y3p4 = b2 YOp10; Y3pl0 = bl YOp1l0; Y4p5 = Y3p4 + Y4p3;
Y8p10 = Y3pl0 + Y4p9; Y5p0 = a3 Y8p10; Y5p6 = a2 Y8pl0;
Y4pl = Y3pO0 - Y5p0; Y4p7 = Y4p5 - Y5p6; {{Y8pl0}, {Y4p7, Y4pl}}]

DiscreteSystemImplementationEquations is used to extract the system input, initial state, parameter set,
implementation equations, output, and final state:

In[12]: eqns = Di screteSystemn npl ement ati onEquati ons[di screteSystem/. d » 1];

In[13]:= system nput =eqns[[1]]

Qut[13]= {Y[{0, 10}]}

Inf14]:= initial Conditions =eqns[[2]]
Qut[14]= {Y[{4, 9}1, Y[{4 311}
In[15]: = systenParanmeters =eqns[[3]]

Qut[15]= {a2, a3, bl, b2, b3}
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In[f16]:=

Qut[17] =

In[18]:=
Qut[18] =
Inf19]:=

Qut[19] =

i mpl ement ati onEquati ons = eqns[[4]];
%/ / Col umFor m

Y[{0, 10}] ==

Y[{4, 9}] ==previousSample[Y[{4, 7}]]
Y[ {4, 3}] ==previousSample[Y[{4, 1}]]
Y[{3, 0}] ==b3Y[{0, 10}]

Y[{3, 4}] ==b2Y[{0, 10}]

Y[{3, 10}] ==b1Y[{0, 10}]

Y[{4, 5}] ==Y[{3, 4}1+Y[{4, 3}]

Y[{8, 10}] ==Y[{3, 10}] +Y[{4, 9}]
Y[{5, 0}] ==a3Y[{8, 10}]

Y[{5, 6}] ==a2Y[{8, 10}]

Y[{4, 1}] ==Y[{3, 0}]1-Y[{5, 0}]

Y[{4, 7}] ==Y[{4, 5}]1-Y[{5, 6}]

systenmQut put =eqns[[5]]
{Y[{8, 1011}
final Conditions =eqns[[6]]

{Y[{4, 7}], Y[{4, 111}

7.5. Processing Sample by Sample

The function implementationProcedure processes one sample at atime. For example, here we process 3 samples:

Inf20]:=

Inf22]:

Qut[23] =

Inf24]:

Inf26] :

Qut[27] =

In[28]:

I'n[30]:

Qut[31] =

i nput Sanmpl el = {1};
initial Conditionsl =0=«initial Conditions;

{out put Sanpl el, final Conditionsl} =
i mpl ement ati onProcedur e[i nput Sanpl el, initial Conditionsl, systenParaneters];
%/ / Col umFor m

{bl}
(-a2bl+b2, -a3bl+b3)

i nput Sanmpl e2 = {0};
initial Conditions2 =final Conditionsi;

{out put Sanpl e2, final Conditions2} =
i mpl ement ati onProcedur e[i nput Sanpl e2, initial Conditions2, systenParaneters];
%/ / Col umFor m

{-a2 bl + b2}
{-a3bl-a2 (-a2bl +b2) +b3, -a3 (-a2bl +b2)}

i nput Sanmpl e3 = {0};
initial Conditions3 =final Conditions2;

{out put Sanpl €3, final Conditions3} =
i mpl ement ati onProcedur e[i nput Sanpl e3, initial Conditions3, systenParaneters];
%/ / Col umFor m

{-a3bl-a2 (-a2bl +b2) + b3}
{-a3 (-a2bl+b2) -a2 (-a3bl-a2 (-a2bl +b2) +b3), -a3 (-a3bl -a2 (-a2bl +b2) +b3)}
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7.6. Processing Sequences

L et us process a unit impul se sequence

I'n[32] : = exanpl el nput Sequence = Uni t | npul seSequence[10]
Qu[32]= ({1}, {0}, {0}, {0}, {03}, {03}, {03}, {0}, {0}, {0}}

DiscreteSystemImplementationProcessing processes examplelnputSequence for created implemen-
tationProcedure.

I'n[33]:= {out put Sequence, final Conditions} =
Di scret eSyst em npl ement ati onPr ocessi ng[exanpl el nput Sequence,
initial Conditionsl, systenParaneters, inplenentationProcedure];

Here are the first 3 output samples:
In[34] : = out put Sequence[[1]]

out put Sequence[[2]]
out put Sequence[[3]]

Qut[34] = {bl}
Qut[35]= {-a2bl+b2}
Qut[36]= {-a3bl-a2 (-a2bl+b2) +b3}

The same result has been already obtained by processing sample by sample.

7.7. Simulation of Discrete System

DiscreteSystemSimulation finds the output sequence of a discrete system, given by a schematic, assuming zero
initial conditions.

In[37]:= outSeq = Di screteSystenti mul ati on[di screteSystem/. d - 17];
DiscreteSystemSimulation, by default, uses unit impulse sequence as input.
Here are the first 3 output samples:

In[38]:= outSeq[[1]]

out Seq[[2]1]
out Seq[[3]11]

aut[38]= {bl}
Qut[39]= {-a2bl+b2}
Qut[40]= {-a3bl-a2 (-a2bl+b2) +b3}

The same result has been already obtained by processing sample by sample, or by DiscreteSystemIimplementa-
tionProcessing.

The second argument to DiscreteSystemSimulation specifies the input sequence to the system. Here we process
aramp input sequence:
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Inf41] : = DiscreteSystenSi nul ati on[di screteSystem/. d » 1, Unit RanpSequence[4]];
%// Tradi tional Form

Qut[42]// Traditional For e
0
bl
—a2bl+2bl+b2
—a3bl+3bl+2b2-a2(-a2bl+2bl+b2)+hb3

Symbolic system simulation is the SchematicSol ver's unique feature not available in other simulation software. The
above example demonstrates that DiscreteSystemSimulation returns the output sequence with symbolic sample

values.

7.8. Test Implementation with DiscreteSystemProcessingSI1SO

SchematicSolver's function DiscreteSystemProcessingSI1SO processes samples with a linear single-input
single-output system for a given transfer function.

In[43]:= tf =DiscreteSysteniransferFunction[di screteSystem/. d - 17;
%/ / Di screteSystenDi spl ayForm

Qut [44]// D spl ayFor nF

bl+b2z1+b322
l1+a2z1!+a3z?2

DiscreteSystemProcessingSISO requires a list of data samples, so we use SequenceToList to convert
examplelnputSequence toalist.

I'n[45] : = exanpl el nput Li st = exanpl el nput Sequence // SequenceToli st
Qt[45]= {1, 0, 0, O, O, O, O, O, O, O}
Inf46]:= {output SISO final SI SO} = Di scret eSyst enProcessi ngSl SO[exanpl el nput Li st, tf];

The functions DiscreteSystemProcessingS1S0 and DiscreteSystemImplementationProcessing
with implementationProcedure should yield the same result:

In[47] : = SameQ[out put Sequence, Li st ToSequence [out put SI SO] ]
SaneQ[fi nal Condi tions, final Sl SO
Qut[47]= True

Qut[48] = True

7.9. Implementation Using Palettes
SchematicSolver's function for implementing systems can be called from the palettes.

First, you might assign numeric values to the parameters:
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In[49] : = systenParaneters
par anet er Val ues = {-0.5, 0.9, 1, 0.4, 1}
par anet er Substituti on = syst enPar anet er s » par anet er Val ues // Thr ead

Qut[49]= {a2, a3, bl, b2, b3}

aut[50]= {-0.5, 0.9, 1, 0.4, 1}

Qut[51]= {a2 »-0.5, a3 0.9, bl 1, b2 50.4, b3 51}

Next, you assign the default name to the schematic that represents the system:

In[52]:= nySchematic =di screteSystem/. d»1 /. paraneter Substitution;

Open the DiscreteElements palette, next click the button | Implement |.
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In[53]:=

Qut[59] =
Qut [ 60] =

Qut[61] =

Qut [ 64] =

Qut [ 65] =

procedur eNane = i npl ement ati onProcedur e;
Di scret eSystem npl enent ati on[nySchenmatic, ToString[procedureNane]];
Di scret eSyst em npl ement ati onSummary [nySchemati c, Verbose -> True]
Print ["--- EXAMPLE: |nput Sequence, Initial Conditions, System Paraneters"];
eqns = Di screteSystem npl ement ati onEquat i ons [nySchenatic];
number Of I nputs = Length[eqns[[1]]1];
i nput Sequence =
Mul ti pl exSequence ee Tabl e[Uni t | npul seSequence[], {nunmberOf |l nputs}]
initial Conditions = Oxeqns[[2]]
systenParaneters = eqns[[3]]
Print ["--- PROCESSI NG Cutput Sequence, Final Conditions"];
{out put Sequence, final Conditions} = DiscreteSystem npl enent ati onProcessi ng[
i nput Sequence, initial Conditions, systenParaneters, procedureNane];
out put Sequence
final Conditions
Print ["--- End of SchematicSol ver |nmplenmentation ---"7;

I mpl enent ati on procedure nane: inplenentationProcedure
| mpl enent ati on procedure usage:

{{Y8p1l0}, {Y4p7, Y4pl}} = inplenentationProcedure]

{YOp10}, {Y4p9, Y4p3}, {}] is the tenplate for calling

the procedure. The general tenplate is {outputSanples,

final Conditions} = procedureNane[i nput Sanpl es, initial Conditions,
systenParaneters]. See al so: DiscreteSystem npl enent ati onProcessing

Input: {Y[{O, 10}]}
Initial state: {Y[{4, 9}], Y[{4, 3}]}

Paranmeter: {}

Equati ons: {0, 10}] ==X
{4, 9}] ==previousSampl e[Y[{4, 7}]]
{4, 3}] ==previousSampl e[Y[{4, 1}]]
{3, 031 ==Y[{0, 10}]
{3, 4}]1 ==0.4Y[{0, 10}]
{3, 10}] [{0, 10}]

- Y
{4, 5}] ==Y[{3, 4}] +Y[{4, 3}]
{8, 10}] ==Y[{3, 10}]1 +Y[{4, 9}]
(5, 0}] ==0.9Y[{8, 10}]

(5, 6}] == -0.5Y[{8, 10}]
{4, 1}] ==Y[{3, 0}] -Y[{5, 0}]
Y[{4, 7}] ==Y[{4, 5}] -Y[{(5, 6}]

Qutput: {Y[{8, 10}7]}

Final state: {Y[{4, 7}], Y[{4, 1}]}

--- EXAMPLE: | nput Sequence, Initial Conditions, System Paraneters
{{13, {03, {03, {03, {03, {03, {0}, {O}}
{0, 0}
{}

--- PROCESSI NG CQut put Sequence, Final Conditions

({1}, {0.9}, {0.55}, {-0.535}, {-0.7625}, {0.10025}, {0.736375}, (0.277963}}

{-0.523756, -0.250166}

--- End of SchematicSol ver |nplenentation ---

©2003-2004 Prof Miroslav Lutovac & Prof Dejan Tosic. All rights reserved.



172

Y ou can process another input sequence with the same implementation function.

I'n[67]:= input Sequence = Uni t Si neSequence[60, 0.17;
{out put Sequence, final Conditions} = DiscreteSystem npl enent ati onProcessi ng[
i nput Sequence, initial Conditions, systenParaneters, procedureNane];

Hereisthe plot of theinput (blue) and output (red) sequences:

In[69]:= Ml tipl exSequence [i nput Sequence, out put Sequence];
SequencePl ot [% StenPl ot -» Fal se, Pl otJoi ned -» True];

7.10. Simulation Using Palettes

UseDiscreteSystemSimulation to generate the system impulse response quickly.

Click the button on the DiscreteElements palette.

Inf71] : = DiscreteSystenSi nul ati on[nySchenati c]
Print ["--- End of SchematicSolver Sinulation ---"7;

Qut [ 71]

({1}, {0.9}, {0.55}, {-0.535}, {-0.7625}, {0.10025}, {0.736375}, (0.277963}}

-—— End of SchemmticSol ver Sinulation -—--

Find the response to another input sequence as follows:

I'n[ 73] : = input Sequence = Uni t Si neSequence[80, 0.2];
out put Sequence = Di scret eSystenSi nul ati on[mySchenati ¢, i nput Sequencel];

Hereisthe plot of theinput (blue) and output (red) sequences:
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Inf75]:= Ml tipl exSequence [i nput Sequence, out put Sequencel;
SequencePl ot [% StenPl ot -» Fal se, Pl ot Joi ned -» True];

2.5}
Y/Al\ \\1\1\1\\\1\ APAIPAR

VALY

7.11. Benefits of SchematicSolver
SchematicSolver generates software implementation of a system directly from the system schematic.
SchematicSolver symbolically processes data samples keeping the system parameters as symbols.

In addition, SchematicSolver can process samplesin atraditional numerical way.

8. Nonlinear Discrete System Implementation

8.1. Introduction
SchematicSolver can be used for generating software implementation of nonlinear discrete systems.

Software implementation is a sequence of statements that are executed on a general-purpose computer or on a dedicated
hardware.

The Function element and the Modulator € ement are SchematicSolver's nonlinear el ements.

8.2. Nonlinear Algebraic Function Element

Generic Function-Element Value

Function-element value can be any algebraic function of one argument. The value can be a symbol, say F, without a
definition.

First, make sure that F has not been used before:
Inf1]:= O ear [F]

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
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In[2]:= Needs["SchenaticSol ver " 1;
Hereis an example system:

Inf3]:= discreteSystentenericF={{"Input", {0, 0}, X},
{"Qutput", {4, 0}, Y},
{"Adder", {{O, 03}, {1, -1}, {4, 03}, {1, 2}3}, {1, O, 2, 13},
{"Delay", {{4, 0}, {4, 2}}},
{"Function", {{4, 2}, {1, 2}}, F, "Function Elenment"}};
ShowSchenmati c[% Pl ot Range » {{-2, 6}, {-1, 3}}1;

3

2t < F

Function Element

-1 0 1 2 3 4 5 6

DiscreteSystemImplementationSummary points out the system input, initial state, parameter set, output, and
final state:

In[5]:= DiscreteSysten npl ement ati onSummary [di scret eSyst enzeneri cF]
Input: {Y[{O0, 0}]}
Initial state: {Y[{4, 2}]}
Paranmeter: {F}
Qutput: {Y[{4, 0}]}
Final state: {Y[{4, 0}]}

The symbol F appears as a parameter of the system discreteSystemGenericF.

DiscreteSystemImplementation creates a Mathematica function that implements the system (the default name
of thisfunction is implementationProcedure):

In[6]:= DiscreteSysten npl ementation[di screteSystenGenericF];
I mpl enent ati on procedure nane: inplenentationProcedure
| mpl enent ati on procedure usage:

{{Y4p0}, {Y4p0}} = inplenentationProcedure[{YOpO}, {Y4p2}, {F}] is the tenplate
for calling the procedure. The general tenplate is {outputSanples,

final Conditions} = procedureNane[i nput Sanpl es, initial Conditions,
systenParaneters]. See al so: DiscreteSystem npl enent ati onProcessing

implementationProcedure can be used for processing various sequences. Let us find the step response of the
system.

In[7]:= 1npSeq = UnitStepSequence[];
initState = {0};
parans = {F};
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Inf10]:= {outSeq, final State} = Di screteSystenl npl ement ati onProcessi ng[
inpSeq, initState, parans, inpl enmentationProcedurel];
out Seq // Tradi tional Form

Qut[11]// Traditional Forne
FO) +1
FFO+1)+1
FIFFO+D)+1)+1
FFFFO+D)+D)+1)+1
FFFFFO+D)+D)+D)+D+1
FFFFFFO+D)+D)+D)+DH+D+1
FIF(FIFFFFO+D)+D)+)+D)+D)+1D)+1
FFF(FFFFFO+D)+DH)+DH)+DH)+DH+DH)+D)+1

Symbolic processing is the SchematicSolver's unique feature not available in other software. The above example demon-
strates that SchematicSolver returns the output sequence with symbolic sample values in terms of a symbolic function
name F.

Any name of abuilt-in algebraic single-argument function can be substituted for F:

Inf12]:= outSeq /. F- Abs // Traditional Form

Qut[12]// Traditional For e
1

0o ~NO O WNN

Y ou can define an algebraic single-argument function
In[13]:= myFunc[x_]:=2=xAbs[x /3]
and substitute for F:

In[14]:= outSeq /. F-nyFunc // Tradi tional Form

Qut[14]// Traditional For e
1

wlo

19
9
65
27
211
E
665
243
2059
729
6305
2187

Alternatively, any name of a built-in algebraic single-argument function can be substituted for F in the list of the
parameters:
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In[15]:= paranms2 = {Abs};
{out Seq2, final State2} = Di screteSystem npl enent ati onProcessi ng[
inpSeq, initState, parans2, i npl enentati onProcedure];

out Seqg2 // Tradi tional Form

Qut[17]// Traditional Forne
1

0o ~NO OB~ WN

In[18]:= paranms3 = {nyFunc};
{out Seq3, final State3} = Di screteSystem npl enent ati onProcessi ng[
inpSeq, initState, parans3, inpl enentationProcedure];

out Seq3 // Tradi tional Form

Qut[20]// Traditional For e

Function-Element Value as Built-in Mathematica Function

Function-element value can be any agebraic Mathematica built-in function of one argument.
This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
In[21] : = Needs["Schemati cSol ver ™ "17;

Hereis an example system:
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Inf22]:= discreteSystemAbs = {{"Input", {0, 0}, X},
{"Qutput", {4, 0}, Y},
{"Adder", {{0, 0}, {1, -1}, {4, 03}, {1, 23}, {1, 0, 2, 133},
{"Delay", {{4, 0}, {4, 2}}},
{"Function", {{4, 2}, {1, 2}}, Abs, "Function Elenment"}};
ShowSchenatic[% Pl ot Range » {{-2, 6}, {-1, 3}}1;

3

2t < Abs

Function Element

ol AW oy

-1 0 1 2 3 4 5 6
DiscreteSystemImplementationSummary points out the system input, initial state, parameter set, output, and
final state:

In[24] : = Di screteSystenl npl ement ati onSumar y [di scr et eSyst emAbs]
Input: {Y[{O0, 0}7}
Initial state: {Y[{4, 2}]}
Paranmeter: {}
Qutput: {Y[{4, 0}]}
Final state: {Y[{4, 0}]}

The system discreteSystemAbs has no parameters.

DiscreteSystemImplementation creates a Mathematica function that implements the system (the default name
of thisfunction is implementationProcedure):

I'nf25]:= DiscreteSysten npl ementation[di screteSystenmibs];
I mpl enent ati on procedure nane: inplenentationProcedure

| mpl enent ati on procedure usage:

{{Y4p0}, {Y4p0}} = inplenmentati onProcedure[{YOpO}, {Y4p2}, {}] is the tenplate
for calling the procedure. The general tenplate is {outputSanples,

final Conditions} = procedureNane[i nput Sanpl es, initial Conditions,
systenParaneters]. See al so: DiscreteSystem npl enent ati onProcessing

implementationProcedure can be used for processing various sequences. Let us find the step response of the
system.

In[26]:= inpSeq = UnitStepSequencel[];
initState = {0};
parans = {};
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Inf29]:= {outSeq, final State} = Di screteSystenl npl ement ati onProcessi ng[
inpSeq, initState, parans, inpl enmentationProcedurel];
out Seq // Tradi tional Form

Qut[30]// Traditional For e
1

o ~NO O WN

In this example, the Function-element value has been given in the schematic specification. Consequently, we cannot
specify a new Function-element value as an argument to DiscreteSystemimplementationProcessing.

Function-Element Value as User-Defined Function

Function-element value can be any algebraic user-defined function of one argument:

Inf31]:= nyF[x_]:=Mdule[{t}, t =Round[x]; t +1/2=%Sign[x]];

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
In[32]:= Needs["SchematicSol ver "7;

Hereis an example system:

In[33]:= discreteSystemWF = {{"Input", {0, 0}, X},
{"Qutput", {4, 0}, Y},
{"Adder", {{0, 0}, {1, -1}, {4, 03}, {1, 23}, {1, 0, 2, 133},
{"Delay", {{4, 0}, {4, 2}}},
{"Function", {{4, 2}, {1, 2}}, nyF, "Function El ement"}};
ShowSchenatic[% Pl ot Range » {{-2, 6}, {-1, 3}}1;

3

2 | myF

Function Element

-1 0 1 2 3 4 5 6

DiscreteSystemImplementationSummary points out the system input, initial state, parameter set, output, and
final state:
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I'n[35]:= DiscreteSystenl npl ement ati onSumar y [di scr et eSyst emWF]
Input: {Y[{O0, 0}]}
Initial state: {Y[{4, 2}]}
Paranmeter: {}
Qutput: {Y[{4, 0}]}
Final state: {Y[{4, 0}]}

The system discreteSystemMyF has no parameters.

DiscreteSystemImplementation creates a Mathematica function that implements the system (the default name
of thisfunction is implementationProcedure):

I'n[36]:= DiscreteSysten npl ementation[di screteSystemWF];
I mpl enent ati on procedure nane: inplenentationProcedure
| mpl enent ati on procedure usage:

{{Y4p0}, {Y4p0}} = inplenmentationProcedure[{YOpO}, {Y4p2}, {}] is the tenplate
for calling the procedure. The general tenplate is {outputSanples,

final Conditions} = procedureNane[i nput Sanpl es, initial Conditions,
systenParaneters]. See al so: DiscreteSystem npl enent ati onProcessing

Hereisaprocessing example.

I'n[37]:= inpSeq = Uni t Exponenti al Sequence[];
initState = {0};
parans = {};

In[40]:= {outSeq, final State} = Di screteSystenl npl ement ati onProcessi ng[
inpSeq, initState, parans, inpl enmentati onProcedurel];
out Seq // Tradi tional Form

Qut[41]// Traditional For e
1

2
1
4
29
2
73
-z
177
32
417
64
961
128

The implementation procedure embeds the code of the user-defined function:
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In[42]:= ??inplenmentati onProcedure

{{Y4p0}, {Y4p0}} = inplenmentati onProcedure[{YOpO}, {Y4p2}, {}] is the tenplate
for calling the procedure. The general tenplate is {outputSanples,

final Conditions} = procedureNane[i nput Sanpl es, initial Conditions,
systenParaneters]. See al so: DiscreteSystem npl enent ati onProcessing

i mpl ement ati onProcedure[] := {1, 1, 0, 4, 1, 1}

i mpl ement at i onProcedur e [dat aSanpl es_Li st,
initial Conditions_List, systenmParanmeters_List]: =
Modul e [ {YOpO, Y4p2, Y1p2, Y4pO}, {YOpO} = dat aSanpl es; {Y4p2} =initial Conditions;
Y1p2 = Round [Y4p2] + S-91L¥4021 - Y4p0 = YOpO + Y1p2; {{Y4p0}, {Y4p0}}]

Function-Element Value as Parameterized Function

Function-element value can be any algebraic user-defined function of one argument, and the function can contain
parameters:

In[43]:= Cdear [p];
myPar F[x_] : = p » Abs [x];

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
In[45]:= Needs[" SchematicSol ver " 1;
Here is an example system:

In[46]:= discreteSystenParF = {{"lnput", {0, 0}, X},
{"Qutput", {4, 0}, Y},
{"Adder", {{0, 0}, {1, -1}, {4, 03}, {1, 23}, {1, 0, 2, 133},
{"Delay", {{4, 0}, {4, 2}}},
{"Function", {{4, 2}, {1, 2}}, nmyParF, "Function El ement" }};
ShowSchenatic[% Pl ot Range » {{-2, 6}, {-1, 3}}1;

3

2 -~ myParF

Function Element

-1 0 1 2 3 4 5 6

DiscreteSystemImplementationSummary points out the system input, initial state, parameter set, output, and
final state:
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In[48] : = DiscreteSysten npl ement ati onSummary [di scr et eSyst enPar F]
Input: {Y[{O0, 0}]}
Initial state: {Y[{4, 2}]}
Paranmeter: {}
Qutput: {Y[{4, 0}]}
Final state: {Y[{4, 0}]}

The system discreteSystemParF has no parameters.

DiscreteSystemImplementation creates a Mathematica function that implements the system (the default name
of thisfunction is implementationProcedure):

In[49] : = DiscreteSystenl npl ement ati on[di scret eSyst enPar F];
I mpl enent ati on procedure nane: inplenmentationProcedure
| mpl enent ati on procedure usage:

{{Y4p0}, {Y4p0}} = inplenmentati onProcedure[{YOpO}, {Y4p2}, {}] is the tenplate
for calling the procedure. The general tenplate is {outputSanples,

final Conditions} = procedureNane[i nput Sanpl es, initial Conditions,
systenParaneters]. See al so: DiscreteSystem npl enent ati onProcessing

Hereisaprocessing example.

I'n[50]:= inpSeq = Unit Exponenti al Sequencel[];
initState = {0};
parans = {};

In[53]:= {outSeq, final State} = Di screteSystenl npl ement ati onProcessi ng[
inpSeq, initState, parans, inpl enmentati onProcedurel];
out Seq // Tradi tional Form

Qut[54]// Traditional Forne
1

P+ 3
plp+ 31+ %
pIplp+ 31+ 51+ 5
PIPIPIP+ 31+ 21+ 2]+ =
PIPIPIPIP+ 21+ S1+ 21+ =+ &
PIPIPIPIPIP+ 1+ 51+ 21+ 1+ %1+ &

1,1, 1, 1 1 1 1
piplplpiplplp+ 51+ 71+ 51+ 1+ |+ g1+ 55

In[55]:= outSeq /. p»-1/2// Traditional Form

Qut[55]// Traditional For ne

ol 0Bl or o
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The implementation procedure embeds p of the user-defined function:

In[56]:= ??inplenmentationProcedure

{{Y4p0}, {Y4p0}} = inplenmentati onProcedure[{YOpO}, {Y4p2}, {}] is the tenplate
for calling the procedure. The general tenplate is {outputSanples,

final Conditions} = procedureNane[i nput Sanpl es, initial Conditions,
systenParaneters]. See al so: DiscreteSystem npl enent ati onProcessing

i mpl ement ati onProcedure[] := {1, 1, 0, 4, 1, 1}
i mpl ement at i onProcedur e [dat aSanpl es_Li st,
initial Conditions_List, systenmParanmeters_List]: =

Modul e [ {YOpO, Y4p2, Y1p2, Y4pO}, {YOpO} = dataSanpl es; {Y4p2} =initial Conditions;
Y1p2 = p Abs [Y4p2]; Y4p0 = YOpO + Y1p2; {{Y4p0}, {Y4p0}}]

Symbolic processing is the SchematicSolver's unique feature not available in other software. The above example demon-
strates that SchematicSolver returns the output sequence with symbolic sample values in terms of a symbolic parameter.

8.3. Nonlinear Modulator Element

Symbolic Solving Nonlinear System

Modulator element can be used for multiplication of two or three signals. If the same signal is applied to two modulator
inputs, the output signal is proportional to the signal power.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
In[57] : = Needs["Schemati cSol ver ™ "17;
Here is an example modulator system:

In[58]:= nmodul at or System= {{"lnput", {0, 1}, X},
{"Qutput", {5, 1}, Y},
{"Multiplier", {{2, 13}, {5, 13}3, 2, ""3,
{"Line", {{0, 1}, {0, 0}}},
{"Mdul ator", {{0, 1}, {0, 0}, {2, 13}, {0, 23}, {1, 1, 2, 0}}};
ShowSchenatic[% Pl ot Range -» {{-2, 7}, {-1, 3}}1;

3
2,
2
1 X O Y
O,
-1 0 1 2 3 4 5 6 7

Assume that the input signal is a unit sine sequence, of 8 samples, of digital frequency Fx:

In[60]:= X =UnitSi neSequence[8, Fx]

Qut[60]= {{0}, {Sin[2Fx ]}, {Sin[4Fxn]}, {Sin[6Fx ]},
{(SIiNn[8Fx ]}, {Sin[lOFXx n]}, {Sin[12Fx n]}, {Sin[l4Fx n]}}
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DiscreteSystemSimulation simulates the system:

In[61] := y = Di screteSystenSti mul ati on[nodul at or System x]

Qut[61]= {{0}, {2Sin[2Fx )%}, {2Sin[4Fx n]?}, {2Sin[6Fxn]?},
{2Sin[8Fxn]%}, {2Sin[10Fx n]?}, {2Sin[12Fx n]2}, {2Sin[14 Fx n]%}}

SchematicSolver works with symbolic signals, so both sequences have symbolic sample values.

We can use Mul tiplexSequence to present the output and input sequence in a more traditional form:

In[62]:=

Qut[63]// Traditional Forne

Mul ti pl exSequence[Xx, Y1;
%// Tri gReduce // Tradi ti onal Form

0

sin2Fxm) 1-cos(4Fxn)

sin(dFxm) 1-cos(8Fxn)

sin(6Fxm) 1-cos(12Fx )
sin(8Fxm) 1- cos(16 Fx )
sin(10Fx ) 1-cos(20Fx )
sin(12Fx ) 1-cos(24Fx )
sin(14Fx ) 1-cos(28Fx )

0

Note that y=2x? =2s€in(n2n Fo?=1-cosndnFy), for n=0, 1,2, .., 7. This formula can be derived by using
DiscreteSystemImplementation:

In[64]:=

Di scret eSyst el npl ement ati on[nodul at or Syst em];

I mpl enent ati on procedure nane: inplenentationProcedure

| mpl enent ati on procedure usage:

{{Y5p1},

{3}

i mpl ement ati onProcedure[{YOpl}, {}, {}] is the tenplate

for calling the procedure. The general tenplate is {outputSanples,
final Conditions} = procedureNane[i nput Sanpl es, initial Conditions,
systenParaneters]. See al so: DiscreteSystem npl enent ati onProcessing

Define input sample list symbolically as

In[65]:=

Qut [ 66] =

C ear [Fx, nl;
inpSampl es = {Sin[n*2xPi xFx]}

{Sin[2Fxnn]}

Process the sample list with implementationProcedure:

In[67]:=

Qut[67] =

{out Sanpl es, final State} =i npl erent ati onProcedure[i npSanpl es, {}, {}]

{({2Sin[2Fxnni?y, {}}

Use Mathematica built-in functions to get better insight into the result:

In[68]:=

Qut [ 68] =

out Sanpl es // Tri gReduce

{1-Cos[4Fxnr]}

Note that the output sequence has a constant term and a sinusoidal component of digital frequency 2*Fx.

Alternatively, the same result can be generated with the SchematicSolver's function Power2.
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In[69]:= power2System= {{"lnput", {0, 1}, X3},
{"Qutput", {5, 1}, Y3,
("Multiplier", {{3, 1}, {5, 133}, 2, ""},
{"Function", {{O0, 1}, {3, 1}}, Power2}};
ShowSchenatic[% Pl ot Range » {{-2, 7}, {-1, 3}}1;

3
2,
2
1t XO*iPowerzé——D—‘?Y
O,
-1 0 1 2 3 4 5 6 7

Inf71] : = x2 = Uni t Si neSequence[8, Fx]

Qut[71]= {{0}, {Sin[2Fx ]}, {Sin[4Fxn]}, {Sin[6Fx ]},
{(SIin[8Fx ]}, {Sin[lOFXx ]}, {Sin[12Fx n]}, {Sin[l4Fx n]}}

Inf72] := y2 = Di screteSystentSi nul ati on[power 2Syst em x2]

Qut[72]= {{0}, {2Sin[2Fx )%}, {2Sin[4Fx n]?}, {2Sin[6Fxn]?},
{(2Sin[8Fx ]2}, {2Sin[10Fx n]2}, {2Sin[12Fx n]%}, {2Sin[14 Fx n]?}}

In[73]:= y2 // TrigReduce

aut[73]= {{0}, {1-Cos[4Fxn]}, {1-Cos[8Fx ]}, {1-Cos[12Fx ]},
{1-Cos[16Fx ]}, {1-Cos[20Fx ]}, {1 -Cos[24Fx ]}, {1-Cos[28Fx ]}}

Both systems modulatorSystem and power2System yield the same result:

In[74] : = SameQly, y2]

Qut[74]= True

9. Examples of Discrete System Implementation

9.1. Adaptive LMS System

System ldentification using Adaptive Filters

Adaptive filters can be used to identify an unknown system. If the impulse response of the unknown system has a finite
duration, FIR filters can be used to model the unknown system. Least mean squares (LMS) algorithm can be used to
determine the coefficients of such FIR filters.

Two sequences should be known for designing an adaptive filter:

1) the input sequence to the unknown system, inputSignal, and

2) the output sequence from the unknown system, desiredSignal.
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LMS algorithm is used to determine the coefficients of the FIR filter that has approximately the same response il -
teredSignal as the unknown system. For the same input inputSignal to the unknown system and the adaptive
FIR filter, when the difference

errorSignal = desiredSignal - filteredSignal

goesto zero and remains there, we achieve a perfect adaptation.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
Needs [" Schemati cSol ver ™" ];

In the figure below, the unknown system is placed in parallel with the adaptive filter.

identificationSystem= {
{"I'nput", {2, 10}, "inputSignal"},
{"Block", {{2, 10}, {12, 10}}, "Unknown\n Systeni,

"", El ement Si ze -» {4, 3}, PlotStyle » {{Hue[1]}, {Hue[l1}}},
{"Block", {{2, 4}, {12, 4}}, "Adaptive\n Filter", "", Element Si ze -» {4, 3}},
{"Line", {{2, 10}, {2, 4}}},

{"Adder", {{10, 73}, {12, 4}, {17, 73}, {12, 10}},

{0, -1, 2, 1}, "", ElenentSi ze » {2, 2}},
{"Qutput", {12, 10}, "desiredSignal "},
{"Qutput", {12, 4}, "filteredSignal "},
{"Qutput", {17, 7}, "errorSignal "},

{("Polyline", ({17, 7}, {17, 1}, {7, 1}, {7, 2}}},

{"Arrow', {{7, 2.5}, {7, 2}}}};

ShowSchenati c[% Pl ot Range » {{-3, 22}, {0, 12}},
Font Si ze - 11, Gi dLi nes » None, Frane - Fal seJ;

Unknown
System

inputSignal e desiredSignal

errorSignal

Adaptive
Filter

filteredSignal

We use the following notation:

inputSignal isthesignal that isfed to the unknown system and to the adaptive FIR filter.
desiredSignal isthe signa at the output of the unknown system.

filteredSignal isthesignal at the output of the adaptive FIR filter.

errorSignal isthe difference of the desired signal and the filtered signal.

Example Unknown System

Assume that the unknown system can be represented by the following schematic:
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par anet er Synbol s = Uni t Synbol i cSequence[8, b, 0] // SequenceToli st

(b0, bl, b2, b3, b4, b5, b6, b7}

{unknownSyst enschenati ¢, i npCoords, out Coords} =
Di rect FornFl RFi | t er Schemat i ¢ [par anet er Synbol s1;

Set Opt i ons [Dr awEl enent, Pl ot Styl e - DrawEl enent Pl ot St yl eLi ght ];

unknownSyst em=Joi n[
unknownSyst enSchenmat i c,
{{"I'nput", inpCoords[[1]], X},
{"CQutput", outCoords[[1]], Y}}1;
ShowSchenati c[% Font Size -» 7, Pl ot Range » {{-2, 25}, {-2, 6}}1;

6

5,

4+ + H—@ ¥ H—@ ¥ Y
3,

2,

1,b0 bl b2 b3 b4 b5 b6 b7

0 2 4 6 8 10 12 14 16 18 20 22 24
The system summary, generated by DiscreteSystemImplementationSummary, points out the system input,
initial state, parameter set, output, and final state.

Di scret eSyst em npl ement at i onSunmary [unknownSyst em]
Input: {Y[{0, 0}]}

Initial state:
{Y[{3, 0}], Y[{6, O}], Y[{9, 0}], Y[{12, O}], Y[{15, O}], Y[{18, O}], Y[{21, 0}]}

Paraneter: (b0, bl, b2, b3, b4, b5, b6, b7}
Qut put: {Y[{23, 4}7}

Fi nal state:
{Y[{O, 0}], Y[{3, 0}], Y[{6, 0}], Y[{9, 0}], Y[{12, O}], Y[{15, O}], Y[{18, 0}]}

Notice that the assumed unknown system has 8 parameters (8 multiplier coefficients).

Specify Parameters of the Unknown System and the Input Signal

L et us define the numeric values of the system parameters

par anet er Val ues = {-0. 005, -0.02, 0.1, 0.4, 0.5, 0.08, -0.03, -0.002};
par anet er Substituti on = par anet er Synbol s - par anet er Val ues // Thread

{b0 - -0.005, bl -0.02, b2-50.1, b3-0.4, b4-0.5, b5-0.08, b6 - -0.03, b7 - -0. 002}
and the input data
i nput Data = {-0. 0026, -0.1111, 0.0751, 0.05, -0.0517,
-0. 0559, -0.0753, 0.0926, -0.0249, -0.015, -0.1258, 0.0313, 0.2690,
0.0290, -0.1423, 0.0247, -0.1436, 0.0149, -0.1693, 0.0719, 0};

Theinput signal is a sequence that is obtained from the input data as
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i nput Si gnal = Li st ToSequence[i nput Dat a]

({-0.0026}, {-0.1111}, {0.0751}, {0.05}, {-0.0517}, {-0.0559}, {-0.0753},
(0.0926}, {-0.0249}, {-0.015}, {-0.1258}, {0.0313}, ({0.269}, {0.029},
(-0.1423}, (0.0247}, {-0.1436}, {0.0149)}, {-0.1693}, {0.0719}, {(0}}
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Symbolic Response of the Unknown System

We can compute the desired signal for symbolic parameters:

desi redSi gnal Synbol i ¢ = Di scr et eSyst enSi mul ati on[unknownSyst em i nput Si gnal ]

({-0.0026 b0}, {-0.1111b0 - 0. 0026 b1},

{0.0751 b0 - 0.1111 b1 - 0. 0026 b2}, {0.05b0 +0.0751 bl - 0.1111 b2 - 0. 0026 b3},

(-0.0517 b0 + 0. 05 bl + 0. 0751 b2 - 0. 1111 b3 - 0. 0026 b4},

(-0. 0559 b0 - 0. 0517 b1 + 0. 05 b2 + 0. 0751 b3 - 0. 1111 b4 - 0. 0026 b5},

{-0.0753 b0 - 0. 0559 b1 - 0. 0517 b2 + 0. 05 b3 + 0. 0751 b4 - 0. 1111 b5 - 0. 0026 b6},

(0. 0926 b0 - 0. 0753 b1 - 0. 0559 b2 - 0. 0517 b3 + 0. 05 b4 + 0. 0751 b5 - 0. 1111 b6 - 0. 0026 b7},
(-0. 0249 b0 + 0. 0926 b1 - 0. 0753 b2 - 0. 0559 b3 - 0. 0517 b4 + 0. 05 b5 + 0. 0751 b6 - 0. 1111 b7},
(-0. 015 b0 - 0. 0249 b1 + 0. 0926 b2 - 0. 0753 b3 - 0. 0559 b4 - 0. 0517 b5 + 0. 05 b6 + 0. 0751 b7},
(-0.1258 b0 - 0. 015 b1 - 0. 0249 b2 + 0. 0926 b3 - 0. 0753 b4 - 0. 0559 b5 - 0. 0517 b6 + 0. 05 b7},
{0.0313 b0 - 0. 1258 b1 - 0. 015 b2 - 0. 0249 b3 + 0. 0926 b4 - 0. 0753 b5 - 0. 0559 b6 - 0. 0517 b7},
(0. 269 b0 + 0. 0313 bl - 0. 1258 b2 - 0. 015 b3 - 0. 0249 b4 + 0. 0926 b5 - 0. 0753 b6 - 0. 0559 b7},
{0.029 b0 +0.269 bl + 0. 0313 b2 - 0. 1258 b3 - 0. 015 b4 - 0. 0249 b5 + 0. 0926 b6 - 0. 0753 b7},
(-0.1423 b0 + 0. 029 bl + 0. 269 b2 + 0. 0313 b3 - 0. 1258 b4 - 0. 015 b5 - 0. 0249 b6 + 0. 0926 b7},
(0. 0247 b0 - 0. 1423 b1 + 0. 029 b2 + 0. 269 b3 + 0. 0313 b4 - 0. 1258 b5 - 0. 015 b6 - 0. 0249 b7},
(-0.1436 b0 + 0. 0247 b1 - 0. 1423 b2 + 0. 029 b3 + 0. 269 b4 + 0. 0313 b5 - 0. 1258 b6 - 0. 015 b7},
{0.0149 b0 - 0. 1436 b1 + 0. 0247 b2 - 0. 1423 b3 + 0. 029 b4 + 0. 269 b5 + 0. 0313 b6 - 0. 1258 b7},
(~0.1693 b0 + 0. 0149 b1 - 0. 1436 b2 + 0. 0247 b3 - 0. 1423 b4 + 0. 029 b5 + 0. 269 b6 + 0. 0313 b7},
{0.0719 b0 - 0. 1693 b1 + 0. 0149 b2 - 0. 1436 b3 + 0. 0247 b4 - 0. 1423 b5 + 0. 029 b6 + 0. 269 b7},
(0.0719 b1 - 0. 1693 b2 + 0. 0149 b3 - 0. 1436 b4 + 0. 0247 b5 - 0. 1423 b6 + 0. 029 b7} }

In addition, we can compute the desired signal for numeric system parameters:

desi redSi gnal =desiredSi gnal Synbolic /. paraneter Substitution

({0.000013}, {0.0006075}, {0.0015865}, {-0.013902}, {-0.0389715}

(-0.0194045}, {0.0450645}, ({0.0091192}, {-0.0554983}, {-0.0540232)
(-0.005192}, {0.0329559}, {-0.0232222}, {-0.0648344}, {-0.0239867},
(0.119308}, (0.138402}, {-0.0163199}, {-0.0808941}, {-0.0533655}, {-0.078021})

SchematicSolver Version 2.0 www.schematicsolver.com



189

Symbolic Identification of Parameters of the Unknown System

We assumed that the unknown system has 8 parameters. Therefore, 8 equations are required to determine the parameters.

For given inputSignal and desiredSignal we set up the linear system of equations and compute the unknown
system parameters. For example, for 8 samples starting from the Sth sample, we obtain

i = 9;

Sol ve[{desi redSi gnal Synbolic[[i]] ==desiredSignal [[i]],
desi redSi gnal Synbolic[[i +1]] ==desiredSignal [[i +111,
desi redSi gnal Synbolic[[i +2]] ==desiredSignal [[i +2]11,
desi redSi gnal Synbolic[[i +3]] ==desiredSignal [[i +311,
desi redSi gnal Synbolic[[i +4]] ==desiredSignal [[i +4]11,
desi redSi gnal Synmbolic[[i +5]] ==desiredSignal [[i +5]]1,
desi redSi gnal Synmbolic[[i +6]] ==desiredSignal [[i +6]]1,
desiredSi gnal Synmbolic[[i +7]] ==desiredSignal [[i +7]1},

par anet er Synbol s]

{{b0 - -0.005, b1+ -0.02, b2-50.1, b3-50.4, b4 0.5, b5-0.08, b6 - -0.03, b7 - -0.002}}

The same result appears if we take the 8 samples starting from the 11th sample:

i = 11;

Sol ve[{desi redSi gnal Synbolic[[i]] ==desiredSignal [[i]],
desi redSi gnal Synbolic[[i +1]] ==desiredSignal [[i +111,
desi redSi gnal Synbolic[[i +2]] ==desiredSignal [[i +2]11,
desi redSi gnal Synbolic[[i +3]] ==desiredSignal [[i +311,
desi redSi gnal Synbolic[[i +4]] ==desiredSignal [[i +4]11,
desi redSi gnal Synmbolic[[i +5]] ==desiredSignal [[i +5]]1,
desi redSi gnal Synmbolic[[i +6]] ==desiredSignal [[i +6]]1,
desiredSi gnal Symbolic[[i +7]1] ==desiredSignal [[i +7]1},

par anet er Synbol s]

{{b0 - -0.005, b1 -0.02, b2-50.1, b3-50.4, b4-0.5, b5-0.08, b6 - -0.03, b7 > -0.002}}
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Adaptive System

First, we draw smaller parts that constitute the adaptive system. Here isthe basic stage:

st ageSubsystem = {{"Qutput", {5, 7}, aK, "", TextOffset » {0, -1}},
{"Mdul ator", {{3, 2}, {4, 1}, {5, 2}, {4, 3}}, {1, 1, 0, 231},
{"Mdul ator", {{3, 8}, {4, 7}, {5, 8}, {4, 9}}, {1, 1, 0, 2}},
{"Adder", {{3, 4}, {4, 3}, {5, 7}, {4, 5}}, {0, 1, 1, 231},
{"Adder", {{3, 10}, {4, 93}, {6, 10}, {4, 1133}, {1, 1, 2, 03},
{("Line", {{3, 0}, {3, 2}}}, {"Line", {{3, 2}, {3, 8}}},

{("Line", {{4, 7}, {5, 7}}}, {"Line", {{1, 1}, {4, 1}}},
{"Delay", {{0, 0}, {3, 0}}, 1}, {"Delay", {{4, 5}, {4, 7}}, 1}},
ShowSchenati c[% Pl ot Range -» {{-2, 24}, {-1, 11}}1;

11
10+
9l

OFRL NWAOUOITO N

0O 2 4 6 8 10 12 14 16 18 20 22 24
The input and the output parts of the adaptive system look like these:

i nput Subsystem = {{"Qutput", {2, 7}, a0, "", TextOffset » {0, -1}},
{"Mdul ator", {{0, 23}, {1, 1}, {2, 23}, {1, 333}, {1, 1, 0, 23},
{"Mdul ator", {{0, 8}, {1, 7}, {2, 8}, {1, 933}, {1, 1, 0, 231},
{"Adder", {{0, 4}, {1, 3}, {2, 7}, {1, 533}, {0, 1, 1, 231},
{"Line", {{0, 0}, {0, 2}}}, {"Line", {{0, 2}, {0, 8}}},

{"Line", {{1, 7}, {2, 73}}}, {"Line", {{1, 9}, {1, 103}, {3, 10}}},
{("I'nput”, {0, 0}, X}, {"Delay", {{1, 5}, {1, 7}}, 11},
ShowSchenati c[% Pl ot Range -» {{-2, 24}, {-1, 11}}1;

OFRLNWRARIOTO N

0 2 4 6 8 10 12 14 16 18 20 22 24
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out put Subsystem = {{"lInput", {7, 9}, Xd, "", TextOffset » {0, 1}},
{"Multiplier", {{9, 10}, {9, 1}}, m},
{"Adder", {{6, 103}, {7, 9}, {9, 103}, {7, 1133}, (-1, 1, 2, 03},
{"Qutput", {9, 10}, Ye},

{"Qutput", {6, 10}, Yf, "", TextOffset » {0, 1}}, {"Line", {{9, 1}, {4, 1}}}};
ShowSchenatic[% Pl ot Range -» {{-2, 24}, {-1, 11}}1;
11
10 r%)ﬁﬁve
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We generate the adaptive system by replicating the basic stage and by adding the input and the output parts:

nunber O St ages = 7;
adapti veSyst em= Transl at eSchenat i c [out put Subsystem { (nurmber O St ages - 1) 3, 0}1];
adapti veSyst em=Joi n[adapti veSyst em i nput Subsystem];
Do [adapti veSyst em= Joi n[adapti veSystem Transl at eSchenati c [st ageSubsystem/.
aK -» ToExpression["a" ~StringJoin~ToString[k]], {(k-1)=*3, 0}11;
, {k, nunber O St ages}];
ShowSchenat i c [adapti veSyst em Pl ot Range » {{-2, nunber O St ages »3 + 8}, {-1, 11}}];

11

10t D1 Ye
9+ Vit

8t a2 a7 Xd

50 ! ]

6 71 73

5| l \/m
ar © ©

27 & &9

0 7

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
The system summary points out the input, initial state, parameter set, output, and final state of the adaptive system.
Di scret eSyst em npl enent ati onSummar y [adapt i veSyst em]

Input: {Y[{25, 9}], Y[{O, 0}1}

Initial state: {Y[{1, 7}], Y[{3, 0}], Y[{4, 7}], Y[{6, 0}],
YU{7, 731, Y[{9, 0}], Y[{10, 7}], Y[{12, O}], Y[{13, 7}], Y[{15, O}],
Y[{16, 7}], Y[{18, 0}], Y[{19, 7}], Y[{21, O}], Y[{22, 7}]}

Paranmeter: {mj

Qutput: {Y[{27, 10}], Y[{24, 10}, Y[{1, 7}1, Y[{4, 7}],
YI{7, 737, Y[{10, 73], Y[{13, 7}], Y[{16, 7}], Y[{19, 7}], Y[{22, 7}]}

Final state: {Y[{1, 5}], Y[{O0, O}], Y[{4, 5}], Y[{3, 0}7],
Y[{7, 5}], Y[{6, 0}], Y[{10, 5}], Y[{9, 0}], Y[{13, 5}], Y[{12, O}],
Y[{16, 5}], Y[{15, 0}], Y[{19, 5}], Y[{18, O}], Y[{22, 5}]}
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errorSignal appearsat Y[{27,10}] and FilteredSignal appearsat Y[{24,10}].

The adaptive filter coefficients are computed from the signals at the remaining outputs Y[{1,7}1, Y[{4.7}],
YI{7,7}], Y[{10,7}]1, Y[{13,7}], Y[{16,7}], Y[{19,7}] and Y[{22,7}].

Specifying the Parameter of Adaptive System

Assume the numeric value of the system parameter
nD = 0. 4;
Input sequence to the adaptive system is the multiplex sequence formed by desiredSignal and inputSignal.

inpSeq = Mul ti pl exSequence [desiredSi gnal, inputSignal ];
%// Matri xForm

0.000013 -0.0026
0.0006075 -0.1111
0.0015865 0.0751
-0. 013902 0. 05
-0. 0389715 -0.0517
-0. 0194045 -0.0559
0. 0450645 -0.0753
0.0091192 0.0926
-0. 0554983 -0.0249
-0. 0540232 -0.015
-0.005192 -0.1258
0.0329559 0.0313
-0. 0232222 0.269
-0.0648344 0.029
-0. 0239867 -0.1423
0. 119308 0. 0247
0. 138402 -0.1436
-0.0163199 0.0149
-0.0808941 -0.1693
-0. 0533655 0.0719
-0. 078021 0

Processing with Adaptive System
The input sequence to the adaptive system is processed for the specified parameter as follows:
out Seq = Di screteSystenti nul ati on[adaptiveSystem/. m-nD, i npSeq];

The output sequence from the adaptive system consists of 10 sequences: errorSignal, FilteredSignal, and 8
sequences that have the values of adapted coefficients at each processing step.

{errorSignal, filteredSignal, a0Seq, alSeq, a2Seq, a3Seq, a4Seq, a5Seq, a6Seq, a7Seq} =
Derul ti pl exSequence[out Seq];
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SequencePl ot [error Si gnal ];

0.05 ¢

-0.05 ¢

The error signal increases because the coefficients are very small at the beginning of the adaptive process. The number of
processed samples should be larger.

coef Seq = Mul ti pl exSequence [a0Seq, alSeq, a2Seq, a3Seq, a4Seq, a5Seq, a6Seq, a7Seq];
SequencePl ot [coef Seq, Pl ot Joi ned -» True, StenPl ot - Fal se];

0.02 ¢

0.01¢

-0.01 ¢

-0.02 ¢

The values of the adapted coefficients at the end of the process are

coef Val ues = coef Seq // Last

{-0.00347891, -0.0136919, -0.0070148,
0. 0243012, 0. 0275463, -0.00605629, -0.021713, -0. 00644811}

Finding Adapted Coefficients

The coefficients of the adaptive system can be successfully found if the input data has sufficient number of samples. Let
us repeat the same procedure with 160 random samples.

i nput Si gnal 2 = Uni t Noi seSequence [1607;
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desi redSignal 2 =
Di scret eSyst enfSi mul ati on[unknownSyst em/. paraneter Substitution, i nputSi gnal 27;

inpSeq2 = Mul ti pl exSequence [desi redSi gnal 2, i nput Si gnal 27;
out Seq2 = Di scret eSyst enti nul ati on[adapti veSystem/. m- nD, i npSeq2];

{errorSignal 2, filteredSignal 2, a0Seq2, alSeq2, a2Seq2, a3Seqz2,
a4Seq2, abSeq2, a6Seq2, a7Seq2} = Denul ti pl exSequence[out Seq2];
SequencePl ot [error Si gnal 27];

0.2}
N‘ ‘T‘T or? Sonms Sonin
Py & O NN\
ﬁ 50 75 100 125 150
0.2
0.4

The error signal converges to zero after, say, 100 samples.
coef Seq2 =

Mul ti pl exSequence [a0Seq2, alSeq2, a2Seq2, a3Seq2, a4Seq2, a5Seq2, a6Seq2, a7Seq2];
SequencePl ot [coef Seq2, Pl ot Joi ned » True, StenPl ot - Fal se];

0.5+

Wles DT e

-0.1+
The values of the coefficients of the adaptive system converge to

coef Val ues2 = coef Seq2 // Last

{-0. 00500044, -0.0200021, 0.100004,
0. 400004, 0.499999, 0. 0800009, -0.0300005, -0.00200969}
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and are close to the assumed parameters of the example unknown system

coef Error 2 = coef Val ues?2 - par anet er Val ues

{-4.43942 x1077, -2.09705x10°%, 4.01344x10°%, 3.93388x10°°,
-6.8361x1077, 8.60554x107, -5.14236x1077, -9. 69096 x10°%}

Benefits of SchematicSolver
SchematicSolver clearly visualizes the sophisticated adaptive a gorithm.

SchematicSolver symbolically processes data samples keeping the system parameters as symbols. Consequently, we can
identify the parameters of the unknown system with small number of samples.

In addition, SchematicSolver can process samples in a traditional numerical way, which requires large number of
samples.
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9.2. Automatic Gain Control

Automatic Gain Control (AGC) system scales the signal to a required level. AGC is typicaly handled in the analog
domain to properly scale the signal for analog-to-digital (A/D) conversion because A/D converters have a limited
dynamic range. If the signal strength is too high, the A/D conversion process will introduce a type of distortion known as
clipping. If the signal strength is too low, the signal variations will toggle only a few bits at the A/D, and distortion will
occur because of severe quantization.

Many systems implement AGC in the digital domain for fine signal scaling. AGC is an adaptive system that operates
over awide dynamic range while maintaining the output signal at a nearly constant level. AGC is needed because some
systems use amplitude thresholds to make decisions. These thresholds must remain constant over the entire dynamic
range of input signals. This is achieved through use of an AGC system that adjusts the signal gain according to the actual
input signal level.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
Needs [" Schemati cSol ver ™" ];

Hereis an example AGC system:
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agcSystem= {{"I nput", {0, 0}, X3},
{"Qutput", {4, 03, "Y', "", Text(ffset » {0, -1}},
{"Qutput", {1, 13, "g", "", TextOffset » {1, 0}},
{"Qutput", {14, 6}, "esti mPower"},
{"Multiplier", {{8, 9}, {3, 9}}, m},
{"Multiplier", {{4, 0}, {7, 0}}, c},
("Mltiplier", {{9, 0}, {11, 0}}, 2a},
{"Multiplier", {{12, 3}, {12, 1}}, 1-a},

{"Function", {{1, 4}, {1, 13}, Exp, "", ElenentSize » {2, 2}},
{"Function", {{14, 9}, {8, 9}}, Log, "", ElenentSize » {2, 1.5}},
{"Function", {{14, 6}, {14, 93}}, F, "", ElenentSi ze » {2, 2}},

{"Adder", {{0, 8}, {1, 7}, {3, 4}, {3, 933}, {0, 2, 1, -13}3},
{"Adder", {{11, 0}, {11, -13, {14, 63, {12, 1313}, {1, 0, 2, 1}},
{"Mdul ator", {{0, 0}, {1, -1}, {4, 03}, {1, 133}, {1, 0, 2, 1313},
{"Mdul ator", {{7, 0}, {8, -1}, {9, 0}, {7, 133}, {1, 0, 2, 1}3},
{"Line", {{1, 4}, {3, 4}}}.,
{"Line", {{12, 6}, {14, 6}}},
{"Line", {{7, 0}, {7, 1}}}.
{"Delay", {{1, 7}, {1, 4}}, 13},
{"Delay", {{12, 6}, {12, 3}}, 1}};

ShowSchenatic[% Pl ot Range -» {{-2, 18}, {-2, 11}}1;

10 ¢

<} ~| Log

0 2 4 6 8 10 12 14 16 18

The system summary, generated by DiscreteSystemImplementationSummary, points out the system input,
initial state, parameter set, output, and final state.
Di scret eSyst em npl enent at i onSunmmary [agcSyst em]

Input: {Y[{O0, 0}]}

Initial state: (Y[{1, 4}], Y[{12, 3}]}

Paranmeter: {a, ¢, F, m}

Qutput: {Y[{4, 0}, Y[{1, 1}], Y[{12, 6}]}

Final state: {Y[{1, 7}], Y[{12, 6}]}
Theinput signal X ismultiplied by a variable gain signal g. Y isthe output signal that we call the scaled signal. We have
used the Modulator element, instead of the Multiplier element, to multiply X by g because g is not a constant. The scaled
signa, Y, is multiplied by itself, by using another Modulator element, to obtain the signal power. The average power is

computed by using a first order IIR filter that consists of two multipliers (with coefficients 2a and (1-a)), an adder and
aDelay element. The maximal level of the scaled signal can be controlled by another multiplier with coefficient c. If the
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average power is too small, the gain g is approximately equal to 1. If X increases, the average power also increases, g
goesto zero, and Y iskept in the predefined range.

The AGC system should ignore small input signal levels. If the level of the input signal istoo low (no input signal or
noise) the gain should be set to 1. The corresponding nonlinear function for this purpose is defined as follows:

clippingFunction[x_]:= x* (1+Sign[x-0.02])/2 +
(1-Sign[x -0.02]1) /2;

Consider an example AGC system with the following parameters:

paraneters = {
a - est i mat ePower Par anet er,
c > 1/nom nal Level
m- | oopGai nPar anet er,
F - cl i ppi ngFuncti on};

noni nal Level =0.5;
| oopGai nPar anmet er = 0. 015;
est i mat ePower Par aneter = 0. 1;

Assume the following input signal:
nunmber O Sanpl es = 400;

i nput Sequence = nom nal Level *Unit Si neSequence [nunber O Sanpl es, 0.4] »
(Uni t St epSequence [nunber O Sanpl es] -
0. 7 % Uni t St epSequence [nunber O Sanpl es, 70] +
1.5 % Uni t St epSequence [nunber OF Sanpl es, 200]) *
Uni t St epSequence [nunber O Sanpl es, 20];

In this case, you can plot the discrete signals more clearly by setting the SequencePlot options to StemPlot—
False and PlotJoined-True.

Set Opt i ons [SequencePl ot, StenPl ot » Fal se, Pl ot Joi ned » True];

SequencePl ot [i nput Sequence, Pl otLabel -» "I nput sequence"];

| nput sequence

0.75¢

0.5¢

0.25¢

-0.25 ¢

-0.75 ¢
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DiscreteSystemSimulation finds the system output: the scaled signal, the gain signal, and the estimated-power
signal.

out put Sequence = Di scr et eSyst enSi nul ati on[agcSystem/. paraneters, inputSequence];

SequencePl ot [out put Sequence];
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The scaled signal is plotted in blue, the gain signal is plotted in red and the estimated average power is plotted in green.

SequencePl ot [out put Sequence, Pl ot Range » {0, 1.2 xnom nal Level }1;

'(

100 200 300 400

Note that the AGC system adjusts the gain and tries to scale the signal to the given level

nom nal Level

0.5
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9.3. Quadrature Amplitude Modulation

Introduction

Quadrature Amplitude Modulation (QAM) is awidely used method for transmitting digital data over bandpass channels.
The simulation of asimplified and idealized QAM system follows.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with

Needs [" Schemati cSol ver ™" ];

We shall adjust some options to obtain better appearance of the example schematics:

Set Opt i ons [l nput Not ebook[], | nageSi ze » {350, 250}1];
Set Opt i ons [ShowSchenmati c, Font Si ze - 107;
Set Opt i ons [SequencePl ot, StenPl ot » Fal se, Pl ot Joi ned » True];

QAM Transmitter

The basic QAM transmitter can be represented by the schematic modulatorQAM

nmodul at or QAM = {{"Pol yl i ne", {{1.5, 2.5}, {56.5, 2.5}, {5.5, 12}, (1.5, 123}, {1.5, 2.5}},
Pl ot Styl e » {{R&BCol or [0, 1, 0]}, {RGBColor [0, .7, 0]1}}},
{"Mdul ator", {{2, 5}, {3, 4}, {4, 5}, {3, 6}}, {1, 1, 2, 033},
{"Mdul ator", {{2, 9}, {3, 8}, {4, 9}, {3, 1033}, {1, 0, 2, 133,
{"Adder", {{3, 73}, {4, 5}, {6, 7}, {4, 9}}, {O, -1, 2, 1}, ""},
{"Line", {{1, 9}, {2, 9}}}, {"Line", {{1, 5}, {2, 5}}}, {"Input”, {1, 5}, xQ},

{"lnput", {1, 9}, xI}, {"Input", {3, 4}, sinhM, "", TextOFfset » {0, 1}},
{"I'nput", {3, 10}, cosh, "", TextOFfset - {0, -1}1}};
ShowSchenati c[% Pl ot Range » {{-1, 8}, {2, 13}}1;
13
12 T T
| |
| |
11 i cosMc 1
|
10 | 1
|
| |
9 xI : |
| |
| |
8 i ;
|
| |
7 - O
|
6 1 a 1
1 1
5 xQ 1 1
| |
4 | |
|
3 i sinMc i
I A PR R N |

X1 is the in-phase signal and xQ is the quadrature signal. x1 and xQ are modulated by the quadrature carriers cosMc
and sinMc and subtracted to form the transmitted QAM signal.
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QAM Receiver: Stage 1

The received signal is modulated by the locally generated quadrature carriers cosDsc and sinDsc to demodulate the

signal to two baseband signals.

receiverl =
{{"Line", ({6, 7}, {7, 7}}}, {"Line", ({7, 7}, {7, 5}}}, {"Line", {{7, 7}, {7,
{"Polyline", {{6.3, 2.5}, {9.3, 2.5}, {9.3, 12}, {6.3, 12}, {6.3, 2.5}},
Pl ot Styl e » {{R&BCol or [0, 1, 0]}, {RGBColor [0, .7, 0]1}}},
{"Modul ator", {{7, 5}, {8, 4}, {10, 5}, {8, 6}}, {1, 1, 2, 0}},
{"Mdul ator", {{7, 9}, {8, 8}, {10, 9}, {8, 10}}, {1, 0, 2, 1}},

{"I'nput", {8, 4}, sinbDsc, "", TextOfset » {0, 1}},
{"I'nput", {8, 10}, cosDsc, "", TextOfset -» {0, -1}1}};
ShowSchenati c[% Pl ot Range » {{4, 12}, {2, 13}}1;
13
12 r777777777777
| |
11 . cosDsc
10 | |
o | 1
1 1
8 | |
R
6 | |
| |
5 |
4 | |
3 i sinDsc i
| |

5 6 7 8 9 10 11 12

QAM Receiver: Stage 2

The in-phase and quadrature signals are detected at the output of the lowpass filter:

par anet er Synbol s = Uni t Synbol i cSequence[6, ¢, 0] // Fl atten;
par armet er Val ues = {-0. 10744, 0.18315, -0.62626, -0.62626, 0.18315, -0.10744};
par anet er Substituti on = par anet er Synbol s - par anet er Val ues // Thread

{c0 - -0.10744, c1 - 0.18315, c2 > -0.62626, c3 > -0.62626, c4 - 0.18315, c5- -0

{l owPassFilter Schemati cl, i npCoordsl, out Coordsl} =
Hal f bandDi r ect For I RFi | t er Schenat i c [par anet er Synbol s, {2, 6}1;

Set Opt i ons [Dr awEl enent, Pl ot Styl e - DrawEl enent Pl ot St yl eLi ght ];

9}11},

. 10744
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| owPassFilter =Join[
| owPassFilterSchematicl,
{{"Line", {inpCoordsl1[[1]], inpCoords1[[1]] + {0, 4}}},
{"CQutput", outCoords1[[1]]1, Y}}1;
ShowSchemati c[% Font Si ze » 7, Frane - Fal seJ;

QAM Transmitter/Receiver System

The simplified ideal QAM modulator and demodulator can be represented by the schematic ideal SystemQAM

i deal Syst emQAM=Joi n[
nodul at or QAM
recei verl,
Transl at eSchemati c[l owPassFilter /. Y- "yQ', {8, -5}],
Transl at eSchemati c[l owPassFilter /. Y-"yl", {8, 3}]
1

ShowSchemati c[% Font Si ze » 7, Frane - Fal se];

= 1 1 1 =
£ 7 7 £

Implementation of QAM

The system summary, generated by DiscreteSystemImplementationSummary, points out the system input,
initial state, parameter set, output, and final state.

Di scret eSyst em npl enent ati onSunmary [i deal Syst enQAM];
Input: {Y[{1, 5}1, Y[{1, 931, Y[{3, 4}], Y[{3, 10}], Y[{8, 4}], Y[{8, 10}]}
Initial state: {Y[{14, 1}], Y[{16, 1}], Y[{16, 7}], Y[{18, 1}], Y[{20, 1}],

]
Y[{20, 7}], Y[{22, 1}], Y([{24, 1}], Y[{24, 7}], Y[{26, 1}], Y[{28, 1}], Y[{28, 7}],
Y[{30, 1}], Y[{32, 1}1, Y[{35, 7}], Y[{14, 9}], Y[{16, 9}], Y[{16, 15}],
Y[{18, 9}], Y[{20, 9}1, Y[{20, 15}, Y[{22, 9}], Y[{24, 9}], Y[{24, 15}],
Y[{26, 9}], Y[{28, 9}], Y[{28, 15}], Y[{30, 9}1, Y[{32, 9}], Y[{35, 15}]}

Parameter: {cO, cl, c2, c3, c4, c5}
Qutput: {Y[{38, 6}], Y[{38, 14}]}

Final state: {Y[{10, 1}], Y[{14, 1}], Y[{10, 1}], Y[{16, 1}], Y[{18, 1}],
Y[{16, 7}], Y[{20, 1}7], Y[{22, 1}], Y[{20, 7}7, Y[{24, 1}], Y[{26, 1}], Y[{24, 7}],

]
Y[{28, 1}], Y[{30, 1}], Y([{28, 7}], Y[{10, 9}], Y[{14, 9}], Y[{10, 9}],
Y[{16, 9}], Y[{18, 9}], Y[{16, 15}], Y[{20, 9}1, Y[{22, 9}], Y[{20, 15}],
Y[{24, 9}], Y[{26, 9}], Y[{24, 15}], Y[{28, 9}], Y[{30, 9}], Y[{28, 15}]}
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DiscreteSystemImplementationEquations isused to extract the system input, initial state, and parameter set:

eqgns = Di scret eSyst eml npl enent at i onEquat i ons[i deal Syst emQAM];
nunmber O | nput s = Length[eqns[[1]]];

initial Conditions =0xeqns[[2]]

systenParaneters = eqns[[3]]

{0, 0,0 0 0,0000600000000008©000000 0000 0 0}

{c0, cl1, c2, c3, c4, c5}
DiscreteSystemImplementation creates a Mathematica function that implements the system:

Di screteSyst em npl enent ati on[i deal SystemQAM "i npl enent ati onQAM' 1;
I mpl enent ati on procedure nane: inplenmentati onQAM
| mpl enent ati on procedure usage:

{{Y38p6, Y38pl4}, {Y1Opl, Y14pl, Y1Opl, Y1i6pl, Y18pl, Y16p7, Y20pl, Y22p1l,
Y20p7, Y24pl, Y26pl, Y24p7, Y28pl, Y30pl, Y28p7, Y10p9, Y14p9, Y10p9,
Y16p9, Y18p9, Y16pl5, Y20p9, Y22p9, Y20pl5, Y24p9, Y26p9, Y24pl5,
Y28p9, Y30p9, Y28pl5}} = inplenmentati onQAM] {Y1p5, Y1p9, Y3p4, Y3plo,
Y8p4, Y8pl0}, {Y14pl, Yi6pl, Y16p7, Y18pl, Y20pl, Y20p7, Y22pl, Y24p1l,
Y24p7, Y26pl, Y28pl, Y28p7, Y30pl, Y32pl, Y35p7, Y14p9, Y16p9, Y16pil5,
Y18p9, Y20p9, Y20pl5, Y22p9, Y24p9, Y24pl5, Y26p9, Y28p9, Y28pl5,
Y30p9, Y32p9, Y35pl5}, {c0, cl, c2, c3, c4, c5}] is the tenplate

for calling the procedure. The general tenplate is {outputSanples,
final Conditions} = procedureNane[i nput Sanpl es, initial Conditions,
systenParaneters]. See al so: DiscreteSystem npl enent ati onProcessing

Input Sequence

Consider 100 samples of the signal S of the modem V.34, for a symbol rate of 2400, the carrier frequency 1600 Hz, and
the sampling rate of 8000 Hz:

nunmber O Sanpl es = 100;
Fc = 1600;

Fs = 8000;

Fy = 2400/ 2;

Digita frequency of the in-phase sinusoidal sequence is Fy/Fs (Fy is a haf of the symbol rate), and the quadrature
signal is a step sequence. The quadrature carriers cosMc and sinMc are generated as sinusoidal sequences with the
phase shift of /2.

x|l =Uni t Si neSequence [nunber O Sanpl es, Fy /Fs1;

xQ= Uni t St epSequence [nunber O Sanpl es];

cosM = Uni t Si neSequence [nunber Of Sanpl es, Fc /Fs, Pi /2];
si nMc = Uni t Si neSequence [nunber O Sanpl es, Fc /Fs];

The locally generated quadrature carriers cosDsc and sinDsc are generated as sinusoidal sequences with the phase
shift of (n+n/2).

cosDsc = Uni t Si neSequence [nunber O Sanpl es, Fc /Fs, Pi +Pi /27;
si nDsc = Uni t Si neSequence [nunber O Sanpl es, Fc /Fs, Pi 1;
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Q sequence = Mul ti pl exSequence [xQ x| 1;
SequencePl ot [%];

1
0.5 .
20 | | | | 6 | | 0 | ‘1(‘)0
-0.5 | . |
S y

Here isthe input sequence to the system:
i nput Sequence = Mul ti pl exSequence [Q sequence, sinM, cosM, sinDsc, cosDsc];

Processing

DiscreteSystemImplementationProcessing processes inputSequence with the function implementa-
tionQAM.

{out put Sequence, final Conditions} = Di screteSystemn npl enment ati onProcessing[
i nput Sequence, initial Conditions, systenParaneters, inplenmentati onQAM ;

SequencePl ot [out put Sequence /. paranet er Substitution];

0.6+ | | ‘ ‘

0.2¢

-0.2¢

-0.6¢

The plot demonstrates that we have detected both signals.

Note that the received in-phase sequence has smaller amplitude and that the received quadrature sequence has some
distortion.
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Simulation

The same result is obtained with the SchematicSolver's function DiscreteSystemSimulation:

Di screteSystenSi nmul ation]
i deal Syst emQAM/. par anet er Substituti on, i nput Sequence] // SequencePl ot ;

0.6 ‘ | | ‘

0.2

-0.2¢

-0.6 ¢

QAM System Implementation by Subsystems

Consider a system that can be represented by subsystems, and assume that there are no feedback paths between the
subsystems. We can simulate the system by implementing and simulating the subsystems individually.

In order to process signals with subsystems, the appropriate inputs and outputs should be added to the schematics of the
QAM subsystems. An example follows.
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QAM Transmitter (Modulator)
G ear [xl, xQ cosM, sinM]

nmodul at or SubSyst em= nodul at or QAM~Joi n~ {{"Qutput", {6, 7}, "Y"}};
ShowSchenati c[% Pl ot Range -» {{-1, 8}, {2, 13}}1;

13

2t
11
10

o N 0o ©

ol
P
e)

The transmitted QAM signal, outSeql, is computed by using the schematic of the modulator:

x|l = Uni t Si neSequence [nunber O Sanpl es, Fy /Fs];

xQ= Uni t St epSequence [nunber O Sanpl es];

cosMe = Uni t Si neSequence [nunber O Sanpl es, Fc /Fs, Pi /2];
si nMc = Uni t Si neSequence [nunber O Sanpl es, Fc /Fs];

i npSeql = Mul ti pl exSequence [xQ x|, sinM, cosM];

out Seql = Di scret eSyst enSi mul at i on[nodul at or SubSystem i npSeql];
SequencePl ot [%];

2 4 6 8 100
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QAM Receiver (Demodulator): Stage 1

The transmitted QAM signal is used to compute the two signals at the outputs of the first stage of the demodulator:

Cl ear [cosDsc, sinDsc]

recei ver SubSystem = {{"Input", {6, 7}, X},
{"Qutput", {10, 53}, y23}, {"Qutput", {10, 9}, yl3}}~
Joi n~recei ver1;

ShowSchenati c[recei ver SubSyst em Pl ot Range -» {{4, 12}, {2, 13}}1;

13
12 IR
11 i cosDsc i
10 | |
0 | o
S |
7 XO*;* %
o
st 2
‘ ‘
4 l l
3 i sinDsc i

5 6 7 8 9 10 11 12

cosDsc = Uni t Si neSequence [nunber O Sanpl es, Fc /Fs, Pi +Pi /21;
si nDsc = Uni t Si neSequence [nunber O Sanpl es, Fc /Fs, Pi 1;
i npSeq2 = Mul ti pl exSequence [out Seql, sinDsc, cosDsc];

out Seq2 = Di scret eSyst enSi mul ati on[recei ver SubSystem i npSeq2];
SequencePl ot [%];
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QAM Receiver (Demodulator): Stage 2

The next stage of the demodulator is the lowpass filter. The filter may have feedback paths, but the system do not see the
feedback path if we consider the filter as a subsystem.

filterSubSystem = {{"lnput", {2, 10}, X}}~Join~|l owPassFilter;
ShowSchemati c[% Font Si ze » 7, Frane - Fal se];

The lowpass filter is alinear system and we can compute its frequency response.

{tfMatrix, systeml np, systenCut} =
Di scret eSyst emlr ansfer Function[filterSubSystem/. parameterSubstitution];
tf =tfMatrix[[l, 111 // Sinplify

1

10 (0. 05372 - 0. 09157522 + 0. 31313 z* + 0. 52°% + 0. 31313 z° - 0. 091575 z® + 0. 05372 z7)

Di scret eSyst emvagni t udeResponsePl ot [tf, {0, 0.5}, Pl ot Range -» {-35, 5}1;
5 -

-5l
10|
15[
-20 |
251

- NS

The lowpass filter attenuates the signals at higher frequencies and we can expect the smaller amplitude of sinusoidal
sequences with higher digital frequency. The two sequences at the output of the first stage of the receiver are processed
with two identical filters:

{i npSeq3, i npSeq4} = Demul ti pl exSequence [out Seq2];
out Seq3 = Di screteSystentSi mul ati on[filterSubSystem inpSeq3];

out Seq4 = Di scret eSystentSi nul ation[filterSubSystem inpSeq4];

©2003-2004 Prof Miroslav Lutovac & Prof Dejan Tosic. All rights reserved.



210

Mul ti pl exSequence [out Seq3, out Seq4] /. paraneter Substitution // SequencePl ot;

0.6 ‘ ‘

0.2¢

-0.2¢

-0.4 ¢

-0.6 ¢

The received quadrature and in-phase signals are delayed due to the Delay elements in the filter subsystem.
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9.4. Square-Law Envelope Detector

Sguare-law envel ope detector is a system that demodulates an AM (Amplitude Modulation) signal.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
Needs [" Schemati cSol ver ™" ];

Here is an example square-law envel ope detector system:

envel opeDet ect or System = {
{"Input", {1, 43}, X}, {"CQutput", {17, 4}, Y},

{"Function", {{1, 43}, {5, 4}}, Power2, "", ElenentSize -» {2, 1.6},
Pl ot Styl e » {{RG&BCol or [0, 0.5, 0]}, {RGBCol or [0, O, 11}}},
{"Function", ({13, 43}, {17, 43}3}, Sqgrt, "", ElementSi ze -» {2, 1.6},

Pl ot Styl e » {{RG&BCol or [0.5, 0, 0]}, {RGBCol or [0, O, 11}}},

{"Multiplier", {{8, 4}, {8, 2}}, by,

{"Adder", ({7, 1}, {8, 0}, {9, 13}, {8, 23}3}, {1, 0, 2, 13},

{"Delay", {{5 4}, {8, 4}}, 1}, {"Delay", {{8, 4}, {11, 4}}, 1},

{"Adder", ({11, 43, {9, 1}, ({13, 43}, {12, 533}, {1, 1, 2, 0}},

{"Line", {{5 1}, {7, 1}}}, {"Line", ({5 4}, {5 111}
ShowSchenati c[% Pl ot Range » {{-1, 19}, {0, 6}}1;

Power2 iz iz sort =Y

RN W h oo
X

1 3 5 7 9 11 13 15 17 19
Theinput signa isan AM signa x(n) = (1 + km(n)) c(n), where c(n) = Asin(Zn n E—Z) is called the carrier signal, k isthe
amplitude sensitivity of the modulator, and m(n) = sin(2x n FF—"S‘) is the baseband signal.

nunber Sanpl es = 101;
A=1/Sqgrt [2];

k =0.2;

Fs = 8000;

Fc = 2000 / Fs;

Fm= 400/ Fs;
b=-2+xCos[4*Pi xFc];

m= Uni t Si neSequence [nunber Sanpl es, Fm];
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SequencePl ot [m Pl ot Label - "Baseband signal "1;

Baseband si gnal

SequencePl ot [1 +k *m Pl ot Label - "Mdul ati ng signal"];

Modul ati ng si gnal

0.9

0.8¢
¢ = AxUnit Si neSequence [nunber Sanpl es, Fc];

X=(l+Kk*m %xc;
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SequencePl ot [x, Pl otLabel -»"AM signal "1;

AM si gnal

0.75 i s < o o P
0.5

0.25

>

-0.25 ¢

-0.5¢

-0.75 ¢

L L L L L
DiscreteSystemSimulation finds the envelope signal:
y = Di scret eSyst enf5i mul ati on[envel opeDet ect or System x];

SequencePl ot [y, Pl ot Label - "Detected envel ope"1;

Det ect ed envel ope

20 40 60 80 100

Make sure that the modulating signal and the envelope signal have the same shape:
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SequencePl ot [Mul ti pl exSequence[l+k*m y],
Pl ot Label - "Mbodul ating signal (blue) Detected envel ope (red)",
St enPl ot -» Fal se, Pl otJoi ned -» True];

Modul ating signal (blue) Detected envel ope (red)

0.

0.6 j

0.4

0.2

20 40 60 80 100
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9.5. Nonlinear System with Hysteresis

Introduction

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with

Needs [" Schemati cSol ver ™" ];

We shall adjust some options to obtain better appearance of the example schematics:

Set Opt i ons [l nput Not ebook[],
I mgeSi ze » {350, 250},
| mageMar gi ns » {{0, 0}, {0, 0}}1;

Set Opt i ons [ShowSchenati c,
El enent Scal e » 1,
Font Si ze » Automat i c,
Frane -» True,
Gri dLi nes - Automati c,
Pl ot Range » Al | 1;

Set Opt i ons [Dr awEl enent,

El enent Si ze » {1, 1},

PlotStyle - {
{R@&BCol or [0, 0, 0.7]1, Thi ckness[0.005], PointSize[0.012]},
{R@&BCol or [0, 0, 1], Thickness[0.0035], PointSize[0.01]1}},

ShowAr r owTai | -» Tr ue,

ShowNodes - Fal se,

Text Of f set - Automati c,

Text Styl e » {Font Fam |y - Ti nes, Font Si ze » 10} ];

Set Opt i ons [SequencePl ot, StenPl ot -» Fal se, Pl otJoi ned » True];
Description of Heating System
Let us consider asimple model of the thermodynamics of a house:

ShowSchenat i c [Schemat i cSol ver Fi gur el npl enent at i onExanpl esHouseHeat i ng,
Gri dLi nes -» None, Frane - Fal se]

Outside .
Temperature Inside

Temperature
ﬁ >

The out-door thermometer measures the outside temperature, tempOut, and the in-door thermometer measures the
inside temperature, temp I n. The temperatures have been obtained by taking samples at discrete instants of time. We are
concerned with uniform samples by sampling every T units of time.
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The next sample of the inside temperature is obtained by adding two terms to the current sample of the inside tempera-
ture tempin:

(tempOut - templn) * coefHouse
and

heatOn * coefHeat

coefHouse denotes a parameter of the house, coefHeat denotes a parameter of the heating system, and heatOn can
be 1 (heating system turned on) or O (heating system turned off). The next sample of the cumulative heating cost is
computed by adding unitCost to the cumulative heating cost if the heating system is turned on.

Two-Input Two-Output Linear Heating System

The schematic of the heating system can be drawn according to the system description. First, we use the Input element to
describe the outside temperature tempOut. We employ an adder to perform the operation of subtraction of the outside
temperature and the inside temperature. The difference of those two temperatures is multiplied by coefHouse using the
Multiplier element. Another Input element is used for heatOn and a multiplier is used for multiplying it by coefHeat.
An adder sums the two products. This value is added to the current inside temperature temp I n by using another adder.

The computed value becomes the next sample of the inside temperature, therefore we use the Delay element. The output
of the Delay element is fed back to the adders as the value of the current inside temperature.

The value of heatOn is multiplied by unitCost using the Multiplier element. This value is added to the current
cumulative heating cost by using an adder. The computed cost becomes the next sample of the cumulative heating cost,
therefore we use another Delay element. The output of the Delay element has the value of the current cumulative heating
cost.

SchematicSolver describes a system as alist of elements; this list specifies what elements are in the system and how they
are interconnected. A list describing a system will be referred to as the system specification. Each element in the system
is also described as a list that states what the element is, to which other elements it is connected, and what its valueis. A
list describing an element will be referred to as the element specification.

Here isthe schematic specification of the thermodynamics of a house:
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I i nearHeati ngSystem = {{"lnput", {2, 14}, tenpQut}, {"lnput", {2, 10}, heat On},

{"Qutput", {19, 14}, tenpln},

{"Qutput", {19, 7}, heatCost, "", TextOffset -» {-1, 0}},
{"Adder", {{2, 14}, {3, 13}, {4, 143, {10, 173}3}, {1, O, 2, -1}},
{"Adder", {{7, 143}, {8, 10}, {9, 14}, {8, 1733, {1, 1, 2, 0}},
{"Adder", {{9, 143, {9, 10}, {11, 143}, {10, 173}, {1, 0, 2, 1}},
{"Adder", {{12, 73}, {13, 6}, {14, 73}, {13, 10}3}, {1, O, 2, 1}3},
{"Multiplier", {{4, 14}, {7, 14}}, coef House},

{"Multiplier", {{2, 10}, {8, 10}}, coef Heat },

{"Multiplier", {{2, 7}, {12, 7}}, unitCost},

{"Del ay", {{11, 143, {19, 1433}, 1, "", ElementSi ze » {2, 3/2}},
{"Del ay", {{14, 73}, {19, 7}3}, 1, "", ElenentSize » {2, 3/2}},
{"Line", {{10, 173}, {19, 17}, {19, 14}}},

{"Line", {{2, 7}, {2, 10}}}, {"Line", {{13, 10}, {19, 10}, {19, 7}}},
{"Arrow', {{10, 153, {10, 1733}, {"Arrow', {{3, 15}, {3, 17}}},
{"Arrow', {{13, 83}, {13, 10}}}};

ShowSchenati c[% Pl ot Range » {{-2, 23}, {5, 18}}1;

17 ¢

15}

13 ¢

11 ¢

_ coefHouse
tempOut vl o templn
heatOne-
unitCost
> S z1 =L heatCost

DiscreteSystemImplementationSummary points out the system input, initial state, parameter set, output, and

final state:

Di scret eSyst eml npl emrent ati onSummary [l i near Heat i ngSyst em]

Input: {Y[{2, 14}], Y[{2, 7}]}

Initial state: {Y[{10, 17}], Y[{13, 10}]}
Par anet er: {coefHeat, coef House, unit Cost }
Qutput: (Y[{10, 17}], Y[{13, 10}]}

Final state: ({Y[{1l1, 14}], Y[{14, 7}]}

Simulation: Step Response without Heating

Assume that the outside temperature abruptly changes from zero to 70

t empQut Max = 70;

Here are the first 200 samples of the outside temperature:

nunber O Sanpl es = 200;
i npSeql =t enpQut Max » Uni t St epSequence [nunber O Sanpl es];

Assume no heating
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inpSeq2 = 0 =i npSeql;
MultiplexSequence forms the input sequence to the system:

i nput Sequence = Mul ti pl exSequence [i npSeql, i npSeq2];
For given system parameters

par anet er Val ues = {coef Heat - 1. 022, coef House - 0. 022, unit Cost - 0. 025};
DiscreteSystemSimulation finds the system output, for zero initial conditions, as follows

out put Sequence =
Di screteSystenSi nul ati on[linearHeati ngSystem/. paramet er Val ues, i nput Sequence];

SequencePlot plots outputSequence that contains two signals, the inside temperature (blue) and the cumulative
heating cost (red):

SequencePl ot [out put Sequence,
AxesLabel - {"Sanple", "Inside Tenperature\n& Cunul ative Cost"},
G i dLi nes » {{nunber O Sanpl es}, {tenpQutMax}}];

I nsi de Tenperature
& Cunul ati ve Cost

70 =

60 |

50|

40 |

30+

20}

10¢

Sanpl e
50 100 150 200 P

After 200 samples, the inside temperature is practically equa to the outside temperature. The cumulative heating cost is
zero.

Implementation of Linear Heating System

Software implementation is a sequence of statements that are executed on a general-purpose computer or on a dedicated
hardware.

DiscreteSystemImplementation creates a Mathematica function that implements the system.

Di scret eSystem npl enent ati on[l i near Heati ngSystem "l i near Systenl npl ementati on";
I mpl enent ati on procedure nane: |inearSystem npl enentation

| mpl enent ati on procedure usage:

{{Y10pl7, Y13p10}, {Y1llpl4, Y14p7}} = linearSystem npl enmentation[{Y2pl4,
Y2p73, {Y10pl7, Y13pl0}, {coef Heat, coefHouse, unitCost}] is the tenplate
for calling the procedure. The general tenplate is {outputSanples,
final Conditions} = procedureNane[i nput Sanpl es, initial Conditions,
systenParaneters]. See al so: DiscreteSystem npl enent ati onProcessing
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The name of the implementation function is arbitrary and it is given as the second argument to DiscreteSystemlIm-
plementation. The name of the implementation function is linearSystemImplementation and it should be
enclosed within double quotation marks.

Generating Stimulus: Sine Temperature and Pulse-Train Heating

We can simulate daily temperature fluctuations applying a sinusoidal term with amplitude of 12 to a base temperature of
55. Assume that we sample temperature every minute, and that we observe an interval of two days.

baseTenper at ur e = 55;

anpl i tudeTenperature = 12;
si nePeri od = 60 % 24;
nunmber Of Sanpl es = 60 x 24 % 2;

i npSeql = baseTenper at ure +
anpl i t udeTenper at ur e =« Uni t Si neSequence [nunber O Sanpl es, 1/ sinePeriod];

SequencePl ot [i npSeql,
AxesLabel - {"Sanple", "Qutside Tenperature"}, GidLines »
{{si nePeriod, nunber O Sanpl es}, {0, baseTenperature}}, Pl otRange - {0, 80}1];

Qut si de Tenperature
80

70 ¢
60 |

50}
40 ¢
30}
20}
10}

‘ : ‘ : ‘ Sanpl e
500 1000 1500 2000 2500

Assume that heating is periodically turned on for 1 minute, and then turned off for 2 minutes:

inpSeq2 = (1-Sign[(0.1 +
Uni t Si neSequence [nunber O Sanpl es, (24 %20) /sinePeriod])]) /2;

MultiplexSequence forms the input sequence to the system:
i nput Sequence = Mul ti pl exSequence [i npSeql, i npSeq2];
Processing with Linear System
Assume the following initial conditions (inside temperature of 60 and zero cumulative heating cost):

initialValues = {tenplnitial Condition- 60, costlnitial Condition-0};
initial Conditions = {tenplnitial Condition, costlnitialCondition} /. initialVal ues

(60, 0}

Assume the following values for the system parameters:
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par anet er Val ues = {coef Heat - 1. 022, coef House - 0. 022, unit Cost - 0. 025};
DiscreteSystemImplementationEquations finds the required order of parameters for a given schematic:

eqgns = Di scret eSyst eml npl enent ati onEquati ons [l i near Heat i ngSyst en;
systenParaneters = eqns[[3]] /. paraneter Val ues

(1. 022, 0.022, 0.025)}

DiscreteSystemImplementationProcessing processes inputSequence with the function 1 inearSys-
temImplementation.

{out put Sequence, final Conditions} =
Di scret eSyst el npl ement ati onProcessi ng[i nput Sequence,
initial Conditions, systenParaneters, |inearSystemn npl enmentation];
Mul ti pl exSequence [i npSeql, out put Sequence];

SequencePl ot [%
AxesLabel - {"Sanple", "Inside, Qutside Tenp\n& Cunul ative Cost"}];

I nsi de, Qutside Tenp

& Cumul ative Cost
80t
60

40 |

20t

Sanpl e

500 1000 1500 2000 2500

Outside temperature is plotted in blue, inside temperature is plotted in red, and cumulative heating cost appearsin green.
Demul tiplexSequence extractsindividua output sequences:

{i nsi deTenper at ur eSeq, cost Seq} = Denul ti pl exSequence [out put Sequence];
Hereisthe final value of the cumulative heating cost:

final Cost = Last [cost Seq]

(23.975)

Nonlinear Heating System

Hereisanonlinear model of the heating system:
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nonl i near Heati ngSystem = {{"Input", {2, 14}, tenpQut},

{"Node", {2, 10}, "heatOn ", "", TextOffset -» {1, 0}},
{"Qutput", {19, 14}, tenpln},
{"Qutput", {19, 7}, heatCost, "", TextOffset -» {-1, 0}},

{"Adder", {{2, 14}, {3, 13}, {4, 14}, {10, 1733}, {1, 0, 2, -1}},
{"Adder", {{7, 14}, {8, 10}, {9, 14}, {8, 173}, {1, 1, 2, 0}},
{"Adder", {{9, 14}, {9, 10}, {11, 14}, {10, 1733, {1, 0, 2, 13},
{"Adder", {{12, 7}, {13, 63}, {14, 7}, {13, 1033}, {1, 0, 2, 13},
{"Multiplier", {{4, 14}, {7, 14}}, coef House},
{"Multiplier", {{2, 10}, {8, 10}}, coefHeat },
{"Multiplier", {{2, 7}, {12, 7}}, unitCost},
{"Del ay", {{11, 14}, {19, 1433}, 1, "", ElenentSi ze » {2, 3/2}},
{"Del ay", {{14, 7}, {19, 73}, 1, "", ElementSize » {2, 3/2}},
{"Line", {{10, 17}, {19, 173}, {19, 14}}},
{"Line", {{2, 7}, {2, 10}}}, {"Line", {{13, 10}, {19, 10}, {19, 7}}},
{"Arrow', {{10, 153}, {10, 17}}}, {"Arrow', {{3, 15}, {3, 17}}},
{"Arrow', {{13, 8}, {13, 10}}},
{"Function", {{19, 123}, {11, 1233}, F, "", ElenentSi ze » {2, 1.4}},
{"Line", {{19, 12}, {19, 143}3}3,
{"Line", {{2, 10}, {4, 9}, {11, 9}, {11, 123}3}3}3};

ShowSchenati c[% Pl ot Range » {{-2, 23}, {5, 18}}1;

17 ¢+
15+ _ coefHouse
tempOut 7! = templn
13 +
F
11+
heatOn ¢
9 L
unitCost
7t > + z! |=—L heatCost

DiscreteSystemImplementationSummary points out the nonlinear system input, initial state, parameter set,
output, and final state:

Di scret eSyst em npl enent ati onSunmmary [nonl i near Heat i ngSyst em]
Input: {Y[{2, 14}]}
Initial state: {Y[{19, 12}], Y[{13, 10}]}
Par anet er: {coef Heat, coef House, F, unit Cost }
Qutput: (Y[{19, 12}], Y[{13, 10}]}
Final state: ({Y[{11, 14}], Y[{14, 7}]}

Implementation of Nonlinear Heating System

DiscreteSystemImplementation creates a Mathematica function that implements the nonlinear system.
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Di scret eSyst enl npl ement ati on[
nonl i near Heati ngSystem "nonl i near Syst em npl enent ati on" ];

I mpl enent ati on procedure nane: nonlinear Systenl npl ement ati on
| mpl enent ati on procedure usage:

{{Y19p12, Y13p10}, {Y1llpl4, Y14p7}} = nonlinear System npl enentati on[{Y2pl4},
{Y19p12, Y13p10}, {coefHeat, coefHouse, F, unitCost}] is the tenplate

for calling the procedure. The general tenplate is {outputSanples,

final Conditions} = procedureNane[i nput Sanpl es, initial Conditions,
systenParaneters]. See al so: DiscreteSystem npl enent ati onProcessing

The name of the implementation function is arbitrary and it is given as the second argument to DiscreteSystemlIm-
plementation. The name of the implementation function is nonlinearSystemImplementation and it should
be enclosed within double quotation marks.

User-Defined Nonlinear On-Off Function

Assume that we want to set up our thermostat at
tempTher nost at = 70;
The nonlinear model of the heating system can be implemented with the on-off function

Cl ear [onO f Functi on]

onOf f Function[t_] : = Mddul e[{heati ngSwitch},
If [t <tenpThernostat, heatingSwitch =1, heatingSwitch =01;
heati ngSwi t ch]

Pl ot [onOf f Function[t], {t, 20, 90},
AxesLabel - {"Tenperature", "heatingSwi tch"},
Pl ot Styl e - {Hue[0. 9], Thi ckness[0.011}1;

heati ngSwi t ch
1

0.8

0.6

0.4

0.2}

: : : : Tenperature
30 40 50 60 70 80 90

Processing with On-Off Function

Assume the following initial conditions (inside temperature of 60 and zero cumulative heating cost):
initial Conditions
(60, 0}

The system parameters now contain the function name F:
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egns = Di screteSystemn npl enent ati onEquat i ons[nonl i near Heat i ngSyst em];
systenParaneters = eqns[[3]] /. paraneterVal ues /. F- onO f Functi on

{1. 022, 0.022, onO f Function, 0.025}
The system input is the previously generated stimulus inpSeq1.
i nput Sequence = i npSeql;

DiscreteSystemImplementationProcessing processes inputSequence with the function nonl inear-
SystemImplementation.

{out put Sequence, final Conditions} =
Di scret eSyst el npl ement ati onProcessi ng[i nput Sequence,
initial Conditions, systenParaneters, nonlinearSystem npl enentationl];

Mul ti pl exSequence [i npSeql, out put Sequence];
SequencePl ot [%

AxesLabel - {"Sanple", "Inside, Qutside Tenp\n& Cunul ative Cost"},
G i dLi nes » {{nunber O Sanpl es}, {tenpThernostat}}];

I nsi de, Qutside Tenp
& Cumul ative Cost
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Outside temperature is plotted in blue, inside temperature is plotted in red, and cumulative heating cost appearsin green.
Demul tiplexSequence extractsindividua output sequences:

{i nsi deTenper at ur eSeq, cost Seq} = Denul ti pl exSequence [out put Sequence];
Hereisthe final value of the cumulative heating cost:
final Cost = Last [cost Seq]

(23. 725}

User-Defined Hysteresis Function

Consider afunction that should keep the inside temperature within a predefined temperature range:
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tempTher nost at = 70;

tempDel ta = 5;

t empHeat On = t enpTher nost at -t enpDel t a;
tempHeat O f =t enpThernostat +tenpDelta;
heati ngFl ag = 0;

Cl ear [Fhysteresis];
Fhysteresis[t_]:=NMdul e[{heatingSwi tch},
| f [heatingFl ag == 0,
I f [t <tenpHeat On, heatingFlag =1; heatingSwitch =1, heatingSwi tch = heati ngFl ag],
I f [t >tempHeat O f, heatingFl ag = 0;
heati ngSwi t ch =0, heati ngSwi tch = heati ngFl ag]];
heati ngSwi t ch]

The function Fryseress USES the global variable heatingFlag and changesits value during processing.

If temperature increases from 20 to 90, the heating switch is off after 75.

heat i ngFl ag = 0;
Li st Pl ot [Tabl e[{t, Fhysteresis[t]}, {t, 20, 90}1,
AxeslLabel - {"Tenperature", "heatingSw tch"}, Pl otJoined - True,
Pl ot Styl e » {Hue[0. 9], Thi ckness[0.011}, GridLines -» {{tempThernostat}, {}}1;

heati ngSwi t ch
1

0.8

0.6

0.4

0.2}

: : : : Tenperature
30 40 50 60 70 80 90

If temperature decreases from 90 to 20, the heating switch is on below 65.

SchematicSolver Version 2.0 www.schematicsolver.com



225

heat i ngFl ag = 0;
Li st Pl ot [Tabl e[{t, Fhysteresis[t]}, {t, 90, 20, -1}1,
AxeslLabel - {"Tenperature", "heatingSw tch"}, Pl otJoined - True,
Pl ot Styl e » {Hue[0. 1], Thi ckness[0.011}, GidLi nes » {{tenpThernostat}, {}}1;

heati ngSwi t ch
1
0.8}
0.6}
0.4}

0.2}

‘ ‘ ‘ ‘ ‘ ‘ — Tenperature
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Processing with Hysteresis Function

Assume the following initial conditions (inside temperature of 60 and zero cumulative heating cost):
initial Conditions
(60, 0}

The system parameters now contain the function name F:

egns = Di screteSystemn npl enent ati onEquat i ons[nonl i near Heat i ngSyst em];
systenParaneters = eqns[[3]] /. paraneterVal ues /. F - Fhysteresis

{1. 022, 0.022, Fhysteresis, 0.025}
The system input is the previously generated stimulus inpSeq1.
i nput Sequence = i npSeql;

DiscreteSystemImplementationProcessing processes inputSequence with the function nonlinear-
SystemImplementation.

{out put Sequence, final Conditions} =
Di scret eSyst el npl ement ati onProcessi ng[i nput Sequence,
initial Conditions, systenParaneters, nonlinearSystem npl enentationl];

©2003-2004 Prof Miroslav Lutovac & Prof Dejan Tosic. All rights reserved.



226

Mul ti pl exSequence [i npSeql, out put Sequence];
SequencePl ot [%
AxesLabel - {"Sanple", "Inside, Qutside Tenp\n& Cunul ative Cost"},

G i dLi nes » {{nunber O Sanpl es}, {tenpThernostat}}];

I nsi de, Qutside Tenp
& Cumul ative Cost
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Outside temperature is plotted in blue, inside temperature is plotted in red, and cumulative heating cost appearsin green.
Demul tiplexSequence extractsindividua output sequences:

{i nsi deTenper at ur eSeq, cost Seq} = Denul ti pl exSequence [out put Sequence];
Hereisthe final value of the cumulative heating cost:

final Cost = Last [cost Seq]

(22.1)

SchematicSolver Version 2.0 www.schematicsolver.com



227

9.6. High-Speed Recursive Filters

High-Speed IIR-FIR Filters

With the increasing demand for high-speed and low-power applications such as mobile communications systems, it will
become more important to use filters with maximal sampling frequency aswell aslow arithmetic complexity.

In this section, we shall consider specia single-input two-output filters composed of identical allpass subfilters, that are
interconnected via extramultipliers, referred to as high-speed recursive filters.

The major advantage of the high-speed filters over the corresponding conventional filters is that the required coefficient
word length for the allpass subfilters is substantially reduced. For a given VLSI technology, it implies the substantially
increased maximal sampling frequency at which the filter can operate. For interpolation and decimation, the arithmetic
complexity can be reduced in comparison with the conventional filters.

The extra multipliers correspond to the coefficients of the optimal finite impulse response (FIR) filter, and allpass
subfilters correspond to the half-band infinite impulse response (1IR) filter.

The high-speed filters can be used for interpolation and decimation with factor of two, and for quadrature mirror filter
(QMF) banks with perfect magnitude reconstruction.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
Needs [" Schemati cSol ver ™" ];
We shall adjust some options to obtain better appearance of the example schematics:
Set Opt i ons [Dr awEl enent, Pl ot Styl e - DrawkEl enent Pl ot St yl eLi ght ];
Set Opt i ons [SequencePl ot, StenPl ot » True, Pl ot Joi ned - Fal se];
Draw Schematic of High-Speed Filter
Assume that we want to design a high-speed filter with the third-order half-band IR filter and three extra multipliers.
Symbolic names of the coefficients are
G ear [b, kO, k1, k2, k3]
par anet er Synbol s = {b, kO, k1, k2, k3}
(b, kO, k1, k2, k3}

where b is the coefficient of the IIR half-band filter, kO is the normalized coefficient and k1, k2, k3 are the coefficients
of the FIR filter.

HighSpeedl IR3FIRHal fbandFilterSchematic generates the schematic specification of the high-speed filter
that is composed of allpass filters and extra multipliers specified by parameterSymbols.

{hsSchemati c, i npCoor dsHS, out Coor dsHS} =
H ghSpeedI | R3FI RHal f bandFi | t er Schemat i ¢ [par anet er Synbol s, {0, 0}7;
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hsSyst em= Joi n[hsSchenati c,
{{"I'nput", i npCoordsHS[[1]], X},
{"CQut put", out CoordsHS[[1]], "Y1"},
{"CQut put", out CoordsHS[[2]], "Y2"}

11
ShowSchenat i c[hsSystem Frane - Fal se, Font Si ze » 7];

Transfer Function of High-Speed Filter

DiscreteSystemTransferFunction computes the transfer function of the high-speed filter:

{tfMatrix, systeml np, systenfut } = Di scret eSyst eniransferFuncti on[hsSystem;
hsTF1 =tfMatrix[[1, 1]] // Toget her

1

75 (b +22)°

(b® KOk3 -b*kOk1k3z +b® kOk2z%2 +5b* kOk3z2 -b® kOk1k2k3z% -b?k0oklk2z®-
4b%kOk1k3z® -b>kOkl1k3z®-b?k0ok2k3z%+bkOklz* +3b?k0k2z*+2b*k0k2z* +
10b® kOk3z* -3b?2kOk1k2k3z* -2b* kOk1k2k3z* +k0z®-2bk0oklk2z% -
3b%kOk1k2z° -6b>k0Okl1k3z°-4b*kOkl1k3z°-2bkok2k3z®-3b%kok2k3z®+
kOklz® +4b?>k0k1z% +3bk0k22z® +6b%k0k2z® +b°>k0ok2z® +10b? kOk3 z° -
3bkOkl1k2k3z% -6b%kOklk2k3z®% -b®>kOklk2k3z%+5bk0z” -k0Oklk2z” -
6b2kOkl1k2z” -3b*kOklk2z" -4bkOkl1k3z’ -6b°kOklk3z” -kOk2k3z" -
6b2k0Ok2k3z" -3b*kOk2k3z" +4bkOklz® +6b%k0oklz® +k0Ok22z® +6b?k0k2z® +
3b*kOk2z® +5bk0k3z% -kOklk2k3z® -6b%>k0klk2k3z®-3b*k0oklk2k3z®+
10b? k0z° -3bkOk1k22z° -6b%kOkl1k2z® -b® kOklk2z®-kOklk3z®-
4b?2k0k1k3z° -3bk0k2k3z° -6b3k0Ok2k3z° -b°>kok2k32z° +6b?k0Ok1lz? +
4b*k0k1z® +2bk0k2z*° +3b3kok22zP +kOk3 2z -2bk0oklk2k3z? -
3b%kOk1k2k3z® +10b%k0z* -3b2kOklk2z* -2b* kOklk2z* -bkOklk3z" -
3b2kOk2k3z* -2b*kOk2k3z* +4b%koklz'? +b%k0okl z*? +b%2 kOk22z? -
b2 kOk1k2k3z'? +5b* k0z*® - b® kOk1k2z'® -b® kOk2k3z* +b* kOklz¥ +b° k0 z)

hsTF2 =tfMatrix[[2, 1]] // Toget her;

The system has one input and two outputs, so its transfer function isa 2-by-1 matrix.

For the second-order allpass IR filter, the maximal sampling frequency becomes critical due to the multiplier b in the
loop. Implementing the multiplier with a small number of adders can increase the maximal sampling frequency because
the latency due to the multiplication is considerably larger than the latency due to an arithmetic operation of addition.
When the value of the multiplier coefficient is a power of two, it can be implemented as a simple binary shift. By
implementing the multipliers as binary shifters, that iswithout any hardware in FPGA (Field Programmable Gate Array)
or VLSl (Very Large Scale Integration) implementations, we remove the multipliers from the critical loop and the
maximal sampling frequency of the second-order IIR section reaches its maximal value. For example, the multiplier
b=1/2+1/2* can be implemented using an adder and two binary shifts. A digital filter whose multiplier coeffi-
cients are implemented with a small number of shift-and-add operationsis called a multiplierlessfilter.

L et us define the numeric values of the system parameters:
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par anet er Substitution = {
b-1/72+1/16,
k0 - 0. 24000685,
k1l - 2.37428361,
k2 - -0. 54068333,
k3 - 0.10932683};

The magnitude characteristic, gain in decibels, of the high-speed filter is

Di scret eSyst emvagni t udeResponsePl ot [
hsTF1 /. paraneter Substitution, {0, 0.5}, PlotRange » {-65, 1},
AxesLabel -» {"f", "Gain (dB)"}, Pl otLabel -» "Lowpass output"];

Gain (dB) Lowpass out put

O.‘l O.‘2 ! 0.3‘ - ‘O.‘4‘ - ‘O.‘5
-10 1k
-20 |
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YaVa\

Di scret eSyst emvagni t udeResponsePl ot [
hsTF2 /. paraneter Substitution, {0, 0.5}, PlotRange » {-65, 1},
AxesLabel -» {"f", "Gain (dB)"}, PlotLabel -» "H ghpass output"];

Gain (dB) Hi ghpass out put

0.1 0.2 0.3 0.4 0.5
-10 L

-20 |
-30
-40 L
-50 |

Sraval)

The sum of the squares of the magnitudes is constant:

tfSum = hsTFl % (hsTF1 /. z»1/2) +hsTF2% (hsTF2 /. z-1/2z) // Full Sinmplify;
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Di scret eSyst emvagni t udeResponsePl ot [
tfSun? /. paraneterSubstitution, {0, 0.5}, PlotRange » {-0.1, 0.1},
AxesLabel -» {"f", "Gain (dB)"}, Pl otLabel - "Power output"];

Gain (dB) Power out put
0.1
0.05 ¢
‘ f
0.1 0.2 0.3 0.4 0.5
-0.05+
-0.1°

Hereisthe value of €tFfSum2:

tf Sunf

2k0?% (1 +k1%) (1 +k2%) (1 +k3?)
Note that tFSum2 does not depend on z or b. Y ou can symbolically compute kO for which tFSum2 equals 1.

kORul e = Sol ve[tfSun == 1, k0]

L 1
o= s ne i) X e

A single-input two-output filter of the transfer function matrix

H1(Z))
H2(2)

H(2) =(
is said to be power-complementary if its transfer functions satisfy the following relation
[Hi(e"“) P + [Ha(e") P = 1

that is

Hi@Hi() +H@ Ha(5) = 1

forz=e'“.
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Here isthe impulse response of thefilter:

i mpul seResponseSeq = Di scret eSyst enSi nul ation[
hsSystem/. paramet er Substitution, Unitlnpul seSequence[100]1];
SequencePl ot [i npul seResponseSeq];

TJ I ﬂhl{llﬂé‘r‘?‘lw 60 80 100

SequenceFourierTransformMagnitudeP lot computes the spectrum of the impul se response:

SequenceFouri er Tr ansf or mvagni t udePl ot [i mpul seResponseSeq, {0, 1/2}, Frane - True,
FrameLabel -> { "f", "Spectruni}7;

0.01 [ ‘ ‘ ‘ ‘ -

0.008 - ]

o o
o o
o o
BN (o2}

Spect rum

0.002 - ]

SchematicSolver's functions help us symbolically derive an important relation between coefficients of the high-speed
filter. A closed-form relation, such as

t f Sun®

2k0? (1 +k1%) (1 +k2%) (1 +k3?)

or
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kORul e

1

1
Hkog_ﬁ\/uklz Tk Vi 0 V2 1+ k1 V1 +k2?2 V1 4k 2

cannot be identified with a purely numeric simulation of the filter.

10. Hilbert Transformer

10.1. Discrete Analytic Signal

Real, Complex, and Analytic Signals

All naturally generated signals are real-valued and are referred to as real signals. In some applications, it is desirable to
generate signals that are complex-valued, also called complex signals.

Consider acomplex discrete signal x(n) formed from two real signal's Xinphase (N) and Xguaq (N):

X(N) = Xinphase (N) + & Xquad (N)

The signal Xinpnase () is called the in-phase component and the signal Xq.q (N) is called the quadrature component.
Discrete analytic signal isacomplex signal that has zero-valued spectrum for digital frequencies —% < f<O.

Assume that we can find the Fourier Transform, X(e™), Xinphase(€™), and Xquag (™), of signals x(n), Xinphase(N), and
Xquad (), respectively. It follows:

X(@™) = Xinphase (€") + i Xquaa (€*), w =27 f

Fourier Transform of the analytic signal, X(e*) , is determined by the transform of the in-phase signal, Xinphase (€*):

X(e™) = 2 Re(Xinphase (€)).

A more detailed introduction to this topic can be found in the book:

Mitra, SK., Digital Sgnal Processing, McGraw-Hill, New Y ork, NY, 1998.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
Needs [" Schemati cSol ver ™" ];

Spectrum of Analytic Signal

Assume that we want to process a signal that is composed of two complex exponential signals.

nunmber O Sanpl es = 100;

anplitudel = 1;
frequencyl = 0. 05;
phasel = Pi /2;
expSeql =
anpl i t udel % e®Phael 4 Uni t Exponent i al Sequence [nunber Of Sanpl es, | 2 xfrequencyl, EJ;
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anplitude2 =0.7;
frequency?2 = 0. 18;
phase2 = Pi /3;
expSeq2 =
anpl i t ude2 % e P32 4 Uni t Exponent i al Sequence [nunber Of Sanpl es, | 2 xfrequency2, EJ;

Here isthe composite signal:
conposi t eSeq = expSeql + expSeq2;

The spectrum of the composite signal can be computed using SequenceFourierTransform and illustrated using
SequenceFourierTransformMagnitudePlot:

SequenceFouri er Tr ansf or mvagni t udePl ot [conmposi t eSeq,
AxesLabel -» " Analytic signal", Frane - True,

FrameLabel -> { "f", "Spectruni }7;
Anal ytic signal

Spect rum

0 W —

-0.4 -0.2 0 0.2 0.4
f

The composite signal has practically zero-valued spectrum for —% < f <0, therefore it isan analytical signal.
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The conjugate composite signal has zero-valued spectrum for 0 < f < %:

SequenceFouri er Tr ansf or mvagni t udePl ot [Conj ugat e [conposi t eSeq],
AxesLabel - "Conjugate conposite signal", Frane - True,

FrameLabel -> { "f", "Spectruni}7;

Conj ugat e conposite signal

Spectrum
©
(o]

©
N

P—

-0.4 -0.2

0.2 0.4

-+ O

Hereisthe plot of therea part of the composite signal:

SequencePl ot [Re[conposi teSeq], Pl otLabel »"Real part of conposite signal"];

Real part of conposite signal

il i W
A
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The plot of the imaginary part of the composite signal follows:

SequencePl ot [I m[conposi teSeq], Pl otLabel -» "I maginary part of conposite signal"];

| magi nary part of conposite signal

1.5} 1 1

The magnitude spectrum of the real part of the composite signal is

SequenceFouri er Tr ansf or mvagni t udePl ot [Re [conposi t eSeq],
AxesLabel -»"Real part of conposite signal", Franme - True,

FrameLabel -> { "f", "Spectruni }7;

Real part of conposite signal

© ©
w B

©
N

Spectrum

-0.4 -0.2 0 0.2 0.4
f
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and it is the same as the magnitude spectrum of the imaginary part of the composite signal:

SequenceFouri er Tr ansf or mvagni t udePl ot [| m[conposi t eSeq],
AxesLabel -» "l maginary part of conposite signal", Frame - True,
FrameLabel -> { "f", "Spectruni }7;

| magi nary part of conposite signal
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Spect rum
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10.2. Hilbert Transformer

Ideal Discrete Hilbert Transformer

Analytic signal can be generated from a real discrete signal by passing the real signal through a linear discrete system
shown in the following figure:

Needs [" Schemati cSol ver ™" ];

ShowSchenat i c[Schemat i cSol ver Fi gur eHi | bert Tr ansf or ner | deal ,
Frame - Fal se, GidLi nes -» None, Pl ot Range » {{-3, 25}, Al }7];

= Xrea(N)

X(n) o¢

Hilbert
Transformer

[0 Ximag(n)

Frequency response of an ideal Hilbert transformer is given by

f<O0

N[ =
IA

) i,
Hpilpert (€27 1) = {

-i, 0=f<3

The ideal Hilbert transformer has a +90-degree phase-shift for —% < f <0, and a—90-degree phase-shift for 0 < f < %
Anideal Hilbert transformer is also called a 90-degree phase-shifter or 7 phase splitter.

Design of Hilbert Transformer

Any redlization that approximates the ideal Hilbert transformer is referred to as a Hilbert transformer. In this section, we
present arealization of Hilbert transformer using a half-band filter.
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The frequency response of an ideal half-band filter is given by

. 1, 0<f<3%
Hraitbana (¢ 1) = { %

1
0, Z<f<§

Assume that we want to design a 14th-order Hilbert transformer. We can identify 7 subschematics that we simply call the
stages.

nunmber O Hi | bert St ages = 7;

The corresponding half-band filter has the length of 15.
| engt hHBF = 2 x nunber Of Hi | bert St ages + 1;

Assume that we chose the lowest passband frequency of Hilbert transformer as
passbandEdgeFreqHi | bert = 0. 05;

The corresponding half-band passband and stopband edge frequencies are

passbandEdgeFr eqHal f band = 0. 25 - passbandEdgeFr eqHi | bert;
st opbandEdgeFr eqHal f band = 0. 25 + passbandEdgeFr eqHi | bert;

The numeric coefficient values can be computed with filter design software, such as Digital Image Processing — a
Mathematica application package:

Needs["| mageProcessing "1;
h = Equi ri ppl eFi | ter [| engt hHBF,
{0. 0, passbhandEdgeFreqHal f band, st opbandEdgeFreqHal f band, 0.5}, {1., 0. }];

The even coefficients are equal to zero, and we take only nonzero coefficients.

hl = Take[2xh, {1, | engthHBF, 2}]

{-0. 0529753, 0.0882208, -0.186807,
0. 627852, 0.627852, -0.186807, 0.0882208, -0.0529753}

Hilbert transformer can be designed from half-band filter in a straightforward manner by replacing z with —iz or by
replacing Z2 with -2

repl aci ngSi gn = ((-1)~ (Mod[nunber O Hi | bert St ages +1, 4]1/2)) %
Uni t Exponent i al Sequence [nunber Of Hi | bert Stages +1, 1, -1] // Flatten

{, -1, 1, -1, 1, -1, 1, -1}

par anet er Val ues = hl xr epl aci ngSi gn

{-0. 0529753, -0.0882208, -0.186807,
-0. 627852, 0.627852, 0.186807, 0.0882208, 0.0529753}

Symbolic names of the coefficients can be automatically generated as follows:

par anet er Synbol s = Uni t Synbol i cSequence [nunber Of Hi | bert Stages +1, ¢, 0] // Flatten

{c0, cl1, c2, c3, c4, c5, c6, c7}

Here isthe parameter substitution list:

©2003-2004 Prof Miroslav Lutovac & Prof Dejan Tosic. All rights reserved.



238

par anet er Subst it uti on = par anet er Synbol s - par anet er Val ues // Thread

{c0 - -0. 0529753, c1 - -0.0882208, c2 - -0. 186807, c3 —» -0. 627852,
c4 - 0.627852, c5 - 0.186807, c6 - 0.0882208, c7 » 0. 0529753}

The coefficient values of Hilbert transformer can be computed, also, with Digital Image Processing application package
using the optional type keyword "hilbert".

Draw Schematic of System with Hilbert Transformer

First, we draw the schematic of the Hilbert transformer.

Set Opt i ons [Dr awEl enent, Pl ot Styl e - DrawEl enent Pl ot St yl eLi ght ];

{ht Schemati c, i npCoor dsHT, out Coor dsHT} =
Hi | bert Tr ansf or ner Di r ect For nFl RSchenat i ¢ [par anmet er Synbol s7;
ShowSchemat i ¢ [ht Schemati ¢, Font Si ze » 6, Frane - Fal se];

We draw the system with the Hilbert transformer by adding the input and the output parts:

ht System=Join[
ht Schemnti c,
{{"I'nput", inpCoordsHT[[1]1], X}},
{{"CQutput", outCoordsHT[[1]1], "y¥:"}},
{{"CQutput", outCoordsHT[[2]1], "V¥r"}}1;
ShowSchemati c[% Font Si ze -» 6, Franme - Fal se];

YR

Yi

Transfer Function of Hilbert Transformer

SchematicSolver's function DiscreteSystemTransferFunction computes the transfer function of the system
with Hilbert transformer:

{ht TF, system np, systenfut} = Di screteSyst enilransf er Functi on[ht System] // Toget her;
ht TF /7 Matri xForm

c7+c622+c52%+c425%:c3284c2210.c1212,¢c0 214
214

1
z7

The system has one input and two outputs. Therefore, its transfer function isa 2-by-1 matrix.
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The magnitude characteristic, gain in decibels, of the Hilbert transformer is

Di scret eSyst emvagni t udeResponsePl ot [
ht TF[[1, 1]] /. paranmeter Substitution, {0, 0.5}, PlotRange » {-30, 1},
AxeslLabel -» {"f", "Gain (dB)"}, PlotLabel -»"Hilbert transforner"];

Gain (dB)

Hi | bert transforner

-20

-25

-30
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Processing with Hilbert Transformer System

Consider the following example complex signal:

nunmber O Sanpl es = 200;
anpl i tude3 = 1;
frequency3 = 0. 12;
phase3 = 0;
expSeq3 =
anpl i t ude3 % e P33 4 Uni t Exponent i al Sequence [nunber O Sanpl es, | 2 nfrequency3, EJ;

The in-phase component of the signal is
i nphaseSeq = Re [expSeq3];
and it isinputted into htSystem.
DiscreteSystemSimulation finds the signals at both outputs of htSystem:
out Seq = Di screteSystenti nul ati on[ht System/. paraneter Substitution, i nphaseSeq];

The first output signal, outImagSeq, corresponds to the quadrature component, and the second output signal, outRe-
{out | magSeq, out Real Seq} = Denul ti pl exSequence [out Seq];

al Seq, corresponds to the in-phase component:
SequencePl ot [out Seq];
1t

H H"' H i' i"" \“
I | I‘ I‘ ‘I
-0.5¢

i !
-1,

In fact, at the two outputs of htSystem, we have reconstructed the complex signal from its in-phase component.

The reconstructed signal is delayed due to processing. Let us generate the delayed original complex signal:
phaseShi ft = -2 x nunber Of Hi | bert St ages = frequency3«Pi // N,
expseq4 = ei phaseshi f t *expseq3;

The reconstructed signal and the delayed signal are practically the same, after some number of samples:
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SequencePl ot [out Real Seq - Re [expSeq4]1;

-0.75 1}

50

100 150 200

SequencePl ot [out | magSeq - | m[expSeq4]1];

1+

Spectra of Reconstructed Signals

The spectra of the reconstructed signals can be computed using SequenceFourierTransformMagnitudePlot:
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SequenceFouri er Tr ansf or mvagni t udePl ot [out Real Seq,
AxesLabel - "I n-phase conponent", Frame - True,
FrameLabel -> { "f", "Spectruni }7;

| n-phase conponent
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f
SequenceFouri er Tr ansf or mvagni t udePl ot [out | magSeq,
AxesLabel - "Quadrature conponent", Frane - True,
FrameLabel -> { "f", "Spectruni}7;
Quadr at ure conponent

0.4+
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L 0.2
n
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SequenceFouri er Tr ansf or mvagni t udePl ot [out Real Seq + i out | nagSeq,
AxesLabel - "Reconstructed conplex signal", Frame - True,
FrameLabel -> { "f", "Spectruni }7;

Reconstruct ed conpl ex signal

©
o
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N

Spect rum
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f

The reconstructed complex signal has, practically, zero-valued spectrum for —% < f <0, consequently it is an analytical
signal.

©2003-2004 Prof Miroslav Lutovac & Prof Dejan Tosic. All rights reserved.



244

10.3. Hilbert Transformer in Quadrature Amplitude Modulation

Implementation of QAM using Hilbert Transformer

Quadrature Amplitude Modulation (QAM) is awidely used method for transmitting digital data over bandpass channels.
The simulation of asimplified and idealized QAM system, in which the Hilbert transformer is used, follows.

Here isthe representation of the QAM modulator and demodulator in terms of complex signals.
Needs [" Schemati cSol ver ™" ];
Set Opt i ons [Dr awEl enent, Pl ot Styl e » DrawEl enent Pl ot Styl eDef aul t 1;

ShowSchenat i c[Schemat i cSol ver Fi gur eHi | bert Tr ansf or ner QAM
Frame -» Fal se, GridLi nes -» None];

|
|
|
|
I |
| a+ib |
I v Re —>|$* a+ib
|
I I
|
|
|
|

I QAM Modulator

|
|
| HT
|
: QAM Demodulator
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The modulator QAM system follows:

nmodul at or System=

{({"Polyline", {{1.5, 2.5}, {8.5, 2.5}, {8.5, 12}, {1.5, 12}, (1.5, 2.5}},

Pl ot Styl e » {{R&BCol or [0, 1, 0]}, {RGBColor[.7, 0, 0]1}}},
{"Multiplier", {{2, 5}, {4, 53}, I, ""},

{"Mdul ator", {{6, 7}, {7, 6}, {9, 7}, {7, 10}}, {1, 0, 2, 13}, ""},
{"Qutput", {12, 7}, "X"},

{"Adder", {{3, 7}, {4, 5}, {6, 7}, {2, 9}}, {0, 1, 2, 13}, ""},
{"Line", {{1, 9}, {2, 9}}}, {"Line", {{1, 5}, {2, 5}}},
{"Function", {{9, 73}, {12, 7}}, Re},

{"Input", {1, 53}, "xI"},

{"Input", {1, 93}, "xR'},

{"I'nput", {7, 10}, "xC', "", TextOfset -» {0, -1}}};

ShowSchenati c[% Pl ot Range -» {{-1, 15}, {2, 13}}1;

13

12 ¢
11 ¢
10 ¢

w A O O N 00 ©

1 3 5 7 9 11 13 15
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The demodulator QAM system consists of two subsystems htSystem and demodulatorSubsystem:

Set Opt i ons [Dr awEl enent, Pl ot Styl e - DrawEl enent Pl ot St yl eLi ght ];

ShowSchenati c[ht System Pl ot Range » {{-2, nunber O Hi | bert Stages x4 + 7}, {-1, 8}},
Font Si ze - 6, Franme -» Fal se];

Set Opt i ons [Dr awEl enent, Pl ot Styl e » DrawEl enent Pl ot Styl eDef aul t 1;

denodul at or Subsyst em=
{{"Polyline", {{1.5, 2.5}, {8.5, 2.5}, {8.5, 12}, {1.5, 12}, (1.5, 2.5}},
Pl ot Styl e » {{R&BCol or [0, 1, 0]}, {RGBColor [0, .7, 0]1}}},
("Multiplier", {{2, 5}, {4, 5}}, |, ""},
{"Mdul ator", {{6, 7}, {7, 6}, {9, 9}, {7, 1033}, {1, 0, 2, 1}3,
{"Qutput", {12, 9}, "uR"},
{"Qutput", {12, 5}, "ul"},
{"Adder", {{3, 7}, {4, 5}, {6, 7}, {2, 93}}, {0, 1, 2, 1}, ""},
{"Line", {{1, 9}, {2, 9}}}, {"Line", {{1, 5}, {2, 5}}},
{"Line", {{9, 5}, {9, 9}}}
{"Function", {{9, 9}, {12, 9}}, Re},
{"Function", {{9, 5}, {12, 5}}, Im},
{"Input", {1, 9}, "yR'},
{"Input”, {1, 5}, "yl"},

{"I'nput", {7, 10}, "yC', "", TextOfset -» {0, -1}}};
ShowSchenati c[% Pl ot Range -» {{-1, 15}, {2, 13}}1;
13
12 ¢+
11+
10 +
9+ Re ——- uR
8t
7L
6
5¢ Im e ul
4!
31

1 3 5 7 9 11 13 15

Consider 100 samples of the signal S of the modem V.34, for a symbol rate of 2400, the carrier frequency 1600 Hz, and
the sampling rate of 8000 Hz:
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nunmber O Sanpl es = 100;

Fc = 1600;
Fs = 8000;
Fy = 2400/ 2;

Digita frequency of the in-phase sinusoidal sequence is Fy/Fs (Fy is a haf of the symbol rate), and the quadrature
signal isastep sequence. The carrier XC is generated as an exponential complex sequence.

x| = Uni t Si neSequence [nunber O Sanpl es, Fy /Fs1;
xQ= Uni t St epSequence [nunber O Sanpl es];
xC = Uni t Exponent i al Sequence [nunber O Sanpl es, | 2xFc /Fs, EJ;

The input sequence to the modulator system is
i npMbdSeq = Mul ti pl exSequence [xQ xI, XCJ;

DiscreteSystemSimulation finds the output sequence of modulatorSystem that isarea signal
out MbdSeq = Di scr et eSyst enf5i nul ati on[nodul at or Syst em i npModSeq];

SequencePl ot [out MbdSeq,
SequenceSanpl i ngFrequency -» Fs, AxesLabel -» {"Tine (s)", ""1}1;
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which isthe input to htSystem.
DiscreteSystemSimulation finds the signals at both outputs of htSystem:
out HTSeq = Di scret eSyst entSi mul ati on[ht System/. paranet er Substituti on, out ModSeq];
The carrier yC is generated as a delayed exponential complex sequence.
phaseShi ft Dem= -2 x nunber O Hi | bert Stages xFc /Fs xPi // N;
yC = gt Phaseshiftbem o .
The input sequence to the demodulator subsystem is
i npDenSeq = Mul ti pl exSequence [out HTSeq, yCl;

DiscreteSystemSimulation finds the signals at both outputs of demodulatorSubsystem:
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out DenSeq = Di scr et eSyst enSi nul ati on[denodul at or Subsyst em i npDenfSeq];
SequencePl ot [out Denfeq,
SequenceSanpl i ngFr equency -» Fs, AxesLabel -» {"Tine (s)", ""}1;

azhi*I-- | E i Time (s)

You can plot the discrete signals more clearly by setting the SequencePlot options to StemPlot-False and
PlotJoined-True.

Set Opt i ons [SequencePl ot, StenPl ot » Fal se, Pl ot Joi ned » True];

SequencePl ot [out DenfSeq, SequenceSanpl i ngFr equency » Fs, AxesLabel - {("Tine (s)", ""}1;

Let usreplot the two sequences inputted to the modulator system.
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SequencePl ot [Mul ti pl exSequence [xQ xI 1,

SequenceSanpl i ngFrequency -» Fs, AxesLabel -» {"Tine (s)", ""1}1;
1
0.5
: Time (s)
0 0 0.0 8 0 12
-0.5
-1+

The demodulated signal and the original signal are practically the same, after some number of samples.

Spectra of QAM Signals

Let us plot the spectrum of the complex sequence inputted to the modulatorSystem.

SequenceFouri er Tr ansf or mvagni t udePl ot [x] + i xQ SequenceSanpl i ngFrequency - Fs,
AxesLabel -» "l nput to modulatorSystem", Frane - True,
FrameLabel -> { "Frequency (Hz)", "Spectrum'}];

| nput to nodul at or System

Spect rum

- 4000 - 2000 0 2000 4000
Frequency (Hz)
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The spectrum of the real signal at the output of modulatorSystem follows:

SequenceFouri er Tr ansf or mvagni t udePl ot [out MbdSeq,
SequenceSanpl i ngFr equency - Fs,
AxesLabel - "Qutput of modulatorSystem", Frane - True,

FrameLabel -> { "Frequency (Hz)", "Spectrum'}];
Qut put of nodul at or Syst em

©
w
‘

©
N
‘

Spectrum

0O+ _——-fV'{A ‘ : .
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The spectrum of the complex signal, that is a sum of the signals at both outputs of htSystem, is zero-valued for
0<f< .
2

SequenceFouri er Tr ansf or mvagni t udePl ot [
Fi rst [Dermul ti pl exSequence[out HTSeq]] + i Last [Denul ti pl exSequence [out HTSeq]],
SequenceSanpl i ngFr equency - Fs,
AxesLabel - "Qutput of modulatorSystem", Frane - True,

FrameLabel -> { "Frequency (Hz)", "Spectrum'}];
Qut put of nodul at or Syst em

Spectrum
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Here is the spectrum of the complex signal at the outputs of demodulatorSubsystem:

SequenceFouri er Tr ansf or mvagni t udePl ot [
Fi rst [Dermul ti pl exSequence[out DenfSeq]] + i Last [Denul ti pl exSequence [out DenSeq] 1,
SequenceSanpl i ngFr equency - Fs,
AxesLabel - "Reconstructed conplex signal", Frame - True,

FrameLabel -> { "Frequency (Hz)", "Spectrum'}1;

Reconstructed conpl ex signal
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The spectrum of the complex signal at the outputs of demodulatorSubsystem is similar to the spectrum of the
complex sequence inputted to modu latorSystem.

11. Multirate Systems

11.1. Introduction

What are Multirate systems?

Classic signal processing assumes a single-rate system in which the sampling rates are the same at al nodes of the
system. Multirate system works with two or more sampling rates.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with
Needs [" Schemati cSol ver ™" ];

Decimation

The reduction of a sampling rateis called decimation. Decimation consists of two stages:
1) filtering
2) downsampling

as shown in the figure below.
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ShowSchenat i c[Schenmat i cSol ver Fi gureMul tirat eDeci mati on,
Gri dLi nes » None, Frane - Fal seJ;

Decimation

S

|
| Filtering Downsampling |
|

|
unmo-——~+—-1 H(2 X0 IM =+ y(m=x(MM-M +1)

Downsampling reduces the sampling rate by an integer factor M, which is known as a downsampling factor, also called a
decimation factor.

Downsampling Identity
The M-sample delay before downsampling is equivalent to a single-sample delay after downsampling.

ShowSchenat i c[Schenmat i cSol ver Fi gureMul tirat eDownsanpl i ngl dentity,
Gri dLi nes » None, Frane - Fal se];

Downsampling Identity

Interpolation

The increasing of a sampling rate is called interpolation. Interpolation consists of two stages:
1) upsampling

2) filtering

as shown in the figure below.

ShowSchenat i c[Schenmat i cSol ver Fi gureMil tiratel nterpol ati on,
Gri dLi nes » None, Frane - Fal se];

Interpolation

I
Upsampling Filtering :
I

y(m)O—o—l— TL = =x(n) HZz pF=t+———=9u)

I

I

(m forn=mL-L+1 '
X(n):{yo :

otherwise

Upsampling increases the sampling rate by an integer factor L, which is known as an upsampling factor, also called an
interpolation factor.
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Upsampling Identity
The single-sample delay before upsampling is equivalent to an L-sample delay after upsampling.

ShowSchenat i c[Schenmat i cSol ver Fi gureMul tirat eUpsanpl i ngl dentity,
Gri dLi nes » None, Frane - Fal seJ;

Upsampling Identity

References

A more detailed introduction to multirate systems can be found in the book:

Dolecek, G., Multirate Systems: Design and Applications, |dea Group Publishers, Hershey, PA, 2002.
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11.2. Downsampling and Upsampling
Consider an example sequence

dat aSeq = Uni t Si neSequence[120, 0. 02];
%/ / SequencePl ot ;

1+ s o e

20 'lJ I Jl' 60 'lJ ho 120

-1+ Goef o

SchematicSolver's function Downsamp leSequence implements downsampling:
M=5;

downSeq5 = Downsanpl eSequence [dat aSeq, M]
%/ / SequencePl ot ;

({0}, {0.587785), {0.951057}, {0.951057}, {0.587785}, {1.22461x10}, (-0.587785},
(-0.951057}, {-0.951057}, {-0.587785}, {-2.44921x10%}, (0.587785},

(0. 951057}, {0.951057}, {0.587785}, {3.67382x10*}, (-0.587785}, {-0.951057},
(-0.951057}, {-0.587785}, {-4.89843x10}, (0.587785}, (0.951057}, {0.951057}}

0.75¢
0.5¢

0.25¢

[ 3

>
[ 3
[ 3

-0.25 ¢

-0.75 ¢
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downSeql10 = Downsanpl eSequence [dat aSeq, 2 * M

({0}, {0.951057}, {0.587785}, {-0.587785}, {-0.951057}, {-2.44921x106},
(0. 951057}, {0.587785), {-0.587785}, {-0.951057}, {-4.89843x10°}, (0.951057}}

SchematicSolver's function Upsamp leSequence implements upsampling:

L =5;

upSeq5 = Upsanpl eSequence [downSeq5, L1;

%/ / SequencePl ot ;

0.75

0.5

0.25

-0.25

-0.75

Here are the original signal and the upsampled signal:
Mul ti pl exSequence [dat aSeq, upSeq5] // SequencePl ot ;

1}

20

L

60

100

120

-1+

20 1”

60

120

To illustrate the effect of downsampling and upsampling more clearly, the two signals have been plotted using the
options StemPlot—False and PlotJoined-True.
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SequencePl ot [Mul ti pl exSequence [dat aSeq, upSeq5],
St enPl ot -» Fal se, Pl otJoi ned -» True];

1 o~ ~ rﬁxk
0.5}
s -
20 60 0 120
-0.5¢
1) ot ot

upSeql0 = Upsanpl eSequence [downSeql10, 2 xL];
SequencePl ot [Mul ti pl exSequence [dat aSeq, upSeql0],
St enPl ot -» Fal se, Pl otJoi ned » True];

| A
0.5+
20 ) 60 0 120
0.5}
1l
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11.3. Spectra of Downsampled Signals

Composite Signal

Assume that we want to process a composite signal that is composed of two sinusoidal sequences and a noise sequence.
nunmber O Sanpl es = 1000;
anpl i tudel = 1;
frequencyl = 0. 02;

phasel = 0;

sineSeql = anpl i tudel % Uni t Si neSequence [nunber O Sanpl es, frequencyl, phasel];
anpl i tude2 = 0. 8;

frequency?2 = 0. 45;

phase2 = Pi /2;

si neSeq2 = anpl i t ude2 x Uni t Si neSequence [nunber O Sanpl es, frequency2, phase2?];

noi seSeq = Uni t Noi seSequence [nunber O Sanpl es];

conposi t eSeq = si neSeql + si neSeq2 + noi seSeq;

To plot multiplex sequences and large sequences more clearly, the SequencePlot options are set to StemPlot-
False and PlotJoined-True.

Set Opt i ons [SequencePl ot, StenPl ot - Fal se, Pl ot Joi ned » True];

Hereisa portion of the three sequences:

Mul ti pl exSequence [si neSeql, sineSeq2, noi seSeql;
SequencePl ot [% Pl ot Range -» {{0, 100}, All}1];

0.5

-1+

You can plot discrete signas in a traditional way by setting the SequencePlot options to StemPlot-True and
PlotJoined-False.

Set Opt i ons [SequencePl ot, StenPl ot » True, Pl ot Joi ned -» Fal se];
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Downsampled Signal

SchematicSolver's function SequenceFourierTransformMagnitudePlot computes and plots the magnitude
spectrum of discrete signals.

Here isthe spectrum of the first sinusoidal sequence of the frequency f; = 0.02:

SequenceFouri er Tr ansf or mvagni t udePl ot [si neSeql, {0, 0.12},
AxesLabel -» { "f", "Spectruni},
Pl ot Label - " Si nusoi dal signal, f; =0.02"7;

Spect rum

0.5¢

Si nusoi dal signal, f; =0.02

0. 02 0. 04 0. 06 0. 08 0.1 0.12

f

SequenceFourierTransformMagnitudePlot shows astrong peak at f; = 0.02.

Y ou can plot the discrete spectrum of discrete signals with SequenceDiscreteFourierTransformMagnitude-
Plot.

SequenceDi scr et eFouri er Tr ansf or mvagni t udePl ot [si neSeql,
Pl ot Range -» {{0, 0. 12}, Al },

AxesLabel -» { "f", "Spectruni}, PlotLabel -»"Sinusoidal signal, f; =0.02"1;
Spect rum

0.5¢

Si nusoi dal signal, f; =0.02

0.4+

0.3¢

0.2+

0. 02 0. 04 0. 06 0. 08 0.1 0.12

Spectrum of the downsampled sinusoidal sequence of frequency f; = 0.02 follows:
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M=5;
downSi neSeql = Downsanpl eSequence [si heSeql, M];

SequenceFouri er Tr ansf or mvagni t udePl ot [downSi neSeq1, {0, 0.12},
AxesLabel -» { "f", "Spectruni},

Pl ot Label - "Downsanpl ed sine signal, f; =0.02, M=5"1;
Spect rumpownsanpl ed sine signal, f;=0.02, M=5

0.5}
0.4+

0.37

0.2+

‘ f
0. 02 0. 04 0. 06 0. 08 0.1 0.12

SequenceFourierTransformMagnitudePlot shows astrong peak at the frequency M f; =5f; = 0.1.
Spectrum of the second sinusoidal sequence of the frequency f, = 0.45is

SequenceFouri er Tr ansf or mvagni t udePl ot [si neSeq2, {0, 0.5},
AxesLabel -» { "f", "Spectruni}, PlotLabel -»"Sinusoidal signal, f, =0.45"71;

Spect rum

0.4+

Si nusoi dal signal, f,=0.45

0.3¢

0.2+

A

0.1 0.2 0.3 0.4 0.5

SequenceFourierTransformMagnitudePlot shows astrong peak at f, = 0.45in the signal spectrum.
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SequenceFouri er Tr ansf or mvagni t udePl ot [si neSeq2, {0.43, 0.47},
AxesLabel -» { "f", "Spectruni}, PlotLabel -»"Sinusoidal signal, f, =0.45"71;

Spectrum Si nusoi dal signal, f,=0.45
0.4+ ﬂ
0.3¢
0.2+
0.1
: f
0.44 0. 45 0. 46 0. 47
Spectrum of the downsampled sinusoidal sequence of frequency f, = 0.45 follows:
downSi neSeq2 = Downsanpl eSequence [si neSeq2, M];
SequenceFouri er Tr ansf or mvagni t udePl ot [downSi neSeq2, {0, 0.5},
AxesLabel -» { "f", "Spectruni},
Pl ot Label - "Downsanpl ed sine signal, f, =0.45, M=5"1;
SpectruMpounsanpl ed sine signal, f,=0.45 M=5
0.4}
0.3+
0.2+
0.1
f

0.1 0.2 0.3 0.4 0.5

SequenceFourierTransformMagnitudePlot shows a strong peak at the  frequency

foded =M f2 —k 3 =5f, —k 3 =2.25-4 2 = 0.25, which is the folded (aliased) spectra component. The same
spectral component appears for asinusoidal sequence of the frequency fq, = ﬁ frolded = 0.05.
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Here is the spectrum of the composite signal:

SequenceFouri er Tr ansf or mvagni t udePl ot [conmposi t eSeq, {0, 0.5},
AxesLabel -» { "f", "Spectruni}, PlotLabel -»"Conposite signal"];

Spectrum Conposi te signal

0.3¢

0.2+

J -y

| 0.1 0.2 0.3 0.4 0.5

SequenceFourierTransformMagnitudePlot shows two strong peaksat f; = 0.02 and f, = 0.45.
Here is the spectrum of the downsampled composite signal:

M=5;

downConposi t eSeq = Downsanpl eSequence [conposi t eSeq, M];

SequenceFouri er Tr ansf or mvagni t udePl ot [downConposi t eSeq, {0, 0.5},
AxesLabel -» { "f", "Spectruni}, Pl otlLabel - "Downsanpl ed conposite signal, M=5"7;

Spectrum  poynsanpl ed conposite signal, M=5

0.5¢
0.4+
0.3¢

0.2¢

/o

0.1

0.2 0.3 0.4

0.5
SequenceFourierTransformMagnitudePlot showstwo strong peaksat 5 f; = 0.1 and at figgeg = 0.25.

If the composite signal is not bandlimited to the frequency ﬁ then the downsampled signal spectrum will contain
folded (aliased) components. In order to avoid aiasing, it is necessary to bandlimit the spectrum of the composite signal,
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1

before downsampling, to a frequency below 7. This is why a lowpass filter should precede the downsampler. That

2M
lowpass filter is called a decimation filter.

11.4. Decimation FIR Filter

Generate Parameter Names

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with

Needs [" Schemati cSol ver ™" ];

Assume that we want to design a 59th-order FIR filter for decimation and interpolation. The filter has 59 stages

nunmber O St ages = 59;

and 60 coefficients. Names of the coefficients can be automatically generated as follows:

par anet er Synbol s = Uni t Synbol i cSequence [nunber Of Stages +1, ¢, 0] // Flatten

{c0, cl1, c2, c3, c4, c5, c6, c7, ¢c8, c9, cl10, cl1, c12, c13, cl4, cl5,
cl16, cl17, cl18, c19, c20, c21, c22, c23, c24, c25, c26, c27, c28, c29,
c30, ¢c31, ¢c32, ¢33, ¢34, c35, ¢c36, c37, c38, c39, c40, c41, c42, c43, c44,
c45, c46, c47, c48, c49, c50, c51, c52, ¢53, c54, c55, ¢c56, c57, ¢58, c5H9}

The coefficients are parameters of the multirate system.

Draw Schematic of Classic Realization

We choose afilter realization known as direct form FIR.
DirectFormFIRFi lterSchematic creates the schematic of the Direct Form FIR filter.

{cl assi cFI RSchemati c, i npCoords, out Coords} =
Di rect FornFl RFi | t er Schemat i ¢ [par anet er Synbol s1;

The coordinates of input and output are returned by DirectFormFIRFi IterSchematic.
Y ou can add input and output to form the system:

classicFIR=Join[
cl assi cFl RSchemati c,
{{"I'nput", First [i npCoords], X}},
{{"CQutput", First [out Coords], Y}}
1

PlotRange refines the drawing to show a portion of the system:
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ShowSchemati c[cl assi cFI R, Pl ot Range » {{-2, 12}, {-1, 5}}1;

5
4 -
3 L
2 L

COZX cl c2 c3 MZ
1 L
0 X0 7= 71l = 7= 71|

0 2 4 6 8 10 12

ShowSchenmat i ¢ [cl assi cFI R,
Pl ot Range -» {{nunber O St ages * 3 - 10, nunber Of St ages *3 + 4}, {-1, 5}}1;

o
y
N
y
N
y
N
y

169 171 173 175 177 179 181
Transfer Function of Classic Realization

SchematicSolver's function DiscreteSystemTransferFunction computes the filter transfer function:

{tfMatrix, systeml np, systenfut } = Di screteSysteniransferFuncti on[cl assi cFIR];
classicTF=tfMatrix[[1, 1]] // Toget her

z% (59 + 582z +¢c57 2% + ¢56 z® + ¢55 2% + ¢54 2% + ¢53 2% + ¢52 27 +c51 28 +c502° +c492' +

c48 z +c472'? +c46 2z + c452' + c44 25 + c43 2% 1 c42 27 +c412%® +c402%° +c392%0 +
c382z% +¢372%? +¢362% +¢352%* +¢342%° +¢332% +¢322% +¢312%® +¢c302%° +¢c292% +
c28 2% +¢c272% +¢c262% +c252% +¢242% +¢232% +¢222% +¢212% +c202% +

c192z% +c182z* +¢c17z*? +¢c162z*® +c152* +¢c142z* +¢c132% +c122z% +c112*® +

c102z* +¢c92z% +¢c82% +¢c72%2 +¢c62% +¢c52% +c42°% +¢c32% +¢c22% +¢c12% +c02%)

Coefficient numeric values can be computed with filter design software such as Digital Image Processing — a Mathemat-
ica application package:

Needs["| mageProcessing "1;
par anet er Val ues =
Equi ri ppl eFi | t er [nunber O St ages +1, {0.0, 0.04, 0.1, 0.5}, {1., 0.}1;

Assume symmetric coefficients:

par anet er Val ues = (par anet er Val ues + Take [par anet er Val ues,
{Lengt h[par anet er Val ues], 1, -1}1) /2;

Here isthe parameter substitution list:
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par anet er Subst it uti on = par anet er Synbol s - par anet er Val ues // Thread

{c0 - 0.000402511, c1 - -0.0000577266, c2 -» -0. 000352446, c3 » -0. 000809402,

c4 - -0.00132471, c5 - -0.0017228, c6 » -0. 00178407, c7 - -0. 00130033,

c8 » -0.00014924, c9 - 0. 00163053, c10 - 0. 00378699, c11 - 0. 0058506, c12 —» 0. 00719502,
c13 - 0. 00716018, c14 » 0. 00522332, c15 -» 0. 0011915, c16 - -0. 00464914,

cl7 - -0. 0114503, c18 - -0. 0178415, c19 » -0. 0220959, c20 - -0. 0224119,

c21 - -0.0172665, c22 - -0. 00577023, ¢23 - 0. 0120502, c24 —» 0. 0351138, c25 - 0. 0613364,
c26 -» 0. 0878783, c27 - 0. 111555, ¢28 » 0. 129345, c29 -» 0. 138885, ¢30 —» 0. 138885,

c31 - 0.129345, ¢c32 »0.111555, ¢33 - 0.0878783, ¢34 » 0. 0613364, c35 - 0. 0351138,

c36 -» 0.0120502, ¢c37 » -0. 00577023, c38 » -0. 0172665, c39 - -0. 0224119,

c40 » -0. 0220959, c41 -» -0. 0178415, c42 - -0. 0114503, c43 > -0. 00464914,

c44 - 0. 0011915, c45 - 0. 00522332, c46 - 0.00716018, c47 - 0. 00719502,

c48 » 0. 0058506, c49 - 0. 00378699, c50 » 0. 00163053, c51 - -0. 00014924,

c52 » -0. 00130033, ¢c53 » -0.00178407, c54 - -0.0017228, c55 —» -0. 00132471,

c56 » -0. 000809402, c57 » -0. 000352446, c58 » -0. 0000577266, c59 » 0. 000402511}

The corresponding magnitude characteristic, gain in decibels, is
Di scret eSyst emvagni t udeResponsePl ot [

cl assi cTF /. paraneter Substitution, {0, 0.5}, PlotRange » {-80, 5},
AxeslLabel -» {"f", "Gain (dB)"}, PlotLabel »"FIR Filter"y;

Gain (dB) FIRFilter
‘ ‘ - ‘ o
0.1 0.2 0.3 0.4 0.5
-20,
-40t
-60,
-80,

11.5. Polyphase Decimation FIR Filter

Draw Subsystem Schematics of Polyphase Realization

Consider a multirate system with the downsampling factor M = 5 and generate parameter names for the polyphase FIR
filter:
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M=5;

par anet er Synbol s1 = Take [par anet er Synbol s, {1, Lengt h[paranet er Synbol s], M}]
par anet er Synbol s2 = Take [par anet er Synbol s, {2, Lengt h[par anet er Synbol s], M}]
par anet er Synbol s3 = Take [par anet er Synbol s, {3, Lengt h[paranet er Synbol s], M}]
par anet er Synbol s4 = Take [par anet er Synbol s, {4, Lengt h[paranet er Synbol s], M}]
par anet er Synbol s5 = Take [par anet er Synbol s, {5, Lengt h[par anet er Synbol s], M}]

{c0, c¢5, c10, c15, c20, c25, c30, c35, c40, c45, c50, c55}

{cl, c6, cl1l, cl1l6, c21, c26, c31, c36, c4l, c46, c51, c56}

{c2, ¢7, c12, cl17, c22, c27, c32, c37, c42, c47, c52, c57}

{c3, ¢8, ¢13, c18, c23, c28, ¢33, c38, c43, c48, c53, c58}

{c4, c9, cl4, cl19, c24, c29, c34, c39, c44, c49, c54, cH9}
We specify some draw options to better present the systems:

Set Opt i ons [Dr awEl enent, Pl ot Styl e - DrawEl enent Pl ot St yl eLi ght ];
Here are schematic specifications for the 5 FIR filters:

{cl assi cFl Rschemati cl, i npCoordsl, out Coordsl} =

Di rect FornFl RFi | t er Schemat i ¢ [par anet er Synbol s1, {2, 0}, Del ayEl enent Val ue - dJ;
ShowSchemat i ¢ [cl assi cFl Rschemati cl, Font Si ze » 6, Frane -» Fal seJ;

{cl assi cFl Rschemati c2, i npCoords2, out Coords2} =
Di rect FornFl RFi | t er Schemat i ¢ [par anet er Synbol s2, {2, 6}, Del ayEl enent Val ue - dJ;
ShowSchemat i ¢ [cl assi cFl Rschemati c2, Font Si ze » 6, Frane -» Fal se]J;

{cl assi cFl Rschemati c3, i npCoords3, out Coords3} =
Di rect FornFl RFi | t er Schemat i c [par anmet er Synbol s3, {2, 12}, Del ayEl enent Val ue -» d];
ShowSchemat i ¢ [cl assi cFl Rschemati c3, Font Si ze » 6, Frane -» Fal seJ;

{cl assi cFl Rschemati c4, i npCoords4, out Coords4} =
Di rect FornFl RFi | t er Schemat i c [par anmet er Synbol s4, {2, 18}, Del ayEl enent Val ue -» d];
ShowSchemat i ¢ [cl assi cFl Rschemati c4, Font Si ze » 6, Frane -» Fal se]J;
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{cl assi cFl Rschemati c5, i npCoords5, out Coords5} =
Di rect FornFl RFi | t er Schemat i c [par anmet er Synbol s5, {2, 24}, Del ayEl enent Val ue -» d];
ShowSchemat i ¢ [cl assi cFl Rschemati ¢5, FontSi ze » 6, Frane -» Fal se]J;

Draw Schematic of Polyphase Realization

We draw the polyphase FIR filter by combining the FIR schematics and by adding the input and the output parts:

i nput Pol yphaseSchenati c

= {{"Input", {0, 0}, X},

{"Delay”, {{0, 0}, {0, 6}}, 1}, {"Delay”, {{0, 6}, {0, 12}}, 1},
12}, {0, 183}, 1}, {"Delay", {{0, 18}, {0, 24}}, 1},

{"Del ay”, {{0,

{"Line", {{0, 24}, {2, 24}}}, {"Line", {{O, 18}, {2, 18}}},
{"Line", {{0, 12}, {2, 12}}},
{("Line", {{0, 6}, {2, 6}}},
{"Line", {{0, 0}, {2, 0}}}};
ShowSchenatic[% Pl ot Range » {{-2, 40}, {-1, 30}}, FontSi ze - 6];
29 ¢+
27 ¢+
25+
23t |
21+ &1
19
17+ |
15+ &}
13 ¢
1 |
9+ &}
7,
5| .
3+ &
1,
0 2 4 6 8 101214 16 18 20 22 24 26 28 30 32 34 36 38 40
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out put Pol yphaseSchematic = {
{"Adder", {{37, 22}, {38, 21}, {39, 22}, {37, 28}}, {1, 2, 0, 1}}
{"Adder", {{37, 16}, {38, 15}, {39, 16}, {38, 213}, {1, 2, 0, 1}}
{"Adder", {{37, 10}, {38, 93}, {39, 10}, {38, 1533, {1, 2, 0, 133,
{"Adder", {{37, 4}, {38, 0}, {39, 4}, {38, 9}3}, {1, 2, 0, 133},
{"Qutput", {38, 0}, Y}};

ShowSchenati c[% Pl ot Range » {{-2, 40}, {-1, 30}}, FontSi ze - 6];

29
27
25 ¢
23 ¢
21 ¢
19 ¢
17 ¢
15}
13 ¢
11 ¢

e

&

&

R W 0N ©

Y

0 2 4 6 8 1012 1416 18 20 22 24 26 28 30 32 34 36 38 40
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pol yphaseFI R=Joi n[

i nput Pol yphaseSchenati c,

out put Pol yphaseSchemat i c,

cl assi cFl Rschematicl,

cl assi cFl Rschematic2,

cl assi cFl Rschemat i c3,

cl assi cFl Rschemat i c4,

cl assi cFl Rschematic5] /. d » 5;

ShowSchenatic[% Pl ot Range » {{-2, 40}, {-1, 30}}, FontSi ze - 6];

29
27
25 ¢
23 ¢
21 ¢
19 ¢
17 ¢
15+
13 ¢
11 ¢

R W 01N ©

0 2 4 6 8 1012 1416 18 20 22 24 26 28 30 32 34 36 38 40
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Transfer Function of Polyphase Realization

SchematicSolver's function DiscreteSystemTransferFunction computes the filter transfer function:

{tfMatrix, systenl np, systenfut } = Di screteSyst enlransferFuncti on[pol yphaseFl R];
pol yphaseTF =tfMatrix[[1, 1]] // Toget her

z% (59 +¢582z +¢57 z% +¢56 2% + ¢55 2% + ¢54 2% + ¢53 2% +c522z7 +¢512% +¢c502° +c492% +

c48 z + c47 2% +c46 2 + c452' + c44 25 + c43 2% 1 c42 27 +c412%® +c402%° + 39220
c382z% +¢372%2 +¢362% +¢352%* +¢342% +¢332% +¢322% +¢312%® +¢c302%° +¢c292% +
c282z% +¢c272% +¢c262% +¢c252°% +¢242% +¢232% +¢222% +¢c212% +c202% +

c192z% +c182z* +¢c172z*? +¢c16z*® + c152z* +¢c142z* +¢c132% +c122z* +c112z*® +

c102z* +¢c92% +¢c82% +¢c72%2 +¢c62% +¢c52% +¢c42°% +¢32% +¢c22% +¢c12% +c02%)

The transfer functions of the classic realization and the polyphase realization should be the same:

SanmeQ[cl assi ¢cTF, pol yphaseTF]

True
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11.6. Spectra of Decimated Signals

Processing with Classic FIR Filter

In order to avoid aliasing in multirate systems, it is necessary to bandlimit the spectrum of the input signal, before

downsampling, to a frequency below -+-. This is accomplished with a lowpass filter that we implement as

2
classicFIR.
DiscreteSystemSimulation finds thefiltered signal at the output of classicFIR:

out d assi cSeq =
Di screteSystenti mul ati on[cl assi cFI R /. paraneter Substitution, conpositeSeq];

Here is the spectrum of the filtered composite signal:

SequenceFouri er Tr ansf or mvagni t udePl ot [out O assi cSeq, {0, 0.5},
AxesLabel -» { "f", "Spectruni'}, PlotLabel »"Filtered signal"];

Spectrum Filtered signal
0.4+
0.3+
0.2+
0.1
‘ ‘ ‘ o f
0.1 0.2 0.3 0.4 0.5

SequenceFourierTransformMagnitudePlot shows only one strong peak at f; = 0.02.
Here is the spectrum of the downsampled filtered composite signal:

M=5;
downQut d assi cSeq = Downsanpl eSequence [out Cl assi cSeq, M;
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SequenceFouri er Tr ansf or mvagni t udePl ot [downQut O assi cSeq, {0, 0.5},
AxesLabel -» { "f", "Spectruni}, PlotLabel -»"Downsanpled filtered signal, M=5"];

Spectrum  pounsanpled filtered signal, M=5
0.5+

0.4+
0.37

0.2¢

f
0.1 0.2 0.3 0.4 0.5

SequenceFourierTransformMagnitudePlot shows only one strong peak at 5 f; = 0.1.

The filtered composite signal is bandlimited to the frequency ﬁ so the downsampled signal spectrum does not contain
folded (aliased) components.
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11.7. Efficient Decimation FIR Filter

Decimation system can be implemented by using the classic polyphase realization

Set Opt i ons [Dr awEl enent, Pl ot Styl e » DrawEl enent Pl ot Styl eDef aul t 1;

Schemat i cSol ver Fi gureMul ti r at eDownsanpl i ngC assi c;
ShowSchemati c[% G i dLi nes - None, Frane - Fal se];

* Ha (")
A
71
Hs (")
A
71
- Ha(2")
A
71
Hi (@)
A
71
X(z0o - Ho(2")

D——0@—0C

M

—==e—o0 Y(Z)
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More efficient implementation can be achieved by using the decimation identity as follows:

Schemat i cSol ver Fi gureMul ti r at eDownsanpl i ngEf fi ci ent;
ShowSchemati c[% G i dLi nes - None, Frane - Fal se];

M = H4(Z)
A
Z—l
M = H e
A
Z—l
M =] H2 (+)
A
Z—l
M = H@ 0
A
Z—l
X (20 M e Hy2 e - Y(2)

Hereisarealization of the efficient multirate system that isimplemented in SchematicSolver:

Schemat i cSol ver Fi gureMul ti r at eDownsanpl i ngl npl erment ed;
ShowSchemati c[% G i dLi nes - None, Frane - Fal se];

[0 um oe—] Hy
|

Z—l

- X3(N)
A

~1

Uz(M)©=——1 Hs(2)

o Xo(N)
A
1

Uz2(M) @+— Hz(2)

e X;(N)
A

Z—l

Ur(m©o-+—1 Hi(2)

x(n)oL: Xo(M) ! up(mM) @+——1  Ho(2)
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A system with a small number of multiplicationsis said to be the efficient systemif the multiplication is the most time-
consuming operation, and if time isthe most critical resource. A figure of merit should be used to quantify the computa-
tional complexity. In this section, FigureOfMer i tOutput isthe figure of merit defined as the number of multiplica-

tions per output sample. For the classic implementation, it can be computed as a product of the number of multiplications
and the downsampling factor:

Fi gureOf Meri t Qut put d assi ¢ = Lengt h[par anet er Synbol s] * M
300

FigureOfMeritOutputEfficient, the figure of merit of the efficient implementation, is equal to the number of
multiplications:

Fi gureOf Merit Qut put Ef fici ent = Lengt h[par anet er Synbol s]
60

FigureOfMeritOutputEfficient isMtimes smaler than FigureOfMeritOutputClassic.

11.8. Implementation of Efficient Decimation

Processing with Input Decimation Subsystem
Set Opt i ons [Dr awEl enent, Pl ot Styl e - DrawEl enent Pl ot St yl eLi ght ];

Here isthe input decimation subsystem:

i nput Deci mati onSubsystem = Joi n[
i nput Pol yphaseSchenati c,
{{"Qutput”, {2, 0}, X0}},
{({"Qutput”, {2, 6}, X1}},
{({"Qutput”, {2, 12}, X2}},
{{"Qutput", {2, 18}, X3}},
{({"Qutput”, {2, 24}, X4}}1I;
ShowSchenati c[% Pl ot Range » {{-2, 40}, {-1, 30}}, FontSi ze - 6];

29
27 ¢
25 ¢
23 ¢
21+ Ef
19 ¢
17 ¢
15 &1
13 ¢
11+

X1

]

= W 01N ©

X oe———= X0
| | | | |

0 2 4 6 8 1012 1416 18 20 22 24 26 28 30 32 34 36 38 40
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DiscreteSystemSimulation finds the output of inputDecimationSubsystem:
out DecSeq = Di scret eSystentSi mul ati on[i nput Deci mati onSubsyst em conpositeSeq];
Downsamp leSequence implements the downsampler:

downQut DecSeq = Downsanpl eSequence [out DecSeq, M;

Processing with Polyphase Decimation Subsystem

Here is the polyphase decimation subsystem:

pol yphaseDeci mat i onSubsyst em= Joi n[
out put Pol yphaseSchemat i c,
cl assi cFl Rschematicl,
cl assi cFl Rschematic2,
cl assi cFl Rschemat i c3,
cl assi cFl Rschemat i c4,
cl assi cFl Rschemat i c5,
{{"I'nput", inpCoords1[[1]], UO}},
{{"I'nput", inpCoords2[[1]], Ul}},
{{"I'nput", inpCoords3[[1]], U2}},
{{"I'nput", inpCoords4[[1]], U3}},
{{"I'nput", inpCoords5[[1]], W4}}

1/.d-1;
ShowSchenati c[% Pl ot Range » {{-2, 40}, {-1, 30}}, FontSi ze - 6];

29
27 ¢
25 ¢
23 ¢
21
19 ¢
17 ¢
15}
13 ¢
11 ¢

= W 01N ©

0 2 4 6 8 1012 1416 18 20 22 24 26 28 30 32 34 36 38 40

DiscreteSystemSimulation finds the output of polyphaseDecimationSubsystem:

out Deci mati onSeq = Di scret eSyst enSi nul ation[
pol yphaseDeci nat i onSubsyst em/. paraneter Substitution, downCut DecSeq];
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SequencePl ot [out Deci mati onSeq,
Pl ot Label ->"Qutput with efficient filtering"];
Qutput with efficient filtering

i s
YT F
T
|

-1.5+

Hereisthe output signal of the classic realization:
M=5;

SequencePl ot [Downsanpl eSequence [out O assi cSeq, M,
Pl ot Label ->"Qutput with classic filtering"];

N ‘

| s i

H I w H | | H
-0.5¢

-1.5+%

Qutput with classic filtering

i \ | \ \ 1]
1 W ||\' H 1 '||’ i
|

The two output signals are practically the same; the difference of the signalsis attributed to the quantization error:
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SequencePl ot [out Deci mati onSeq - Downsanpl eSequence [out O assi cSeq, M,
Pl ot Label ->"Quantization error"J;

Quantization error

of| 200

Here isthe spectrum of the output signal:

SequenceFouri er Tr ansf or mvagni t udePl ot [out Deci mati onSeq, {0, 0.5},
AxesLabel -» { "f", "Spectruni'}, PlotLabel »"Qutput with efficient filtering"];

Spectrum Qutput with efficient filtering

0.5¢

0.4+

0.37

0.2¢

11.9. Spectra of Upsampled Signals and Signal Reconstruction

Hereisaportion of the first sinusoidal signal of f; = 0.02:
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SequencePl ot [si neSeql, Pl ot Range -» {{100, 200}, Al }1;

1t

o I F

-1+

The corresponding downsampled signal is

SequencePl ot [downSi neSeql, Pl ot Range -» {{100, 200}, All }1;

LU
TN

If we upsample the downsampled signal, we do not obtain the original signal:

0.75¢

0.57
0.25
-0.25 ¢
-0.5¢

-0.75 ¢

M=5;
L=M
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upDownSi neSeql = Upsanpl eSequence [downSi neSeql, L]J;
SequencePl ot [% Pl ot Range -» {{100, 200}, All }71;

0.75¢
0.5¢

0.25¢

120 140 160 180 200
-0.25 ¢

-0.75 ¢

The upsampled signal upDownSineSeql can be processed with the lowpass filter classicFIR to reconstruct the
original signal.

reconstruct edSeq =
Di screteSystenSi nul ati on[cl assi cFl R/. paraneter Substitution, upDownSi neSeql];

The reconstructed signa is delayed due to processing. In addition, it is of a smaller amplitude by the factor % = % Here
isthe plot of the reconstructed signal (blue) and the original signal (red):

SequencePl ot [Mul ti pl exSequence[5*reconstructedSeq, si neSeql],
Pl ot Range -» {{100, 200}, Al }1;

-1+ bod be be be

The equivalent phase shift, which takes into account the processing delay, is
phaseShi ft = -nunmber Of St ages = frequencyl xPi ;

L et us generate a delayed sinusoidal sequence
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del ayedSi neSeql =
anpl i tudel %= Uni t Si neSequence [nunber O Sanpl es, frequencyl, phasel + phaseShift];

The reconstructed signal and the delayed signal are practically the same:

SequencePl ot [5 xreconstruct edSeq - del ayedSi neSeq1,
Pl ot Range -» {{100, 200}, Automatic}, Pl otLabel - "Error"7J;

Error
0. 002 +

0. 001 ¢

N
=
=
o
S
) |
=
3

200

-0.001 ¢

-0.002 ¢

Here isthe discrete spectrum of the signal upDownSineSeq1l:

SequenceDi scret eFouri er Tr ansf or mvagni t udePl ot [upDownSi neSeq1,
AxesLabel -» { "f", "Spectruni},
Pl ot Label -» "Signal without filtering", PlotRange -» Al ];

Spect rum Signal without filtering
0.1¢ e
0.08 -
0.06 -

0.04 ¢

0.02 ¢

0.2 0.4 0.6 0.8 1

Note that the spectral components of the upsampled signal are % = % smaller in amplitude.

Here is the spectrum of the reconstructed signal:
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SequenceFouri er Tr ansf or mvagni t udePl ot [reconstruct edSeq, {0, 0.5},
AxesLabel -» { "f", "Spectruni'}, PlotLabel -»"Reconstructed signal"];

Spectrum Reconstructed signal

0.08 ¢

0.06 ¢

0.04

0.02 ¢

‘ ‘ ‘ —
0.1 0.2 0.3 0.4 0.5

The process of upsampling introduces the replicas of the main spectra. This is called imaging. In order to remove the
unwanted image spectra, we need a lowpass filter immediately after upsampling. This filter is called an anti-imaging
filter, also referred to as an interpolation filter.
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11.10. Efficient Interpolation FIR Filter
Set Opt i ons [Dr awEl enent, Pl ot Styl e » DrawEl enent Pl ot Styl eDef aul t 1;
Interpolation system can be implemented by using the classic polyphase realization

Schemat i cSol ver Fi gureMul ti rat eUpsanpl i ngd assi c;
ShowSchemati c[% G i dLi nes - None, Frane - Fal se];

H4(ZM) = g
A
Z—l
H3(ZM) }——@
A
Z—l
A
Z—l
A
Z—l
X(70=— 1L Ho(2") %——@-«Y(z)
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Hereisthe transposed classic polyphase realization:

Schemat i cSol ver Fi gureMul ti r at eUpsanpl i ngTr ansposed;
ShowSchemati c[% G i dLi nes - None, Frane - Fal se];

Ha(2")

Ha(Z")

Ha(2")

Hi(2")

X(@0+— 1L

Ho(Z")
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More efficient implementation can be achieved using the interpolation identity as follows:

Schemat i cSol ver Fi gureMul ti rat eUpsanpl i ngEf fi ci ent;
ShowSchemati c[% G i dLi nes - None, Frane - Fal se];

X (20

Hereisarealization of the efficient multirate system that isimplemented in SchematicSolver:

Hay(2) = L
Ha(2) = L
Ha(2) = L
Hi(2) f= L
Ho(2) = L

Schemat i cSol ver Fi gureMul ti rat eUpsanpl i ngl npl enent ed;
ShowSchemati c[% G i dLi nes - None, Frane - Fal se];

v = {

um forn=mL-L+1

otherwise
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A system with a small number of multiplications is said to be the efficient system if the multiplication is the most time-
consuming operation, and if time is the most critical resource. A figure of merit should be used to quantify the computa-
tional complexity. In this section, FigureOfMeritlnput is the figure of merit defined as the number of multiplica-
tions per input sample. For the classic implementation, it can be computed as a product of the number of multiplications

and the upsampling factor:

Fi gureOf Meritl nput G assi c = Lengt h[paranet er Synbol s] =L

300

FigureOfMeritinputEFfficient, thefigure of merit of the efficient implementation, is equal to the number of

multiplications:

Fi gureOf Merit I nput Ef ficient = Lengt h[paranet er Synbol s]

60

FigureOfMeritinputEfficientisL timessmaler than FigureOfMeritinputClassic.

11.11. Implementation

of Efficient Interpolation

Draw Interpolation Transposed Filter

Set Opt i ons [Dr awEl enent, Pl ot Styl e - DrawEl enent Pl ot St yl eLi ght ];

Here isthe transposed interpolation filter:

i nput Tr ansposedPol yphaseSchenatic = {
{"Line", {{O, 0}, {O, 6}}}, {"Line", {{0, 6}, {0, 12}}},
{"Line", {{O, 123}, {0, 18}3}}, {"Line", {{O, 18}, {0, 243}}},

{"Line", {{0, 24}, {2, 24}}}, {"Line", {{0, 183}, {2, 183}}},
{"Line", {{0, 123}, {2, 12}}}, {"Line", {{0, 6}, {2, 6}}},
{"Line", {{0, 0}, {2, 0}}}, {"Input”, {0, O}, X}};

ShowSchenatic[% Pl ot Range » {{-2, 40}, {-1, 30}}, FontSi ze - 6];
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out put TransposedPol yphaseSchematic = {{"Line", {{37, 28}, {38, 28}}},

(" Adder", ({37,
(" Adder", ({37,
(" Adder", ({37,
(" Adder", ({37,
{"Del ay", {{(38,
(" Del ay", {{38,
{"Qutput”, {38,

223}, {38, 21}, {39, 223}, {38, 23}}, {1, 2, 0, 1}},

163}, {38, 15}, {39, 16}, {38, 1731}, {1, 2, 0, 13},

103}, {38, 9}, {39, 10}, {38, 11}}, {1, 2, 0, 1}},

4}, {38, 0}, {39, 4}, {38, 5}}, {1, 2, 0, 1}},

28}, {38, 23}}, 1}, {"Delay", {{38, 21}, {38, 17}}, 1},
15}, {38, 11}}, 1}, {"Delay", {{38, 9}, {38, 5}}, 1},
0}, Y1},

ShowSchenatic[% Pl ot Range » {{-2, 40}, {-1, 30}}, FontSi ze - 6];

29
27
25 ¢
23 ¢
21 ¢
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17 ¢
15+
13 ¢
11 ¢

R W 01N ©

=Y
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transposedPol yphaseFI R=Joi n[
i nput Tr ansposedPol yphaseSchenati c,

out put Tr ansposedPol yphaseSchemat i c,

cl assi cFl Rschematicl,

cl assi cFl Rschematic2,

cl assi cFl Rschemat i c3,

cl assi cFl Rschemat i c4,

cl assi cFl Rschematic5] /. d » 5;
ShowSchenati c[% Pl ot Range » {{-2, 40},

{-1, 30}}, FontSize »6];
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Transfer Function of Interpolation Transposed Filter

SchematicSolver's function DiscreteSystemTransferFunction computes the filter transfer function:

{tfMatrix, systeml np, systenut} =
Di scret eSyst emlr ansf er Functi on[transposedPol yphaseFl R];
transposedTF =tfMatrix[[1, 1]] // Toget her

z% (59 + 582z +¢57 2% + ¢56 z® + ¢55 2% + ¢54 2% + ¢53 2% +¢5227 +c51 28 +c502° +c492' +

c48 z + c472'? +c46 2 + c452™ + c44 25 + c43 2% 1 c42 27 +c412%® +c402%° +c392%0 +
c382z% +¢372% +¢362% +¢352%* +¢342%° +¢332% +¢322% +¢312%® +¢c302%° +c292% +
c282z% +¢c272% +¢c262% +¢c252% +¢24 2% +¢232% +¢222% +¢212% +c202% +

c192z% +c182z* +¢c172z*? +¢c162z*® +c152* +¢c142z* +¢c132% +c122z% +c112*® +

c10z* +¢c92% +¢c82z% +¢c72%2 +¢c62% +¢c52% +¢c42°% +¢32% +¢c22% +¢c12% +c02%)

The transfer functions of the classic realization and the transposed realization should be the same:
SanmeQ[cl assi cTF, transposedTF]

True

Processing with Polyphase Interpolation Subsystem

Here is the polyphase interpolation subsystem:
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pol yphasel nt er pol ati onSubsyst em= Joi n[
i nput Tr ansposedPol yphaseSchenati c,
cl assi cFl Rschematicl,
cl assi cFl Rschematic2,
cl assi cFl Rschemat i c3,
cl assi cFl Rschemat i c4,
cl assi cFl Rschemat i c5,

{{"Qutput", outCoordsl[[1]], UD}},
{{"Qutput", outCoords2[[1]], Ul}},
{{"Qutput", outCoords3[[1]], U2}},
{{"CQutput", outCoords4[[1]], U3}},
{{"Qutput", outCoords5[[1]], U4}}
1/.d-1,;
ShowSchenatic[% Pl ot Range » {{-2, 40}, {-1, 30}}, FontSi ze - 6];

29
27
25 ¢
23 ¢
21 ¢
19 ¢
17 ¢
15+
13 ¢
11 ¢

R W 01N ©

0 2 4 6 8 10121416 18 20 22 24 26 28 30 32 34 36 38 40
DiscreteSystemSimulation finds the output of polyphase lnterpolationSubsystem:

out I nt Seq = Di screteSystenSi nul ati on[
pol yphasel nt er pol ati onSubsyst em/. paramet er Substitution, downSi neSeqll];

UpsampleSequence implements the upsampler:

L =5;
upCut | nt Seq = Upsanpl eSequence[out | nt Seq, L1;

Processing with Output Interpolation Subsystem

Here isthe output interpolation subsystem:
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out put I nt er pol ati onSubsystem =Join[
out put Tr ansposedPol yphaseSchemat i c,
{{"Input", {37, 43}, VO}},
{{"Input", {37, 10}, V1}},
{{"Input", {37, 16}, V23}},
{{"Input", {37, 223, V3}},
{{"Input", {37, 28}, V43}}1;
ShowSchenati c[% Pl ot Range » {{-2, 40}, {-1, 30}}, FontSi ze - 6];

29
27 ¢
25 ¢
23 ¢
21
19 ¢
17 ¢
15}
13 ¢
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DiscreteSystemSimulation finds the output of outputlnterpolationSubsystem:

out I nterpol ati onSeq =
Di scret eSyst enSi mul ati on[out put | nt er pol ati onSubsyst em upQut | nt Seq];

SequencePl ot [out | nt er pol ati onSeq, Pl ot Range » {{100, 200}, All },
Pl ot Label ->"CQutput with efficient filtering"];

Qutput with efficient filtering
0.2+ p .

A 11—

‘IJ 1k p‘ 140 ‘H ' F(*so 200

-0.2¢ 2 .
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SchematicSolver's functions demonstrate the well-known benefits of the efficient multirate approach: the same output
samples are obtained with L times less multiplications. This might

1) increase the computation speed, or

2) decrease the power consumption.
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11.12. Symbolic Multirate Processing
Symbolic Stimulus
Assume that we want to process a symbolic sequence
nunmber O Synbol i cSanpl es = 200;
synbol i cSeq = Uni t Synbol i cSequence [nunber OF Synbol i cSanpl es, x1;
Downsampled Symbolic Signal
SchematicSolver's function Downsamp l eSequence implements downsampling:

M=5;
downSynbol i cSeq = Downsanpl eSequence [synbol i cSeq, M]

{{x1}, {x6}, {x11}, {x16}, {x21}, {x26}, {x31}, {x36}, {x41}, {x46}, {x51},
{x56}, {x61}, {x66}, {x71}, {x76}, {x81}, {x86}, {x91}, {x96}, {x101}, {x106},
{x111}, {x116}, {x121}, {x126}, {x131}, {x136}, {x141}, {x146}, {x151},
{x156}, {x161}, {x166}, {x171}, {x176}, {x181}, {x186}, {x191}, {x196}}

Symbolic Decimation with Classic FIR Filter

In order to avoid aliasing in multirate systems, it is necessary to bandlimit the spectrum of the input signal, before

downsampling, to a frequency below -+-. This is accomplished with a lowpass filter that we implement as

classicFIR. ’
SchematicSolver performs classic symbolic decimation in two steps.
1) DiscreteSystemSimulation finds the filtered signal at the output of classicFIR:
out d assi cSynbol i cSeq = Di scret eSystenSi nul ati on[cl assi cFI R, synbol i cSeq];
2) Downsamp leSequence implements the downsampler:
downQut d assi cSynbol i cSeq = Downsanpl eSequence [out O assi cSynbol i cSeq, M];

Symbolic Decimation with Efficient FIR Filter
SchematicSolver performs symbolic decimation with efficient FIR filter in three steps.
1) DiscreteSystemSimulation finds the output of inputDecimationSubsystem:
out DecSynbol i cSeq = Di scret eSyst enSi nul ati on[i nput Deci mati onSubsystem synbol i cSeq];
2) Downsamp leSequence implements the downsampler:
downQut DecSynbol i cSeq = Downsanpl eSequence [out DecSynbol i cSeq, M;
3) DiscreteSystemSimulation finds the output of polyphaseDecimationSubsystem:

out Deci mat i onSynbol i cSeq =
Di scret eSyst enSi nul ati on[pol yphaseDeci mati onSubsyst em downQut DecSynbol i cSeq];

The output signals downOutClassicSymbolicSeq (classic decimation) and outDecimationSymbolicSeq
(efficient decimation) should be the same; there are no differences attributed to the quantization error:

©2003-2004 Prof Miroslav Lutovac & Prof Dejan Tosic. All rights reserved.



294

SameQ[downQut C assi cSynbol i cSeq, out Deci mati onSynbol i cSeq]

True
Hereisthe 21st output sample:

out Deci mat i onSynbol i cSeq[[21]]

{c1x100 +c0x101 + c59 x42 + c58 x43 + c57 x44 + c56 x45 + c55 x46 + c54 x47 + c53 x48 + ¢52 x49 +
c51 x50 + ¢50 x51 + c49 x52 + c48 x53 + c47 x54 + c46 x55 + c45 x56 + c44 x57 + c43 x58 + c42 x59 +
c41 x60 + c40 x61 + c39 x62 + c38 x63 + c37 Xx64 + c36 Xx65 + ¢35 x66 + ¢34 X67 + c33 X68 + 32 X69 +
€31 x70 +c30X71 +Cc29X72 +Cc28X73 +Cc27 X74 + c26 X75 + 25 X76 + c24 X77 + 23 X78 + €22 X79 +
c21x80 +¢c20x81 +¢c19x82 +¢c18x83 +¢c17 x84 +cl16x85 +cl15x86 +c14x87 +c1l3x88 +
c12x89 +¢c11x90 +c10x91 +c9x92 +¢c8x93 +c7x94 +c6 x95 + c5x96 + c4 x97 + c3 x98 +c2 x99}

Note that the sample is a fully symbolic expression in terms of the input symbolic samples and the symbolic filter
coefficients.

Symbolic Interpolation with Classic FIR Filter

SchematicSolver performs classic symbolic interpolation in two steps.
1) UpsampleSequence implements the upsampler:

L =5;
upDownSynbol i cSeq = Upsanpl eSequence [downSynbol i cSeq, L]

{{x1}, {0}, {0}, {0}, {0}, {x6}, {0}, {0}, {0}, {0}, {x11}, {0}, {0}, {0}, {0},
{x16}, {0}, {0}, {0}, {0}, {x21}, {0}, {0}, {0}, {0}, {x26}, {0}, {0}, {0}, {0},
{x31}, {0}, {0}, {0}, {0}, {x36}, {0}, {0}, {0}, {0}, {x41}, {0}, {0}, {0}, {0},
{x46}, {0}, {0}, {0}, {0}, {x51}, {0}, {0}, {0}, {0}, {x56}, {0}, {0}, {0}, {0},
{x61}, {0}, {0}, {0}, {0}, {x66}, {0}, {0}, {0}, {0}, {x71}, {0}, {0}, {0},

{0}, {x76}, {0}, {0}, {0}, {0}, {x81}, {0}, {0}, {0}, {0}, {x86}, {0}, {03,
{0}, {0}, {x91}, {0}, {0}, {0}, {0}, {x96}, {0}, {0}, {0}, {0}, {x101}, {0},
{0}, {0}, {0}, {x106}, {0}, {0}, {0}, {0}, {x111}, {0}, {0}, {0}, {0}, {x116},
{0}, {0}, {0}, {0}, {x121}, {0}, {0}, {0}, {0}, {x126}, {0}, {0}, {0}, {03,
{x131}, {0}, {0}, {0}, {0}, {x136}, {0}, {0}, {0}, {0}, {x141}, {0}, {0}, {0},
{0}, {x146}, {0}, {0}, {0}, {0}, {x151}, {0}, {0}, {0}, {0}, {x156}, {0}, {0},
{0}, {0}, {x161}, {0}, {0}, {0}, {0}, {x166}, {0}, {0}, {0}, {0}, {x171}, {0},
{0}, {0}, {0}, {x176}, {0}, {0}, {0}, {O}, {x181}, {0}, {0}, {0}, {0}, {x186}
{0}, {0}, {0}, {0}, {x191}, {0}, {0}, {0}, {0}, {x196}, {0}, {0}, {0}, {0}}

2) DiscreteSystemSimulation finds the filtered signal at the output of classicFIR:

out d assi cl nt er pol ati onSynbol i cSeq =
Di scret eSystenti nmul ati on[cl assi cFl R, upDownSynbol i cSeq];

Here isthe 100th output sample:

out d assi cl nterpol ati onSynbol i cSeq[[100]]

{c59 x41 + c54 x46 + c49 x51 + c44 x56 + c39 x61 +
€34 x66 + c29 Xx71 +c24 x76 + c19x81 + c14 x86 + c9 x91 + c4 x96}

Note that the sample is a fully symbolic expression in terms of the input symbolic samples and the symbolic filter
coefficients.

Symbolic Interpolation with Efficient FIR Filter

SchematicSolver performs efficient symbolic interpolation in three steps.
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1) DiscreteSystemSimulation finds the output of polyphaselnterpolationSubsystem:

out I nt Synbol i cSeq =
Di scret eSyst enSi nul ati on[pol yphasel nt er pol ati onSubsyst em downSynbol i cSeq];

2) UpsampleSequence implements the upsampler:
upCut | nt Synbol i cSeq = Upsanpl eSequence [out | nt Synbol i cSeq, L1;
3) DiscreteSystemSimulation finds the output of outputinterpolationSubsystem:

out put | nt er pol ati onSynbol i cSeq =
Di scret eSyst enSi nul ati on[out put | nt er pol ati onSubsyst em upQut | nt Synbol i cSeq];

The output signals outClassiclnterpolationSymbolicSeq (classic interpolation) and outputinterpola-
tionSymbolicSeq (efficient interpolation) should be the same; there are no differences attributed to the quantization
error:

SanmeQ[out d assi cl nt er pol ati onSynbol i cSeq, out put | nt erpol ati onSynbol i cSeq]

True
Here isthe 100th output sample:

out put | nt er pol ati onSynbol i cSeq[[100]]

{c59 x41 + c54 x46 + c49 x51 + c44 x56 + c39 x61 +
€34 x66 + 29 Xx71 +c24 x76 + c19x81 + c14 x86 + c9 x91 + c4 x96}

Note that the sample is a fully symbolic expression in terms of the input symbolic samples and the symbolic filter
coefficients.

Numeric Processing is Special Case of Symbolic Processing
After fully symbolic processing, numeric values can be assigned to the filter coefficients:

out put | nt er pol ati onSynbol i cSeq[[100]] /. paraneter Substitution

{0. 000402511 x41 - 0. 0017228 x46 + 0. 00378699 x51 +
0. 0011915 x56 - 0. 0224119 x61 + 0. 0613364 x66 + 0. 138885 x71 + 0. 0351138 x76 -
0. 0220959 x81 + 0. 00522332 x86 + 0. 00163053 x91 - 0. 00132471 x96}

After fully symbolic processing, numeric values can be assigned to the samples:

sanpl eSubstitution =
Fl atten[synbol i cSeq] -» Fl att en[Uni t RanpSequence [nurmber O Synbol i cSanpl es]] // Thr ead;

out put | nter pol ati onSynbol i cSeq[[100]] /. sanpl eSubstitution

{85¢c14 +80c19 +75¢c24 +70c29 +65¢c34 +
60c39+95c4 +55¢c44 +50c49 + 45¢c54 +40¢59 + 90 c9}

In addition, you can assign numeric value to both the samples and the coefficients:

out put | nt er pol ati onSynbol i cSeq[[100]] /. paraneter Substitution /. sanpl eSubstitution

(13. 8883}

Symbolic system simulation is the SchematicSolver's unique feature not available in other simulation software. This
section demonstrates that DiscreteSystemSimulation returns the output sequence with symbolic sample values.
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SchematicSolver works with symbolic input, symbolic parameters, and symbolic states.

12. Hierarchical Systems

12.1. Introduction

SchematicSolver can implement a composite discrete system described by standard SchematicSolver's elements and
single-input single-output (SISO) subsystems.

SISO subsystems are made out of the standard SchematicSolver's discrete elements.
This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with

Needs [" Schemati cSol ver ™" ];

12.2. Draw Subschematic of Composite System
Hereis a schematic of a stage that is the building block of acomposite system. We call that schematic a subschematic.

subschematic = {{"Line", {{1, 0}, {1, 23}}}, {"Line", {{1, 23}, {1, 4}}},
{"Line", {{2, 1}, {9, 3}}}, {"Line", {{2, 3}, {9, 1}}},
{"Line", {{0, 2}, {1, 2}}}, {"Line", {{9, 4}, {9, 31},
{"Adder", {{1, 03}, {2, -1}, {8, 03}, {2, 1}3}, {1, 0, 2, 13}, ""},
{"Adder", {{1, 43}, {2, 3}, {3, 4}, {2, 5}}, {-1, 1, 2, 0}, ""},
{"Adder", {{8, 2}, {9, 13}, {10, 2}, {9, 33}, {0, 1, 2, 13}, ""},
{"Multiplier", {{3, 4}, {9, 43}, a, ""},
{"Delay", {{3, 0}, {6, 0}}, 1, ""}, {"Delay", {{6, 0}, {9, 1}}, 1, ""}};
ShowSchenatic[% Pl ot Range » {{-1, 11}, {-1, 5}}1;

5

a

Subschematic has no inputs and outputs.

12.3. Draw and Simulate Composite System

The composite system can be broken into several subschematics. Here is the input-output subschematic:
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i nQut Subschematic = {{"Del ay", {{0, 2}, {0, 8}3}, 1, ""},
{"Adder", {{19, 5}, {20, 23}, {21, 5}, {20, 83}, {0, 1, 2, 13}, ""}3,
{"Multiplier", {{21, 5}, {23, 5}3}, k, ""},
{"lnput", {0, 2}, X, ""}, {("Qutput", {23, 5}, Y, ""}};
ShowSchemati c[% Pl ot Range -» {{-1, 27}, {-1, 12}}71;

11 ¢

9t

1 3 5 7 9 11 13 15 17 19 21 23 25 27

TranslateSchematic is used to change the subschematic coordinates and to put the subschematic at the proper
place. Join is used to form the schematic specification of the composite system. In addition, we can change the values
of the subschematics elements.

conposi teSystem = Joi n[i nQut Subschenmati c,
subschemati c,
Transl at eSchemati c[subschematic /. a-» b, {10, 0}],
Transl at eSchemat i c[subschematic /. a-»c, {0, 6}],
Transl at eSchemati c[subschematic /. a-»d, {10, 6}]17;
ShowSchenmati c[% Pl ot Range » {{-2, 25}, {-2, 12}}1;

12

10 ¢

0O 2 4 6 8 10 12 14 16 18 20 22 24
DiscreteSystemSimulation finds the output sequence of a discrete system given by a schematic, assuming zero

initial conditions. The second argument to DiscreteSystemSimulation specifies the input sequence to the
system. Here we process 6 samples of an impulse sequence:
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i npSeq = Uni t | mpul seSequence[6];
out Seq = Di scret eSyst enSi nul ati on[conposi teSystem inpSeq];
%// Full Sinplify // Traditional Form
abk
cdk
(a+b)y(@ab-1k
(c+d)y(cd-Dk
(ab-1 @ +ba+b? -1k
(cd-1 (P +dc+d? -1k

Symbolic system simulation is the SchematicSol ver's unique feature not available in other simulation software. The
above example demonstrates that DiscreteSystemSimulation returns the output sequence with symbolic sample
values.

12.4. Implementation of Hierarchical System

Draw and Implement Subsystem

Here is a schematic of a SISO subsystem that is the building block of a composite discrete system. The subsystem is
constructed by adding one input element and one output element to the subschematic:

di scret eSubsystem = Joi n[subschemati c,

{{"Input", {0, 23}, X ""},

{"Qutput”, {10, 23}, Y, ""1}}1;
ShowSchenati c[% Pl ot Range » {{-2, 12}, {-2, 6}}1;

6

5+

0 2 4 6 8 10 12

The system summary, generated by DiscreteSystemIimplementationSummary, points out the subsystem input,
initial state, parameter set, output, and final state.

Di scret eSyst em npl ement ati onSummary [di scr et eSubsyst em];
Input: {Y[{0, 2}7}
Initial state: {Y[{6, 0}], Y[{2, 3}]}
Paranmeter: {a}
Qut put: {Y[{10, 2}7}
Final state: {Y[{3, 0}], Y[{6, 0}]}
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DiscreteSystemImplementation creates a Mathematica function that implements the subsystem, and returns a
string that is the Mathematica code of that function.

Di scret eSyst em npl ement ati on[di scret eSubsystem "i npl enent ati onSubsysteni 1;
I mpl enent ati on procedure nane: inplenmentati onSubsystem
| mpl enent ati on procedure usage:

{{Y10p2}, {Y3pO, Y6p0}} = inplenentationSubsystem]

{YOp2}, {Y6p0O, Y2p3}, {a}] is the tenplate for calling

the procedure. The general tenplate is {outputSanples,

final Conditions} = procedureNane[i nput Sanpl es, initial Conditions,
systenParaneters]. See al so: DiscreteSystem npl enent ati onProcessing

The name of the implementation function is arbitrary and it is given as the second argument to DiscreteSystemlIm-
plementation. In this case, the name of the implementation function is implementationSubsystem and it
should be enclosed within double quotation marks.

Draw Hierarchical System

Each subschematic is represented by the Function element.

functionSubschematic = {
{"Function", {{0, 2}, {10, 2}}, Ga, "Fa", ElenentSize » {2, 1.5}}};
ShowSchematic[% Pl ot Range » {{-1, 11}, {0, 4}}1;

4
3 Fa
2 Ga
11l

0 1 2 3 4 5 6 7 8 9 10 11

TranslateSchematic is used to change the subschematic coordinates and to put the subschematic at the proper
place. Join is used to form the schematic specification of the hierarchical system. In addition, we may change the
values of the Function elements.
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hi erar chi cal System =Joi n[i nQut Subschemati c,
functi onSubschenmnti c,
Transl at eSchemati ¢ [functi onSubschematic /. Ga » G, {10, 0}1],
Transl at eSchemati ¢ [functi onSubschematic /. Ga-» Gc, {0, 6}1,
Transl at eSchemati c [functi onSubschematic /. Ga-» Gd, {10, 6}11];
ShowSchenmati c[% Pl ot Range » {{-2, 25}, {-2, 12}}1;

12

10 +
Fa Fa

8 Ge = Gd =

6 r k

= DD~
Fa Fa

2+ Xe Ga Gb

0 L

0O 2 4 6 8 16 1‘2 1‘4 1‘6 1é 26 2‘2 2‘4
The system summary, generated by DiscreteSystemImplementationSummary, points out the hierarchical
system input, initial state, parameter set, output, and final state.
Di scret eSyst el npl ement ati onSummary [hi er ar chi cal Syst em];

Input: {Y[{0, 2}7}

Initial state: {Y[{0, 8}]}

Paraneter: {(Ga, Gb, Cc, &d, k}

Qutput: {Y[{23, 5}1}

Final state: {Y[{0, 2}]}

Implement Hierarchical System

First, we generate a preliminary implementation of the hierarchical system. DiscreteSystemlmplementation

creates a Mathematica function that implements the system, and returns a string that is the Mathematica code of that
function.

prelim naryCode =
Di scret eSyst em npl ement ati on[hi erarchi cal System "inplenentationPrelim nary"];

I mpl enent ati on procedure nane: inplenentationPrelimnary
| mpl enent ati on procedure usage:

{{Y23p5}, {YOp2}} = inplenmentationPrelimnary]|

{YOp2}, {YOp8}, {Ga, &, Gc, Gd, k}] is the tenplate for calling

the procedure. The general tenplate is {output Sanples,

final Conditions} = procedureNane[i nput Sanpl es, initial Conditions,
systenParaneters]. See al so: DiscreteSystem npl enent ati onProcessing

The name of the implementation function is given as the second argument to DiscreteSystemImplementation.
In this case, the name of the implementation function is implementationPrel iminary and it should be enclosed
within double quotation marks.

Here isthe string that contains the preliminary code of the implementation function:
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prel i m naryCode

i mpl ement ati onPrelimnary::usage = {{Y23p5}, {YOp2}} = inplenmentationPrelimnary]|
{YOp2}, {YOp8}, {Ga, &, CGc, &d, k}] is the tenplate for calling the
procedure. The general tenplate is {outputSanples, final Conditions} =
procedur eNane [i nput Sanpl es, initial Conditions, systenParaneters]. See al so:
Di scret eSyst eml npl ement ati onProcessing"; inplenmentationPrelimnary[] : =
{1, 1, 5, 8, 1, 1}; inplenentationPrelimnary[dataSanples_List,
initial Conditions_List, systenParaneters_List] := Mdule[ {YOp2, YOpS8,
Y10p2, Y20p2, Y10p8, Y20p8, Y21p5, Y23p5, Ga, Gb, &, G, k}, {G, G, Cc,
Gd, k} = systenParaneters; {YOp2} = dataSanples; {YOp8} = initial Conditions;
Y10p2 = Ga[YOp2]; Y20p2 = Gb[Y10p2]; Y10p8 = Gc[YOp8]; Y20p8 = d|
Y10p8]; Y21p5 = Y20p2 + Y20p8; Y23p5 = k«Y21p5; {{Y23p5}, {YOp2}} 1I;

Edit the preliminary code to include the subsystem definitions:

i mpl erent ati onPrelimnary[] := {1, 1, 5, 8, 1, 1};

i mpl emrent ati onPrel i m nary[ dat aSanpl es_Li st ,
initial Conditions_List, systemParanmeters List] := Modul e[
{YOp2, YOp8, Y10p2, Y20p2, Y10p8, Y20p8, Y21p5, Y23p5,
G, G, &, &, k},
{G, &, C&, &, k} = systenParaneters;

{Y0p2} = dataSanpl es;
{YOp8} = initial Conditions;
Y10p2 = G YOp2];

Y20p2 = (o[ Y10p2];

Y10p8 = Gc[ YOp8];

Y20p8 = Gd[ Y10p8];

Y21p5 = Y20p2 + Y20pS8;
Y23p5 = k*Y21p5;

{{Y23p5}, {YOp2}}

The implementation code for the hierarchical system isasfollows:

i mpl ement ationH erarchical [] :={1,5,5,8,1,5};

i mpl emrent ati onHi erarchi cal [ dat aSanpl es_Li st
initial Conditions_List, systemParameters_List] := Modul e]
{YOp2, YOp8, Y10p2, Y20p2, Y10p8, Y20p8, Y21p5, Y23p5,
G, &b, G, &, k, stateYlOp2, stateY20p2, stateY10p8,
st at eY20p8},
{G, &, G, &, k} = systenParaneters;
{YOp2} = dataSanpl es;
{YOp8, stateYlOp2, stateY20p2, stateY1lOp8, stateY20p8} =
initial Conditions;
{{Y10p2}, stateY1Op2}
{{Y20p2}, stateY20p2}
{{Y10p8}, stateY1Op8}
{{Y20p8}, stateY20p8}
Y21p5 = Y20p2 + Y20p8;
Y23p5 = k*Y21p5;
{{Y23p5}, {YOp2, stateYlOp2, stateY20p2, stateY1Op8, stateY20p8}}

G| YOp2, stateY1l0p2];
o[ Y10p2, stateY20p2?];
CGc[ YOp8, stateY10p8];
Gd[ Y10p8, stateY20p8];

The letters marked in red are inserted into the preliminary code. We added second argument (states) to the functions that
represent subsystem implementation.
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{Y10p2}, stateY10p2}

{ Ga[ YOp2, stateY1l0p2];
{{Y20p2}, stateY20p2}

{

{

o[ Y10p2, stateY20p2?];
CGc[ YOp8, stateY10p8];
Gd[ Y10p8, stateY20p8];

{Y10p8}, stateY10p8}
{Y20p8}, stateY20p8}

Next, we added the state variables to the local variables list

G, &b, G, &, k, stateYlOp2, stateY20p2, stateY10p8,
st at eY20p8},

to theinitial condition list

{YOp8, stateYlOp2, stateY20p2, stateY1lOp8, stateY20p8} =
initial Conditions;

and to the final condition list that is returned by the implementation procedure
{{Y23p5}, {YOp2, stateYlOp2, stateY20p2, stateY1lOp8, stateY20p8}}

Here isthe actual implementation code

Cl ear [i mpl ement at i onHi er ar chi cal ];
impl ementationH erarchical []:=(1, 5, 5, 8, 1, 5};
i mpl ement ati onHi erarchi cal [dat aSanpl es_Li st
initial Conditions_List, systenmParameters_List]:=NMdul e[
{YOp2, YOp8, Y10p2, Y20p2, Y10p8, Y20p8, Y21p5, Y23p5,
G, b, G, &d, k, stateY1l0p2, stateY20p2, stateY1lOp8, stateY20p8},
{G, b, G, &d, k} = systenParanet ers;
{YOp2} = dat aSanpl es;
{YOp8, stateYlOp2, stateY20p2, stateY1Op8, stateY20p8} =initial Conditions;
{{Y10p2}, stateY1lOp2} = Ga[YOp2, stateY1lOp2];
{{Y20p2}, stateY20p2} = Gb[Y10p2, stateY20p2];
{{Y10p8}, stateY1lOp8} = Gc[YOp8, stateY1lOp8];
{{Y20p8}, stateY20p8} = Gd[Y10p8, stateY20p8];
Y21p5 = Y20p2 + Y20p8;
Y23p5 = k = Y21p5;
{{Y23p5}, {YOp2, stateY1lOp2, stateY20p2, stateY1lOp8, stateY20p8}}
1

Each function that represents a subsystem (Ga, Gb, Gc, Gd) in the implementation code (implementationHierar-
chical) should be defined according to the usage template for the subsystem implementation procedures
(implementationSubsystem):

Cl ear [Fa, Fb, Fc, Fd];

Fa[x_, y_: {0, 0}] : =inplenmentati onSubsystem[{x}, y, {a}];

Fb[x_, y_: {0, 0}] : =inplenmentati onSubsystem[{x}, y, {b}];

Fc[x_, y_: {0, 0}] : =inplenmentati onSubsystem[{x}, y, {Cc}];

Fd[x_, y_: {0, 0}] : =inplenmentati onSubsystem[{x}, y, {d}];
Processing with Hierarchical System

Let us process a unit impulse sequence with the hierarchical system.
i nput Sequence = Uni t | npul seSequence[6];

Assume zero initial conditions
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initial Conditions = {0, {0, 0}, {0, 0}, {0, 0}, {0, 0}};
and the following system parameters:
systenParaneters = {Fa, Fb, Fc, Fd, k};

DiscreteSystemImplementationProcessing processes inputSequence for created implementation-
Hierarchical.

{out put Sequence, final Conditions} = Di screteSystem npl enent ati onProcessi ng[
i nput Sequence, initial Conditions, systenParaneters, inplenmentationHi erarchical ];
out put Sequence // Ful | Simplify // Tradi ti onal Form

abk
cdk
(a+b)(@ab-1k
(c+d)y(cd-1k
(ab-1) @ +ba+b?> -1k
(cd-1 (P +dc+d? -1k

The same result has been obtained, already, by simulation of the composite system.

SaneQ[out Seq, out put Sequence]

True

Symbolic processing is the SchematicSolver's unique feature not available in other simulation software. The above
example demonstrates that DiscreteSystemImplementationProcessing returns the output sequence with
symbolic sample values.

13. Palettes for Drawing and Solving Systems

13.1. Introduction
Palettes provide a simple way to access the full range of SchematicSolver's drawing and solving capabilities.

The SchematicSolver's palettes provide an easy point-and-click interface for performing the most common drawing tasks.
However, advanced users might prefer to type and evaluate functions directly. But for users who only want to perform
the basic operations, the SchematicSolver's pal ettes provide the simplest aternative.

Y ou can use the palettes to process
(a) asingle notebook with a new schematic,
(b) anew schematic based on existing schematic, and

(c) an old schematic by adding new elements or removing elements from the schematic.
SchematicSolver provides four palettes:

 Palette for drawing and solving continuous-time systems,
the Continuous Elements palette,

 Palette for drawing, solving, simulating, and implementing discrete systems,
the Discrete Elements palette,
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 Palette for drawing, smulating, and implementing discrete nonlinear systems,
the Discrete Nonlinear palette, and

 Palette for specifying drawing options and schematic plot range,
the Schematic Options pal ette.
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13.2. Opening Palettes
If apalette isnot open, choose it from the File menu:

(a) open the Palettes submenu of the File menu, and choose the ContinuousElements command to open the palette
Continuous Elements

(b) open the Palettes submenu of the File menu, and choose the DiscreteElements command to open the palette
Discrete Elements

(c) open the Palettes submenu of the File menu, and choose the DiscreteNonlinear command to open the palette
Discrete Nonlinear

(d) open the Palettes submenu of the File menu, and choose the SchematicOptions command to open the palette
Schematic Options

Here is the Continuous Elements pal ette:

Continuous Elements

| nput —
Qut put —o
Node -

Text A
Arrow ~

Integrator |

Bl ock
Pol yl i ne i
{X, ¥}
Redr aw

Sol ve

Initialize
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Here isthe Discrete Elements palette:

Discrete Elements

| nput —
Qut put —o
Node

Text A
Arrow A
Adder o
Li ne —
Mult —
Delay =z

Bl ock =
Pol yl i ne i

{X, y}
Redr aw

L 7/ < n -~

Si mul ate

| mpl ermrent

Sol ve

Initialize
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Here isthe Discrete Nonlinear palette:

Discrete Nonlinear

| nput —
Qut put —o
Node
Text A
Arrow A
Adder o
Li ne —
Mult —
Delay =z

Modul at or ®

Functi on -

Sgrt Abs 72

Exp Log Sin

Pol yl i ne i

{X, y}

Redr aw <«

L 7/ < n -~

Si mul ate

| mpl ermrent

tart Draw no
Initialize
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Here isthe Schematic Options palette:

Schematic Options

Schematic Options

\ A Element Opts

, ElenentSize
, PlotStyle
, TextStyle
, TextOfset
,  ShowNodes

-l Options +

- Show Opts

8 Plot Range

8 L oad Package

>
\%

>
>

>

Element Opts

ShowAr r owTai |
Pol yl i neDashi ng

Text D recti on

Show Opts

Plot Range

Load Package
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Schematic Options [l Schematic Options
Element Opts

>
»
\'4 Show Opts >
’

B Element Opts

- Options +

, El ement Scal e

, FontSi ze
. Frame , PlotRange - All
, GidLines Automat i
All
> {{X1, X2}, {Y1, Y2}}
{Y1, Y2}
Redraw <

M L oad Package

Schematic Options (@l Schematic Options
Element Opts B Element Opts

>
> -l Options +
> - Show Opts
>
v

Plot Range - Plot Range
Load Package M |oad Package

Load

You can open al four palettes, and you can use all palettes for drawing the same schematic. However, the solving,
simulation, and implementation functions will report error messages if you use elements that do not exist on the corre-
sponding palette.
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13.3. Contents of Palettes

The Continuous Elements palette, the Discrete Elements palette, and the Discrete Nonlinear palette contain drawing

buttons (from the top button to the button| Polyline ).
The button serves to redraw the schematic.
The button for changing the position of an element on the schematicis | {x, y} |

The button invokes commands for solving alinear system.

The buttons| Simullate |and| Implement |invoke commands for simulating and implementing a discrete system.
Six small buttons above the button generate various sequences.

A new drawing is started by the button Sy g &bl =T Taloll.

Thebutton| Initialize |loadsthe package SchematicSolver.

Palette heading shows the palette name.
Palette footer provides a visual cue to indicate the function of the button when the mouse cursor is over the button.

The Schematic Options palette contains buttons for setting drawing options. In addition, this palette automates the plot
range selection by mouse point-and-click.
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13.4. Using Palettes
Here is a step-by-step procedure for using a palette to draw a new schematic.

1. (8) Open a new notebook, or (b) place the insertion point in a new empty cell in your notebook, or (c) click once in the
blank section of your notebook; a horizontal line appears (this horizontal lineis called the cell insertion bar).

2. Click thebutton| Initialize |

Initialize
Load Schenmnt i cSol ver

Aninput cell will be opened with pasted text, as shown below, and then the whole cell will be evaluated:

Needs [" Schemati cSol ver ™" ];
Set Opt i ons [I nput Not ebook[], | mageSize -» {350, 300}, W ndowSi ze -» {500, 600}7;

By clicking the button | Initialize | the package SchematicSolver is loaded and the SchematicSolver functions are
available. W ndowSi ze specifies the size of window that should be used to display the current notebook on the screen.
| mageSi ze specifies the absolute size of images to render. Palette footer, below the button | Initialize | indi-
cates the function of this button — the initialization of a new drawing.

3. Click the button

A new input cell will be opened with pasted text, as shown below; then the whole cell will be evaluated producing a new
graphic output cell below the input cell:

mySchematic = {

{"Polyline", {{-1, -1}, {-1, 21}, {28, 213}, {28, -1}, {-1, -131}};
ShowSchenmati c[%;

——— s — s e e e e e e e e e e e e e e e e e e e e

20
18 ¢
16 ¢
14 ¢
12 ¢

|
|
|
|
|
|
|
|
|
|
|
107:
|
|
|
|
|
|
|
|
|
|
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By clicking the button anew schematic (typically, a system specification) is generated with only
one annotation element — Polyline. The ShowSchematic function shows the drawing workspace with grid lines. By
default, the list of elements that describe the schematic is hamed mySchematic. We cal this list the schematic
specification.

4. After clicking the button [ RALGULICl the horizontal line, the cell insertion bar, will appear below the
schematic.

Place the insertion point in the empty line in your schematic specification, above the drawing workspace. In the example
below, we marked the insertion point by red vertical separator |.

mySchematic = {

I
{"Polyline", {{-1, -1}, {-1, 213}, {28, 213}, {28, -1}, {-1, -131}};
ShowSchenmati c[%;

5. Once you have a schematic specification like this, you can start filling in new elements. For example, to add an input

element, click the button

Thetext "Click a point" isdisplayed inthe window's status area. The status area is an area used to display status
messages. Usually, the status area appears on the left-hand side in the bottom line of the window.

Move the mouse over the drawing workspace. Click once, say when the mouse position is over the coordinate {5, 10}.
The coordinate {5,10} is selected, and it appears in the Input-element specification that is pasted at the current insertion
point:

{"I'nput", {5, 103}, X, "", TextOffset -> {1, 0}},
The schematic specification changes, and it has a new element above the empty line:

mySchematic = {

{"Input", {5, 103}, X, "", TextOffset -> {1, 0}},

I

{"Polyline", {{-1, -1}, {-1, 213}, {28, 213}, {28, -1}, {-1, -13}1}};
ShowSchenmati c[%;

The insertion point remains in the empty line. The drawing workspace does not change until you evaluate the cell with
the schematic specification.

6. Click the button to redraw the schematic:
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mySchematic = {
{"Input", {5, 103}, X, "", TextOffset -> {1, 0}},

{"Polyline", {{-1, -1}, {-1, 213}, {28, 213}, {28, -1}, {-1, -13}1}};
ShowSchenmat i c[%;

20
18 ¢
16 ¢
14 ¢
12 ¢

|
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
107: X o :
| |
|
: |
| |
| |
| |
| |
| |
| |
| |
|

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
The cell insertion bar appears below the drawing workspace.
7. Place the insertion point in the empty linein your schematic specification, above the drawing workspace:

mySchematic = {

{"Input", {5, 103}, X, "", TextOffset -> {1, 0}},

I

{"Polyline", {{-1, -1}, {-1, 213}, {28, 213}, {28, -1}, {-1, -131}};
ShowSchenmati c[%;

8. You can continue filling in your schematic specification with other elements. For example, to add the Line element,

click the button

Thetext "Click and Drag" isdisplayed in the window's status area.

Move the mouse over the drawing workspace. Press and hold the mouse button, say when the mouse position is over the
coordinate {5, 10} . Drag the mouse to specify the second coordinate. Release the mouse button, say at {15, 5} .
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ShowSchenat i c [Schemat i cSol ver Fi gur ePal ett esDr awLi ne]

——— s — s e e e e e e e e e e e e e e e e e e e e

20
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|

The coordinates { 5,10} and {15, 5} are selected, and they appear in the element specification that is pasted at the current
insertion point:

mySchematic = {

{"Input", {5, 103}, X, "", TextOffset -> {1, 0}},

{"Line", {{5, 103}, {15, 5333,

I

{"Polyline", {{-1, -1}, {-1, 21}, {28, 213}, {28, -1}, {-1, -13}1}};
ShowSchenmati c[%;

The insertion point remains in the empty line. The drawing workspace does not change until you evaluate the cell with
the schematic specification.

9. Click the button to redraw the schematic:
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mySchematic = {
{"Input", {5, 103}, X, "", TextOffset -> {1, 0}},
{"Line", {{5, 103}, {15, 5333,

{"Polyline", {{-1, -1}, {-1, 21}, {28, 213}, {28, -1}, {-1, -131}};
ShowSchenmati c[%;

s e e e e e e e e e e e e e e e

20
18 ¢
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14 ¢
12 ¢

|
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|
|
|
|
|
|
|
|
|
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|
|
|
|
|
|
|
|
|
|
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Again, the cell insertion bar appears below the drawing workspace.
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13.5. Draw Single-Node Elements Using Palettes

Single-node elements are Input, Output, Node, and Text. Here is a step-by-step procedure for using the SchematicSolv-
er's palettes to add a single-node element to the existing schematic:

1. Place the insertion point in the empty line of your schematic specification.
2. Click the corresponding palette button.
3. Move the mouse over the drawing workspace.

4. Click once when the mouse position is over the desired coordinate.

The selected coordinate appears in the element specification that is pasted at the current insertion point. The pasted text
isatypical element specification most frequently encountered in practice.

You can edit the pasted element specification, the values and options, in the same way you edit Mathematica cells. For
example, you can place your cursor somewhere in an element specification and start typing. Or you can select a part of
the expression, then remove it using the Delete key, or insert a new version by typing it in.
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13.6. Draw Two-Node Elements Using Palettes

Two-node elements are Line, Block, Multiplier, Delay, Function, Amplifier, Integrator, and Arrow. Here is a step-by-
step procedure for using the SchematicSolver's pal ettes to add a two-node element to the existing schematic:

1. Place the insertion point in the empty line of your schematic specification.

2. Click the corresponding palette button.

3. Move the mouse over the drawing workspace.

4. Press and hold the mouse button when the mouse position is over the first coordinate.
5. Drag the mouse to specify the second coordinate.

6. Release the mouse button when the mouse position is over the second coordinate.

The selected coordinates appear in the element specification that is pasted at the current insertion point. The pasted text
isatypical element specification most frequently encountered in practice.

The Discrete Nonlinear palette has six small buttons labeled Sqrt, Abs, ~2, Exp, Log, and Sin for drawing the Function
element with the corresponding function.

You can edit the pasted element specification, the values and options, in the same way you edit Mathematica cells. For
example, you can place your cursor somewhere in an element specification and start typing. Or you can select a part of
the expression, then remove it using the Delete key, or insert a new version by typing it in.
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13.7. Draw Adder and Modulator Using Palettes

Here is a step-by-step procedure for using the SchematicSolver's palettes to place the Adder element, or the Modulator
element, in the existing schematic:

1. Place the insertion point in the empty line of your schematic specification.
2. Click the button

3. Move the mouse over the drawing workspace.
4. Press and hold the mouse button when the mouse position is over the left adder coordinate.
5. Drag the mouse to specify the right adder coordinate.

6. Release the mouse button when the mouse position is over the second coordinate.

The selected coordinates appear in the element specification that is pasted at the current insertion point. The pasted text
isatypica element specification most frequently encountered in practice. The coordinates for the upper and lower adder
nodes are automatically computed.

You can edit the pasted element specification, the values and options, in the same way you edit Mathematica cells. For
example, you can place your cursor somewhere in an element specification and start typing. Or you can select a part of
the expression, then remove it using the Delete key, or insert a new version by typing it in.

Here is an adder specification created with the palette. Assume that the left node coordinate is {15, 5} and that the right
node coordinate is{ 20, 5} :

mySchematic = {

{"Input", {5, 10}, X, "", TextOffset -> {1, 0}},
{"Line", {{5 10}, {15, 5}}},
{("Adder", {{15, 5}, {16, 4}, {20, 5}, {16, 6}}, {1, -1, 2, 1}, " "},

{"Polyline", {{-1, -1}, {-1, 213}, {28, 213}, {28, -1}, {-1, -131}};
ShowSchenmati c[%;

The lower node coordinate {16,4} is automatically generated from the left node coordinate by {16,4}={15,5}+{1,-1}.
The upper node coordinate { 16,6} isautomatically generated from the left node coordinate by {16,6} ={ 15,5} +{ 1,1} .

Click the button to update the drawing workspace
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nySchematic = {

{"Input", {5, 10}, X, "", TextOffset -> {1, 0}},
("Line", ({5 10}, {15, 5}}},
("Adder", {{15, 5}, {16, 4}, {20, 5}, {16, 6}}, {1, -1, 2, 1}, " "},

{"Polyline", {{-1, -1}, {-1, 21}, {28, 21}, {28, -1}, {-1, -13}}11}1};
ShowSchemati c[%;

20
18
16
14 |
12 ¢

|
|
|
|
|
|
|
|
|
|
|
10—: X
|
|
|
|
|
|
|
|
|
|
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13.8. Draw Polyline Element Using Palettes

Here is a step-by-step procedure for using the SchematicSolver's palettes to add a Polyline element in the existing
schematic:

1. Place the insertion point in the empty line of your schematic specification.

2. Click the button| Polyline

3. Move the mouse over the drawing workspace.
4. Press and hold the mouse button when the mouse position is over the lower-left polyline coordinate.
5. Drag the mouse to specify the upper-right polyline coordinate.

6. Release the mouse button when the mouse position is over the second coordinate.

ShowSchenat i c [Schemat i cSol ver Fi gur ePal et t esDr awPol yl i ne]
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The selected coordinates appear in the element specification that is pasted at the current insertion point. The pasted text
is atypical element specification most frequently encountered in practice. The coordinates for the upper-left and lower-
right polyline nodes are automatically computed.

You can edit the pasted element specification, the values and options, in the same way you edit Mathematica cells. For
example, you can place your cursor somewhere in an element specification and start typing. Or you can select a part of
the expression, then remove it using the Delete key, or insert a new version by typing it in.

Here is a polyline specification created with the palette. Assume that the lower-left node coordinate is{1,1} and that the
upper-right node coordinate is{25,12} :
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mySchematic = {

{"Input", {5, 10}, X, "", TextOffset -> {1, 0}},
("Line", ({5 10}, {15, 5}}},
("Adder", {{15, 5}, {16, 4}, {20, 5}, {16, 6}}, {1, -1, 2, 1}, " "},

{"Polyline", {{1, 13}, {25, 13}, {25, 123}, {1, 123}, {1, 1}}3},

{"Polyline", {{-1, -1}, {-1, 21}, {28, 213}, {28, -1}, {-1, -131}};
ShowSchenmati c[%;

Click the button [JREEF&W ] to update the drawing workspace

mySchematic = {

{"Input", {5, 10}, X, "", TextOffset -> {1, 0}},
("Line", {5 10}, {15, 5}}},
("Adder", {{15, 5}, {16, 4}, {20, 5}, {16, 6}}, {1, -1, 2, 1}, " "},

{"Polyline", {{1, 13}, {25, 13}, {25, 123}, {1, 123}, {1, 1}}3},

{"Polyline", {{-1, -1}, {-1, 213}, {28, 213}, {28, -1}, {-1, -131}};
ShowSchenmati c[%;
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13.9. Editing Schematic Specification Using Palettes

Adding Two or More Elements in Succession

Here is a step-by-step procedure for using the palettes to add one two-node element and one single-node element to the

existing schematic specification:

1. Place the insertion point in the empty line of your schematic specification.
2. Click the button| Block |.

3. Move the mouse over the drawing workspace.

4. Press and hold the mouse button when the mouse position is over the first coordinate — the block input.
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5. Drag the mouse to specify the second coordinate — the block output.

6. Release the mouse button when the mouse position is over the second coordinate.

The selected coordinates appear in the element specification that is pasted at the current insertion point. The insertion
point remains in the empty line. The drawing workspace does not change.

7. Click the button .

8. Move the mouse over the drawing workspace.

9. Click once when the mouse position is over the desired coordinate.

The selected coordinate appears in the element specification that is pasted at the current insertion point. The insertion
point remains in the empty line. The drawing workspace does not change.

Hereis an example of the schematic specification after adding the Block and Output elements:

mySchematic = {

{"Input", {5, 103}, X, "", TextOffset -> {1, 0}},

{"Line", {{5, 10}, {15, 53}}},

{"Adder", {{15, 5}, {16, 4}, {20, 5}, {16, 6}}, {1, -1, 2, 13}, ""},
{"Polyline", {{1, 1}, {25, 1}, {25, 12}, {1, 123}, {1, 13}3}},
{"Block", {{5, 10}, {16, 6}}, G "block"},

{"Qutput", {20, 103}, Y, "", TextOfset -> {-1, 0}},

{"Polyline", {{-1, -1}, {-1, 21}, {28, 21}, {28, -1}, {-1, -1}}}};
ShowSchenmati c[%;

Click the button to update the drawing workspace
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mySchematic = {

{"Input", {5, 103}, X, "", TextOffset -> {1, 0}},

{"Line", {{5, 103}, {15, 5333,

{"Adder", {{15, 5}, {16, 4}, {20, 5}, {16, 6}}, {1, -1, 2, 13}, ""},
{"Polyline", {{1, 1}, {25, 1}, {25, 12}, {1, 123}, {1, 13}}},
{"Block", {{5, 103}, {16, 6}}, G "block", El ementSize - {2, 1}},
{"Qutput", {20, 103}, Y, "", TextOfset -> {-1, 0}},

{"Polyline", {{-1, -1}, {-1, 21}, {28, 21}, {28, -1}, {-1, -1}}}};
ShowSchenmati c[%;
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Changing Element Values
Element specifications can be readily edited. For example, to remove a negative adder input

1. select -1 in the second list of the adder specification, then

2. insert anew value by typing O, and
3. evaluate the cell by clicking the button [IREGFAW .

Here isthe new schematic specification:
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mySchematic = {

{"Input", {5, 10}, X "", TextOffset -> {1, 0}},
{"Line", {{5, 10}, {15, 5}}},
{"Adder", ({15, 5}, {16, 4}, {20, 5}, {16, 6}}, {1, 0, 2, 1}, " "},

{"Polyline", {{1, 13}, {25, 1}, {25, 123}, {1, 123}, {1, 13}3}},
{"Block", {{5, 10}, {16, 6}}, G "block"},
{("Qutput", {20, 10}, Y, "", TextOffset -» {-1, 0}},

{"Polyline", {{-1, -1}, {-1, 213}, {28, 213}, {28, -1}, {-1, -13}1}};
ShowSchenmati c[%;
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Changing Element Coordinates
Assume that we want to connect the adder output to the Output element Y:
1. Select the third coordinate pair in the adder specification

{"Adder", ({{15, 5}, {16, 43, {20, 5}, {16, 63}, {1, 0, 2, 1}, " "}

{Adder, {{15, 5}, {16, 4}, {20, 5}, {16, 6}}, {1, 0, 2, 1}, }

2. Click the button

3. Move the mouse over the drawing workspace.

4. Click once when the mouse position is over the desired coordinate, say {20,10}.

The selected coordinate is pasted into the adder specification. The drawing workspace does not change.

Click the button to update the drawing workspace

mySchematic = {

{"Input", {5, 10}, X, "", TextOffset -> {1, 0}},
{"Line", {{5 103}, {15, 5}}},
{"Adder", ({15, 5}, {16, 4}, {20, 10}, {16, 6}}, {1, 0, 2, 1}, " "},

{"Polyline", {{1, 1}, {25, 1}, {25, 123}, {1, 123}, {1, 13}}},
{"Block", {{5, 10}, {16, 6}}, G "block"},
{("Qutput", {20, 10}, Y, "", TextOffset -> {-1, 0}},

{"Polyline", {{-1, -1}, {-1, 213}, {28, 213}, {28, -1}, {-1, -13}1}};
ShowSchenmati c[%;
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Removing Elements from Schematic
You can edit element specifications in the same way you edit Mathematica cells. For example, you can place your cursor

somewhere in an element specification and start typing. Or you can select a part of the expression, then remove it using
the Delete key, or insert anew version by typing it in.
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To remove an entire element from the schematic, select the element specification, and the comma following the specifica-
tion, and press the Delete key.

Alternatively, you can use the Mathematica De 1 ete function to drop out items from the schematic specification.
For example, consider the specification

mySchematic = {

{"Input", {5, 10}, X "", TextOffset -> {1, 0}},
{"Line", {{5, 10}, {15, 5}}},
{"Adder", ({15, 5}, {16, 4}, {20, 10}, {16, 63}, {1, 0, 2, 1}, " "},

{"Polyline", {{1, 1}, {25, 1}, {25, 123}, {1, 123}, {1, 13}}},
{"Block", {{5, 10}, {16, 6}}, G "block"},
{("Qutput", {20, 10}, Y, "", TextOffset -» {-1, 0}},

{"Polyline", {{-1, -1}, {-1, 213}, {28, 21}, {28, -1}, {-1, -13}}}};
To remove the last polyline element, use the command

mySchemati c = Del et e[mySchematic, Length[mySchenmatic]]
%// ShowSchenati c

{{lnput, {5, 10}, X, , TextOfset - {1, 0}}, {Line, {{5, 10}, {15, 5}1},

{Adder, {{15, 5}, {16, 4}, {20, 10}, {16, 6}}, {1, 0, 2, 1}, 1},

{Polyline, {{1, 1}, {25, 1}, {25, 12}, {1, 12}, {1, 1}}},

{Bl ock, {{5, 10}, {16, 6}}, G block}, {CQutput, {20, 10}, Y, , TextOfset - {-1, 0}}}

12 ’I _______________________________ "
11+ 1 block :
10—: X Y |
9t |
81l '
7 l
|
6 |
51| ® :
41! |
31 !
21 '
1’L_w__w___w__w___w___w__w___w___w__w___w___w_l
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13.10. Solving Linear Systems Using Palettes

Schematic specification can be used to describe a system. Typically, we want to solve the system: to find the system
response, or to compute the transfer function. The palette button pastes and evaluates a template for general
solving a linear system. The button assumes that the name of the schematic specification is mySchematic.

Hereiswhat you get after clicking the button| Solve |

Print ["Equati ons of the System"];

{myEquations, nyVars} = Di screteSystenEquati ons[nySchematic];
nyEquati ons // Col utmFor m

Print ["Response of the System"7J;

{myResponse, nmyVars} = Di screteSystenResponse[nySchenmatic];
nyResponse // Col utmForm

Print ["Signals of the System"];

{mySi gnal s, nyVars} = Di screteSystenSignal s[mySchematic];

% // Transpose // Tabl eForm

Print ["Transfer Function Matrix:"];

{myTF, nyl nputs, myQutputs} = DiscreteSystemlransferFuncti on[nySchematic];
nyTF // Matri xForm

Print ["Inputs of the System"];

nmyl nput s

Print ["Qutputs of the System"7];

myQut put s

Equations of the System

Y[{5, 10}] == X
Y[{20, 10}] == Y[{5, 10}] + Y[ {16, 6}]
Y[ {16, 6}] == GY[{5, 10}]

Response of the System

Y[{20, 10}] - X+ GX
Y[ {16, 6}] - GX
Y[{5, 10}] > X

Signal s of the System

X+ GX Y[{20, 10}]
GX Y[({16, 6}]
X Y[({5, 10}]

Transfer Function Matrix:
(1+G)

Inputs of the System
{Y[{5, 1011}

Qut puts of the System

{Y[{20, 10}1}

Further processing can be applied to the results returned by [ Solve |, say by using Control System Professional.
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13.11. Simulating and Implementing Systems Using Palettes
SchematicSolver can be used for simulation and generation of software implementation of discrete systems.
Here is an example schematic specification:

mySchematic = {
{"lnput", {1, 10}, X, ""},
{"Qutput", {6, 10}, Y, ""},
{"Adder", {{1, 10}, {2, 6}, {3, 10}, {2, 1133, {1, -1, 2, 03, ""3,
{"Multiplier", {{3, 10}, {6, 10}}, 1/2, ""},
{"Delay", {{6, 10}, {6, 6}}, 1, ""},
{"Function", {{6, 6}, {2, 6}}, Abs, ""1}};
ShowSchenati c[% Pl ot Range -» {{-2, 14}, {5, 12}}1;

12
1

11+ =
10 + X o Y

ol -

8t zi!

21 Y

6t Abs

o 2 4 & 8 10 12 14

The palette button pastes and evaluates a template for simulating a system. The button

assumes that the name of the schematic specification is mySchematic and the unit impulse sequence for input

sequence. Here iswhat you get after clicking the button[ Simulate |:

Di scret eSystenSi nul ati on[mySchenati c]

(3} -3) C#) G5 Lok éh s sl

DiscreteSystemSimulation simulates a system with zero initial conditions.

The palette button pastes and evaluates a template for implementing a system. The

button assumes that the name of the schematic specification is mySchematic, the unit impulse sequence for input
sequence, the zero initial conditions, and implementationProcedure as the name of the Mathematica function

that implements the system. Here is what you get after clicking the button| Implement |
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procedur eNane = i npl ement ati onProcedur e;
Di scret eSystem npl enent ati on[nmySchematic, ToString[procedureNane]];
Di scret eSyst em npl ement ati onSummary [nySchemati c, Verbose -> True]
Print ["--- EXAMPLE: |nput Sequence, Initial Conditions, System Paraneters"];
{i npVec, initCond, parans, eqns, outVec, final Cond} =
Di scret eSyst em npl enent ati onEquati ons[nmySchematic];
nunber O | nputs = Lengt h[i npVec];
i nput Sequence = Mil tipl exSequence @@ Tabl e [Uni t | npul seSequence[], {number Of | nputs}]
initial Conditions = 0xinitCond
systenParaneters = parans
Print ["--- PROCESSI NG Qutput Sequence, Final Conditions"];
{out put Sequence, final Conditions} = DiscreteSystemn npl ement ati onProcessi ng[
i nput Sequence, initial Conditions, systenParaneters, procedureNane];
out put Sequence
final Conditions

I mpl enent ati on procedure nane: inplenentationProcedure
| mpl enent ati on procedure usage:

{{Y6pl0}, {Y6p1l0}} = inplenentationProcedure[{Y1lpl0}, {Y6p6}, {}] is the
tenplate for calling the procedure. The general tenplate is {outputSanples,
final Conditions} = procedureNane[i nput Sanpl es, initial Conditions,
systenParaneters]. See al so: DiscreteSystem npl enent ati onProcessing

Input: {Y[{1, 10}]}
Initial state: {Y[{6, 6}]}
Paranmeter: {}

Equati ons: {1, 10}] ==

[

[{6, 6}] == previousSanple[Y[{6, 10}]]
[{2, 6}] == AbsS[Y[{6, 6}]]

[{3, 10}] ==Y[{1, 10}]-Y[{2, 6}]
Y[{6, 10}] == & Y[{3, 10}]

Qutput: {Y[{6, 10}7}
Final state: {Y[{6, 10}]}

--- EXAMPLE: | nput Sequence, Initial Conditions, System Paraneters
{{1}, {03, {0}, {0}, {0}, {O}, {0}, {O}}
{0}

{}
--- PROCESSI NG CQut put Sequence, Final Conditions

(zh C3h Cgh Coh Cazh Caah Gl Casel)

[

DiscreteSystemImplementation creates a Mathematica function that implements the system.
DiscreteSystemImplementationProcessing processes a data sequence for the created function.

DiscreteSystemImplementationSummary printsasummary of the system implementation.
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13.12. Setting Element Drawing Options
The Schematic Options palette contains buttons for setting element drawing options.

SchematicSolver can draw elements in different colors and sizes by means of element options. The following options are
availablefor all elements:

ElementSize

PlotStyle

TextStyle

ShowNodes

TextOffset

Specia options are provided for controlling some elements:
ShowArrowTail for the Arrow element,

Polyl ineDashing for the Polyline element,
TextDirection for the Text element.

Hereis an example schematic:
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mySchematic = {

{"Input", {1, 4}, X, "", TextOfset » {1, 0}},
{"Multiplier", {{1, 4}, {10, 113}, B, "bi"},
{"Qutput", {10, 113}, Y, "", TextOffset » {-1, 0}},

{"Arrow', ({10, 73, {7, 43}}, "A"},
{"Polyline", {{3, 9}, {7, 9}, {7, 4}, {3, 4}, {3, 9}}},
{"Text", {5, 10}, "mySysteni}
1
ShowSchenmati c[% Pl ot Range -» {{-2, 12}, {2, 12}}1;

12

11 ¢

10 ¢

0 2 4 6 8 10 12

Step-by-step procedure for setting the element drawing options follows.

1. In your schematic specification, place the insertion point at the end of the element specification just before the right-
most curly brace. In the example below, in the Input-element specification, we marked the insertion point by red vertical

separator |.

{"Input",{1,4},.X,""", TextOffset->{1 ,O}l} ,

2. Click the button

, PlotStyle | to change the element color

The schematic specification changes, and it has a new text in the Input-element specification:

{"Input",{1,4%},X,"",TextOffset-{1,0},PlotStyle-{{RGBColor[0,1,0]%}.,{-
RGBColor[1,0,0]}}},

The whole cell will be automatically evaluated producing a new graphic output cell below the input cell.

3. Place the insertion point at the end of the Multiplier-element specification, just before the last "}". We marked the
insertion point by red vertical separator |

{Miultiplier, ({1, 4}, {10, 8}}, B, by |}

4, Click the button

, ElementSize |to change the element size

The schematic specification changes, and it has a new text in the Multiplier-element specification:
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{Mul tiplier, {{1, 4}, {10, 8}}, B, by, ElenentSize - {2, 1.5}},
The whole cell will be automatically evaluated producing a new graphic output cell below the input cell.

5. Place the insertion point at the end of the Arrow-element specification, just before the last "}". We marked the inser-
tion point by red vertical separator |

{"Arrow”, {{10,7}.{7.4}}, "A"[},

6. Click the button

, ShowArrowTail |to draw only the arrowhead.

The schematic specification changes, and it has a new text in the Arrow-element specification:
{"Arrow", {{10,7},{7,4}}, "A",ShowArrowTail-False},
The whole cell will be automatically evaluated producing a new graphic output cell below the input cell.

7. Place the insertion point at the end of the Polyline-element specification, just before the last "}". We marked the
insertion point by red vertical separator |

{Polyline, {{3, 9}, {7, 9}, {7, 4}, (3, 4}, {3, 9}}|},

8. Click the button

, PolylineDashing |to change the dashing style of the Polyline element

The schematic specification changes, and it has a new text in the Polyline-element specification:

{"Polyline”,{{3,9}.{7.,9}.{7.4}.{3.,4}.{3.9}}.PolylineDashing-Dashing[{0.04,
0.03}1%}.

The whole cell will be automatically evaluated producing a new graphic output cell below the input cell.

9. Place the insertion point at the end of the Text-element specification, just before the last "}". We marked the insertion
point by red vertical separator |

{"'Text",{5,10}, " "mySystem" |}

10. Click the button

, TextDirection |torotatetext

The element specification changesto
{"Text",{5,10},"mySystem" , TextDirection-{0, 1}}
The whole cell will be automatically evaluated producing a new graphic output cell below the input cell.

Here isthe updated schematic specification:
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mySchematic = {
{"Input", {1, 4}, X, "", TextOfset » {1, 0},

Pl ot Styl e » {{R&BCol or [0, 1, 0]}, {RGBCol or [1, O, 0]}}},
{"Multiplier", {{1, 4}, {10, 113}, B, "b,", ElenentSize » {2, 1.5}},
{"Qutput", {10, 113}, Y, "", TextOffset » {-1, 0}},

{"Arrow', ({10, 73}, {7, 43}}, "A", ShowArrowTail - Fal se},
{"Polyline", {{3, 9}, {7, 9}, {7, 4}, {3, 4}, {3, 9}},
Pol yl i neDashi ng - Dashi ng[{0. 04, 0.03}1},
{"Text", {5, 10}, "nmySystent, TextDirection- {0, 1}}
1
ShowSchenati c[% Pl ot Range » {{-2, 12}, {2, 12}}1;

12

11 ¢

10 ¢

0 2 4 6 8 10 12

Y ou can edit the specification, the values and options, in the same way you edit Mathematica cells. For example, you can
place your cursor somewhere in the specification and start editing.

13.13. Setting ShowSchematic Drawing Options

The Schematic Options palette contains buttons for fine-tuning graphics created by ShowSchematic:
ElementScale

FontSize

Frame

GridLines

Consider an example schematic:
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mySchematic = {

{"lnput", {1, 23}, X}, {"Qutput", {25, 18}, Y},
{"Function", {{1, 23}, {25, 2}}, F, ""},
{"Multiplier", {{25, 2}, {25, 18}}, A ""}};
ShowSchenmati c[%;

17 |

15}

13 ¢

11 ¢

| =1
e [F]

1 3 5 7 9 11 13 15 17 19 21 23 25

Hereis a step-by-step procedure for setting the ShowSchemati c drawing options.

1. Place the insertion point at the end of the ShowSchematic command just before the rightmost "]". In the example

below, we marked the insertion point by red vertical separator |.

ShowSchematic[%l] ;

2. Click the button

, ElementScale |to change the element size of all elements.

The line with ShowSchemat i c changes:
ShowSchematic[%,ElementScale - 2];

The whole cell will be automatically evaluated producing a new graphic output cell below the input cell.
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mySchematic = {

{"lnput", {1, 23}, X}, {"Qutput", {25, 18}, Y},
{"Function", {{1, 23}, {25, 2}}, F, ""},
{"Multiplier", {{25, 2}, {25, 18}}, A ""}};
ShowSchemati c[% El ement Scal e » 27;

18 t —O Y|
16 ¢
14 +

12 ¢

A

2>(O F =
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3. Place the insertion point at the end of the ShowSchematic command just before the last "]". In the example below,

we marked the insertion point by red vertical separator |

ShowSchematic[%,ElementScale - 2|];
4. Click the button to change the font size of all elements.
The line with ShowSchemat i c changes:
ShowSchematic[%,ElementScale - 2,FontSize - 12];

The whole cell will be automatically evaluated producing a new graphic output cell below the input cell.
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mySchematic = {

{"lnput", {1, 23}, X}, {"Qutput", {25, 18}, Y},
{"Function", {{1, 23}, {25, 2}}, F, ""},
{"Multiplier", {{25, 2}, {25, 18}}, A ""}};
ShowSchemati c[% El ement Scal e » 2, Font Size -» 12];

18 | —O Y
16 |
14 |

12 ¢

A

2X0O— F =

0O 2 4 6 8 10 12 14 16 18 20 22 24 26

5. Place the insertion point at the end of the ShowSchematic command just before the rightmost "]". In the example

below, we marked the insertion point by red vertical separator | .

ShowSchematic[%,ElementScale - 2,FontSize - 12|];

6. Click the button to remove the frame.

The line with ShowSchemat i c changes:
ShowSchematic[%,ElementScale-2,FontSize-12 ,Frame - False];

The whole cell will be automatically evaluated producing a new graphic output cell below the input cell.
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mySchematic = {

{"lnput", {1, 23}, X}, {"Qutput", {25, 18}, Y},

{"Function", {{1, 23}, {25, 2}}, F, ""},

{"Multiplier", {{25, 2}, {25, 18}}, A ""}};

ShowSchemati c[% El emrent Scal e » 2, Font Size » 12, Frame - Fal se]J;

—O Y

XO— F

Y

7. Place the insertion point at the end of the ShowSchematic command just before the last "]". In the example below,

we marked the insertion point by red vertical separator |.

ShowSchematic[%,ElementScale-2,FontSize-12,Frame-False |] ;

8. Click the button

, GridLines |toremove grid.

The line with ShowSchemat i c changes:
ShowSchematic[%,ElementScale-2,FontSize-12,Frame-False ,GridLines - None];

The whole cell will be automatically evaluated producing a new graphic output cell below the input cell.
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mySchematic = {

{"lnput", {1, 23}, X}, {"Qutput", {25, 18}, Y},

{"Function", {{1, 23}, {25, 2}}, F, ""},

{"Multiplier", {{25, 2}, {25, 18}}, A ""}};

ShowSchemati c[% El ement Scal e » 2, Font Size » 12, Frane -» Fal se, Gi dLi nes -» None];

—O Y

XOQ— F

Y

Y ou can edit the specification, the values and options, in the same way you edit Mathematica cells. For example, you can
place your cursor somewhere in the specification and start editing.
13.14. Setting PlotRange

Schematic Options palette automates the plot range selection by mouse point-and-click.

Consider an example schematic:
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mySchematic = {

{"lnput", {1, 23}, X}, {"Qutput", {25, 18}, Y},
{"Function", {{1, 23}, {25, 2}}, F, ""},
{"Multiplier", {{25, 2}, {25, 18}}, A ""}};
ShowSchenmati c[%;

17 |
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Hereis a step-by-step procedure for setting plot range.

1. Place the insertion point at the end of the ShowSchematic command just before the rightmost "]". In the example

below, we marked the insertion point by red vertical separator |.

ShowSchematic[%l] ;

2. Click the button| , PlotRange - Al l |to insert the PlotRange option.

The line with ShowSchemat i c changes:
ShowSchematic[%,PlotRange-All];

The whole cell will be automatically evaluated producing a new graphic output cell below the input cell.
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mySchematic = {

{"lnput", {1, 23}, X}, {"Qutput", {25, 18}, Y},
{"Function", {{1, 23}, {25, 2}}, F, ""},
{"Multiplier", {{25, 2}, {25, 18}}, A ""}};
ShowSchenati c[% Pl ot Range » Al | 1;

17 |

15}

13 ¢

11 ¢

1 3 5 7 9 11 13 15 17 19 21 23 25

3. Select the option parameter Al L.

ShowSchematic[%,PlotRange- All ];

4. Click the button| ({X1, X2}, {Y1, Y21} |to insert range by specifying arectangular area.

5. Move the mouse over the drawing workspace. The text "Click and Drag" isdisplayed in the window's status
area.

6. Press and hold the mouse button, say when the mouse position is over the coordinate {11, 1.4}. Drag the mouse to
specify the second coordinate. Release the mouse button, say at { 25.5, 11}.

The selected coordinate is pasted into the line with ShowSchematic instead of the text All. The drawing workspace
does not change.

Click the button to update the drawing workspace. The cell will be evaluated producing a new graphic
output cell below the input cell.
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mySchematic = {

{"lnput", {1, 23}, X}, {"Qutput", {25, 18}, Y},
{"Function", {{1, 23}, {25, 2}}, F, ""},

{"Multiplier", {{25, 2}, {25, 18}}, A ""}};
ShowSchenmati c[% Pl ot Range -» {{11, 25.5}, {1.4, 11}}];
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7. Place the insertion point in the line with the ShowSchematic command after the text PlotRange— . Click three
times, and the plot range coordinates are selected:

{{11, 25.5}, {1.4, 11}}

8. Click the button to insert the PlotRange option Automatic.
The line with ShowSchemat i c changes:
ShowSchematic[%,PlotRange—Automatic];

The whole cell will be automatically evaluated producing a new graphic output cell below the input cell.
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mySchematic = {

{"lnput", {1, 23}, X}, {"Qutput", {25, 18}, Y},
{"Function", {{1, 23}, {25, 2}}, F, ""},
{"Multiplier", {{25, 2}, {25, 18}}, A ""}};
ShowSchenati c[% Pl ot Range » Automatic];
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Y ou can edit the specification, the values and options, in the same way you edit Mathematica cells. For example, you can
place your cursor somewhere in the specification and start editing.

13.15. Simultaneous Drawing of Combined Schematics
This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with

Needs [" Schemati cSol ver ™" ];

Suppose that you want to draw two or more schematics that will be combined into another schematic.
Consider three schematics FirstStageSchematic, lastStageSchematic, and basicStageSchematic.

firstStageSchematic = {{"lInput”, {0, 0}, X, "", PlotStyle - {{Hue[0]}, {Hue[0]}}},
{"Multiplier", {{O, 0}, {O, 3}}, a0, "", PlotStyle - {{Hue[0]}, {Hue[0]}}},
{"Line", {{0, 3}, {0, 4}, {2, 4}}, PlotStyle - {{Hue[0]}, {Hue[O0]}}}};

| ast St ageSchenatic = {
{"Polyline", {{-2, -1}, {8, -1}, {8, 5}, {-2, 5}, {-2, -1}}}};

basi cSt ageSchematic =
{{"Del ay", {{0, 0}, {3, 03}, 1, "", PlotStyle » {{Hue[0.3]1}, {Hue[O0.3]1}}},

{"Adder", {{2, 43}, {3, 3}, {5, 4}, {3, 5}},
{1, 1, 2, 0}, "", PlotStyle -» {{Hue[O0.3]}, {Hue[0.31}}}};

A combined schematic combinedSchematic can be made of individual schematics using the Mathematica function
Join.
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conbi nedSchematic =
Join[firstStageSchematic, basi cStageSchematic, | ast StageSchematic];
ShowSchenmati c[%];

5F—c i

T P

Suppose that you want to add a new Output element in lastStageSchematic with the same coordinate as the output
of the Adder element in combinedSchematic. Hereis a step-by-step procedure to accomplish this task.

1. Place the insertion point in the empty line in the specification lastStageSchematic. In the example below, we

marked the insertion point by red vertical separator |.

| ast St ageSchematic = {

{"Polyline", {{-2, -1}, {8, -1}, {8, 5}, {-2, 5}, (-2, -1}}}k

2. Move the mouse over the drawing workspace below combinedSchematic. Click the button on the
palette.

3. Click once when the mouse position is over the coordinate {5, 4} — the output of the Adder element. The coordinate
{54} isselected, and it appears in the Output-element specification that is pasted at the current insertion point:

| ast St ageSchenatic = {
{"Qutput", {5, 43, VY, "", TextOffset -> {-1, 0}},

("Polyline", {{-2, -1}, {8, -1}, {8, 5}, {-2, 5}, {-2, -1}}}}
4. Click the button to update the lastStageSchematic specification.

5. Place the insertion point into the combinedSchematic specification and click the button to draw
combinedSchematic:
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conbi nedSchematic =
Join[firstStageSchematic, basi cStageSchematic, | ast StageSchematic];
ShowSchenmati c[%];

5F—c i

T P

Assume that you want to add a new Multiplier element in basicStageSchematic. Hereis a step-by-step procedure
to do this.

1. Place the insertion point in the empty line in the basicStageSchematic specification. In the example below, we

marked the insertion point by red vertical separator |.

basi cSt ageSchematic =
{{"Del ay", {{0, 0}, {3, 03}, 1, "", PlotStyle » {{Hue[0.3]}, {Hue[O.3]1}}},

{"Adder", {{2, 43}, {3, 3}, {5, 4}, {3, 5}},
{1, 1, 2, 0}, "", PlotStyle -» {{Hue[O. 3]}, {Hue[0.3]}}}};

2. Move the mouse over the drawing workspace below combinedSchematic. Click the button on the
palette.

3. Press and hold the mouse button when the mouse position is over the coordinate { 3,0} — the output of the Delay
element. Drag the mouse to specify the second coordinate — input of the Adder element. Release the mouse button when
the mouse position is over the coordinate { 3,3}. The selected coordinates appear in the Multiplier-element specification
that is pasted at the current insertion point.

basi cSt ageSchematic =
{{"Del ay", {{0, 0}, {3, 03}, 1, "", PlotStyle » {{Hue[0.3]}, {Hue[O0.3]1}}},
("Multiplier", {{3, 0}, {3, 3}}, A "mult"},

{"Adder", {{2, 43}, {3, 3}, {5, 4}, {3, 5}},
{1, 1, 2, 0}, "", PlotStyle -» {{Hue[0.3]}, {Hue[0.31}}}};

4. Click the button to update the basicStageSchematic specification.

5. Place the insertion point in the combinedSchematic specification and click the button to draw
combinedSchematic:
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conbi nedSchematic =
Join[firstStageSchematic, basi cStageSchematic, | ast StageSchematic];
ShowSchenmati c[%];

5/ —m-——-—-m - —-————————————_—E——— — . — |

Y ou can edit the specifications, the values and options, in the same way you edit Mathematica cells.

13.16. Draw Large Schematics Using PlotRange
This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with

Needs [" Schemati cSol ver ™" ];

Suppose that you want to add a new Output element in a large schematic that cannot be nicely presented in the drawing
workspace.

Consider the schematic largeSchematic.
| argeSchematic = {{"lnput", {1, 1}, X},

{"Line", {{1, 13}, {126, 18}}}};
ShowSchenmati c[%;

i

Hereis a step-by-step procedure how to add an element when the grid is too dense.

1. Place the insertion point at the end of the ShowSchematic command just before the rightmost "]".

2. Click the button

, PlotRange - All |0n the palette to insert the PlotRange option.
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| argeSchematic = {{"lnput", {1, 1}, X},

{"Line", {{1, 13}, {126, 18}}}};
ShowSchenati c[% Pl ot Range » Al | 1;

{

3. Select the option parameter Al L.

ShowSchematic[%,PlotRange- All ];

4. Click the button| ({X1, X2}, {Y1, Y21} |to insert range by specifying arectangular area.

5. Move the mouse over the drawing workspace.

6. Press and hold the mouse button when the mouse position is over the first coordinate, say {115, 126.8}. Drag the
mouse to specify the second coordinate. Release the mouse button, say at {14.3, 18.5}. Click the button to
update the drawing workspace. The cell will be evaluated producing a new graphic output cell below the input cell.

| argeSchematic = {{"lnput", {1, 1}, X},

{"Line", {{1, 13}, {126, 18}}}};
ShowSchenati c[% Pl ot Range » {{115, 126.8}, {14.3, 18.5}}];

18 ¢

17 ¢

16 ¢

15+

116 117 118 119 120 121 122 123 124 125 126
7. You can manually edit the plot range. For example, you can change the plot range to {{120, 128}, {15, 20}}. Click the

button to update the drawing workspace.
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| argeSchematic = {{"lnput", {1, 1}, X},

{"Line", {{1, 13}, {126, 18}}}};
ShowSchenati c[% Pl ot Range » {{120, 128}, {15, 20}}1;

20

19
17 ¢

16 +

121 122 123 124 125 126 127 128

8. Place the insertion point in the empty linein the largeSchematic specification.
9. Move the mouse over the drawing workspace below largeSchemati c specification. Click the button [ Output |

10. Click once when the mouse position is over the coordinate {126, 18}. The coordinate { 126,18} is selected, and it
appears in the Output-element specification that is pasted at the current insertion point. Click the button to
update the drawing workspace.

| argeSchematic = {{"lnput", {1, 1}, X},
{"Qutput", {126, 183}, Y, "", TextOfset -> {-1, 0}},

{"Line", {{1, 13}, {126, 18}}}};
ShowSchenati c[% Pl ot Range » {{120, 128}, {15, 20}}1;
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13.17. Draw Large Schematics with Repeated Subschematics

Some large schematics consist of replicas of the subschematics. It is not necessary to manualy insert all elements.
Instead, you can draw smaller parts that constitute the large system, and combine them into the desired schematic.

Consider three subschematics FirstStageSchematic, lastStageSchematic, and basicStageSche-
matic.

firstStageSchematic = {{"Input", {0, 0}, X, "", PlotStyle -» {{Hue[0]}, {Hue[0]1}}},
{"Multiplier", {{0, 0}, {O, 3}}, a0, "", PlotStyle - {{Hue[0]}, {Hue[0]1}}},
{"Line", {{0, 3}, {0, 4}, {2, 4}}, PlotStyle -» {{Hue[0]}, {Hue[O0]}}}};

| ast St ageSchenmatic = {{"Qutput", {5, 4}, Y, "", PlotStyle -» {{Hue[0.3]}, {Hue[0.31}}}};

basi cSt ageSchematic = {{"Del ay", {{0, 0}, {3, 0}}, 13,
{"Multiplier", {{3, 0}, {3, 3}}, akKj,
{"Adder", {{2, 4}, {3, 3}, {5, 4}, {3, 5}}, {1, 1, 2, 031}};

A combined schematic combinedSchematic can be made of individua schematics by using the Mathematica
function Join.

conbi nedSchematic =Join[
firstStageSchemati c,
basi cSt ageSchemati c];

ShowSchenmati c[%];

4+ > \
3+t b
2,

a0 aK

1,

OKO 7! =

0 1 2 3 4 5

Suppose that you want to add the second basicStageSchematic in such a way that the Delay-element input of the
second basicStageSchematic is connected to the Delay-element output of the first basicStageSchematic.
The coordinates of the Delay-element input of basicStageSchematic is {0,0}; therefore, the coordinates of the
Delay-element input of the second basicStageSchematic should betranslated to the right by {3,0}.
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TranslateSchematic isused to trandate basicStageSchematic. The combined schematic combinedSche-
matic contains now one instance of FirstStageSchematic and two instances of basicStageSchematic.

conbi nedSchematic =Join[

firstStageSchemati c,

basi cSt ageSchenati c,

Transl at eSchemat i c [basi cSt ageSchenatic, {3, 0}]1;
ShowSchenmati c[%];

4 + \

3+ >

2,

a0 aK aK
1,

oxO 7! = 7! >

Here is combinedSchematic with three instances of basicStageSchematic and the additional subschematic
lastStageSchematic.

conbi nedSchematic =Join[
firstStageSchemati c,
basi cSt ageSchenati c,
Transl at eSchemat i c [basi cSt ageSchenmatic, {3, 0}],
Transl at eSchemat i c [basi cSt ageSchenmatic, {6, 0}],
Transl at eSchemati c [| ast St ageSchematic, {6, 0}]1;
ShowSchenmati c[%];

2,
EOZ
1,

0XO z!

Z—l

1 3 5 7 9 11

Z—l

Y
Y
Y

TranslateSchematic isbe used to trandate lastStageSchemati c to the proper place.

You can edit the specifications, the values and options, in the same way you edit Mathematica cells. For example,
multiplier coefficients can be replaced by more appropriate expressions:
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conbi nedSchematic =Join[
firstStageSchematic /. a0 - ao,
basi cSt ageSchematic /. aK- a,
Transl at eSchemat i c [basi cSt ageSchenatic /. aK-a;, {3, 0}],
Transl at eSchemat i c [basi cSt ageSchenatic /. aK- a3, {6, 0}],
Transl at eSchemati c [l ast St ageSchematic, {6, 0}]1;
ShowSchenmati c[%];

4 Y
3 L
2 L
aOZX =Y =) 2]
1 L
0XO 7! > 7zl > ==
1 3 5 7 9 11

13.18. Automated Drawing of Systems with Repeated Subschematics

Once when you have drawn subschematics, and when you find out that they can be used to build large schematics with
repeated subschematics, you can write a code to automate drawing for an arbitrary number of repeated stages. Assume
that you want to design a system with 7 stages and 8 parameters.

nunber O St ages = 7;
The parameter symbols can be automatically generated as follows:

par anet er Synbol s = Uni t Synbol i cSequence [nunber Of St ages +1, a, 0] // Flatten

{a0, al, a2, a3, a4, a5, a6, a7}

Consider three subschematics FirstStageSchematic, lastStageSchematic, and basicStageSche-
matic.

firstStageSchematic = {{"Input", {0, 0}, X},
{"Multiplier", {{O, 0}, {0, 3}}, a0},
{"Line", {{0, 3}, {0, 4}, {2, 4}}}};

| ast St ageSchematic = {{"Qutput", {5, 4}, Yout}};

basi cSt ageSchematic = {{"Del ay", {{0, 0}, {3, 0}}, 13,
{"Multiplier", {{3, 0}, {3, 3}}, akKj,
{"Adder", {{2, 4}, {3, 3}, {5, 4}, {3, 5}}, {1, 1, 2, 0}3}};

A combined schematic combinedSchematic can be made of subschematics using Join and TranslateSche-
matic.

conbi nedSchemati ¢ = Joi n[firstStageSchemati c,
Transl at eSchemati c [| ast St ageSchemati c, {(nhunberOf Stages -1) »3, 0}]11;
Do [conbi nedSchemat i ¢ = Joi n[conbi nedSchenmati c,
Transl at eSchematic[
basi cSt ageSchematic /. d -1 /. aK- parameterSynbol s[[k +1]1], {(k-1) %3, 0}]11;
, {k, nunber O St ages}];

PlotRange and FontSize refine the drawing:
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ShowSchenmat i ¢c [conbi nedSchemati c,

Pl ot Range -» {{-2, nunber Of St ages *3 +4}, {-1, 5}}, FontSize > 7];

Youl

ORLNWA~O

0O 2 4 6 8 10 12 14 16 18 20 22 24

13.19. Save and Load Schematic Specification

Sometimes you may prefer to draw a previously generated schematic without seeing the drawing procedure. In that case,

you should save the schematic specification in adisk file, say 'c:\\temp\\mySavedSchematics.m", with

Save["c:\\tenmp\\ nmySavedSchenati cs. n', conbi nedSchemati c]
Y ou can load the saved schematic with

Get ["c:\\tenp\\ nySavedSchematics. m'];
ShowSchenmat i ¢ [conbi nedSchemati c]

Y out

ORrRLNWAM

2 e 2
0 2 4 6 8 10 12 14 16 18 20 22 24

13.20. Predefined Schematics

SchematicSolver comes with functions that create schematics important for practice.

This section assumes that you have already loaded SchematicSolver. Otherwise, you can load the package with

Needs [" Schemati cSol ver ™" ];

DirectFormFIRFilterSchematic creates the schematic of the Direct Form FIR filter with an arbitrary order and

parameters.

Hereis an example schematic specification with 4 symbolic parameters:

{mySchemati c, i npCoords, out Coords} =Direct FornFI RFi | ter Schematic[{a, b, ¢, d}]

{{{Multiplier, {{O, O}, {O, 3}}, a}, {Line, {{O, 3}, {0, 4}, {2, 4}}},

{Del ay, {{0, 0}, {3, 0}}, 1}, {Multiplier, {{3, 0}, {3, 3}}, b},
{Adder, ({2, 43}, {3, 3}, {5, 4}, {3, 5}3, {1, 1, 2, 0}},
{Del ay, {{3, 0}, {6, 0}}, 1}, {Multiplier, {{6, O}, {6, 3}}, c},
{Adder, {{5, 4}, {6, 3}, {8, 4}, {6, 5}3, {1, 1, 2, 0}},
{Del ay, {{6, 0}, {9, 0}}, 1}, {Multiplier, {{9, 0}, {9, 3}}, d},

{Adder, ({8, 43}, {9, 3}, {11, 43}, {9, 5}, {1, 1, 2, 0}}}, {{0, 0}3,

{{11, 411}
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ShowSchenat i c[nySchemati c]

4,
3,
2,
a b c d
1,
0 71 = 71 = 71 =
1 3 5 7 9 11

Y ou can add input and output to form the system:

mySystem=Joi n[
{{"I'nput", First [i npCoords], X}},
mySchemat i c,
{{"CQutput", First [out Coords], Y}}
1

%// ShowSchemat i ¢

2+
/
1,

0XO zt

Y
N
Y
N
Y

1 3 5 7 9 11

Note that the coordinates of input and output have been returned by DirectFormFIRFi lterSchematic.

14. Reference Guide

14.1. List of SchematicSolver Functions
L oad the SchematicSolver package with
Needs [" Schemati cSol ver ™ "]

SchematicSolver functions have short descriptions that document their basic usage. The usage message for a function fnct
is retrieved when you type ?fnct. When you click on a function name below, the usage of that function appears in the
next cell.
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14.2. Palettes

Continuous Elements Palette

Open the Palettes submenu of the File menu, and choose the ContinuousElements command to open the palette
Continuous Elements.

Discrete Elements Palette

Open the Palettes submenu of the File menu, and choose the DiscreteElements command to open the palette
Discrete Elements.

Discrete Nonlinear Elements Palette

Open the Palettes submenu of the File menu, and choose the DiscreteNonlinear command to open the palette
Discrete Nonlinear Elements.

Schematic Options Palette

Open the Palettes submenu of the File menu, and choose the SchematicOptions command to open the palette
Schematic Options.
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14.3. Showing Schematics and Schematic Elements

ShowSchematic

ShowSchemati c draws schematic from a schematic specification.

ShowSchemat i c[schematicSpecification, options]

ShowSchemati c[schematicSpecification] defaults to ShowSchemat i c[schematicSpecification,
ElementScale-—1, FontSize-Automatic, Frame-True, GridLines—Automatic,
PlotRange-All]

schematicSpecification is a schematic specification that represents the system; it isalist of element specifications.

Supported elements are Adder, Amplifier, Arrow, Block, Delay, Function, Input, Integrator, Line, Modulator, Multiplier,
Node, Output, Polyline, and Text.

options are the ShowSchemati c options: ElementScale, FontSize, Frame, GridLines, and PlotRange.
ElementScale specifies the scale of all schematic elements.
FontSize specifiesthe font size of text for all schematic elements. See The Mathematica Book for details.

Frame specifies whether a frame should be drawn around the plot. Fr ane — Tr ue draws a frame with tick marks.
Fr ame - False does not draw aframe with tick marks. See The Mathematica Book for details.

GridLines specifies the grid lines of the schematic. GridLines->None does not draw the grid lines. See The
Mathematica Book for details.

PlotRange specifies the plot range of the schematic. See The Mathematica Book for details.

Options[ShowSchematic] givesalist of the current default settings for all options. Y ou can reset the default using
SetOptions[function, option—value]. For example, SetOptions[ShowSchematic, Frame-False].

Element specification isalist of the form

{"name", coordinates, value, label, elementOpts} .

name is the name of an element: Adder, Amplifier, Arrow, Block, Delay, Function, Input, Integrator,
Line, Modulator, Multiplier, Node, Output, Polyline, or Text. name should be enclosed within double
guotation marks.

coordinatesisapair of numbers{x, y} or alist of pairs of numbers {{x1,y1}, {x2,y2}, ..} .

value is an expression that is the element value (e.g., the multiplier coefficient).

label isastring or expression to annotate the element.

The Arrow and Text elements do not have the label item. The Line and Polyline elements do not have the value and label
items.

elementOpts are element options: ElementSize, PlotStyle, PolylineDashing, ShowArrowTai l, Show-
Nodes, TextDirection, TextOffset, and TextStyle. See DrawE lement for details.

See dlso: DrawElement
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Examples

Needs [" Schemati cSol ver ™" ]
Here is the schematic specification of a continuous system:

continuousSchematic = {
{"lnput", {1, 43, X1}, {"lnput”, {1, 1}, X2},
{"Qutput", {7, 4}, Y1}, {"Qutput", {6, 1}, Y2},
{"Node", {1, 7}, node},
{"Text", {8, 6}, "Continuous\n Systen'},
{"Arrow', {{2, 1}, {1, 133}, "-"3,
{"Adder", {{5, 43}, {6, 1}, {7, 4}, {6, 7}}, {1, -1, 2, 1}},
{("Line", {{1, 4}, {1, 7}}},
{"Arr'plifier", {{1, 7}, {6, 7}}, a},
{"Integrator", {{1, 4}, {5, 4}}, k3,
{"Block", {{1, 1}, {6, 13}, H3,
{"Polyline", {{-1, 03}, {-1, 93, {10, 93}, {10, O3}, {-1, 0313},

ShowSchenmat i ¢ [continuousSchematic, El ement Scale -» 1.5, FontSize » 12,
Frame - Fal se, GidLi nes -» None, Pl ot Range -» {{-2, 11}, {-1, 10}}];

____________________________ :
: |
| a |
: node :
[ p

! |
: Continuous |
| System :
| k |
| |
| x1(O— —|—>>-—o i
| - |
| |
| |
| |
|

| - |
1 X20Q——=- H |= O Y2 |
|

== i
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Here isthe schematic specification of a discrete system:

discreteSchematic = {
{"lnput", {1, 43, X1}, {"lnput”, {1, 1}, X2},
{"Qutput", {7, 4}, Y1}, {"Qutput", {6, 1}, Y2},
{"Node", {1, 7}, node},
{"Text", {8, 6}, "Discrete\n Systeni},
{"Arrow', {{2, 1}, {1, 133}, "-"3,
{"Adder", {{5, 43}, {6, 1}, {7, 4}, {6, 7}}, {1, -1, 2, 1}},
{("Line", {{1, 4}, {1, 7}}},
{"Multiplier", {{1, 7}, {6, 7}}, a},
{"Delay", {{1, 4}, {5, 4}}, 1},
{"Block", {{1, 1}, {6, 13}, H3,
{"Polyline", {{-1, 03}, {-1, 93, {10, 93}, {10, O3}, {-1, 0313},

ShowSchemat i c[discreteSchematic, El ement Scale -» 1.5, FontSize » 12,
Frame - Fal se, GidLi nes -» None, Pl ot Range -» {{-2, 11}, {-1, 10}}1;

____________________________ .
: |
| a |
: node :
q ]

' |
: Discrete |
| System l
' |
' |
' |
: Xlo Z—l 9—0—6}0—0 Y1 |
| - |
| |
| |
! |
| |
| -

1 X20——=— H |= O Y2 |
|

e A |

Here is the schematic specification of a nonlinear system:

nonl i near Schematic = {
{"lInput", {1, 4}, X1}, {"lnput”, {1, 13}, X2},
{"Qutput", {9, 4}, Y1}, {"Qutput", {8, 1}, Y2},
{"Node", {1, 7}, node},
{"Text", {8, 6}, " Nonlinear\n Systen},
{"Arrow', {{2, 1}, {1, 133}, "-"3,
{"Adder", {{5, 43}, {6, 1}, {7, 43}, {6, 7}}, {1, 0, 2, 1}},
{"Line", {{1, 4}, {1, 7}}},
{"Multiplier", {{1, 7}, {6, 7}}, a},
{"Del ay", {{1, 4}, {5, 431}, 1},
{"Mdul ator", {{7, 4}, {8, 1}, {9, 43}, {8, 5}}, {1, 1, 2, 03},
{"Function", {{1, 1}, {8, 13}, Fnct},
{"Polyline", {{-1, 0}, {-1, 9}, {11, 93}, {11, 0}, {-1, 0}}}};
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ShowSchemat i c [nonl i near Schenmati c, El enent Scale » 1.5, FontSi ze -» 12,
Frame - Fal se, GidLi nes -» None, Pl ot Range -» {{-2, 12}, {-1, 10}}];

Nonlinear
System

Y1
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DrawElement

DrawElement creates alist of graphics specifications from which to draw an element.

DrawE lement|[elementSpec]

elementSpec is an element specification. Element specification isalist of the form

{"name", coordinates, value, label, elementOpts} .

name is the name of an element: Adder, Amplifier, Arrow, Block, Delay, Function, Input, Integrator,
Line, Modulator, Multiplier, Node, Output, Polyline, or Text. name should be enclosed within double
guotation marks.

coordinatesisapair of numbers{x, y} or alist of pairs of numbers {{x1,y1}, {x2,y2}, ..} .

value is an expression that is the element value (e.g., the multiplier coefficient).

label isastring or expression to annotate the element.

The Arrow and Text elements do not have the label item. The Line and Polyline elements do not have the value and label
items.

elementOpts are element options: ElementSize, PlotStyle, PolylineDashing, ShowArrowTai l, Show-
Nodes, TextDirection, TextOffset, and TextStyle.

{"name", coordinates, value, label} defaults to
{"name", coordinates, value, label, ElementSize-{1,1},

PlotStyle-{{RGBColor[0,0,0.7], Thickness[0.005], PointSize[0.012]},
{RGBColor[0,0,1], Thickness[0.0035], PointSize[0-01]}},

ShowNodes—True, TextDirection-{1,0}, TextOffset-Automatic,
TextStyle—-{FontFamily-"Times", FontSize-10},
PolylineDashing-Dashing[{0.02,0.01}], ShowArrowTail-True}.

ElementSize specifies the size and aspect ratio of a schematic element.

PlotStyle specifies the style of lines and points to be plotted. Two specifications are given: one for the element shape
(graphic symbol), and one for the element ports (lines connecting the graphic symbol and nodes). See the Mathematica
help for details.

ShowNodes controls the appearance of element nodes.

TextDirection specifies the angle of the text rotation.

TextOffset specifies the position of the element value and label.

TextStyle specifies the text style and font options. See the Mathematica help for details.

PolylineDashing isan option for the Polyline-element specification that controls dashing.

ShowArrowTali I isan option for the Arrow-element specification that controls the appearance of the arrow tail.
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Options[DrawElement] givesalist of the current default settings for al options.

Y ou can reset the default using SetOptions[function, option-value]. For example: SetOptions[Draw-
Element, TextStyle-{FontFamily-"Helvetica", FontSize-9, FontColor-Hue[0.1]}].

See also: ShowSchematic
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ElementScale

ElementScale is an option for ShowSchematic that specifies the magnification of element dimensions for al
schematic elements.

ElementScale - scale

scaleis anumber that specifies the amount of scaling.

ElementScale-1isdefault. You can reset the default using
SetOptions[function, option—-value].

For example, SetOptions[ShowSchematic, ElementScale-2].

Examples

Needs [" Schemati cSol ver ™" ]
Here isthe schematic specification of a system:

schematic = {{"lInput", {0, 0}, X}, {"Qutput", {5, 0}, VY3,
{"Adder", {{0, 0}, {1, -1}, {2, 0}, {1, 13}3}, {1, -1, 2, 03},
{"Block", {{2, 0}, {5, 0}}, H},
{"Li ne", {{51 0}1 {5! _1}1 {11 _1}}}}1

ShowSchemati c[schemati c, El enent Scal e » 1]

-1k | : ; ;
0 1 2 3 4 5

ShowSchemati c[schemati c, El enent Scal e » 0. 5]
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ElementSize

ElementSize isan option for element specification that controls the size and aspect ratio of a schematic element.

ElementSize - {width, height}
ElementSize—{width} defaults to ElementSize—{width, 1}
ElementSize-width defaults to ElementSize—{width, 1}

width is anumber that represents the element width.

height isa number that represents the element height.
ElementSize—{1,1} isdefault.

Y ou can reset the default using SetOptions[function, option—value].

For example, SetOptions[DrawElement, ElementSize—{21}].

Examples

Needs [" Schemati cSol ver ™" ]

{{"Bl ock", {{0, 0}, {5, 0}}, H, "Default"},
{"Block", {{4, 2}, {11, 2}}, G "E enentSize-»{3, 2}",
El enent Si ze » {3, 2}}};

ShowSchemati c[% Frane - Fal se]

ElementSize—{3,2}

— G = .

Default
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PolylineDashing

PolylineDashing isan option for the Polyline-element specification that controls dashing.

PolylineDashing — Dashi ng[{markWidth, spaceWidth}]

PolylineDashing—Dashi ng[{0.02,0.01}] isdefault.

See the Mathematica help for details about choosing the parameters of the Dashi ng function.

Examples

Needs [" Schemati cSol ver ™ "]

{{"Polyline", {{0, 0}, {0, 3}, {5, 3}, {5, 0}, {0, 0}},
Pol yl i neDashi ng - Dashi ng[{0. 02, 0.01}1},
{"Polyline", {{6, 0}, {7, 3}, {11, 3}, {6, 0}},
Pol yl i neDashi ng - Dashi ng[{0. 03, 0.05}1}};
ShowSchemati c[% Frane - Fal se]

\
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ShowArrowTail

ShowArrowTali I isan option for the Arrow-element specification that controls the appearance of the arrow tail.

ShowArrowTai I-True draws the arrow head and the arrow tail.

ShowArrowTai l-False draws only the arrow head.

ShowArrowTai I -True is default.
Y ou can reset the default using SetOptions[function, option—value].

For example, SetOptions[DrawElement, ShowArrowTai l-False].

Examples

Needs [" Schemati cSol ver ™ "]

{{"Arrow', {{8, 3}, {4, 1}}, X, ShowArrowTail - True},
{"Arrow', {{2, 2}, {6, 2}}, u, ShowArrowTail - Fal se}};
ShowSchemati c[% Frane - Fal se]

SchematicSolver Version 2.0 www.schematicsolver.com
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ShowNodes

ShowNodes is an option for element specification that controls the appearance of element nodes.

ShowNodes—True draws circles that represent nodes.

ShowNodes—False does not draw circles that represent nodes.

ShowNodes—True is default.
Y ou can reset the default using SetOptions[function, option—value].

For example, SetOptions[DrawElement, ShowNodes—False].

Examples
Needs [" Schemati cSol ver ™ "]
{{"Bl ock", {{0, 0}, {5, 0}3, H, "", ShowNodes - Fal se},

{"Block", {{O, 2}, {5, 2}}, G "", ShowNodes - True}};
ShowSchemati c[% Frane -» Fal se]

o G > °
H —
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TextDirection

TextDirection isan option for the Text-element specification that controls the angle of the text rotation.

TextDirection - {horizontalDirection, vertical Direction}

TextDirection—{1,0} isdefault. See the Mathematica Text function for details about choosing the text direction.

Examples

Needs [" Schemati cSol ver ™" ]

{{"Text", {3, 0}, "DEFAULT text"},
{"Text", {5, 0}, "ROTATED text",
TextDirection- {2, -1}},
{"Text", {4, 0}, "VERTICAL text",
TextDirection- {0, 1}}3};

ShowSchemati c[% Frane - Fal se]

DEFAULT text

VERTICAL text
3
.A\/
=
&
£
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TextOffset

TextOffset isan option for element specification that controls the position of the element value and label.

TextOffset - {horizontal Offset, vertical Offset}

TextOffset—Automatic is default. See the Mathematica Text function for details about choosing the text offset.
TextOffset aso specifies the orientation of the Input element and the Output element.

Examples

Needs [" Schemati cSol ver ™ "]

{{"Input", {3, 0}, X, "", TextOFfset » {1, -1}},
{"Qutput", {9, 13}, Y, "", TextOfset » {-1, 1}},
{"Adder", {{4, 2}, {5, 1}, {7, 2}, {5, 3}}, {1, -1, 2, 1}, "TextOFfset-{1, -1}",
Text OFfset » {1, -1}},
{"Adder", {{5, 0}, {6, -1}, {8, 0}, {6, 1}}, {1, -1, 2, 1}, "TextOffset-»{-1, 1}",
Text OFfset » {-1, 1}}};

ShowSchemati c[% Frane - Fal se]

TextOffset—{1,—1)

TextOffset—{-1,1)
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$VersionSchematicSolverSchematicElements

$VersionSchematicSolverSchematicElements isavariable that contains information about the package
version and release date.

Needs [" Schemati cSol ver ™" ]

$Ver si onSchenmat i cSol ver Schenati cEl enent s

2.0 (February 03, 2004. 17:33)

SchematicSolver Version 2.0 www.schematicsolver.com
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14.4. Solving Continuous Systems

ContinuousSystemEquations

ContinuousSystemEquations sets up the equations for a system represented by schematic specification.

{ systemEquations, systemVariables} = ContinuousSystemEquations [schematicSpec,
signal TransformName, frequencyVariableName, options]

ContinuousSystemEquations|schematicSpec, signal TransformName, frequencyVariableName]
defaults to ContinuousSystemEquations[schematicSpec, signal TransformName,
frequencyVariableName, PrintFloatingPorts—False, Verbose—False]

ContinuousSystemEquations|schematicSpec, signal TransformName] defaults to
ContinuousSystemEquations|[schematicSec, signal TransformName, s]

ContinuousSystemEquations[schematicSpec] defaultsto
ContinuousSystemEquations[schematicSoec, Y, S]

schematicSpec is a schematic specification that represents the system; it isa list of element specifications.

Supported elements are Adder, Amplifier, Arrow, Block, Input, Integrator, Line, Node, Output, Polyline, and Text.
signal TransformName is a symbol that represents the transform of signals at nodes of the system.
frequencyVariableNameis a symbol that represents the complex frequency (s for continuous-time systems).
systemEquationsis alist of equations that describe the system.

systemVariablesisalist of symbols that represent transforms of signals at nodes.

s isareserved symbol for the complex frequency.

Y isareserved symbol that represents the transform of signals at nodes of the system.
PrintFloatingPorts-True printsalist of element inputs that are not connected to outputs of other elements.
Verbose-True prints solving details.

See also: ContinuousSystemResponse, ContinuousSystemSignals, ContinuousSystemTrans-
ferFunction

Example

Needs [" Schemati cSol ver ™ "]

Here is the schematic specification of a continuous system:
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continuousSchematic = {
{"Input", {1, 4}, X13,
{"Input", {1, 1}, X23,
{"Qutput", {7, 4}, Y1},
{"Qutput", {6, 1}, Y2},
{"Text", {8, 6},

"Conti nuous\ n Systen'},

{"Adder", {{5, 43}, {6, 1}, {7, 4}, {6, 7}}, {1, -1, 2, 1}},
{"Line", {{1, 4}, {1, 7}}},
{"Anplifier", {{1, 7}, {6, 7}}, a},
{"Integrator", {{1, 4}, {5, 4}}, k3,
{"Block", {{1, 1}, {6, 1}}, H}};
ShowSchenati c[% Pl ot Range -» {{-1, 9}, {0, 8}}]
8
a
A ll>
6l Continuous
System
5 L

4l x1o—v—|:D—<—|—>>—o Y1

3L
2L
1r X20— H 0 Y2

0 1 2 3 4 5 6 7 8

{egns, vars} = Conti nuousSyst enEquat i ons[continuousSchemati c];

eqns // Col umFor m

YI{1, 4}] ==

YI{1, 1}] ==

Y[{7, 4}] ::Y[{S 4}] -
Y[{6, 7}] ==aY[{1, 4}]
Y[{5, 4}] == AL
YI(6, 1)) — HY[(L, 1]]

Y[{6, 1}]+Y[{6, 7}]

SchematicSolver Version 2.0
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ContinuousSystemResponse

ContinuousSystemResponse finds the response of a system represented by schematic specification.

{ systemResponse, systemVariables} = ContinuousSystemResponse [schematicSpec,
signal TransformName, frequencyVariableName, options]

ContinuousSystemResponse[schematicSpec, signal TransformName, frequencyVariableName]
defaults to ContinuousSystemResponse[schematicSpec, signal TransformName,
frequencyVariableName, PrintFloatingPorts—False, Verbose—False]

ContinuousSystemResponse[schematicSoec, signal TransformName] defaults to
ContinuousSystemResponse[schematicSpec, signal TransformName, s]

ContinuousSystemResponse[schematicSoec] defaultsto
ContinuousSystemResponse[schematicSoec, Y, Ss]

schematicSpec is a schematic specification that represents the system; it isa list of element specifications.

Supported elements are Adder, Amplifier, Arrow, Block, Input, Integrator, Line, Node, Output, Polyline, and Text.
signal TransformName is a symbol that represents the transform of signals at nodes of the system.
frequencyVariableNameis a symbol that represents the complex frequency (s for continuous-time systems).
systemResponseisalist of replacement rules that describe the system response.

systemVariablesisalist of symbols that represent transforms of signals at nodes.

s isareserved symbol for the complex frequency.

Y isareserved symbol that represents the transform of signals at nodes of the system.
PrintFloatingPorts-True printsalist of element inputs that are not connected to outputs of other elements.
Verbose-True prints solving details.

See also: ContinuousSystemEquations, ContinuousSystemSignals, ContinuousSystemTrans-
ferFunction

Example

Needs [" Schemati cSol ver ™" ]
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Here is the schematic specification of a continuous system:

continuousSchematic = {
{"Input", {1, 4}, X13,
{"Input", {1, 1}, X23,
{"Qutput", {7, 4}, Y1},
{"Qutput", {6, 1}, Y2},
{"Text", {8, 6}, "Continuous\n Systen},

{"Adder", {{5, 43}, {6, 1}, {7, 4}, {6, 7}}, {1, -1, 2, 1}},
{"Line", {{1, 4}, {1, 7}}},
{"Anplifier", {{1, 7}, {6, 7}}, a},
{"Integrator", {{1, 4}, {5, 4}}, k3,
{"Block", {{1, 1}, {6, 1}}, H}};
ShowSchenatic[% Pl ot Range -» {{-1, 9}, {0, 8}}]
8
a
A D
6l Continuous
System
5 L

4l x1o—v—|:D—<—|—>>—o Y1

.l _
2,
1} X20— H = 0Y2

0 1 2 3 4 5 6 7 8

{resp, vars} = Conti nuousSyst enResponse[continuousSchemati c];

resp // Col umFor m

_ ~kXl-as Xl+Hs X2
s

[ ]-
[{5, 4}] -
[{6, 7}}+aX1
[{6, 1}}+HX2
({1, 131 -
[ ]

(1, 4) eXl
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ContinuousSystemSignals

ContinuousSystemSignals finds the signals at all nodes of a system represented by schematic specification.

{sytemSignals, systemVariables} = ContinuousSystemSignal s[schematicSpec,
signal TransformName, frequencyVariableName, options]

ContinuousSystemSignals|[schematicSpec, signal TransformName, frequencyVariableName]
defaults to ContinuousSystemSignal s[schematicSec, signal TransformName,
frequencyVariableName, PrintFloatingPorts—False, Verbose—False]

ContinuousSystemSignals[schematicSoec, signal TransformName] defaults to
ContinuousSystemSignals[schematicSoec, signal TransformName, s]

ContinuousSystemSignals[schematicSpec] defaults to
ContinuousSystemSignals[schematicSoec, Y, S]

schematicSpec is a schematic specification that represents the system; it isa list of element specifications.

Supported elements are Adder, Amplifier, Arrow, Block, Input, Integrator, Line, Node, Output, Polyline, and Text.
signal TransformName is a symbol that represents the transform of signals at nodes of the system.
frequencyVariableNameis a symbol that represents the complex frequency (s for continuous-time systems).
systemSgnalsisalist of expressions that represent the signals at all nodes of the system.
systemVariablesisalist of symbols that represent transforms of signals at nodes.
s isareserved symbol for the complex frequency.
Y isareserved symbol that represents the transform of signals at nodes of the system.
PrintFloatingPorts-True printsalist of element inputs that are not connected to outputs of other elements.
Verbose-True printssolving details.

See also: ContinuousSystemEquations, ContinuousSystemResponse, ContinuousSystemTrans-

ferFunction

Example

Needs [" Schemati cSol ver ™" ]

Here is the schematic specification of a continuous system:
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continuousSchematic = {
{"Input", {1, 4}, X13,
{"Input", {1, 1}, X23,
{"Qutput", {7, 4}, Y1},
{"Qutput", {6, 1}, Y2},
{"Text", {8, 6}, "Continuous\n Systen},

{"Adder", {{5, 43}, {6, 1}, {7, 4}, {6, 7}}, {1, -1, 2, 1}},
{"Line", {{1, 4}, {1, 7}}},
{"Anplifier", {{1, 7}, {6, 7}}, a},
{"Integrator", {{1, 4}, {5, 4}}, k3,
{"Block", {{1, 1}, {6, 1}}, H}};
ShowSchenati c[% Pl ot Range -» {{-1, 9}, {0, 8}}]
8
a
A ll>
6l Continuous
System
5 L

4l x1o—v—|:D—<—|—>>—o Y1

2l —
2,
1+ X20— H = oY2

0 1 2 3 4 5 6 7 8

Cont i nuousSyst enfSi gnal s [continuousSchemati c];
%// Transpose // Tabl eForm

_—le—asSXhHsXZ Y[{7, 4}}
axi Y[{6, 7}]
H X2 Y[{6, 1}]
AL Y[{5, 4}]
X1 Y[{1, 4}]
X2 Y[{1, 1}]

SchematicSolver Version 2.0

www.schematicsolver.com



377

ContinuousSystemTransferFunction

ContinuousSystemTransferFunction finds the transfer function matrix of a system represented by schematic
specification.

{transfer FunctionMatrix, systemlnputs, systemOutputs} =
ContinuousSystemTransferFunction[schematicSpec, signal TransformName,
frequencyVariableName, options]

ContinuousSystemTransferFunction[schematicSpec, signal TransformName,
frequencyVariableName] defaults to ContinuousSystemTransferFunction[schematicSec,
signal TransformName, frequencyVariableName, PrintFloatingPorts—False, Verbose-
False]

ContinuousSystemTransferFunction[schematicSoec, signal TransformName] defaults to
ContinuousSystemTransferFunction[schematicSoec, signal TransformName, s]

ContinuousSystemTransferFunction[schematicSoec] defaults to
ContinuousSystemTransferFunction[schematicSec, Y, S]

schematicSpec is a schematic specification that represents the system; it isa list of element specifications.

Supported elements are Adder, Amplifier, Arrow, Block, Input, Integrator, Line, Node, Output, Polyline, and Text.
signal TransformName is a symbol that represents the transform of signals at nodes of the system.
frequencyVariableNameis a symbol that represents the complex frequency (s for continuous-time systems).

transfer FunctionMatrix is the transfer function matrix of the system. Each row of this matrix corresponds to a system
output, and each column of the matrix corresponds to a system input. The first input corresponds to the first Input
element in schematicSpec, the second input corresponds to the second Input element in schematicSpec, and so on. The
same convention applies to the numbering of outputs.
systeminputsisalist of symbolsthat represent system inputs.
systemOutputsisalist of symbols that represent system outputs.
s isareserved symbol for complex frequency.
Y isareserved symbol that represents the transform of signals at nodes of the system.
PrintFloatingPorts-True printsalist of element inputs that are not connected to outputs of other elements.
Verbose-True prints solving details.

See also: ContinuousSystemEquations, ContinuousSystemResponse, ContinuousSystemSig-

nals

Example

Needs [" Schemati cSol ver ™" ]

Here is the schematic specification of a continuous system.
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continuousSchematic = {
{"lnput", {1, 43, X1}, {"lnput”, {1, 1}, X2},
{"Qutput", {7, 4}, Y1}, {"Qutput", {6, 1}, Y2},
{"Text", {8, 6}, "Continuous\n Systen},
{"Adder", {{5, 43}, {6, 1}, {7, 4}, {6, 6}}, {1, -1, 2, 1}},
{"Line", {{1, 4}, {1, 63}}}, {"Block", {{1, 13, {6, 1}3}, H},
{"Amplifier", {{1, 6}, {6, 6}}, a},
{"Integrator", {{1, 4}, {5, 4}}, k}};
ShowSchenati c[% Pl ot Range -» {{-1, 9}, {0, 7}}]

7
a
6l _ ' Continuous
System
5 L
k
4t X10 [|> (—D»—o Y1
2l —
2 L
1+ x20 H = o Y2

0 1 2 3 4 5 6 7 8 9

{tfMatrix, systeml np, systenut} =
Cont i nuousSyst enilr ansf er Funct i on[continuousSchemati c];

tfMatrix // Together // Matri xForm
( k+sas —H)

0 H
system np // Col umForm

Y[{1, 4}]
Y[{1, 1}]

systentut // Col uimForm

Y[{7, 4}]
Y[{6, 1}]
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S

s isareserved symbol in SchematicSolver.

s isasymbol that represents the Laplace complex variable.

See also: ContinuousSystemEquations, ContinuousSystemResponse, ContinuousSystemSig-
nals, ContinuousSystemTransferFunction
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14.5. Solving Discrete Systems

DiscreteSystemEquations

DiscreteSystemEquations sets up the equations for a system represented by schematic specification.

{ systemEquations, systemVariables} = DiscreteSystemEquations [schematicSoec,
signal TransformName, frequencyVariableName, options]

DiscreteSystemEquations|schematicSpec, signal TransformName, frequencyVariableName]
defaults to DiscreteSystemEquations[schematicec, signal TransformName,
frequencyVariableName, PrintFloatingPorts—False, Verbose—False]

DiscreteSystemEquations|[schematicSpec, signal TransformName] defaults to
DiscreteSystemEquations|schematicSec, signal TransformName, z]

DiscreteSystemEquations|[schematicSpec] defaults to
DiscreteSystemEquations|[schematicSoec, Y, z]

schematicSpec is a schematic specification that represents the system; it isa list of element specifications.

Supported elements are Adder, Arrow, Block, Delay, Input, Line, Multiplier, Node, Output, Polyline, and Text.
signal TransformName is a symbol that represents the transform of signals at nodes of the system.
frequencyVariableNameis a symbol that represents the complex variable (z for discrete systems).
systemEquationsis alist of equations that describe the system.
systemVariablesisalist of symbols that represent transform of signals at nodes.
z isareserved symbol for the complex variable.
Y isareserved symbol that represents the transform of signals at nodes of the system.
PrintFloatingPorts-True printsalist of element inputs that are not connected to outputs of other elements.
Verbose-True prints solving details.

See also: DiscreteSystemResponse, DiscreteSystemSignals, DiscreteSystemTransferFunc-

tion

Example

Needs [" Schemati cSol ver ™ "]

Here isthe schematic specification of a discrete system:

SchematicSolver Version 2.0 www.schematicsolver.com



381

discreteSchematic = {
{"Input", {1, 4}, X13,
{"Input", {1, 1}, X23,
{"Qutput", {7, 4}, Y1},
{"Qutput", {6, 1}, Y2},
{"Text", {8, 6}, "Discrete\n Systeni},
{"Adder", {{5, 43}, {6, 1}, {7, 4}, {6, 7}}, {1, -1, 2, 1}},
{"Line", {{1, 4}, {1, 7}}},
{"Multiplier", {{1, 7}, {6, 7}}, a},
{"Delay", {{1, 4}, {5, 4}}, 1},
{"Block", {{1, 1}, {6, 1}}, H}};
ShowSchenati c[% Pl ot Range -» {{-1, 9}, {0, 8}}]

8

a

7L ,\
L~ |

Discrete
System

b=

4+ X10 zi!

e

1 X20+— H oY2

0 1 2 3 4 5 6 7 8 9
{egns, vars} = Di scret eSyst enEquati ons [discreteSchematic];
eqns // Col umFor m

Y[{1, 4}] ==X1

Y[{1, 1}] ==X2

YI{7, 4}) == Y[{5, 4}] - Y[{6, 1}] +Y[(6, 7}]
YI{6, 7}] ==aY[{1, 4}]

Y5, 4}] == S

YI{6, 1}] == HY[{1, 1}]
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DiscreteSystemResponse

DiscreteSystemResponse finds the response of a system represented by schematic specification.

{ systemResponse, systemVariables} = DiscreteSystemResponse[schematicSoec,
signal TransformName, frequencyVariableName, options]

DiscreteSystemResponse[schematicec, signal TransformName, frequencyVariableName]
defaults to DiscreteSystemResponse[schematicSpec, signal TransformName,
frequencyVariableName, PrintFloatingPorts—False, Verbose—False]

DiscreteSystemResponse[schematicYec, signal TransformName] defaults to
DiscreteSystemResponse[schematicpec, signal TransformName, z]

DiscreteSystemResponse[schematicSpec] defaults to
DiscreteSystemResponse[schematicpec, Y, z]

schematicSpec is a schematic specification that represents the system; it isa list of element specifications.

Supported elements are Adder, Arrow, Block, Delay, Input, Line, Multiplier, Node, Output, Polyline, and Text.
signal TransformName is a symbol that represents the transform of signals at nodes of the system.
frequencyVariableNameis a symbol that represents the complex variable (z for discrete systems).
systemResponseisalist of replacement rules that describe the system response.
systemVariablesisalist of symbols that represent transform of signals at nodes.
z isareserved symbol for the complex variable.
Y isareserved symbol that represents the transform of signals at nodes of the system.
PrintFloatingPorts-True printsalist of element inputs that are not connected to outputs of other elements.
Verbose-True prints solving details.
See also: DiscreteSystemEquations, DiscreteSystemSignals, DiscreteSystemTransferFunc-

tion

Example

Needs [" Schemati cSol ver ™" ]

Here isthe schematic specification of a discrete system:
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discreteSchematic = {
{"Input", {1, 4}, X13,
{"Input", {1, 1}, X23,
{"Qutput", {7, 4}, Y1},
{"Qutput", {6, 1}, Y2},
{"Text", {8, 6}, "Discrete\n Systeni},
{"Adder", {{5, 43}, {6, 1}, {7, 4}, {6, 7}}, {1, -1, 2, 1}},
{"Line", {{1, 4}, {1, 7}}},
{"Multiplier", {{1, 7}, {6, 7}}, a},
{"Delay", {{1, 4}, {5, 4}}, 1},
{"Block", {{1, 1}, {6, 1}}, H}};
ShowSchenati c[% Pl ot Range -» {{-1, 9}, {0, 8}}]

8

a

7L ,\
L~ |

Discrete
System

b=

4+ X10 zi!

e

1 X20+— H oY2

0 1 2 3 4 5 6 7 8 9
{resp, vars} = Di scret eSyst emResponse [discreteSchenatic];
resp // Col umFor m

-Xl-aX1z+HX2z
z
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DiscreteSystemSignals

DiscreteSystemSignals findsthe signals at al nodes of a system represented by schematic specification.

{sytemSignals, systemVariables} = Di screteSystemSignals|schematicSoec,
signal TransformName, frequencyVariableName, options]

DiscreteSystemSignals|[schematicSpec, signal TransformName, frequencyVariableName]
defaults to DiscreteSystemSignal s[schematicec, signal TransformName,
frequencyVariableName, PrintFloatingPorts—False, Verbose—False]

DiscreteSystemSignal s[schematicSpec, signal TransformName] defaults to
DiscreteSystemSignals|[schematicSpec, signal TransformName, z]

DiscreteSystemSignals[schematicSpec] defaults to
DiscreteSystemSignals[schematicSpec, Y, z]

schematicSpec is a schematic specification that represents the system; it isa list of element specifications.

Supported elements are Adder, Arrow, Block, Delay, Input, Line, Multiplier, Node, Output, Polyline, and Text.
signal TransformName is a symbol that represents the transform of signals at nodes of the system.
frequencyVariableNameis a symbol that represents the complex variable (z for discrete systems).
systemSgnalsisalist of expressions that represent the signals at all nodes of the system.
systemVariablesisalist of symbols that represent transform of signals at nodes.
z isareserved symbol for the complex variable.
Y isareserved symbol that represents the transform of signals at nodes of the system.
PrintFloatingPorts-True printsalist of element inputs that are not connected to outputs of other elements.
Verbose-True prints solving details.

See also: DiscreteSystemEquations, DiscreteSystemResponse, DiscreteSystemTransfer-

Function

Example

Needs [" Schemati cSol ver ™" ]

Here isthe schematic specification of a discrete system:
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discreteSchematic = {
{"Input", {1, 4}, X13,
{"Input", {1, 1}, X23,
{"Qutput", {7, 4}, Y1},
{"Qutput", {6, 1}, Y2},
{"Text", {8, 6}, "Discrete\n Systeni},
{"Adder", {{5, 43}, {6, 1}, {7, 4}, {6, 7}}, {1, -1, 2, 1}},
{"Line", {{1, 4}, {1, 7}}},
{"Multiplier", {{1, 7}, {6, 7}}, a},
{"Delay", {{1, 4}, {5, 4}}, 1},
{"Block", {{1, 1}, {6, 1}}, H}};
ShowSchenati c[% Pl ot Range -» {{-1, 9}, {0, 8}}]

8

a
7L ,\

e |
Discrete
System

F)—-o v

41t X10 71!

e

1t X20 H oY2

0 1 2 3 4 5 6 7 8 9
Di scret eSyst enSSi gnal s[discreteSchemati c];
%// Transpose // Tabl eForm

_—Xl—aXlzz+HX22 Y{7, 4}]
axi Y[{6, 7}]
H X2 Y[{6, 1}]
£ Y[{5, 4}]
X1 Y[{1, 4}]
X2 Y[{1, 1}]
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DiscreteSystemTransferFunction

DiscreteSystemTransferFunction finds the transfer function matrix of a system represented by schematic
specification.

{transfer FunctionMatrix, systemlnputs, systemOutputs} =
DiscreteSystemTransferFunction[schematicSec, signal TransformName,
frequencyVariableName, options]

DiscreteSystemTransferFunction[schematicSec, signal TransformName,
frequencyVariableName] defaultsto DiscreteSystemTransferFunction|schematicSpec,
signal TransformName, frequencyVariableName, PrintFloatingPorts—False, Verbose-
False]

DiscreteSystemTransferFunction[schematicSec, signal TransformName] defaults to
DiscreteSystemTransferFunction[schematicSpec, signal TransformName, z]

DiscreteSystemTransferFunction[schematicSec] defaultsto
DiscreteSystemTransferFunction[schematicSpec, Y, z]

schematicSpec is a schematic specification that represents the system; it isa list of element specifications.

Supported elements are Adder, Arrow, Block, Delay, Input, Line, Multiplier, Node, Output, Polyline, and Text.
signal TransformName is a symbol that represents the transform of signals at nodes of the system.
frequencyVariableNameis a symbol that represents the complex variable (z for discrete systems).

transfer FunctionMatrix is the transfer function matrix of the system. Each row of this matrix corresponds to a system
output, and each column of the matrix corresponds to a system input. The first input corresponds to the first Input
element in schematicSpec, the second input corresponds to the second Input element in schematicSpec, and so on. The
same convention applies to the numbering of outputs.

systeminputsisalist of symbolsthat represent system inputs.

systemOutputsisalist of symbols that represent system outputs.

z isareserved symbol for the complex variable.

Y isareserved symbol that represents the transform of signals at nodes of the system.
PrintFloatingPorts-True printsalist of element inputs that are not connected to outputs of other elements.
Verbose-True prints solving details.

See also: DiscreteSystemEquations, DiscreteSystemResponse, DiscreteSystemSignals

Example

Needs [" Schemati cSol ver ™" ]

Here isthe schematic specification of a discrete system:
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d

iscreteSchematic = {{"Text", {8, 6}, "Discrete\n Systen'},
{"lInput", {1, 43, X1}, {"lnput”, {1, 2}, X2},

{"Qutput", {7, 4}, Y1}, {"Qutput", {6, 2}, Y2},

{"Adder", {{5, 43}, {6, 2}, {7, 4}, {6, 6}}, {1, -1, 2, 1}},
{"Line", {{1, 4}, {1, 63}}}, {"Block", {{1, 2}, {6, 2}}, H},
{"Multiplier", {{1, 6}, {6, 6}}, a},

{("Delay", {{1, 4}, {5, 43}, 11}y

ShowSchenatic[% Pl ot Range -» {{-1, 9}, {1, 7}}]

7
a
61 Discrete
System
5 L
4+ X10 Y1
3 L
2 X20—

9

{tfMatrix, systenl np, systenfut } = Di screteSyst enlransferFuncti on[discreteSchenatic];

tfMatrix // Together // Matri xForm

|

z

l+az —H)
0 H

system np // Col uimFor m

Y
Y

({1, 4}]
({1, 2}]

systenut // Col uimForm

Y
Y

({7, 4}]
[{6, 2}]
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f

T isareserved symbol in SchematicSolver.

T isasymbol that represents the digital frequency.

See also: Di scr et eSyst enfr equencyResponse, DiscreteSystemMagnitudeResponsePlot,
SequenceFourierTransform, SequenceFourierTransformMagnitudePlot, UnitSineSe-
guence
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PrintFloatingPorts

PrintFloatingPorts isan option for the solving functions.

PrintFloatingPorts—True printsalist of element inputs that are not connected to outputs of
other elements.

PrintFloatingPorts—False does not report on the unconnected element inputs.

PrintFloatingPorts-False isdefault.

Example

Here is the schematic specification of a discrete system:

discreteSchematic = {
{"lnput", {1, 43}, X}, {"Qutput", {7, 4}, Y},
{"Adder", {{5, 4}, {6, 2}, {7, 4}, {6, 6}}, {1, -1, 2, 1}},
{"Line", {{1, 4}, {1, 2}}}, {"Block", {{1, 2}, {6, 2}}, H},
{"Multiplier", {{1, 6}, {6, 6}}, a},
{"Delay", {{1, 4}, {5, 4}}, 11};

ShowSchenatic[% Pl ot Range » {{-1, 9}, {1, 7}}]

7

ol NS
I/

o
?

0 1 2 3 4 5 6 7 8 9
{tfMatrix, systemnml np, systenfut } = Di scret eSyst eniransferFuncti on[discreteSchemati c,
PrintFl oatingPorts - Truel;

Floating ports = {Y[{1, 6}]}
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Verbose

Verbose isan option for the solving functions.

Verbose-True prints solving details.

Verbose-False does not print solving details.

Verbose—False isdefault.

Example

Here isthe schematic specification of a discrete system:

discreteSchematic = {
{"lnput", {1, 43}, X}, {"Qutput", {7, 4}, Y},
{"Adder", {{5, 43}, {6, 1}, {7, 4}, {6, 7}}, {1, -1, 2, 1}},
{"Line", {{1, 4}, {1, 1}}},
{"Line", {{1, 4}, {1, 7}}},
{"Multiplier", {{1, 7}, {6, 7}}, a},
{"Delay", {{1, 4}, {5, 4}}, 1},
{"Block", {{1, 1}, {6, 1}}, H}};
ShowSchenati c[% Pl ot Range -» {{-1, 9}, {0, 8}}]

8
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{tfMatrix, systemnml np, systenfut } = Di scret eSyst eniransferFuncti on[discreteSchemati c,
Ver bose -» True];

Sol veDi scret eSyst em 2004 Feb 03, 19:18
Signal s at nodes are designated by the synbol Y
Conpl ex variable is represented by the synbol z

Schematic specification = {{lnput, {1, 4}, X}, {Qutput, {7, 4}, Y},
{Adder, {{5, 43}, {6, 13}, {7, 4}, {6, 7}}, {1, -1, 2, 1}}, {Line, {{1, 4}, {1, 1}}},
{Line, {{1, 4}, {1, 7}}}, {Multiplier, {{1, 7}, {6, 7}}, a},
{Del ay, ({1, 43}, {5, 43}, 1}, {Block, {{1, 1}, {6, 1}}, H}}

Topol ogy element list (raw) = {{lnput, {1, 4}, {}, X}, {Qutput, {7, 4}, {}, Y},
{Adder, {7, 43}, {{5, 4}, {6, 1}, {6, 7}}, {1, -1, 13}, {Line, {1, 13, {1, 43}, 1},
{Line, {1, 7}, {1, 43, 1}, {Miltiplier, {6, 7}, {1, 7}, a},

{Del ay, {5, 43}, {1, 43, 1}, {Block, {6, 1}, {1, 1}, H}}

Topol ogy element list = {{lnput, {1, 4}, {}, X}, {Qutput, {7, 4}, {}, Y},
{Adder, {7, 4}, {{5, 4}, {6, 1}, {6, 7}}, {1, -1, 13}, {Line, {1, 4}, {1, 43}, 1},
{Line, {1, 43}, {1, 43, 1}, {Miltiplier, {6, 7}, {1, 4}, a},

{Del ay, {5, 43}, {1, 43, 1}, {Block, {6, 1}, {1, 4}, H}}

Li ne-el ement position = {4, 5}

Input elements = {{Input, {1, 4}, {}, X}}

I nput -el enent coordinates = {{1, 4}}

I nput -el enent vector = {Y[{1, 4}]}

Qutput elements = {{Qutput, {7, 4}, {}, Y}}
CQut put -el ement coordinates = {{7, 4}}

Qut put -el enent vector = {Y[{7, 4}]}

Anal ysis el enents =

{{Input, {1, 43}, {}, X}, {Adder, {7, 4}, {{5, 4}, {6, 1}, {6, 7}}, {1, -1, 1}},
{Multiplier, {6, 7}, {1, 4}, a},
{Del ay, {5, 4}, {1, 4}, 1}, {Block, {6, 1}, {1, 4}, H}}

Node coordinates (raw) = {{{1, 43}, {}}, {{7, 4}, {5, 4}, {6, 1}, {6, 7}},
({6, 7}, {1, 4}}, {{5, 4}, {1, 4}}, ({6, 1}, {1, 4}}}

Node coordinates = {{1, 4}, {7, 4}, {5, 4},
{6, 1}, {6, 7}, {6, 7}, {1, 4}, (5, 4}, (1, 4}, {6, 1}, (1, 4}}

Si gnal coordinates = {{1, 4}, {5, 4}, {6, 1}, {6, 7}, {7, 4}}

Signal vector = {Y[{1, 4}], Y[{5, 4}], Y[{6, 1}], Y[{6, 7}]1, Y[{7, 411}
Qut put coordinates (raw) = {{1, 4}, {7, 4}, {6, 7}, {5, 4}, {6, 1}}

Qut put coordinates = {{1, 4}, {5, 4}, {6, 1}, {6, 7}, {7, 4}}

Qut put Vector = {Y[{1, 4}], Y[{5, 4}71, Y[{6, 1}], Y[{6, 7}1, Y[{7, 4}]1}
Dupli cat e-out put coordinates = {1, 1, 1, 1, 1}

Duplicate-output flag = {Fal se, Fal se, Fal se, Fal se, Fal se}

System variables = {Y[{1, 4}], Y[{5, 4}], Y[{6, 1}], Y[{(6, 7}], Y[{7, 4}]}

System equations = Y[{7, 4}] ==Y[{5, 4}] -Y[{6, 1}] +Y[{6, 7}]
Y[{6, 7}] ==aY[{1, 4}]
Y[{5, 4}] == YHLAL
Y[{6, 1}] ==HY[{1, 4}]

No fl oating ports.
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Y

Y isareserved symbol in SchematicSolver.

Y isasymbol that represents the transform of signals at nodes of a system.

See also: DiscreteSystemEquations, DiscreteSystemResponse, DiscreteSystemSignals,
DiscreteSystemTransferFunction, ContinuousSystemEquations, ContinuousSystemRe-
sponse, ContinuousSystemSignals, ContinuousSystemTransferFunction
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z

z isareserved symbol in SchematicSolver.

z isasymbol that represents the z-transform variable.

See also: DiscreteSystemEquations, DiscreteSystemResponse, DiscreteSystemSignals,
DiscreteSystemTransferFunction, DiscreteSystemDisplayForm, Di scr et eSyst enfr e-
guencyResponse, DiscreteSystemMagnitudeResponsePlot, DiscreteSystemProcessing-
SIS0
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$VersionSchematicSolverSchematicAnalysis

$VersionSchematicSolverSchematicAnalysis isavariable that contains information about the package
version and release date.

Needs [" Schemati cSol ver ™" ]

$VersionSchematicSolverSchematicAnalysis

2.0 (February 03, 2004. 19:18)
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14.6. Utilities

CheckElementSyntax

CheckElementSyntax checks the syntax of element specification.

flag = CheckElementSyntax[eementSpec]

elementSpec is an element specification.
flagisFalse if elementSpec isnot alist specifying a schematic element. Otherwise, itis True.

See also: CheckSchematicSyntax, DrawElement, ShowSchematic

Example

Needs [" Schemati cSol ver ™" ]

Here isthe element specification:
el enent Spec = {"Adder", {{5, 4}, {6, 1}, {7, 4}, {6, 7}}, {1, -1, 2, 1}}
{Adder, ({5, 43}, {6, 1}, {7, 43}, {6, 7}}, {1, -1, 2, 1}}

CheckEl enent Synt ax [el ement Spec]

True
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CheckSchematicSyntax

CheckSchematicSyntax checks the syntax of schematic specification.

flag = CheckSchematicSyntax[schematicSpec]

schematicSpec is a schematic specification that represents the system; it isa list of element specifications.
flagis False if schematicSpec is not a list specifying a schematic. Otherwise, itisTrue.

See also: CheckElementSyntax, DrawElement, ShowSchematic
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dBMagnitudePlot

dBMagnitudePlot isan option for DiscreteSystemMagnitudeResponsePlot, SequenceDiscreteFou-
rierTransformMagnitudePlot, and SequenceFourierTransformMagnitudePlot.

dBMagnitudePlot-True plots magnitude in decibels: 20log,,(X).
dBMagnitudePlot-False plots magnitude in linear scale.

dBMagnitudePlot-True isdefault for DiscreteSystemMagnitudeResponsePlot.

dBMagnitudePlot-False isdefault for SequenceDiscreteFourierTransformMagnitudePlot and
SequenceFourierTransformMagnitudePlot.

Y ou can reset the default using
SetOptions[function, option—-value]. For example,

SetOptions[SequenceFourierTransformMagnitudePlot, dBMagnitudePlot-True].
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DiscreteSystemDisplayForm

DiscreteSystemDisplayForm displays transfer function of a discrete system in the traditional form.

DiscreteSystemDisplayForm[H, complexVariableName]

DiscreteSystemDisplayForm[H] defaultsto DiscreteSystemDisplayForm[H, z]

H is the transfer function.

complexVariableName is a symbol that represents the complex variable.

z isareserved symbol for the complex variable.

DiscreteSystemDisplayForm[H, Z displaysthe transfer function H of a discrete system in terms of z 2.

See dlso: DiscreteSystemTransferFunction

Example

Hereisthe transfer function of a discrete system:

H=(a+0.8+2z)/ (z+axz+0.9);
Di scret eSyst enDi spl ayFor m[H]

1+(0.8+a)z?
1+a+0.92z1
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DiscreteSystemFrequencyResponse

Di scr et eSyst enfr equencyResponse computes and plots the magnitude and the phase characteristics of a
discrete system.

{ magnitudeResponse, phaseResponse} = Di scr et eSyst enfr equencyResponse[H,
complexVariableName, digital FrequencyName, {f1, f2}]

Di scret eSyst enfFr equencyResponse[H, complexVariableName, digital FrequencyName]
defaultsto Di scr et eSyst enfFr equencyResponse[H, complexVariableName,
digitalFrequencyName, {0, 1/2}]

Di scret eSyst enfFr equencyResponse[H, complexVariableName] defaults to

Di scret eSyst enfFr equencyResponse[H, complexVariableName, F, {0, 1/2}]

Di scret eSyst enfFr equencyResponse[H] defaultsto

Di scret eSyst enfFrequencyResponse[H, z, T, {0, /2}]

Di scret eSyst enfFr equencyResponse[H, complexVariableName, {f1, f2}] defaultsto
Di scret eSyst enfFr equencyResponse[H, complexVariableName, F, {1, f2}]

Di scret eSyst enfFr equencyResponse[H, {f1, f2}] defaultsto
Di scret eSyst enfFr equencyResponsel[H, z, T, {fl, f2}]

H is the transfer function.

complexVariableName is a symbol that represents the complex variable.

digital FrequencyName is a symbol that represents the digital frequency.

{f1, f2} isthe plot range of digital frequencies.

magnitudeResponse is an expression that is the magnitude response in terms of digital FrequencyName.
phaseResponse is an expression that is the phase response in terms of digital FrequencyName.

z isareserved symbol for the complex variable.

T isareserved symbol for the digital frequency.

See also: DiscreteSystemMagnitudeResponsePlot

Example
Hereisthe transfer function of a discrete system:
H=(1/4+2)/(z+1/8)

+Z
+Z

N

o[-

{magni t ude, phase} = Di scret eSyst enfr equencyResponse [H];

©2003-2004 Prof Miroslav Lutovac & Prof Dejan Tosic. All rights reserved.



400

Magni t ude (dB)

0.5

: Frequency

Phase (degrees)

0.1 0.2 0.3 0. 4 5 | eduency
-1t
-2
-3
41
-5
-6
-7t

magni t ude // Tradi ti onal Form

1+4e2tr
1+8e2ifr

phase // Tradi ti onal Form

Arg(1. (cos(2 f m) + i sin(2 f ) + 0.25) — Arg(1. (cos(2 f ) + i sin(2 f x)) + 0.125)
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DiscreteSystemMagnitudeResponsePlot

DiscreteSystemMagnitudeResponseP 1ot plots the magnitude characteristics of a discrete system.

DiscreteSystemMagnitudeResponsePlot[H, complexVariable, {f1,f2}, opts]

DiscreteSystemMagnitudeResponsePlot[H, complexVariable, {f1,f2}] defaults to
DiscreteSystemMagnitudeResponsePlot[H, complexVariable, {f1,f2},
dBMagnitudePlot-True, optsPlot]

DiscreteSystemMagnitudeResponsePlot[H, complexVariable] defaults to
DiscreteSystemMagnitudeResponsePlot[H, complexVariable, {0,1/2}]

DiscreteSystemMagnitudeResponsePlot[H] defaultsto
DiscreteSystemMagnitudeResponsePlot[H, z, {0,1/2}]

DiscreteSystemMagnitudeResponsePlot[H, {f1,f2}] defaults to
DiscreteSystemMagnitudeResponsePlot[H, z, {f1,f2}]

H isthe transfer function of a discrete system.

complexVariable isa symbol that represents the complex variable.

{f1,f2} isthe plot range of digital frequencies.

opts are options; opts can contain any Pl ot options (see the Mathematica Plot function for details).
optsPlot are the default Plot options. See the Mathematica Pl ot function for details.
dBMagnitudePlot-True plots magnitude in decibels, 201og, ().
dBMagnitudePlot-False plots magnitude in linear scale.

z isareserved symbol for the complex variable.

Options[DiscreteSystemMagnitudeResponsePlot] givesalist of the current default settings for all options.
Y ou can reset the default using

SetOptions[function, option—value]. For example,

SetOptions[DiscreteSystemMagnitudeResponsePlot, dBMagnitudePlot-False].

See also: DiscreteSystemFrequencyResponse, Plot

Example

Hereisthe transfer function of a discrete system:

H=(1/4+2)/(z+1/8)

N

+2Z
z

0| |

+
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Di scret eSyst emvagni t udeResponsePl ot [H, Pl ot Label - "Magni tude (dB)"]
Magni t ude (dB)
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DiscreteSystemProcessingSI1SO

DiscreteSystemProcessingSI1SO processes alist of data samples, for a given transfer function, with a single-in-
put single-output Transposed Direct Form 2 |IR discrete system.

{outputDataList, finalConditions} = DiscreteSystemProcessingSI1SO[inputDatalist,
transfer Function, complexVariable, initial Conditions]
DiscreteSystemProcessingSISO[inputDatalist, transfer Function, complexVariable] defaults
toDiscreteSystemProcessingS1SO[inputDataList, transfer Function, complexVariable,
{0,0,..-}]

DiscreteSystemProcessingSISO[inputDatalList, transferFunction] defaultsto
DiscreteSystemProcessingSISO[inputDatalList, transferFunction, z, {0,0, . . . }]

inputDatal ist isalist of data samples to be processed.

transfer Function is the transfer function.

complexVariable isa symbol that represents the complex variable.

initial Conditionsis alist of initial states. If omitted, zero initial conditions are assumed.
outputDataList isalist of processed data samples.

finalConditionsis alist of final states.

z isareserved symbol for the complex variable.

DiscreteSystemProcessingS IS0 implements the causal Transposed Direct Form 2 IIR SISO discrete system. It
can process symbolic samples.

See also: DiscreteSystemImplementationProcessing, DiscreteSystemSimulation

Example

Consider the SISO discrete system

f eedbackSyst em= {
{"I'nput", {0, 0}, X}, {"CQutput", {6, 0}, Y},
{"Block", {{2, 0}, {6, 0}}, 1+1/z},
{"Adder", {{0, 0}, {1, -2}, {2, 0}, {1, 1313}, {1, -1, 2, 03},
{"Li ne", {{61 O}r {61 _2}1 {11 _2}}}]’1
ShowSchemati c[% Frane - Fal seq;

X J\' l+; — oY

Hereisthe transfer function:
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{tfMatrix, systemnl np, systenfut } = Di screteSystenlransferFunction[feedbackSysten;

H=tfMatrix // First;
Di scret eSyst enDi spl ayFor m[H]

1+2z1
2+2z1

Assume the following data samples:
dat aSanmples = {1, 1, 1, -1, -1, -1, 0, x, 0}
{1, 1, 1, -1, -1, -1, O, x, O}

Process the data samples, assuming zero initial conditions, with

{out Dat aLi st, final Cond} = Di screteSyst enProcessi ngSl SO[dat aSanpl es, HJ;
out DataLi st // Sinmplify

(20305 5z s er 2 X 20
2' 4 8 16’ 32’ 64’ 128 256 ' 2' 512
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TranslateSchematic

TranslateSchemati c transates schematic in horizontal and vertical direction.

trandatedSchematicSpec = TranslateSchemati c[schematicSpec, { Xshift, Yshift} ]

schematicSpec is a schematic specification that represents the system; it isa list of element specifications.
{ Xshift, Yshift} isapair of numbers that specify trandation in horizontal and vertical direction, respectively.

translatedSchematicSpec is the translated schematicSpec obtained by adding { Xshift, Yshift} to each coordinate of the
schematic elements.

TranslateSchematic returns{} for unexpected arguments.

Example

Here isthe schematic specification of a discrete system:
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schematicSpec = {{"lnput", {1, 1}, X}, {("Qutput", {4, 2}, Y},
{("Delay", {{1, 1}, {4, 2}}, 1}}
ShowSchemati c[% Pl ot Range » {{0, 9}, {0, 5}}1;

{{Input, {1, 13}, X}, {Qutput, {4, 2}, Y}, {Delay, {{1, 1}, {4, 2}}, 1}}
5

1 XQ—-— 7zt

1 2 3 4 5 6 7 8 9
transl at edSpec = Transl at eSchemati c[schenmati cSpec, {4, 2}]
ShowSchemati c[% Pl ot Range » {{0, 9}, {0, 5}}1;
{{Input, {5, 3}, X}, {Qutput, {8, 4}, Y}, {Delay, {{5, 3}, {8, 4}}, 1}}
5
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$VersionSchematicSolverSchematicUtilities

$VersionSchematicSolverSchematicUtilities isavariable that containsinformation about the package
version and release date.

Needs [" Schemati cSol ver ™" ]

$Ver si onSchenat i cSol ver SchematicUtilities

2.0 (February 04, 2004. 21:50)
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14.7. Implementing Discrete Systems

AdjustSchematicCoordinates

AdjustSchematicCoordinates returns schematic specification with non-negative element coordinates.

adjustedSpec = AdjustSchematicCoordinates[schematicSec]

schematicSpec is a schematic specification that represents a system; it isalist of element specifications.

adjustedSpec is the schematic specification with non-negative element coordinates; it is required for generating implemen-
tation code.

See also: DiscreteSystemlmplementation, DiscreteSystemlmplementationModule, Discrete-
SystemSimulation
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DemultiplexSequence

DemultiplexSequence converts amatrix of samplesinto alist of sequences.

{'sequenceA, sequenceB, sequenceC, ..., sequenceW} = DemultiplexSequence[sequenceMIMO]

sequenceMIMO is a matrix of the form {{&[0], b[0], [Q], ..., w[O]}, {&1], b[1], c[1], ..., w[1]}, ..., {aK-1], b[K-1],
c[K-1], ..., w[K-1]}}.

sequenceA isa K-by-1 matrix of the form {{a[0]}, {a[1]}, {a2]}, ..., {a[K-1]}},
sequenceB isa K-by-1 matrix of the form {{b[O]}, {b[1]}, {b[2]}, ..., {b[K-1]}},
sequenceC is aK-by-1 matrix of the form {{c[O0]}, {c[1]}, {c[2]}, -.., {c[K-1]}},

sequenceW is a K-by-1 matrix of the form {{w[0]}, {w[1]}, {w[2]}, ..., {w[K-1]}}.

Demul tiplexSequence can be used to extract individual discrete signals from a multiplex sequence. Typically,
sequenceMIMO isreturned by DiscreteSystemImplementationProcessing or DiscreteSystemSimula-
tion.

See also: MultiplexSequence, MultiplexDatalList, ListToSequence, SequenceToList,
SequencePlot, DiscreteSystemImplementationProcessing, DiscreteSystemSimula-
tion
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DiscreteSystemlmplementation

DiscreteSystemImplementation creates a Mathematica function that implements a system.

codeSring = Di screteSystemlImplementation[schematicSpec, "procedureName”]

DiscreteSystemlmplementation[schematicec] defaults to
DiscreteSystemlmplementation[schematicsec, "implementationProcedure"]

schematicSpec is a schematic specification that represents the system; it isa list of element specifications.
procedureName is the name of the function that implements the system.
codeString is a string of the code of the Mathematica function that implements the system.

Supported elements are Adder, Arrow, Delay (unit delay), Function, Input, Line, Modulator, Multiplier, Node,
Output, Polyline, and Text.

procedureName is composed of letters and digits and should begin with a letter. procedureName should be enclosed
within double quotation marks.

See also: DiscreteSystemlmplementationProcessing, DiscreteSystemSimulation, Discrete-
SystemImplementationEquations, ValidImplementationModuleNameQ
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DiscreteSystemImplementationEquations

DiscreteSystemImplementationEquations setsup egquations for implementing a system.

{inputVector, initial Conditions, systemParameters, implementationEquations, outputVector,
finalConditions} = DiscreteSystemlmplementationEquations|schematicSec, signalName]

DiscreteSystemlmplementationEquations|schematicSpec] defaults to
DiscreteSystemlmplementationEquations|[schematicSoec, Y]

schematicSpec is a schematic specification that represents the system; it isa list of element specifications.
signalName is a symbol that represents signals at nodes of the system.

inputVector isalist of variables that represent inputs to the system.

initial Conditionsis alist of symbolsthat specify theinitia state of the system.

systemParametersisalist of symbolsthat denote system parameters.

implementationEquationsis alist of equations that represent the software implementation of the system.
outputVector isalist of symbols that represent outputs from the system.

finalConditionsis alist of symbols that specify the final state of the system.

Supported elements are Adder, Arrow, Delay (unit delay), Function, Input, Line, Modulator, Multiplier, Node,
Output, Polyline, and Text.

DiscreteSystemImplementationEquations returns {{}, {}, {}, {}. {}, {}} for systems that cannot be
implemented.

See also: DiscreteSystemlmplementationModule, DiscreteSystemlmplementation, Discrete-
SystemImplementationSummary, DiscreteSystemSimulation
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DiscreteSystemlmplementationModule

DiscreteSystemImplementationModule creates a Mathematica function that implements the system, for the
given implementation equations, and returns the function code as a string.

codeString = Di screteSystemlImplementationModul e[implementationEgnsObject,
"procedureName"]

DiscreteSystemlmplementationModul e[implementationEgnsObject] defaults to
DiscreteSystemlmplementationModul e[implementationEqnsObject,
"implementationProcedure"]

implementationEgnsObject isthelist returned by DiscreteSystemimplementationEquations.
procedureName is the name of the function that implements the system.
codeString is a string of the code of the Mathematica function that implements the system.

Supported elements are Adder, Arrow, Delay (unit delay), Function, Input, Line, Modulator, Multiplier, Node,
Output, Polyline, and Text.

procedureName is composed of letters and digits and should begin with a letter. procedureName should be enclosed
within double quotation marks.

DiscreteSystemImplementationModule returns an empty string "" if the code for the implementation proce-
dure cannot be generated.

See also: DiscreteSystemlmplementationEquations, DiscreteSystemlmplementationPro-
cessing, DiscreteSystemSimulation, ValidlmplementationModuleNameQ, DiscreteSys-
temImplementation
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DiscreteSystemImplementationProcessing

DiscreteSystemImplementationProcessing processes a data sequence with an existing implementation
procedure.

{ outputSequence, final Conditions} =
DiscreteSystemlmplementationProcessing[inputSequence, initial Conditions,
systemParameters, procedureName]

inputSequence is amatrix of the form

{{a01, b[0], c[0], ...}, {a[1], b[1], c[1], ...}, {a[2], b[2], c[2], ..}, ..}
a[0], a[1], 2], ... are samples to the first input;

b[0Q], b[1], b[2], ... are samples to the second input;

c[0], c[1], c[2], ... are samples to the third input; and so on.

{dK], b[K], c[K], ...} are k-th samplesto all inputs.

initial Conditionsisalist of initial states.

systemParametersisalist of system parameters.

procedureName is a symbol that represents the name of the function that implements the system.

outputSequence is a matrix of the form

{{u[0], v[0], w[0], ...}, {u[1], v[1], w[1], ...}, {u[2], v[2], w[2], ...}, ...}.

u[Q], u[1], u[2], ... are samples from the first output,

v[0], v[1], v[2], ... are samples from the second output,

w[0], w[1], w[2], ... are samples from the third output, and so on.

{ulk], v[K], w[K], ...} are k-th samplesfrom all outputs.

finalConditionsisalist of final states.

The function named procedureName should exist prior to calling DiscreteSystemImplementationProcess-
ing. That function can be created by DiscreteSystemIimplementation or DiscreteSystemimplementa-

tionModule.

The arguments inputSequence, initial Conditions, and systemParameters should match the corresponding arguments of
the function named procedureName.

Use DiscreteSystemImplementationSummary to identify inputs, initial state, parameters, outputs, and final
State.

UseDiscreteSystemImplementationEquations to extract the list of system parameters.
DiscreteSystemImplementationProcessing returns{{} {}} in the case of unexpected arguments.

See also: DiscreteSystemlmplementation, DiscreteSystemlmplementationModule, Discrete-
SystemImplementationSummary, DiscreteSystemlmplementationEquations, Multiplex-
Sequence, MultiplexDatalList, DemultiplexSequence, SequencePlot, ListToSequence,
SequenceTolList,DiscreteSystemSimulation
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DiscreteSystemlmplementationSummary

DiscreteSystemImplementationSummary printsasummary of system implementation.

DiscreteSystemlmplementationSummary[schematicSpec, options]|

DiscreteSystemlmplementationSummary[schematicSpec] defaults to
DiscreteSystemlmplementationSummary[schematicSpec, Verbose—False]

schematicSpec is a schematic specification that represents the system; it isa list of element specifications.
The summary identifies inputs, initial state, parameters, implementation equations, outputs, and final state.

DiscreteSystemImplementationSummary[schematicSpec, Verbose—True] prints summary with the
implementation equations included.

Supported elements are Adder, Arrow, Delay (unit delay), Function, Input, Line, Modulator, Multiplier, Node,
Output, Polyline, and Text.

See also: DiscreteSystemSimulation, DiscreteSystemImplementationProcessing, Discrete-
SystemImplementation, DiscreteSystemImplementationEquations
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DiscreteSystemSimulation

DiscreteSystemSimulation simulates a system with zero initial conditions.

outputSequence = DiscreteSystemSimulation[schematicSpec, inputSequence]

DiscreteSystemSimulation[schematicSec] assumes the unit impulse sequence for all inputs.

schematicSpec is a schematic specification that represents the system; it isa list of element specifications.

inputSequence is amatrix of the form

{{a[0], b[O], c[0], ...}, {a[1], b[1], c[1], ..}, {&[2], b[2], c[2], ...}, ...}.
a[0], a[1], 2], ... are samples to the first input,

b[0Q], b[1], b[2], ... are samples to the second input,

c[0], c[1], c[2], ... are samples to the third input, and so on.

{&K], b[K], c[K], ...} are k-th samplesto all inputs.

outputSequence is a matrix of the form

{{u[0], v[0], w[Q], ...}, {u[1], v[1], w[1], ..}, {u[2], v[2], w[2], ..}, ..}.
u[Q], u[1], u[2], ... are samples from the first output,

v[0], v[1], v[2], ... are samples from the second output,

w[0], w[1], w[2], ... are samples from the third output, and so on.

{ulK], v[K], w[K], ...} are k-th samplesfrom all outputs.

The first input corresponds to the first Input element in schematicSpec, the second input corresponds to the second Input
element in schematicSpec, and so on. The same convention applies to the numbering of outputs.

Supported elements are Adder, Arrow, Delay (unit delay), Function, Input, Line, Modulator, Multiplier, Node,
Output, Polyline, and Text.

DiscreteSystemSimulation returns {} in the case of unexpected arguments.

See also: SequencePlot, MultiplexSequence, MultiplexDatalList, DemultiplexSequence,
ListToSequence, SequenceTolList, DiscreteSystemlmplementationSummary, Discrete-
SystemImplementationProcessing
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DownsampleSequence

DownsampleSequence downsamples a data sequence.

downSequence = Downsamp leSequence[dataSequence, n, d]

Downsamp leSequence[dataSequence, n] defaults to Downsamp leSequence[dataSequence, n, 0]

dataSequence isa matrix of data samples.
nisthe amount of downsampling.

d isthe number of samplesto drop prior to downsampling.

downSequence is the downsampled sequence.

Downsamp leSequence takes every n-th row of dataSequence starting from the first row.
DownsampleSequence returns {} in the case of unexpected arguments.

See also: UpsampleSequence, MultiplexSequence, MultiplexDatalList, DemultiplexSequence,
ListToSequence, SequenceToList, Mul tirat eDownsanpl eSequence, SequencePlot
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FirstSamplelndex

FirstSamplelndex isan option for SequenceP 1ot that specifies the index of the first sample.

FirstSamplelndex - i

The option value, i, isanumber.
FirstSamplelndex—0isdefault.

Y ou can reset the default using SetOptions[function, option—value].

For example, SetOptions[SequencePlot, FirstSamplelndex—1].

See also: SequencePlot

Examples

Needs [" Schemati cSol ver ™ "]

SequencePl ot [nySeq, First Sanpl el ndex -» 107];

1.54¢
l |
0.5
I T *
1h 12 18 14 15
0.5/
-1 L
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ListToSequence

ListToSequence convertsalist of data samples into the data sequence.

dataSequence = ListToSequence[dataList]

datalistisalist of K samples of the form {x[0], x[1], ..., X[K], ..., X[K-1]}, where k denotes the sample index.
dataSequence isa K-by-1 matrix of samples of the form {{x[0]}, {x[1]}, ..., {X[K]}, ..., {X[K-1]}}.

Typicaly, you can use ListToSequence to convert lists of measured data, or lists of samples generated by other
programs, into the format required by SchematicSolver. For example, DiscreteSystemProcessingSISO returns a

list of data, so you should use ListToSequence to plot the returned datawith SequencePlot.

ListToSequence returns{} in the case of unexpected arguments.

See also: SequenceToList, MultiplexDatalist, DiscreteSystemProcessingSI1SO,
SequencePlot
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MultiplexDataList

MultiplexDatalList convertsaset of lists of data samplesinto amatrix of samples.

sequenceMIMO = Mul tiplexDatal i st[dataListA, dataListB, ..., dataListW]

datalListAisalist of theform {&0], a[1], ..., aK-1]},
datalistBisalist of the form {b[0], b[1], ..., b[K-1]},

datalistWisalist of the form {w[0], w[1], ..., w[K-1]}.
sequenceMIMO isamatrix of the form {{a[0], b[(], ..., w[O]}, {&[1], b[1], ..., w[1]}, ..., {a[K-1], b[K-1], ..., w[K-1]}}.

All arguments passed to Mul tiplexDatal i st should belists of the same length.

MultiplexDatalist can be used to combine lists of data samples into an input sequence passed to DiscreteSys-
temImplementationProcessing or DiscreteSystemSimulation.

MultiplexDatalList returns{} inthe case of unexpected arguments.

See also: MultiplexSequence, DemultiplexSequence, ListToSequence, SequenceTolList,
SequencePlot, DiscreteSystemImplementationProcessing, DiscreteSystemSimula-
tion
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MultiplexSequence

MultiplexSequence convertsaset of sequencesinto amatrix of samples.

sequenceMIMO = Mul tiplexSeqguence[sequenceA, sequenceB, ..., sequenceW]

sequenceA isan N-by-K matrix of the form
{{a11], a2, .., a1,Kl}, {a21], d2.2], ..., a2,K]}, ..., {a[N,1], aN,2], ..., a[N,K]}},
sequenceB isan N-by-L matrix of the form

{{b[1,1], b[1,2], ..., b[L.L]}, {b[2,1], b[2,2], ..., B[2,L]}, ..., {b[N,1], B[N,2], ..., B[N,L]}},

sequenceW is an N-by-M matrix of the form

{W[1,1], W1,2], ..., w[L,M]}, {w[2.1], W[2,2], ..., W[2M]}, ..., {W[N,1], W[N,2], ..., w[N,M]}}.
sequenceMIMO is an N-by-(K+L+...+M) matrix of the form

{{al1,1], 41,2, ..., A1K], b[1,1], b[1,2], ..., b[L,L], ..., w[1,1], W[1,2], ..., W[LM]},

{d21],d2.2], .., g2K], b[2,1], b[2,2], ..., b[2,L], ..., w[2,1], w[2,2], ..., w[2,M]},

{a[N,1], aN,2], ..., aN,K], b[N,1], b[N,2], ..., b[N,L], ..., w[N,1], w[N,2], ..., w[N,M]}}.
All arguments passed to Mul tiplexSequence should be matrices of the same number of rows.

MultiplexSequence can be used to combine sequences into an input sequence passed to DiscreteSystemim-
plementationProcessing or DiscreteSystemSimulation.

MultiplexSequence returns{} inthe case of unexpected arguments.

See also: DemultiplexSequence, MultiplexDatalList, ListToSequence, SequenceTolList,
SequencePlot, DiscreteSystemImplementationProcessing, DiscreteSystemSimula-
tion
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MultirateDownsampleSequence

MultirateDownsampleSequence downsamples a data sequence for multirate processing. Converts a sequence
that represents a single discrete signal into a multiplex sequence.

downSequence= Mul t i r at eDownsanpl eSequence[dataSequence, n]

dataSequence is an m-by-1 matrix of data samples that represents one discrete signd; it is of the form

{{x[O]}, {x[1]}, ... {x[m-1]}}

where m isthe number of samples.
nisthe amount of downsampling.

downSequence is the downsampled sequence. It is a K-by-n matrix of the form
{{x[0], x[1], ..., x[n-10}, {xX[n], x[1+n], ..., Xx[2n-1]}, ..., {X[(K-D)*n], X[1+(K-D)*n], ..., X[K*n-1]} }
where

K = IntegerPart[m/n].
Mul ti rat eDownsanpl eSequence takes every n-th row of dataSequence starting from the first row.
Mul ti r at eDownsanpl eSequence returns {} in the case of unexpected arguments.

See also: DownsampleSequence, UpsampleSequence, MultiplexSequence, DemultiplexSe-
guence, SequencePlot
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NormalizedSpectrum

Normal izedSpectrumisanoption for SequenceDiscreteFourierTransformMagnitudePlot and
SequenceFourierTransformMagnitudePlot.

Normal izedSpectrum-True plots the normalized spectrum.

Normal izedSpectrum—False plots the spectrum without normalization.

The option value of True plots the normalized spectrum DFT/NumberOfSamples or DTFT/NumberOfSamples, where
DFT denotes spectral components of Discrete Fourier Transform (a list of complex quantities), and DTFT denotes
Discrete-Time Fourier Transform (an expression in terms of the digital frequency).

Normal izedSpectrum—True isdefault.

Y ou can reset the default using SetOptions[function, option—value].

For example, SetOptions[SequenceFourierTransformMagnitudePlot, Normal izedSpectrum—-
False].
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Power?2

Power?2 sguared vaue.

y = Power2[X]

X isan expression.

y=x"2
Power2 can be used to specify the value of the Function element.

See also: Function element in the SchematicSolver's help

Examples
Needs [" Schemati cSol ver ™" ]
Power2[1 /4]

1
16

Power 2 [my Coef f ]

my Coef f 2
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previousSample

previousSample isareserved symbol in SchematicSolver.

previousSample isawrapper that denotes the delayed sample.

See also: DiscreteSystemlmplementationEquations

Examples

Needs [" Schemati cSol ver ™" ]

schemati cSpeci fication =
{{"I'nput", {0, 0}, Xinp}, {"Delay", {{O0, 0}, {3, 0}}, 1}, {"Qutput", {3, 0}, Yout}}

{{lnput, {0, 0}, Xinp}, {Delay, {{0, 0}, {3, 0}}, 1}, {Qutput, {3, 0}, Yout}}

ShowSchenat i c[schemati cSpeci fication, Pl ot Range » {{-2, 5}, {-1, 1}}1;
1

0t XinpQ——— z! |=——o Yout

-1 0 1 2 3 4 5
Di scret eSyst eml npl ement ati onEquat i ons[schenati cSpecification] // Col umForm

{Y[{0, 0}]}

{Y[{3, 0}]}

{1}

{Y[{0, O0}] ==Xinp, Y[{3, 0}] ==previousSanpl e[Y[{0, 0}]]}
{Y[{3, 0}]}

{Y[{0, 0}]}
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SequenceDiscreteFourierTransform

SequenceDiscreteFourierTransform computes Discrete Fourier Transform (DFT) of amatrix of samples.

dft = SequenceDiscreteFourierTransform[sampleMatrix]

sampleMatrix isamatrix of theform

{{a[0], b[O], c[0], ..}, {a[1], b[1], c[1], ..}, {a[2], b[2], c[2], ...}, ...}.
Each column represents a discrete signal.

a[0], a[1], a[2], ... represent samples of the first signal,

b[0], b[1], b[2], ... represent samples of the second signal,

c[0], c[1], c[2], ... represent samples of the third signal, and so on.
dft isamatrix of DFT components. Each column of dft represents spectral components of a discrete signal.

SequenceDiscreteFourierTransform computes DFT for each column of sampleMatrix by using
Fourier[dataList, FourierParameters-{1,-1}].

DFT of a sample list {Xg, X1, .-, Xn, -, Xn—1} 1S defined by the list of spectral components {Xq, X1, ..., Xk, -y Xn21}y

where X = S0 X Wk w= ¢ .
SequenceDiscreteFourierTransform returns {} in the case of unexpected arguments.

See also: SequenceDiscreteFourierTransformMagnitudePlot, Fourier, SequenceFourier-
Transform, SequenceFourierTransformMagnitudePlot
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SequenceDiscreteFourierTransformMagnitudePlot

SequenceDiscreteFourierTransformMagnitudePlot plots Discrete Fourier Transform (DFT) magnitude
of a matrix of samples.

SequenceDiscreteFourierTransformMagnitudeP lot[sampleMatrix, opts]

SequenceDiscreteFourierTransformMagnitudePlot[sampleMatrix] defaults to
SequenceDiscreteFourierTransformMagnitudeP lot[sampleMatrix,
dBMagnitudePlot-False, NormalizedSpectrum-True, StemPlot-True,
PlotJoined—False, SequencePointSize—0.01, SequencelLineThickness—0.003,
SequenceSampl ingFrequency-1, optsGraphics]

sampleMatrix isamatrix of theform

{{a[0], b[O], [0], ...}, {a[1], b[1], c[1], ..}, {a[2], b[2], c[2], ...}, ...}.
Each column represents a discrete signal.

a[0], a[1], a[2], ... represent samples of the first signal,

b[0], b[1], b[2], ... represent samples of the second signal,

c[0], c[1], c[2], ... represent samples of the third signal, and so on.

opts are options; opts can contain any Graphics options; see the Mathematica Graphics function for details.
dBMagnitudePlot-True plots magnitude in decibels.

Normal izedSpectrum-False plots magnitude spectrum without normalization.

StemPlot—False does not plot stems that represent spectral components.

PlotJoined-True joins the dots that represent spectral components.

SequencePointSize-p setsthe relative size of dots that represent spectral components; p isanumber from O to 1.

SequencelL ineThickness—t sets the relative thickness of stems that represent spectral components; t is a number
fromOto 1.

SequenceSampl ingFrequency-Fsamp sets the sampling frequency to Fsamp; Fsamp is a positive number.
optsGraphics are the default Graphics options. See the Mathematica Graphics function for details.

Options[SequenceDiscreteFourierTransformMagnitudePlot] givesalist of the current default settings
for all options.

Y ou can reset the default using SetOptions[function, option—value]. For example, SetOptions[SequenceDis-
creteFourierTransformMagnitudePlot, PlotJoined-True].

Y ou can plot spectral components versus the continuous-time frequency if you specify the sampling frequency:
SequenceSampl ingFrequency—Fsamp. In that case, the intercomponent interval (the frequency resolution) equals
Fsamp/K, where K is the number of data samples.

Y ou can plot spectral components versus the digital frequency if you specify the unit sampling frequency: Sequence-
SamplingFrequency-1.
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SequenceDiscreteFourierTransformMagnitudePlot plots DFT magnitude as a discrete function of
frequency.

SequenceDiscreteFourierTransformMagnitudePlot plots DFT magnitude of column 1 in brown, column
2 in green, column 3 in blue, and cycles through the three colors for columns 4, 5, etc.

See also: SequenceDiscreteFourierTransform, NormalizedSpectrum, SequenceFourierTrans-
form, SequenceFourierTransformMagnitudePlot, Fourier, SequencePlot
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SequenceFourierTransftorm

SequenceFourierTransform computes Discrete-Time Fourier Transform (DTFT) of amatrix of samples.

sft = SequenceFourierTransform[sampleMatrix, digital Frequency, opts]

SequenceFourierTransform[sampleMatrix, digitalFrequency] defaultsto
SequenceFourierTransform[sampleMatrix, digital Frequency,
SequenceSampl ingFrequency-1]

SequenceFourierTransform[sampleMatrix] defaultsto
SequenceFourierTransform[sampleMatrix, ¥, SequenceSamplingFrequency-1]

sampleMatrix isamatrix of theform

{{a[0], b[O], c[0], ...}, {a[1], b[1], c[1], ..}, {&[2], b[2], c[2], ...}, ...}.
Each column represents a discrete signal.

a[0], a[1], a[2], ... represent samples of the first signal,

b[0], b[1], b[2], ... represent samples of the second signal,

c[0], c[1], c[2], ... represent samples of the third signal, and so on.
digital Frequency is a symbol that denotes the digital frequency.
opts are options.

sftisalist of the form {ft[1], ft[2], ft[3], ...}, where ft[1] is DTFT of the first signal, ft[2] isDTFT of the second signal,
ft[3] isDTFT of thethird signal, and so on.

T isareserved symbol for the digital frequency.
SequenceFourierTransform computes DTFT, in terms of digital Frequency, for each column of sampleMatrix.

SequenceSampl ingFrequency—Fsamp sets the sampling frequency to Fsamp. In that case, digital Frequency
represents the continuous-time frequency.

Y ou can reset the default using SetOptions[function, option—value]. For example, SetOptions[SequenceFouri -
erTransform, SequenceSampl ingFrequency—-8000].

SequenceFourierTransform returns {} in the case of unexpected arguments.

SequenceFourierTransform computes DTFT of asamplelist {Xg, X1, ..., X5, ..., Xn_1} &cording to the formula

X(f) = X5 % w™, wherew = ¢/ 27 f #, and F isthe sampling frequency. It is assumed that theindex of thefirst sample
isequal to zero.

See also: SequenceFourierTransformMagnitudePlot, SequenceDiscreteFourierTransform,
SequenceDiscreteFourierTransformMagnitudePlot

Examples

Needs [" Schemati cSol ver ™" ]
seq = Uni t Synbol i cSequence[6, x, 0]

{{x0}, {x1}, {x2}, {x3}, {x4}, {x5}}
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SequenceFouri er Tr ansf or m[seq]

(x0+e?2 " xlie? " x2+e® " x3+e®if7"x4+e10if 7 x5}

SequenceFouri er Transf or m[seq, SequenceSanpl i ngFrequency - Fsanp]

C2ifn C4ifn C6ifn 8ifn 108t
[X0+ e Fam x1+e Fam x2+e Fam x3+e Faw x4 +e Fam x5}
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SequenceFourierTransformMagnitudePlot

SequenceFourierTransformMagnitudePlot plots Discrete-Time Fourier Transform (DTFT) magnitude of a
matrix of samples.

SequenceFourierTransformMagnitudePlot[sampleMatrix, {f1, 2}, opts

SequenceFourierTransformMagnitudePlot[sampleMatrix, {fl, f2}] defaultsto
SequenceFourierTransformMagnitudePlot[sampleMatrix, {f1, f2}, dBMagnitudePlot-
False, Normal izedSpectrum-True, SequenceSamplingFrequency-1, optsPlot]

SequenceFourierTransformMagnitudePlot[sampleMatrix, opts] defaultsto
SequenceFourierTransformMagnitudePlot[sampleMatrix, {-1/2, 1/2%, optg

SequenceFourierTransformMagnitudePlot[sampleMatrix] defaultsto
SequenceFourierTransformMagnitudePlot[sampleMatrix, {-1/2, 1/2}]

sampleMatrix isamatrix of theform

{{a[0], b[O], c[0], ..}, {a[1], b[1], c[1], ..}, {a[2], b[2], c[2], ...}, ...}.
Each column represents a discrete signal.

a[0], a[1], a[2], ... represent samples of the first signal,

b[0], b[1], b[2], ... represent samples of the second signal,

c[0], c[1], c[2], ... represent samples of the third signal, and so on.

f1 isanumber that specifies the lower frequency.

f2 isanumber that specifies the upper frequency.

opts are options; opts can contain any Pl ot options; see the Mathematica Pl ot function for details.
dBMagnitudePlot-True plots magnitude in decibels.

Normal izedSpectrum-False plots the magnitude spectrum without normalization.

SequenceSampl ingFrequency—Fsamp sets the sampling frequency to Fsamp; Fsamp is a positive number.
optsPlot are the default Plot options. See the Mathematica Pl ot function for details.

Options[SequenceFourierTransformMagnitudePlot] givesalist of the current default settings for all
options.

You can reset the default using SetOptions[function, option—value]. For example, SetOptions[SequenceFouri -
erTransformMagnitudePlot, SequenceSampl ingFrequency-8000].

You can plot DTFT magnitude versus the continuous-time frequency if you specify the sampling frequency: Sequence-
Sampl ingFrequency—-Fsamp.

You can plot DTFT magnitude versus the digital frequency if you specify the unit sampling frequency: SequenceSam-
plingFrequency-1.

SequenceFourierTransformMagnitudePlot plots DTFT magnitude as a continuous function of frequency,
for each column of sampleMatrix, over the frequency range from f1 to 2.

SequenceFourierTransformMagnitudePlot plots DTFT magnitude of column 1 in brown, column 2 in green,
column 3 in blue, and cycles through the three colors for columns 4, 5, 6, etc.
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See also: SequenceFourierTransform, Normal izedSpectrum, SequenceDiscreteFourierTrans-
form, SequenceDiscreteFourierTransformMagnitudePlot, SequencePlot

©2003-2004 Prof Miroslav Lutovac & Prof Dejan Tosic. All rights reserved.



432

SequencelLineThickness

SequencelL ineThickness isan option for SequencePlot and SequenceDiscreteFourierTransform-
MagnitudePlot that specifies the relative thickness of stems which represent samples.

SequenceLineThickness -t

tisanumber from O to 1.
SequencelLineThickness—0.003 is default.

You can reset the default using SetOptions[function, option—value]. For example, SetOptions[SequencePlot,
Sequencel ineThickness—0.001].

Examples

Needs [" Schemati cSol ver ™" ]

SequencePl ot [% Sequenceli neThi ckness -» 0. 017;

1.5
1
0.5
I ) I .
2 i 4 5
0.5/
-1,
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SequencePlot

SequenceP 1ot plotsa matrix of samples.

SequenceP lot[sampleMatrix, opts]

SequencePlot[sampleMatrix] defaults to SequenceP 1ot[sampleMatrix,
FirstSamplelndex—0, PlotJoined-False, SequenceLineThickness—0.003,
SequencePointSize—-0.01, SequenceSamplingFrequency-1, StemPlot-True,
optsGraphics]

sampleMatrix isamatrix of theform

{{a[0], b[O], [0], ...}, {a[1], b[1], c[1], ..}, ..., {alK], b[K], c[K], ...}, ...}
Each column represents a discrete signal.

a[0], a[1], ..., dK], ... represent samples of the first signa,

b[0], b[1], ..., b[K], ... represent samples of the second signal,

c[0], c[1], ..., ¢[K], ... represent samples of the third signal, and so on.

opts are options; opts can contain any Graphics options; see the Mathematica Graphics function for details.
FirstSamplelndex-i setsthe first sampleindex to i; i isanumber.

PlotJoined-True joins the plot points that represent samples. This way you can draw envelopes of discrete signals.
Sequencel ineThickness—t setsthe relative thickness of stems that represent samples; t is anumber from O to 1.
SequencePointSize-p setsthe relative size of dots that represent samples; p isanumber from 0 to 1.
SequenceSampl ingFrequency-Fsamp sets the sampling frequency to Fsamp; Fsamp is a positive number.
StemPlot—False does not plot stems that represent samples.

optsGraphics are the default Graphics options. See the Mathematica Graphics function for details.
Options[SequencePlot] givesalist of the current default settings for all options.

You can reset the default using SetOptions[function, option—value]. For example, SetOptions[SequencePlot,
PlotJoined-Truel.

You can plot samples versus time if you specify the sampling frequency: SequenceSampl ingFrequency—Fsamp.
In that case, the intersample interval equals 1/Fsamp. The first sample is plotted at the time point i/Fsamp, wherei isthe
index of the first sample specified with FirstSample lndex—i.

You can plot samples versus the sample index if you specify the unit sampling frequency: SequenceSamplingFre-
quency-1. Theindex of the first sample can be an arbitrary integer i specified with FirstSamplelndex—i.

SequencePlot plots column 1 in blue, column 2 in red, column 3 in green, column 4 in black, column 5 in cyan,
column 6 in magenta, column 7 in gray, column 8 in yellow, and cycles through the eight colors for columns 9, 10, etc.

See also: MultiplexSequence, MultiplexDatalList, DemultiplexSequence, ListToSequence,
SequenceTol ist, SequenceDiscreteFourierTransformMagnitudePlot, SequenceFouri-
erTransformMagnitudePlot
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Examples

Needs [" Schemati cSol ver ™" ]

SequencePl ot [{{1}, {2}, {1.5}, {0.1}, {1}, {2}, {2}, {1}}];
2
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SequencePointSize

SequencePointSize isan option for SequencePlot and SequenceDiscreteFourierTransformMagni-
tudeP 1ot that specifiesthe relative size of dots which represent samples.

SequencePointSize - p

p isanumber from O to 1.
SequencePointSize—0.01 is default.

You can reset the default using SetOptions[function, option—value]. For example, SetOptions[SequencePlot,
SequencePointSize—0.001].

Examples

Needs [" Schemati cSol ver ™" ]

SequencePl ot [% SequencePoi nt Si ze » 0. 03];

1.5@
|
0.5
j 2 « 5 °
-0.5¢
10 ®
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SequenceSampl ingFrequency

SequenceSampl ingFrequency isan option for SequenceFourierTransform, SequenceFourierTrans-
formMagnitudePlot, SequenceDiscreteFourierTransformMagnitudePlot, and SequencePlot,
that specifies the sampling frequency.

SequenceSampl ingFrequency - Fsamp

Fsamp isapositive number. It can be a symbol for SequenceFourierTransform.
SequenceSampl ingFrequency-1 isdefault.

You can reset the default using SetOptions[function, option—value]. For example, SetOptions[SequencePlot,
SequenceSampl ingFrequency-8000].

Examples

Needs [" Schemati cSol ver ™ "]

SequencePl ot [% SequenceSanpl i ngFr equency - 1001;

1.54
l,
0.5
0.b1 0.02 0.903 0.04 0.05
-0.5
-1, L
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SequenceTolList

SequenceTolList converts adata sequenceinto thelist of data samples.

datalList = SequenceToL i st[dataSequence]

dataSequence isa K-by-1 matrix of samples of the form {{x[0]}, {x[1]}, {x[2]}, ..., {X[K-1]}}.
datalistisalist of K samples of the form {x[0], x[1], X[2], ..., X[K-1]}.

SequenceTolList returns{} inthe case of unexpected arguments.

See also: ListToSequence, MultiplexDatalList, ListPlot
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StemPlot

StemPlot isan option for SequencePlot and SequenceDiscreteFourierTransformMagnitudePlot
that specifies the appearance of stems.

StemPlot-True plots stems.

StemPlot-False doesnot plot stems.

StemPlot-True isdefault.

You can reset the default using SetOptions[function, option—value]. For example, SetOptions[SequencePlot,
StemPlot-False].

Examples

Needs [" Schemati cSol ver ™" ]

SequencePl ot [% StenPl ot - Fal se]l;

1.5¢
|
0.5+ °
; ; : . :
-0.5¢
-1t o
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UndeftinedSymbolQ

UndefinedSymbolQ tests whether a symbol has a value or a definition.

undfsymb = UndefinedSymbo 1Q[symb]

symb isa symbol.

undfsymb equals symb if symb is a symbol without a value or a definition; otherwise undfsymb is Fal se.

Examples

Needs [" Schemati cSol ver ™ "]

Undef i nedSynbol Q[myNewSymnbol ]

my NewSy mbol

Undef i nedSynbol Q[#] & /e {Pi, 1.2, Sqrt, Solve, a+b, True}
{Fal se, Fal se, Fal se, Fal se, Fal se, Fal se}

myVar = 12; Undefi nedSynbol Q[myVar ]

Fal se

Cl ear [myVar 1; Undefi nedSynbol Q[nyVar ]

my Var
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UnitExponentialSequence

UnitExponentialSequence generates a unit exponential sequence.

seg = UnitExponentialSequence[n, expCoeff, expBase]

UnitExponentialSequence[n, expCoeff] defaultsto UnitExponentialSequenceln,
expCoeff, 2]

UnitExponentialSequence[n] defaultsto UnitExponentialSequence[n, -1, 2]

UnitExponentialSequence[] defaultsto UnitExponentialSequence[8, -1, 2]

nisthe number of samples.
expCoeff is the exponent coefficient.

expBase is the base.

seg isan n-by-1 matrix of the form {{a[0]}, {a[1]}, ..., {aK]}, ..., {an-1]}}.

a[k] = expBase(expCoeff*k), k =0, 1, 2, ..., (n-1).
UnitExponentialSequence returns {} in the case of unexpected arguments.

See also: UnitImpulseSequence, UnitNoiseSequence, UnitRampSequence, UnitSineSequence,
UnitStepSequence, UnitSymbol icSequence, MultiplexSequence, SequencePlot, Dis-
creteSystemimplementationProcessing, DiscreteSystemSimulation

Examples

Needs [" Schemati cSol ver ™" ]

Uni t Exponent i al Sequence[4, c, b]
{1}, (b, (b*°}, (b}

Uni t Exponent i al Sequence[4, c]
{1y, (20, (2%¢), (2°°))

Uni t Exponent i al Sequence[]

{an {3} {2h {31 (3 (=) (&) {25))

o -
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Uni t Exponent i al Sequence[] // SequencePl ot ;

14
0.8}
0.6/
0.4}
0.2}
I ' . .
1 3 4 5
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UnitlmpulseSequence

UnitiImpulseSequence generates a unit impulse sequence.

seg = UnitImpulseSequence[n, d]

UnitlmpulseSequence[n] defaultsto UnitImpulseSequenceln, O]

UnitlmpulseSequence[] defaultsto UnitimpulseSequence[8§, 0]

nisthe number of samples.

disthe delay, i.e., number of leading zero-samples; d < n.

seg isan n-by-1 matrix of the form {{a[0]}, {a[1]}, ..., {aK]}, ..., {an-1]}}.

a[k] =1for k=d, k] = 0 otherwise.

UnitiImpulseSequence returns{} in the case of unexpected arguments.

See also: UnitExponentialSequence, UnitNoiseSequence, UnitRampSequence, UnitSineSe-
quence, UnitStepSequence, UnitSymbol icSequence, MultiplexSequence, Sequence-

Plot, DiscreteSystemImplementationProcessing, DiscreteSystemSimulation

Examples

Needs [" Schemati cSol ver ™" ]

Uni t | npul seSequence[6, 2]

{{0}, {03, {13, {0}, {0}, {0}}

Uni t | npul seSequence[6]

{{1}, {03, {03, {0}, {0}, {0}}

Uni t | npul seSequence[]

{{1}, {03, {03, {0}, {0}, {0}, {0}, {0}}

Uni t | npul seSequence[16, 4] // SequencePl ot ;
1t

0.8¢

0.6+

0.2¢

*

*

.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

SchematicSolver Version 2.0

www.schematicsolver.com



443

UnitNoiseSequence

UnitNoiseSequence generatesa unit noise sequence.

seg = UnitNoiseSequence[n, d]
UnitNoiseSequence[n] defaultsto UnitNoiseSequence[n, 0]

UnitNoiseSequence[] defaultsto UnitNoiseSequence[§, 0]

nisthe number of samples.

disthe delay, i.e., number of leading zero-samples; d < n.

seg isan n-by-1 matrix of the form {{a[0]}, {a[1]}, ..., {aK]}, ..., {an-1]}}.

—-1<gk] <1fork=d, ak]=0otherwise. gk]isauniformly distributed random number.
UnitNoiseSequence returns{} in the case of unexpected arguments.

See also: UnitExponentialSequence, UnitimpulseSequence, UnitRampSequence, UnitSineSe-
quence, UnitStepSequence, UnitSymbol icSequence, MultiplexSequence, Sequence-
Plot, DiscreteSystemImplementationProcessing, DiscreteSystemSimulation

Examples

Needs [" Schemati cSol ver ™" ]
Uni t Noi seSequence [6, 2]
{{0}, {0}, {0.834476}, {-0.242757}, {-0.894751}, {0.475183}}

Uni t Noi seSequence[6]

({0.606943}, {0.155995}, {-0.736524}, {0.697687}, ({0.0348474}, ({0.226997})

Uni t Noi seSequence ]

({-0.672455}), ({0.205681}, {-0.644137},
(-0.32274}, (-0.388033}, {-0.419805}, (0.820997}, {0.728346})

Uni t Noi seSequence [64] // SequencePl ot ;
1 L
0.75¢}

0.5
0.25‘
b

A A
wae [ TRTTATH RI

-0.5¢

-0.757
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UnitRampSequence

UnitRampSequence generates a unit ramp sequence.

seg = UnitRampSequenceln]
UnitRampSequence[] defaultsto UnitRampSequence(§]

nisthe number of samples.
seg isan n-by-1 matrix of the form {{0}, {1}, {2}, (3), ..., {n-1}}.
UnitRampSequence returns {} in the case of unexpected arguments.

See also: Uni t Exponent i al Sequence, UnitlmpulseSequence, UnitNoiseSequence, UnitSineSe-
quence, UnitStepSequence, UnitSymbol icSequence, MultiplexSequence, Sequence-
Plot, DiscreteSystemImplementationProcessing, DiscreteSystemSimulation

Examples

Needs [" Schemati cSol ver ™" ]

Uni t RanpSequence[6]

{{0}, {13}, {2}, {3}, {4}, {5}

Uni t RanpSequence[]

{{0}, {13}, {2}, {3}, {4}, {5}, {6}, {7}}

(-10 + 2 » Uni t RanpSequence[11]) // SequencePl ot ;

10|
5,
1]
TA} 6 7 8 9 10
-5
-10
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UnitSineSequence

UnitSineSequence generates aunit sine sequence.

seg = UnitSineSequence[n, sineFrequency, sinePhase]
UnitSineSequence[n, sineFrequency] defaults to UnitSineSequence(n, sineFrequency, 0]
UnitSineSequence[n] defaults to UnitSineSequence[n, 1/8, 0]

UnitSineSequence[] defaultsto UnitSineSequence[8, 1/8, (]

nisthe number of samples.

sineFrequency isthe digital frequency.

sinePhase is the phase.

seg isan n-by-1 matrix of the form {{a[0]}, {a[1]}, ..., {aK]}, ..., {an-1]}}.
a[k] = sin(k*2* Pi*sineFrequency + sinePhase), k=0, 1, 2, ..., (n-1).
UnitSineSequence returns {} in the case of unexpected arguments.

See also: UnitExponentialSequence, Uni t | npul seSequence, UnitNoiseSequence, UnitRampSe-
quence, UnitStepSequence, UnitSymbol icSequence, MultiplexSequence, Sequence-
Plot, DiscreteSystemImplementationProcessing, DiscreteSystemSimulation

Examples

Needs [" Schemati cSol ver ™" ]

Continuous-time sine signal of amplitude 0.15, of phase #/2, and frequency 1200 Hz, is sampled at 8 kHz. Generate a
sequence of 32 samples of the signal.

The required sinusoidal sequence is created with

0. 15 % Uni t Si neSequence [32, 1200 /8000, /2]

({0.15}, {0.0881678}, {-0.0463525}, (-0.142658}, {-0.121353}, (0}, {0.121353},
(0. 142658}, {0.0463525), {-0.0881678}, {-0.15}, {-0.0881678}, {0.0463525},

(0. 142658}, {0.121353}, {0}, {-0.121353}, {-0.142658}, {-0.0463525]},
(0.0881678), {0.15}, (0.0881678}, {-0.0463525}, {-0.142658}, {-0.121353}, (0},
(0.121353}, {0.142658), {0.0463525}, {-0.0881678}, {-0.15)}, {-0.0881678})

Sinusoidal sequence can be symbalic:

a*Uni t Si neSequence[6, f, ¢]

{({asSin[¢]}, {aSin[2f r+¢]}, {aSin[4f n+o¢]},
{(asSin[6fr+¢]}, {aSin[8f r+¢]}, {aSin[10f n+¢]})}

w
axUnitSi neSequence[G, 5 ¢]
T

{{aSin[¢]}, {aSin[¢+w]}, {aSin[¢+2w]},
{aSin[¢+3w]}, {aSin[¢+4w]}, {aSin[¢+5w]}}

Hereisthe default sinusoidal sequence:
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Uni t Si neSequence[]

{to, {%}' (1, {%}, (0}, {—%}, (-11, {-%}}

Uni t Si neSequence[32, 1/32, Pi /2] // SequencePl ot ;

[T I
5 lllo 15 2 1125 30
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UnitStepSequence

UnitStepSequence generates a unit step sequence.

seg = UnitStepSequence[n, d]
UnitStepSequence([n] defaults to UnitStepSequence[n, 0]
UnitStepSequence[] defaultsto UnitStepSequence(8, 0]

nisthe number of samples.

disthe delay, i.e., number of leading zero-samples, d < n.

seg isan n-by-1 matrix of the form {{a[0]}, {a[1]}, ..., {aK]}, ..., {an-1]}}.
ak] =1for k=d, ak] =0 otherwise.

UnitStepSequence returns {} in the case of unexpected arguments.

See also: UnitExponentialSequence, UnitimpulseSequence, UnitNoiseSequence, UnitRampSe-
quence, UnitSineSequence, UnitSymbol icSequence, MultiplexSequence, Sequence-
Plot, DiscreteSystemImplementationProcessing, DiscreteSystemSimulation

Examples

Needs [" Schemati cSol ver ™" ]
Uni t St epSequence[]
({13, {13, {13, {13, {1}, {1}, {1}, {1}}
Uni t St epSequence[6, 2]
{{0}, {03, {13, {1}, {1}, {1}}
You can use UnitStepSequence to generate discrete pul se sequences:
nunmber O Sanpl es = 12; pul seDel ay = 3; pul seWdth = 4;

pul seSeq = Uni t St epSequence [nunmber O Sanpl es, pul seDel ay] -
Uni t St epSequence [nunber O Sanpl es, pul seDel ay + pul seW dt h]

{{0}, {0}, {0}, {1}, {1}, {1}, {1}, {0}, {0}, {0}, {0}, {0}}
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pul seSeq // SequencePl ot ;
1 L

0.8¢

0.6+

0.2+

1 2 3 4 5 6 7 8 9 10 11
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UnitSymbolicSequence

UnitSymbolicSequence generates a sequence of symbolic samples.

seg = UnitSymbol icSequence[n, symb, initiallndex]
UnitSymbol icSequence[n, symb] defaultsto UnitSymbolicSequence[n, symb, 1]

nisthe number of samples.

symb isa symbol that is used to represent samples.

initialIndex istheinitial sample index. It should be a non-negative integer.
seg is an n-by-1 matrix of symbolic samples.

UnitSymbolicSequence returns {} in the case of unexpected arguments.

See also: UnitExponentialSequence, UnitimpulseSequence, UnitNoiseSequence, UnitRampSe-
quence, UnitSineSequence, UnitStepSequence, MultiplexSequence, SequencePlot,
DiscreteSystemlmplementationProcessing, DiscreteSystemSimulation

Examples

Needs [" Schemati cSol ver ™" ]

Uni t Synbol i cSequence[8, x]

{{x1}, {x2}, {x3}, {x4}, {x5}, {x6}, {X7}, {x8}}
Uni t Synbol i cSequence[4, a, 0]

{{a0}, {al}, {a2}, {a3}}

You can use UnitSymbolicSequence to generate a list of parameters, e.g., which might be the parameters of a
system:

Uni t Synbol i cSequence[4, p] // SequenceToli st

{pl, p2, p3, p4}
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UpsampleSequence

UpsampleSequence upsamples a data sequence.

upSequence = Upsamp I eSequence[dataSequence, n]

dataSequence isa matrix of data samples.

nisthe amount of upsampling.

upSequence is the upsampled sequence.

UpsampleSequence inserts n-1 rows after each row of dataSequence. The inserted rows are of the form {0, O, ..., 0}.
UpsampleSequence returns {} in the case of unexpected arguments.

See also: DownsampleSequence, MultiplexSequence, DemultiplexSequence, Ml ti r at eDown-
sanpl eSequence, SequencePlot
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ValidImplementationModuleNameQ

ValidImplementationModuleNameQ testswhether a string isavalid function name.

flag = Val idImplementationModuleNameQ["name"]

name is a symbol; it should be enclosed within double quotation marks.
flagis True if nameisavalid function name. Otherwise, flagisFal se.
A valid function name is composed of letters and digits and should begin with aletter.

See also: DiscreteSystemlmplementation, DiscreteSystemlmplementationModule

Examples

Needs [" Schemati cSol ver ™ "]

Val i dl npl ement at i onModul eNaneQ[" myPr oc" ]

True
Function name should not contain spaces:

Val i dl npl ement ati onModul eNanmeQ[" my Proc" ]

Val i dl npl ement ati onModul eNaneQ : i nvnane :
"my Proc" is not a well -forned nodul e name.

Fal se
Function name should not begin with a number:

Val i dl npl ement ati onModul eNanmeQ[" 1st Proc" ]

Val i dl npl ement ati onModul eNaneQ : i nvnane :
"1stProc" is not a well -forned nodul e nane.

Fal se
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$VersionSchematicSolverSchematiclmplementation

$VersionSchematicSolverSchematiclmplementation is a variable that contains information about the
implementation package version and rel ease date.

Needs [" Schemati cSol ver ™" ]

$Ver si onSchemat i cSol ver Schemat i cl npl enent ati on

2.0 (February 04, 2004. 21:30)
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14.8. Album of Schematics

General Format of Album Schematics

SchematicSolver s Album is a collection of functions that generate schematic specifications of systems frequently found
in practice. These functions can help you automate creation of complex schematics. General format for calling the
functionsis

{ schematicSpec, inpCoords, outCoords} = SchematicAlbumFunction[params, {x0, yO}, options]

Schemati cAlbumFunction is the name of the function, e.g., DirectFormFIRFi I terSchematic.
paramsisalist of parameters.

{x0, yO} are the coordinates of the schematic offset. Typically, {x0, yO} are the coordinates of a system input.
schematicSpec is a schematic specification that represents the system; it isa list of element specifications.
inpCoordsis alist of input coordinates.

outCoordsisalist of output coordinates.

options are the function options, e.g., DelayElementValue.

As a rule, SchematicAlbumFunction generates a schematic specification that does not contain any Input elements and
Output elements.
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DelayElementValue

DelayElementValue isan option for DirectFormFIRFi l terSchematic, DoubleDelayDirectFormFIR-
FilterSchematic, HalfbandDirectFormFIRFilterSchematic, HilbertTransformerDirectForm-
FIRSchematic, TransposedDirectForm2l IRBiquadSchematic, and TransposedDirectForm21IR-
FilterSchematic, that setsthe value of the Delay element.

DelayElementValue - d

d isthe amount of delay; it can be an integer or a symbol.
DelayElementValue-1 isdefault.

Y ou can reset the default using SetOptions[function, option—value]. For example, SetOptions[DirectFormFIR-
FilterSchematic, DelayElementValue-2].
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DirectFormFIRFilterSchematic

DirectFormFIRFilterSchematic creates schematic specification for Direct Form FIR filter of an arbitrary order
and arbitrary parameters.

{filter Spec, inpCoords, outCoords} = DirectFormFIRFi IterSchematic|[params, {x0, yO},
options]

DirectFormFIRFi lterSchematic[params, {x0, yO}] defaultsto

DirectFormFIRFi lterSchematic[params, {x0, yO}, DelayElementValue—1]

DirectFormFIRFi lterSchematic[params] defaults to
DirectFormFIRFi lterSchematic[params, {0, 0}]

DirectFormFIRFilterSchematic|] defaultsto DirectFormFIRFilterSchematic[{1l,
-1}, {0, 0}]

paramsisalist of one or more parameters of the form {a[ 0], a[1], a[2],..., aK]} where K isthe filter order.

{x0, yO} are numeric coordinates of the filter input.

filter Spec is a schematic specification that represents the filter; itisalist of element specifications.
inpCoordsisalist of input coordinates. Thisfilter has one input so inpCoordsis of the form {{xIn, yIn}}.
outCoordsisalist of output coordinates. This filter has one output so outCoordsis of the form {{xOut, yOut}}.

DelayElementValue—d setsthe Delay element value to d.
DirectFormFIRFilterSchematic returns{} in the case of unexpected arguments.

See also: ShowSchematic, DiscreteSystemTransferFunction, DiscreteSystemlmplementa-
tion, DiscreteSystemSimulation

Examples

Needs [" Schemati cSol ver ™ "]

{schemati cSpeci fi cation, input Coordi nates, out put Coordi nates} =
Direct FornFI RFi | ter Schematic[{a0, al, a2, a3}];

schemat i cSpeci fication

{{Mul tiplier, {{O, O}, {O, 3}}, a0}, {Line, {{O, 3}, {0, 4}, {2, 4}}},
{Del ay, {{0, 0}, {3, 0}}, 1}, {Multiplier, {{3, 0}, {3, 3}}, al},
{Adder, {{2, 43}, {3, 3}, {5, 4}, {3, 5}3, {1, 1, 2, 0}},

{Del ay, {{3, 0}, {6, 0}}, 1}, {Multiplier, {{6, O}, {6, 3}}, a2},
{Adder, {{5, 43}, {6, 3}, {8, 4}, {6, 5}3}, {1, 1, 2, 0}},

{Del ay, {{6, 0}, {9, 0}}, 1}, {Multiplier, {{9, O}, {9, 3}}, a3},
{Adder, ({8, 43}, {9, 3}, (11, 43, {9, 5}, {1, 1, 2, 0}}}
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ShowSchenati c[schemati cSpeci fication, Pl ot Range » {{-2, 12}, {-1, 5}}1;

5

SO r N W b

@

©

©

0/\

i nput Coor di nat es

{{0, 0}}

out put Coor di nat es

{{11, 4}}
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DoubleDelayDirectFormFIRFilterSchematic

DoubleDelayDirectFormFIRFilterSchematic creates schematic specification for Double Delay Direct Form
FIR filter of an arbitrary order and arbitrary parameters.

{filter Spec, inpCoords, outCoords} =
DoubleDelayDirectFormFIRFi lterSchematic[params, {x0, y0}, options]

DoubleDelayDirectFormFIRFilterSchematic[params, {x0, y0}] defaultsto
DoubleDelayDirectFormFIRFi lterSchematic[params, {x0, y0},
DelayElementValue-1]

DoubleDelayDirectFormFIRFilterSchematic[params| defaultsto
DoubleDelayDirectFormFIRFi lterSchematic[params, {0, 0}]

DoubleDelayDirectFormFIRFilterSchematic|] defaultsto
DoubleDelayDirectFormFIRFilterSchematic[{1, -1}, {0, 0}]

paramsisalist of one or more parameters of the form {a[0], a[1], 2],..., K]} where 2K isthe filter order.

{x0, yO} are numeric coordinates of the filter input.

filter Spec is a schematic specification that represents the filter; itisalist of element specifications.
inpCoordsisalist of input coordinates. Thisfilter has one input so inpCoordsis of the form {{xIn, yIn}}.
outCoordsisalist of output coordinates. This filter has one output so outCoordsis of the form {{xOut, yOut}}.
DelayElementValue—d setsthe Delay element value to d.
DoubleDelayDirectFormFIRFilterSchematic returns {} in the case of unexpected arguments.

See also: ShowSchematic, DiscreteSystemTransferFunction, DiscreteSystemlmplementa-
tion, DiscreteSystemSimulation

Examples

Needs [" Schemati cSol ver ™" ]

{schemati cSpeci fi cation, i nput Coordi nates, out put Coordi nates} =
Doubl eDel ayDi r ect For nFl RFi | t er Schemati c[{a0, al, a2, a3}];

schemat i cSpeci fication

{{Multiplier, {{0O, O}, {O, 3}}, a0},

{Line, {{0, 3}, {0, 4}, {3, 4}}}, {Delay, {{0, 0}, {2, 0}}, 1},

{Del ay, {{2, 0}, {4, 031}, 13, {MJI'[ipIier, {{4, 0}, {4, 3}}, al},

{Adder, ({3, 43}, {4, 3}, {7, 4}, {2, 5}}, {1, 1, 2, 0}}, {Del ay, {{4, 0}, {6, 013}, 13,
{Del ay, {{6, 0}, {8, 01}, 13, {MJI'[ipIier, {{8, 03}, {8, 3}}, a2},

{Adder, ({7, 4}, (8, 3}, {11, 43, {6, 5}3}, {1, 1, 2, 01}, {Del ay, {{8, 0}, {10, 0313}, 13,
{Del ay, {{10, 0}, {12, 0}3}, 1}, {Multiplier, {{12, 0}, {12, 3}}, a3},

(Adder, ({11, 4}, {12, 3}, {15, 4}, (10, 5}}, {1, 1, 2, 0}}}
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ShowSchenat i c[schemati cSpeci fication];

© Tph @ &

15
i nput Coor di nat es

{{0, 03}

out put Coor di nat es

{{15, 4}}
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HalfbandDirectFormFIRFilterSchematic

HalfbandDirectFormFIRFilterSchematic creates schematic specification for Halfband Direct Form FIR
filter of an arbitrary order and arbitrary parameters.

{filterSpec, inpCoords, outCoords} = Hal fbandDirectFormFIRFi IterSchematic|[params,
{x0, y0}, options]|

HalfbandDirectFormFIRFi lterSchematic[params, {x0, y0O}] defaultsto
HalfbandDirectFormFIRFi lterSchematic[params, {x0, yO}, DelayElementValue—1]

HalfbandDirectFormFIRFi lterSchematic[params] defaultsto
HalfbandDirectFormFIRFi lterSchematic[params, {0, 0}]

HalfbandDirectFormFIRFi lterSchematic[] defaultsto
HalfbandDirectFormFIRFilterSchematic[{1, -1}, {0, 0}]

paramsisalist of one or more parameters of the form {a[0], a[1], a[2], ..., K]} where 2K isthe filter order.
{x0, yO} are numeric coordinates of the filter input.

filter Spec is a schematic specification that represents the filter; itisalist of element specifications.
inpCoordsisalist of input coordinates. This filter has one input so inpCoords s of the form {{xIn, yIn}}.

outCoords is a list of output coordinates. This filter has two outputs so outCoords is of the form {{x1Out, y1Out},
{x20ut, y20ut}}.

DelayElementValue—d setsthe Delay element value to d.
HalfbandDirectFormFIRFilterSchematic returns {} in the case of unexpected arguments.

See also: ShowSchematic, DiscreteSystemTransferFunction, DiscreteSystemlmplementa-
tion, DiscreteSystemSimulation

Examples

Needs [" Schemati cSol ver ™" ]

{schemati cSpeci fi cation, i nput Coordi nates, out put Coordi nates} =
Hal f bandDi rect FornFl RFi | t er Schemati c[{a0, al, a2}];

schemat i cSpeci fication

{{Line, {{0, 0}, {2, 0}}}, {Line, {{O, O}, (O, 6}, {2, 6}}},

{I\/UItipIier, ({2, 0}, {2, 3}, a0}, {Line, {{2, 3}, {2, 4}, {5, 4}}},

{Del ay, {{2, 0}, {4, 0}}, 1}, {Delay, {{4, 0}, {6, 0}3}, 1},

{Del ay, {{2, 6}, {6, 6}}, 13}, {I\/UItipIier, {{6, 0}, {6, 3}}, al},

{Adder, ({5, 43}, {6, 3}, {9, 4}, {6, 5}}, {1, 1, 2, 0},

{Del ay, {{6, 0}, {8, 0}}, 1}, {Delay, {{8, 0}, {10, 0}}, 1},

{Del ay, {{6, 6}, {10, 6}}, 13}, {I\/UItipIier, {{10, 03}, {10, 33}, a2y,

(Adder, ({9, 4}, {10, 3}, {13, 4}, (10, 5}}, {1, 1, 2, 0}}, {Line, ({13, 6}, {10, 6}}},
(Adder, ({12, 5}, {13, 4}, (14, 5}, (13, 6}}, (0, -1, 2, 1}},

(Multiplier, {{14, 5}, (16, 5}}, 0.5}}
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ShowSchenat i c[schemati cSpeci fication];

1] 1]
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HighSpeedl IR3FIRHalfbandFilterSchematic
HighSpeedl IR3FIRHal fbandFi lterSchematic creates schematic specification for

High Speed 3rd-order IR — FIR Halfband Filter of an arbitrary order and arbitrary parameters.

{filter Spec, inpCoords, outCoords} =

HighSpeedl IR3FIRHal fbandFi lterSchematic[params, {x0,y0}]

HighSpeedl IR3FIRHal fbandFi lterSchematic[params] defaultsto
HighSpeedl IR3FIRHal fbandFi lterSchematic[params, {0,0}]

HighSpeedl IR3FIRHal fbandFilterSchematic[] defaultsto
HighSpeedl IR3FIRHalfbandFilterSchematic[{1/2,1/2,1}, {0,0}]

paramsis alist of three or more parameters of the form { b, k0, k1, k2, ...} where b is the coefficient of the IR half-band
filter, kO is the normalization coefficient, and k1, k2, ..., are the coefficients of the FIR filter.

{x0,y0} are numeric coordinates of the filter input.
filter Spec is a schematic specification that represents the filter; itisalist of element specifications.
inpCoordsis alist of input coordinates. This filter has one input so inpCoordsis of the form {{xIn,yIn}}.

outCoords is a list of output coordinates. This filter has two outputs so outCoords is of the form {{x1Out,y10Out},
{x20ut,y20ut}}.

HighSpeedl IR3FIRHal fbandFi lterSchematic returns {} in the case of unexpected arguments.
See also: ShowSchematic, DiscreteSystemTransferFunction, DiscreteSystemlmplementa-

tion, DiscreteSystemSimulation

Examples

Needs [" Schemati cSol ver ™ "]

{schemati cSpeci fi cation, input Coordi nates, out put Coordi nates} =
H ghSpeed! | R3FI RHal f bandFi | t er Schemati c[{b, kO, k1, k2}1;
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schemat i cSpeci fication

{{Multiplier, {{6, 0}, {6, 3}}, k1, , TextOfset - {-1, 1}},

{Mul tiplier, {{6, 8}, {6, 5}}, k1},

{Line, {{2, 8}, {2, 0}}}, {Multiplier, {{O, 8}, {2, 8}}, kO},

{Adder, {{7, 8}, {8, 5}, {9, 8}, {8, 9}}, {1, 1, 2, 0},

{Adder, {{7, 0}, {8, -1}, {9, 0}, {8, 3}}, {1, 0, 2, -1}},

{Line, {{6, 8}, {7, 8}}}, {Line, {{6, 0}, {7, 0}}}, {Line, {{6, 3}, {8, 5}}},

{Line, {{6, 5}, {8, 3}}}, {Adder, {{2, 8}, {4, 7}, {4, 8}, {3, 10}}, {1, 1, 0, 2},
{Adder, {{4, 8}, {4, 7}, {6, 8}, {5, 10}}, {0, 1, 2, 1}},

{Mul tiplier, {{3, 10}, {5, 10}}, b}, {Line, {{3, 6}, {5, 10}}},

{Delay, ({4, 5}, {4, 7}}, 1}, {Delay, {{4, 3}, {4, 5}}, 1},

{Adder, {{2, 2}, {4, 0}, {4, 3}, (3, 6}}, {1, 0, 2, -1},

{Line, {{2, 8}, {2, 2}}}, {Delay, {{2, 0}, {6, 0}}, 1},

{Mul tiplier, {{17, 0}, {17, 3}}, k2, , TextOfset - {-1, 1}},

{Mul tiplier, {{17, 8}, {17, 5}}, k2, },

{Adder, {{18, 8}, {19, 5}, {20, 8}, {19, 9313}, {1, 1, 2, 0}},

{Adder, {{18, 0}, {19, -1}, {20, 0}, {19, 3}}, {1, 0, 2, -13},

{Line, {{17, 8}, {18, 8}}}, {Line, {{17, 0}, {18, 0}}}, {Line, {{17, 3}, {19, 5}}},
{Line, {{17, 5}, {19, 3}}}, {Adder, {{9, 8}, {11, 7}, {11, 8}, {10, 10}}, {1, 1, 0, 23},
{Adder, {{11, 8}, {11, 7}, {13, 8}, {12, 103}, {0, 1, 2, 1}},

{Mul tiplier, {{10, 10}, {12, 10}}, b}, {Line, {{10, 6}, {12, 10}}},

{Del ay, {{11, 5}, {11, 7}}, 1}, {Delay, {{11, 3}, {11, 5}}, 1},

{Adder, {{9, 2}, {11, 0}, {11, 33}, {10, 63}, {1, 0, 2, -1}}, {Line, {{9, 8}, {9, 2}}},
{Adder, {{13, 8}, {15, 7}, {15, 8}, {14, 103}, {1, 1, O, 2}},

{Adder, {{15, 8}, {15, 7}, {17, 8}, {16, 10}}, {0, 1, 2, 1}},

{Mul tiplier, {{14, 10}, {16, 10}}, b}, {Line, {{14, 6}, {16, 10}}},

{Del ay, {{15, 5}, {15, 7}}, 1}, {Delay, {{15, 3}, {15, 5}}, 1},

{Adder, {{13, 2}, {15, 0}, {15, 3}, {14, 6}}, {1, 0, 2, -1}}, {Line, {{13, 8}, {13, 2}}},
{Delay, {{9, 0}, {13, 0}}, 1}, {Delay, {{13, 0}, {17, 0}}, 1}}

ShowSchenat i c[schemati cSpeci fication];

OFRLPNWAUUIONOOOO

i 3 5 7 9 1‘1 13 1‘5 1‘7 19
i nput Coor di nat es
{{0, 8}}
out put Coor di nat es

{{20, 8}, {20, 0}}
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HilbertTransformerDirectFormFIRSchematic

HilbertTransformerDirectFormFIRSchematic creates schematic specification for the Hilbert Transformer
with Direct Form FIR filter of an arbitrary order and arbitrary parameters.

{ schematicSpec, inpCoords, outCoords} =
HilbertTransformerDirectFormFIRSchematic[params, {x0, yO}, options|

HilbertTransformerDirectFormFIRSchematic[params, {x0, yO}] defaultsto
HilbertTransformerDirectFormFIRSchematic[params, {x0, yO},
DelayElementValue-1]

HilbertTransformerDirectFormFIRSchematic[params] defaultsto
HilbertTransformerDirectFormFIRSchematic[params, {0, 0}]

HilbertTransformerDirectFormFIRSchematic|[] defaultsto
HilbertTransformerDirectFormFIRSchematic[{1, -1}, {0, 0}]

paramsisalist of one or more parameters of the form {g[0], a[1], a[2], ...}

{x0, yO} are numeric coordinates of the system input.

schematicSpec is a schematic specification that represents the system; it isa list of element specifications.
inpCoordsisalist of input coordinates. This system has one input so inpCoords is of the form {{xIn, yIn}}.

outCoords is a list of output coordinates. This system has two outputs so outCoords is of the form {{x10ut, y1Out},
{x20ut, y20ut}}.

DelayElementValue—d setsthe Delay element value to d.
HilbertTransformerDirectFormFIRSchematic returns{} in the case of unexpected arguments.

See also: ShowSchematic, DiscreteSystemTransferFunction, DiscreteSystemlmplementa-
tion, DiscreteSystemSimulation

Examples

Needs [" Schemati cSol ver ™" ]

{schemati cSpeci fi cation, input Coordi nates, out put Coordi nates} =
Hi | bert Transf ormer Di r ect For nFl RSchemati c[{a0, al, a2}];

schemat i cSpeci fication

{{Line, {{0, O}, {2, 0}}}, {Line, {{0, O}, {0, 6}, {2, 6}}},

(Mil tiplier, {{2, 0}, {2, 3}}, a0}, {Line, ({2, 3}, {2, 4}, (5, 4}}},

{Delay, {{2, 0}, {4, 0}}, 1}, {Delay, {{4, 0}, {6, 0}}, 13},

{Delay, {{2, 6}, {6, 6}}, 1}, {Multiplier, ({6, 0}, {6, 3}}, al},

{Adder, {{5, 4}, {6, 3}, {9, 4}, {6, 5}}, (1, 1, 2, 0}},

{Delay, {{6, O}, {8, 0}}, 1}, {Delay, {{8, 0}, {10, O}}, 1},

{Delay, {{6, 6}, {10, 6}}, 1}, {(Multiplier, ({10, 0}, {10, 3}}, a2},

{Adder, {{9, 4}, {10, 3}, {13, 4}, {10, 5}}, {1, 1, 2, 0}}, {Line, {{13, 6}, {10, 6}}}}
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ShowSchenat i c[schemati cSpeci fication];

O,
O,

S L N W A~ 01O

i nput Coor di nat es
{{0, 0}}

out put Coor di nat es

{{13, 43}, {13, 6}}
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TestDiscreteLinearSISOAlbumSchematic

TestDiscretelLinearSISOAlbumSchematic tests adiscrete linear SISO album schematic.

TestDiscreteLinearSI1SOAlbumSchematic[albumObject, options

albumObject is a list returned by a function that creates schematic specification, such as DirectFormFIRFilter-
Schematic.

Any ShowSchematic option can be givento TestDiscretelLinearS1SOAlbumSchematic.

See also: ShowSchematic, DiscreteSystemTransferFunction, DiscreteSystemlmplementa-
tion, DiscreteSystemSimulation

Examples

Needs [" Schemati cSol ver ™" ]

Test Di scr et eLi near SI SOAl bunschenat i ¢ [
Di rect FornFI RFi | t er Schemati c[], Pl ot Range » {{-2, 7}, {-1, 5}}]

{({{Multiplier, {{0, 0}, {0, 3}}, 1}, {Line, ({0, 3}, {0, 4}, {2, 4}}},
{Delay, {{0, 0}, {3, 0}}, 1}, {(Multiplier, ({3, 0}, {3, 3}}, -1},
{Adder, {{2, 4}, {3, 3}, {5, 4}, {3, 5}}, {1, 1, 2, 0}}}, {{0, O}}, {{5, 4}}}

5
4+ @
Y
3,
2,
1ZX ‘%x
l,
X
0 z*
-1 0 1 2 3 4 S 6 7
(- 252 ovreo, 0313, (Y015, 411))
1-z1

The above example illustrates the test that is performed by TestDiscretelLinearSI1SOAlbumSchematic. First,
the schematic specification returned by the album function DirectFormFIRFi I'terSchematic isdisplayed. Next,
TestDiscretelLinearS1SOAlbumSchematic adds an Input element (drawn in red) and an Output element

(drawn in green), and computes the transfer function. Finally, the transfer function is displayed in the traditional formin
termsof z 1.
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TransposedDirectForm21 IRBiquadSchematic

TransposedDirectForm21 IRBiquadSchemati c creates schematic specification for Transposed Direct Form 2
IR Biquad of arbitrary parameters.

{filterSpec, inpCoords, outCoords} = TransposedDirectForm21 IRBiquadSchematic[{num,
den}, {x0, y0O}, options]

TransposedDirectForm2l IRBiquadSchematic[{num, den}, {x0, y0}] defaultsto
TransposedDirectForm2l IRBiquadSchematic[{num, den}, {x0, yO},
DelayElementValue-1]

TransposedDirectForm2l IRBiquadSchematic[{num, den}] defaultsto
TransposedDirectForm2l IRBiquadSchematic[{num, den}, {0, 0}]

TransposedDirectForm21 IRBiquadSchematic|] defaultsto
TransposedDirectForm2l IRBiquadSchematic[{{1, 1}, {0.9}}, {0, 0}]

numisalist of numerator parameters { b0, b1, b2}.

denisalist of denominator parameters { al, a2}.

{x0, yO} are numeric coordinates of the filter input.

filter Spec is a schematic specification that represents the filter; itisalist of element specifications.
inpCoordsisalist of input coordinates. This filter has one input so inpCoordsis of the form {{xIn, yIn}}.
outCoordsisalist of output coordinates. This filter has one output so outCoords is of the form {{xOut, yOut}}.
DelayElementValue—d setsthe Delay element value to d.

TransposedDirectForm21 IRBiquadSchematic returns{} in the case of unexpected arguments.

See also: ShowSchematic, DiscreteSystemTransferFunction, DiscreteSystemlmplementa-
tion, DiscreteSystemSimulation

Examples

Needs [" Schemati cSol ver ™" ]

{schemati cSpeci fi cation, input Coordi nates, out put Coordi nates} =
TransposedDi r ect For n2l | RBi quadSchemati c[{{bO, bl, b2}, {al, a2}}];

schemat i cSpeci fication

{{Line, {{0, O}, {0, 6}}}, {Line, {{0, 6}, {0, 10}}},

{Line, {{6, 0}, {4, 0}}}, {Line, {{6, O}, {6, 4}}}, {Line, {{6, 4}, {6, 10}}},

{Adder, ({2, 0}, (3, -1}, {4, 0}, (3, 131}, {1, 0, 2, 1},

{Adder, ({2, 43}, (3, 3}, {4, 4}, {3, 5}}, {0, 2, -1, 1},

{Adder, ({2, 6}, {3, 5}, {4, 6}, {3, 7}}, {1, 2, 0, 1}},

{Adder, {{2, 10}, {3, 9}, {4, 10}, {3, 113}, {1, 2, -1, 0}}, {Delay, {{3, 3}, {3, 1}}, 13},
{Del ay, {{3, 9}, {3, 7}}, 1}, {Multiplier, {{O, O}, {2, 0}}, bO},

{(Mul tiplier, {{0, 6}, {2, 6}}, b1}, {Miltiplier, {{0, 10}, {2, 10}}, b2},

{Mul tiplier, {{6, 4}, {4, 4}}, al}, {Multiplier, {{6, 10}, {4, 10}}, a2}}
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ShowSchenat i c[schemati cSpeci fication];

h2
S/

9 a2

8 zi!

I ob

o >0

5

. o<
3

2 z1

Y bo

>O

i nput Coor di nat es
{{0, 0}}
out put Coor di nat es

{{6, 0}}
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TransposedDirectForm21 IRFilterSchematic

TransposedDirectForm21 IRFilterSchemati c creates schematic specification for Transposed Direct Form 2
[IR filter of an arbitrary order and arbitrary parameters.

{filterSpec, inpCoords, outCoords} = TransposedDirectForm21 IRFi lterSchematic[{num,
den}, {x0, y0O}, options]

TransposedDirectForm2l IRFi lterSchematic[{num, den}, {x0, y0}] defaultsto
TransposedDirectForm2l IRFi lterSchematic[{num, den}, {x0, yO},
DelayElementValue—-1]

TransposedDirectForm2l IRFilterSchematic[{num, den}] defaultsto
TransposedDirectForm2l IRFi lterSchematic[{num, den}, {0, 0}]

TransposedDirectForm2l IRFilterSchematic|] defaultsto
TransposedDirectForm21 IRFilterSchematic[{{1, 1}, {0. 9}}, {0, 0}]

numis alist of numerator parameters { b[0], b[1], b[2], ..., b[K]}.

denisalist of denominator parameters {a[1], a2], ..., a K]} where K isthe filter order.

{x0, yO} are numeric coordinates of the filter input.

filter Spec is a schematic specification that represents the filter; itisalist of element specifications.
inpCoordsisalist of input coordinates. This filter has one input so inpCoordsis of the form {{xIn, yIn}}.

outCoordsisalist of output coordinates. This filter has one output so outCoords is of the form {{xOut, yOut}}.

DelayElementValue—d setsthe Delay element value to d.
TransposedDirectForm21 IRFi lterSchematic returns{} in the case of unexpected arguments.

See also: ShowSchematic, DiscreteSystemTransferFunction, DiscreteSystemlmplementa-
tion, DiscreteSystemSimulation

Examples

Needs [" Schemati cSol ver ™" ]

{schemati cSpeci fi cation, input Coordi nates, out put Coordi nates} =
TransposedDi rect Form2l | RFi | t er Schemati c[{{bO, bl, b2, b3}, {al, a2, a3}}];

schemat i cSpeci fication

{{Line, {{6, 0}, {4, 0}}}, {Adder, {{2, 0}, {3, -1}, {4, 0}, {3, 11}, {1, 0, 2, 1}},
{MJI'[ipIier, {{0, 03}, {2, 0}}, bO}, {Line, {{O, O}, {0, 4}}},

{Line, {{6, 0}, {6, 4}}}, {Adder, {{2, 4}, (83, 3}, {4, 4}, {3, 5}, {1, 2, -1, 1},
{Del ay, {{3, 3}, {3, 1313}, 13, {MJI'[ipIier, {{0, 43}, {2, 4}}, bl},

{MJI'[ipIier, ({6, 4}, {4, 4}, al}, {Line, {{0, 4}, {0, 8}}},

{Line, {{6, 4}, {6, 8}}}, {Adder, {{2, 8}, {3, 7}, {4, 8}, {3, 9}, {1, 2, -1, 1},
{Del ay, {{3, 7}, {3, 513}, 13, {MJItipIier, {{0, 8}, {2, 8}}, b2},

{MJI'[ipIier, ({6, 8}, {4, 8}}, a2}, {Line, {{0, 8}, {0, 12}}},

{Line, {{6, 8}, {6, 12}}}, {Adder, {{2, 12}, (3, 11}, {4, 123, {3, 13}}, {1, 2, -1, 0}},
{Del ay, {{3, 113}, {3, 9}}, 13, {MJI'[ipIier, {{0, 123}, {2, 12}}, b3},

{Mul tiplier, {{6, 12}, {4, 12}}, a3}}
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ShowSchenat i c[schemati cSpeci fication];

i nput Coor di nat es

{{0, 0}}

out put Coor di nat es

{{6, 0}}
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$VersionSchematicSolverSchematicAlbum

$VersionSchematicSolverSchematicAlbum isavariable that contains information about the album package
version and release date.

Needs [" Schemati cSol ver ™" ]

$Ver si onSchenat i cSol ver Schenat i cAl bum

2.0 (January 29, 2004. 20:50)
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14.9. Figures in SchematicSolver

Introduction

SchematicSolver has many figures that illustrate solving and implementing systems. These figures are stored in variables,
as schematic specifications, and are displayed with the ShowSchemati c function.

ShowSchemati c[schematicFigure, options]

schematicFigure is the name of the variable, e.g., SchematicSolverFigureHi lbertTransformerldeal.
options are the ShowSchemati c options.
Some variables, such as DrawE lementPlotStyleDefault, store typical element plot styles.

Needs [" Schemati cSol ver ™ "]
We specify some options to better present the figures:

Set Opti ons [l nput Not ebook[],
| mgeSi ze » {350, 250},
| mageMar gi ns » {{0, 0}, {0, 0}}1;

Set Opt i ons [ShowSchenati c,
El enent Scal e » 1, Font Si ze » Automati c,
Frame » True, Gi dLi nes » Automati c,
Pl ot Range » Al | 1;

Set Opt i ons [Dr awEl enent,

El enent Si ze » {1, 1},

PlotStyle - {
{R@&BCol or [0, 0, 0.7]1, Thickness[0.005], PointSize[0.012]},
{R@&BCol or [0, 0, 1], Thickness[0.0035], PointSize[0.01]1}},

ShowAr r owTai | -» Tr ue,

ShowNodes - Fal se, Text Of f set » Automati c,

Text Styl e » {Font Fam | y - Ti nes, Font Si ze » 10} ];
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DrawElementPlotStyleDefault

DrawElementPlotStyleDefault isthe default option value for PlotStyle in DrawElement.

Dr awEl enent Pl ot St yl eDef aul t

{{R@&Col or [0, 0, 0.7], Thi ckness[0.005], PointSize[0.012]},
{RGBCol or [0, O, 1], Thi ckness[0.0035], PointSize[0.01]}}

DrawElementPlotStylelLight

DrawElementPlotStylelLight isan option value for PlotStyle in DrawElement. This value is suitable for
large schematics.

Dr awEl enent Pl ot St yl eLi ght

{{R@&Col or [0, 0, 0.7], Thickness[0.001], PointSize[0.006]},
{RG@BCol or [0, O, 1], Thickness[0.001], PointSize[0.005]}}

DrawElementPlotStyleMedium
DrawElementPlotStyleMediumisan option valuefor PlotStyle in DrawElement.

Dr awEl enent Pl ot St yl eMedi um

{{R@&BCol or [0, 0, 0.7], Thi ckness[0.0025], PointSize[0.008]},
{RG@BCol or [0, O, 1], Thickness[0.0015], Poi ntSize[0.007]}}
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SchematicSolverFigureHilbertTransformerldeal

SchematicSolverFigureHilbertTransformerldeal isaschematic specification that illustrates a system
with the ideal Hilbert Transformer.

Needs [" Schemati cSol ver ™" ]

ShowSchenat i c[Schemat i cSol ver Fi gur eHi | bert Tr ansf or ner | deal ,
Frame - Fal se, GidLi nes -» None, Pl ot Range » {{-3, 25}, Al }];

x(n) o]

= Xreal (N)

Hilbert

Transformer

—==—* Ximag(N)

SchematicSolverFigureHilbertTransformerQAM

SchematicSolverFigureHilbertTransformerQAM isaschematic specification that illustrates the QAM
system with the Hilbert Transformer.

Needs [" Schemati cSol ver ™" ]

ShowSchenat i c[Schemat i cSol ver Fi gur eH | bert Tr ansf or ner QAM
Frame -» Fal se, GridLi nes -» None];
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| iwet | —iwe t
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I QAM Modulator : : QAM Demodulator :

- - __ e __ J
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SchematicSolverFigurelmplementationExamplesHouseHeating

SchematicSolverFigurelmplementationExamplesHouseHeating isaschematic specification that
illustrates a house heating system.

Needs [" Schemati cSol ver "]

ShowSchemat i c [Schemat i cSol ver Fi gur el npl ement at i onExanpl esHouseHeat i ng,
Gri dLi nes -» None, Frane - Fal se]

Outside .
Temperature Inside

! Temperature
—_—= >
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SchematicSolverFigureMultirateDecimation

SchematicSolverFigureMul tirateDecimation isaschematic specification that illustrates the decimation
system.

Needs [" Schemati cSol ver ™" ]
ShowSchenat i c[Schenmat i cSol ver Fi gureMul tirat eDeci mati on,

Gri dLi nes » None, Frane - Fal se];

Decimation

S S S

|
| Filtering Downsampling |
|

uno——| H@ X M = ymy=xmM-M+1)
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SchematicSolverFigureMultirateDownsamplingClassic

SchematicSolverFigureMul tirateDownsamplingClassic isaschematic specification that illustrates a

multirate system.

Needs [" Schemati cSol ver ™" ]

Schemat i cSol ver Fi gureMul ti r at eDownsanpl i ngC assi c;
ShowSchemati c[% G i dLi nes - None, Frane - Fal se];

Ha(2")

Ha(ZY)

Ha(2M)

Hi(@")

X290

Ho(Z")

M

—=— Y(2)
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SchematicSolverFigureMultirateDownsamplingEfficient

SchematicSolverFigureMul tirateDownsamplingEfficient isaschematic specification that illustrates a
multirate system.

Needs [" Schemati cSol ver ™" ]

Schemat i cSol ver Fi gureMul ti r at eDownsanpl i ngEf fi ci ent;
ShowSchemati c[% G i dLi nes - None, Frane - Fal se];

M H4(2

1M Ha(2) +<—D

— {M H.(2) +@

1M H,(2) +@

X2 M Ho@ —) Y2
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SchematicSolverFigureMultirateDownsamplingldentity

SchematicSolverFigureMultirateDownsamplingldentity isaschematic specification that illustrates the
downsampling identity.

Needs [" Schemati cSol ver ™" ]

ShowSchenat i c[Schenmat i cSol ver Fi gureMul tirat eDownsanpl i ngl dentity,
Gri dLi nes » None, Frane - Fal se];

Downsampling Identity
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SchematicSolverFigureMultirateDownsamplinglmplemented

SchematicSolverFigureMul tirateDownsamplinglImplemented isa schematic specification that illus-
trates a multirate system.

Needs [" Schemati cSol ver ™" ]

Schemat i cSol ver Fi gureMul ti r at eDownsanpl i ngl npl enent ed;
ShowSchemati c[% G i dLi nes - None, Frane - Fal se];

o Um0 Ha(2
z? |

A

|
_l—_vxZ(n) :Uz(m)°— Ha(2)
|

|

|

e X1(N) U1 (M 6—— Hy(2)
A |
~1 |
:

|

|

|
|
e X3(N) :u3(m)°— Hs(2)
|
|

z

X(n)°J‘° Xo(N) up(M) @—— Ho(2)
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SchematicSolverFigureMultiratelnterpolation

SchematicSolverFigureMultiratelnterpolation isaschematic specification that illustrates the interpola-
tion system.

Needs [" Schemati cSol ver ™" ]

ShowSchenat i c[Schenmat i cSol ver Fi gureMil tirat el nterpol ati on,
Gri dLi nes » None, Frane - Fal se];

Interpolation

|

Upsampling Filtering :

o x(n |
| |

I _{y(m) foon=mL-L+1 I

L Xm= 0 otherwise |
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SchematicSolverFigureMultirateUpsamplingClassic

SchematicSolverFigureMultirateUpsamplingClassic isaschematic specification that illustrates a
multirate system.

Needs [" Schemati cSol ver ™" ]

Schemat i cSol ver Fi gureMul ti rat eUpsanpl i ngd assi c;
ShowSchemati c[% G i dLi nes - None, Frane - Fal se];

Ha(2")

il

s o
]

—H2") d—é—
2]

—Hu@") @A\—
1

X(@e— 1L Ho(Z") d—,’l\— Y@
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SchematicSolverFigureMultirateUpsamplingEfficient

SchematicSolverFigureMultirateUpsampl ingEfficient isaschematic specification that illustrates a

multirate system.

Needs [" Schemati cSol ver ™" ]

Schemat i cSol ver Fi gureMul ti rat eUpsanpl i ngEf fi ci ent;
ShowSchemati c[% G i dLi nes - None, Frane - Fal se];

X(20

Ha(2) L
Hs(2) L
Ha(2) L
Hi(2) L
Ho(2) L

SchematicSolver Version 2.0
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SchematicSolverFigureMultirateUpsamplingldentity

SchematicSolverFigureMultirateUpsamplingldentity isaschematic specification that illustrates the
upsampling identity.

Needs [" Schemati cSol ver ™" ]

ShowSchenat i c[Schenmati cSol ver Fi gureMul tirat eUpsanpl i ngl dentity,
Gri dLi nes » None, Frane - Fal se];

Upsampling Identity
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SchematicSolverFigureMultirateUpsamplinglmplemented

SchematicSolverFigureMultirateUpsamplingImplemented isaschematic specification that illustrates a

multirate system.

Needs [" Schemati cSol ver ™" ]

Schemat i cSol ver Fi gureMul ti rat eUpsanpl i ngl npl enent ed;
ShowSchemati c[% G i dLi nes - None, Frane - Fal se];

u(m forn=mL-L+1
otherwise

v = { 0

Ha(2

H3(2

H2(2

H1(2)

X(m) o

Ho(2
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SchematicSolverFigureMultirateUpsamplingTransposed

SchematicSolverFigureMultirateUpsampl ingTransposed isaschematic specification that illustrates a

multirate system.

Needs [" Schemati cSol ver ™" ]

Schemat i cSol ver Fi gureMul ti r at eUpsanpl i ngTr ansposed;
ShowSchemati c[% G i dLi nes - None, Frane - Fal se];

Ha(@")

Ha(ZY)

Ha(2M)

Hi(2")

X (20—

T

Ho(2")

©2003-2004 Prof Miroslav Lutovac & Prof Dejan Tosic. All rights reserved.



486

SchematicSolverFigurePalettesDrawlLine
SchematicSolverFigurePalettesDrawL ine isaschematic specification that illustrates a drawing procedure.
Needs [" Schemati cSol ver ™ "]

Schemat i cSol ver Fi gur ePal et t esDr awLi ne // ShowSchemat i c

207:
18—I
16 |
147I
107: X
|
|
|
|
|
|
|
|
|
|

8
6
4.
2
0
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SchematicSolverFigurePalettesDrawPolyline

SchematicSolverFigurePalettesDrawPolyline isaschematic specification that illustrates a drawing
procedure.

Needs [" Schemati cSol ver ™" ]

Schemat i cSol ver Fi gur ePal et t esDr awPol yl i ne // ShowSchemat i c

20 ¢
18 +
16
14

12 +

|

I |

| :

|

' |

|

| |

I |

| :

|

I |

10 ' | X |

I |

8 I |
I |
I |

4+ |
I |

201 :
|

ol |
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SchematicSolverFigureProcessingTransposedDirectForm2l IR

SchematicSolverFigureProcessingTransposedDirectForm21 IR isaschematic specification that

illustrates the transposed direct form 2 |IR realization.

Needs [" Schemati cSol ver ™" ]

ShowSchenat i c [Schemat i cSol ver Fi gur eProcessi ngTr ansposedDi r ect Form2l | R,

Gri dLi nes » None, Frane - Fal seJ;

X o

N
N,
O

<

a

<

1
&
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SchematicSolverFigureShuttle

SchematicSolverFigureShuttle isaschematic specification that illustrates alineart of the Space Shuittle.

Needs [" Schemati cSol ver ™ "]

ShowSchenat i c[Schemat i cSol ver Fi gureShuttl e, Gi dLi nes » None, Frane - Fal se];

$VersionSchematicSolverSchematicFigures

$VersionSchematicSolverSchematicFigures isavariable that contains information about the figures
package version and rel ease date.

Needs [" Schemati cSol ver ™" ]

$Ver si onSchemat i cSol ver Schemat i cFi gur es

2.0 (January 26, 2004. 03:57)

15. Processing with SchematicSolver

15.1. Introduction
SchematicSolver processes discrete signals and simulate discrete systems.
SchematicSolver draws schematics of systems and symbolically solves systems directly from schematics:

(a) generates the equations describing a system,
(b) finds the system response,

(c) computes the system transfer function,

(d) smulates discrete system, and

(e) generates a new function that is a software implementation of the discrete system.
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If the package has not already been loaded, we load it with
Needs [" Schemati cSol ver ™" ];
We shall adjust some options to obtain better appearance of the example schematics:

Set Opti ons [l nput Not ebook[], |nageSize -» {350, 300}1;
Set Opt i ons [ShowSchenmati c, El enent Scal e -» 1,

Font Si ze » Aut onatic, Frame -» True, G'i dLi nes -» Autonatic, Pl ot Range -» Al |l 1;
Set Opt i ons [Dr awEl enent, El enent Si ze » {1, 1},

Pl ot Styl e » {{RGBCol or [0, O, 0.7], Thi ckness[0.005], PointSize[0.012]},

{R@&BCol or [0, 0, 1], Thickness[0.0035], PointSize[0.01]1}},
ShowAr r owTai | -» True, ShowNodes -» True, Text Of f set » Automati c,
Text Styl e » {Font Fam |y - Ti nes, Font Si ze » 12}];

15.2. Drawing and Solving Systems

Draw a System Using SchematicSolver

Consider a discrete system and find the system equations and the transfer function using SchematicSolver.
First, we represent the system as alist of discrete elements:

exanpl eSystem= {{"I nput", {0, 8}, X},
{"Qutput", {9, 8}, "Yi"}, {"Qutput", {9, 0}, "Yo"},
{("Delay", {{2, 0}, {6, 0}}, 1}, {"Delay”, {{4, 3}, {4, 5}} 1},
{"Delay", {{4, 5}, {4, 7}}, 1}, {"Line", {{2, 8}, {2, 2}}},
{"Line", {{3, 6}, {5, 10}}3}, {"Line", {{2, 2}, {2, 0}}},
{"Line", {{6, 0}, {7, 0}}}, {"Line", {{6, 3}, {8, 5}1},
{"Line", {{6, 5}, {8, 3}}}, {"Line", {{6, 8}, {7, 8}}},
{"Adder", {{2, 2}, {4, 0}, {4, 3}, {3, 6}}, {1, O, 2, -1}},
{"Adder", {{2, 8}, {4, 7}, {4, 8}, {3, 10}}, {1, 1, 0, 2}},
{"Adder", {{4, 8}, {4, 7}, {6, 8}, {5, 103}, {0, 1, 2, 133},
{"Adder", {{7, 03}, {8, -1}, {9, 0}, {8, 3}}, {1, 0, 2, -1}},
{"Adder", {{7, 8}, {8, 5}, {9, 8}, {8, 9}}, {1, 1, 2, 031},
("Multiplier", {{O, 8}, {2, 8}}, kO3,
("Multiplier", {{3, 10}, {5, 10}}, b}, {"Miltiplier", {{6, 8}, {6, 5}}, k1},
{"Multiplier", {{6, 0}, {6, 3}}, k1, "", TextOFfset » {0, 1}}};

For better typesetting, the system parameters can be displayed with subscripts:

par anet er Substitutionl = {kO - ky, k1 ->k;, b- B}

(kO > ko, k1 >ky, b B)

SchematicSolver Version 2.0 www.schematicsolver.com
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ShowSchematic draws the schematic of the system:

ShowSchenat i c [exanpl eSystem/.
par anet er Substitutionl, PlotRange » {{-2, 11}, {-2, 12}}];

12
B
10+
ko
8 X 0“—> + q‘\ Y1
k
6 z‘1 3
4 z‘1
2
-D- kl
: O
0 2 4 6 8 10
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Set up System Equations Using SchematicSolver

DiscreteSystemEquations derives the equations that describe the system:

{egns, vars} = DiscreteSyst enEquati ons [exanpl eSyst en;

eqns // Col umFor m

Y[{0, 8}] ==X

Y[{6, 0}] == HEEL

Y[{4, 5}] == YL

Y[{4, 7}] == YHERLL

Y[{4, 3}] ==Y[{2, 8}] -Y[(3, 6}]
Y[{3, 10}] == Y[{2, 8}] + Y[ {4, 7}]
Y[{6, 8}] == Y[{3, 6}] + Y[ {4, 7}]
Y[{9, 0}] == Y[{6, 0}] - Y[{6, 5}]
Y[{9, 8}] == Y[{6, 3}] + Y[(6, 8}]
Y[{2, 8}] ==k0Y[{O, 8}]

Y[{3, 6}] ==bY[{3, 10}]

Y[{6, 5}] ==k1Y[{6, 8}]

Y[{6, 3}] ==k1Y[{6, 0}]

DiscreteSystemEquations returns alist of the form { systemEquations, systemVariables}.

systemEquationsis alist of equations describing the system.

systemVariablesisalist of symbols that represent transforms of signals at nodes.

SchematicSolver Version 2.0
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Find System Response Using SchematicSolver

DiscreteSystemResponse computes the system response:

{resp, vars} = DiscreteSyst enResponse [exanpl eSyst em];
resp // Col umFor m

- _ 2
Y[{g, 8}} - k0|z<1>( _ kOXbEJZkZOXz

ko X k1 (kO X+b k0 Xz2
{9, 03] » 555 - Bt

k1 (kO X+b k0 Xz2
{6, 5}] » &85 :

{6, 3}] » <7X

-k0 X+b k0 X
{4, B} » - Lk0xbion 7

Yl
Yl
Yl
Yl

Y[{4, 3}] > - (-k0 X+b k0 X) z2

b+z

Y[{S, 10}] N kOX(1+22)

b+z

Y[{6, 8}] - — KOXbkoxz?

b+z
Y[{4, 7}} %_7|<0;<:Zbko><
{3, 6}
{6, 0}
{2, 8}
{0, 8}

kO X (b+b z2)
b+z

Yl
Y1
Yl
Y1

DiscreteSystemResponse returns alist of the form { systemResponse, systemVariables}.
systemResponse isalist of replacement rules describing the system response.

systemVariablesisalist of symbols that represent transforms of signals at nodes.
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Compute Signals Using SchematicSolver

DiscreteSystemSignals computes signals at nodes:

{sigs, vars} = Di scret eSyst enSi gnal s [exanpl eSyst em];
{sigs, vars} // Transpose // Tabl eForm

kOk1X _ kO X-bk0Xz?
z b+z2
kOX _ k1 (kO X+bk0Xz?2)
z b+z
_ kO X-bk0Xz2
b+z
k1 (kO X+b k0 Xz2)
b+z
kO k1 X
z

k0 X
z

_ kO X+b kO X
b+z
_ (-kOX+b kO X) z
b+z
_ _(-kO X+b k0 X) z?
b+z
kO X (1+22)
b+z
kO X (b+b z2)
b+z

k0 X
X

DiscreteSystemSignals returnsalist of the form { systemSgnals, systemVariables}.

Y[{9,

<< < < < < < < << < <

8}]
0}]

8}]

8}]
8}]

systemSgnalsisalist of expressions representing the signals at all nodes of the system.

systemVariablesisalist of symbols that represent transforms of signals at nodes.

SchematicSolver Version 2.0
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Compute Transfer Function Using SchematicSolver

DiscreteSystemTransferFunction finds the transfer function:

{tfMatrix, systenl np, systenfut } = DiscreteSyst enlransfer Functi on[exanpl eSyst em]

-bkOkl-kOz-kOk1z?-bko0z® kO (-b+klz-2z%2+bklz®)
{{{_ z (b +22) } {_ z (b+22) H

{Y[{0, 831}, {Y[{9, 8}], Y[{9, 0}]}}

DiscreteSystemTransferFunction returns alist of the form {transferFunctionMatrix, systemlnputs, systemOut-
puts}.

transfer FunctionMatrix is the transfer function matrix of the system.
systeminputsisalist of symbolsthat represent the system inputs.
systemOutputsisalist of symbols that represent the system outputs.

The symbol zisreserved for the complex variable in the z-transform domain.
Each row of transferFunctionMatrix corresponds to a system output and each column corresponds to a system input:

tfMatrix // Matri xForm

z (b+22)

_ kO (-b+klz-2z2+bk12z3)
z (b+z?2)

[ _ -bkOk1-k0z-kOk1z2-bk02z3 ]

For better typesetting, the system parameters can be displayed with subscripts:

tfmatrix /. {b-pB, kKO->ky, kl >ky} // Traditional Form

2(Z2+p)

_ ko Bk B2k 2-p)

[_ —Bko Z—ko ky Z2—ky 2=Bko ki ]
2(Z2+p)

Y ou can extract transfer functions from tfMatrix with

tfl=tfMatrix[[1, 1]]

-bkOkl-kOz-k0k1lz?-bko0z®
N z (b+22)

tf2=tfMatrix[[2, 1]]

kO (-b+klz-2z%2+bklz?®)
z (b+2z2)

For some specific values
myValues = {b->2/5, kO0->1/2, k1 -1}

{be%, kOe%, klel}

the transfer function matrix becomes
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nyTFspecific=tfMatrix /. nyValues // Sinplify;

%// Matri xForm

47+1023

2-52z+522-2783

47+1023

{ 245245224223 ]

myTFspeci ficl =nmyTFspecific[[1, 1]]

2+5z2+52%2+228
4z +102z3

myTFspeci fic2 =myTFspecific[[2, 1]]

2-5z2+5z2-228
47 +1023

DiscreteSystemDisplayForm displays transfer functions in atraditional form

nmyTFspeci ficl // Di screteSyst enDi spl ayForm

2+52z14+5722.2z78
10+4 z2

nmyTFspeci fic2 // Di scret eSyst enDi spl ayForm

-2+5z%Y-52z2,27z23
104272

www.schematicsolver.com
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Plot Frequency Response Using SchematicSolver

Let us redraw the schematic of the system with the specific coefficients:

ShowSchenat i c [exanpl eSyst em/. nyVal ues, Pl ot Range -» {{-2, 12}, {-2, 12}}]

12

2
5
10|
2
8/ O
1
6t
4+
2t
1
d D%
o 2 4 6 8 10 12

DiscreteSystemFrequencyResponse plots the magnitude and the phase characteristics of a discrete system:

Di scret eSyst enfFr equencyResponse[nyTFspeci ficl, {0, 0.49}];

Magni t ude (dB

)
O.‘l O.‘2 O.‘3 O.‘4 O.‘5Fr eauency
-10¢
-20¢
-30¢
401
.50
-60 ¢
-701¢
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Phase (degrees)

0.2 0.3 0.4 0.
-1007F \
2200 RN
-300]|
-400|

5Fr equency

DiscreteSystemMagnitudeResponseP 1ot plotsthe magnitude characteristic of a discrete system:

Di scret eSyst emvagni t udeResponsePl ot [nyTFspeci fic2, {0.01, 0.5}1];

-10 +

-20 ¢+

-30 ¢+

-40 L

-50 ¢t

-60

-70 +

0.

1

0.2

0.

3

0.4
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15.3. Compute Impulse Response with SchematicSolver

Samples that are inputted to a MIMO system are represented in SchematicSolver as matrices that may contain several
sequences. You can create the most typical inputs with the SchematicSolver's functions such as Unitimpul seSe-

quence:

i mpul seSeq = Uni t | mpul seSequence[21]

{{1}, {0}, {0}, {0}, {0}, {0}, {0}, {0}, {O},
{0}, {0}, {0}, {0}, {0}, {0}, {0}, {0}, {0}, {0}, {0}, {0}}

DiscreteSystemSimulation computes the impulse response of the system:

i mpul seResponseSeq = Di scret eSyst enSi nul ati on[exanpl eSystem/. nyVal ues, i nmpul seSeq]

({5 -5} {3 3} {55 55} © O ({35 15} (© O}

{625+ w25 ) 10 0 (3155 3125} (0 O (15625 5625 )+ (0 O
{‘%’ %}’ {0, 03, {396076225’ _396076225}’ (0, 03, {- 19153345125’ 19153341425 J
{0, 03, {97266586825’ ‘97266586825 }» €0, 03, {- 482:23;61;25’ 4822;61325 3

Notethat impulseResponseSeq isamatrix of samples.
SequenceP 1ot plots discrete signals represented by sequences:

SequencePl ot [i npul seResponseSeq,
Pl ot Label - "I mpul se Response",

AxeslLabel - {"n", ""1}1;
| rpul se Response
0.4+
0.2¢
. . T 1 o s $—eo 9o ¢ o o o o o n
5 | ¢ 10 15 20
-0.29¢
-0.4+

You can plot the two discrete signals more clearly by setting the SequenceP 1ot options to StemPlot-False and
PlotJoined-True.
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SequencePl ot [i npul seResponseSeq,
Pl ot Label - "Il mpul se Response",
St enPl ot » Fal se, Pl ot Joi ned -» Tr ue,

AxeslLabel - {"n", ""1}1;
| mpul se Response
0.4+
0.24
— n
10 15 20
-0. 29
-0.4 ¢
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15.4. Symbolic Impulse Response with SchematicSolver

Consider the transfer function of the example system, returned by SchematicSolver, and assign numeric values to some
parameters, but keep one parameter as a symbol:

myValues2 = {b->K, kO0-1/2, kl -1}

1
{beK, k097, klel}
{myTFsynbol i ¢c, system np, systenfut } =
DiscreteSyst enlr ansf er Funct i on [exanpl eSystem/.
myVal ues2];
nyTFsynbolic // Matri xForm

-K+z-22 4K 28
2z (K+z?2)

1 —K+z-22+Kz8
z 27 (K+z?2)

myTFsynbolic[[1, 1]] // Di scret eSyst enDi spl ayForm

K+z1l4+z24+Kz3
2+2Kz?z2

myTFsynbolic[[2, 1]] // Di scret eSyst enDi spl ayForm

-K+zt-z2,Kz3
2+2Kz2

DiscreteSystemSimulation finds the symbolic impulse response for both outputsin terms of K:

i mpul seResponseSeq2 = Di scr et eSyst enSi mul ati on[exanpl eSystem/. nyVal ues2, i npul seSeq]

Uz -2h {7 2h {2z (2 2]% 22 -[z-2)%)
0.0 -z [z -2]% (z-2) [z -2) ¢
0.0 {(z-7)K (23] (7] €[ -2) )
0.0 (37K (7 -2]% (73] ¥ (73] <)
00 {[z-g]K - [z-2)K (23] K[z -2)e)
0.0 (-7 -3¢ (3 -7)K (z-3] K[ -2))
00 {[z-3] - [z-2)K -(z-3] K[ -2)K),
O {-z-7)¥-(z-2]% (z-2]¥[z-2] ¢}
00 {(z-z)K (23] -(z-2] €[22 <)
0.0 (77K (7] [z-2]K (2] e

For specific values of K the impulse response looks like
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SequencePl ot [i npul seResponseSeq2 /. K-»1/2,
Pl ot Label - "I mpul se Response for
St enPl ot » Fal se, Pl ot Joi ned -» Tr ue,
AxesLabel - {"n", ""1}1;

- 0.

SequencePl ot [i npul seResponseSeq2 /. K- -1/2,
Pl ot Label - "1 mpul se Response for
St enPl ot -» Fal se, Pl ot Joi ned -» Tr ue,
AxesLabel - {"n", ""1}1;

- 0.

2

2

| rpul se Response for

| rpul se Response for

K=1/2

K=-1/2
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15.5. Processing Signals with SchematicSolver

Consider two discrete sinusoidal signals in terms of the amplitude X, the digital frequency ¥ and the phase ¢:
nunmber O Sanpl es = 40;

f1=12/7100;
X1=1/5;
¢l =x/3;

i npSeql = X1 % Uni t Si neSequence [nunber O Sanpl es, f1, ¢1];

SequencePl ot [i npSeql,
Pl ot Label -»"1st Sine Sequence",
St enPl ot » Fal se, Pl ot Joi ned -» Tr ue,
AxeslLabel - {"n", ""1}1;

1st Sine Sequence
0.2+

/\ e
VYU

f2=38/7100;

X2 =1 / 5;

®2 =7/5;

i npSeq2 = X2 x Uni t Si neSequence [nunber O Sanpl es, f2, ¢27;

©2003-2004 Prof Miroslav Lutovac & Prof Dejan Tosic. All rights reserved.



504

SequencePl ot [i npSeq2,
Pl ot Label -»"2nd Si ne Sequence",
St enPl ot » Fal se, Pl ot Joi ned -» Tr ue,

AxeslLabel - {"n"

0.2+

TS
2nd Si ne Sequence

“HAHHH

- 0.

(P

2+

Assume that the input sequence is the sum of the two sequences:
i npSeq =i npSeql +i npSeq2;
SequencePl ot [i npSeq,
Pl ot Label - "I nput Sequence",

St enPl ot -» Fal se, Pl ot Joi ned -» Tr ue,
AxesLabel - {"n", ""1}1;

I nput Sequence
0.3¢

0.2+

v“lo““O““SO

-0.2¢

-0.3+
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Schematic of the example system follows:

ShowSchenat i c [exanpl eSyst em Frane - Fal se];

b
kO
X o——[> Y1
I k1
Z—l
Z—l

:—I_ k1
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DiscreteSystemSimulation finds the response for the given parameter values:

myValues = {b->2/5, k0->1/2, k1 -1}

{be%, kO—>%, kl—>1}

out Seq = Di scret eSyst enti nul ati on[exanpl eSystem/. nyVal ues, i npSeql;
SequencePl ot [out Seq,
Pl ot Label - "Qutput Sequence",

St enPl ot » Fal se, Pl ot Joi ned -» Tr ue,
AxesLabel - {"n", ""1}1;

Qut put Sequence

0.2

Ll‘! l"\ A', n
|

ikl

-0.2

The two sinusoidal components of the input sequence can be plotted with Mul tiplexSequence:
SequencePl ot [Mul ti pl exSequence[i npSeql, i npSeq2?],
Pl ot Label - "Il nput Sinusoi dal Conponents",

St enPl ot -» Fal se, Pl ot Joi ned -» Tr ue,
AxesLabel - {"n", ""1}1;

I nput Si nusoi dal Conponents

L

SchematicSolver Version 2.0 www.schematicsolver.com
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From the above plots of the input and output sequences it follows that this system (a) passes without attenuation the
sequence inpSeq1 at the output Y1 and (b) passes without attenuation the sequence inpSeq?2 at output Y2 .
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15.6. Block Processing with Initial Conditions
Initial conditions are important in many applications such as processing datain blocks.
Consider a system
myValues = {b->2/5, kO0->1/2, k1 -1}
2 1
{beg, k0+7, klel}

nmySyst em= exanpl eSystem/. nyVal ues;
ShowSchenati c[% Pl ot Range » {{-2, 12}, {-2, 12}}]

12

2
5
10+
8+ ‘+‘ Y1
1
6,
4,
2,
1
: =
0 2 4 6 8 10 12

DiscreteSystemImplementation creates a Mathematica function that implements the system:

Di scret eSystem npl enent ati on[nmySystem "nyl npl enent ati onProcedure" ];
I mpl enent ati on procedure nane: mnyl npl enent ati onProcedure
| mpl enent ati on procedure usage:

{{Y9p8, Y9pO}, {Y2p8, Y4p3, Y4p5}} = nylnpl ementati onProcedure]
{YOp8}, {Y6p0, Y4p5, Y4p7}, {}] is the tenplate for calling

the procedure. The general tenplate is {outputSanples,

final Conditions} = procedureNane[i nput Sanpl es, initial Conditions,
systenParaneters]. See al so: DiscreteSystem npl enent ati onProcessing

DiscreteSystemImplementationSummary generates the system summary that points out the system input,
initial state, parameter set, output, and final state:
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Di scret eSyst eml npl ement ati onSunmary [y Syst em]
Input: {Y[{O0, 8}1}
Initial state: {Y[{6, O0}], Y[{4, 5}], Y[{4, 7}]}
Paranmeter: {}
Qutput: {Y[{9, 8}], Y[{9, 0}1}
Final state: {Y[{2, 8}], Y[{4, 3}], Y[{4, 5}]}

The system has two initial states and two final states. The system has no parameters:
systenParaneters = {};

Samples that are inputted to a MIMO system are represented in SchematicSolver as matrices that may contain several
sequences. Y ou can create the most typical input sequences, such as sine sequences, with

nunmber O Sanpl es = 2 % 50;

i npSeq = Uni t Si neSequence [nunber O Sanpl es, 12/ 100] +
Uni t Si neSequence [nunmber O Sanpl es, 38 /100];

Suppose that we process the input sequence, inpSeq, in two blocks. First, we split the input sequence into two
sequences:

i npSeql = Take[i npSeq, {1, nunber O Sanpl es /2}];
i npSeq2 = Take[i npSeq, {1 +nunber O Sanpl es /2, nunber Of Sanpl es}1;

Let us process the first sequence with the generated function my ImplementationProcedure for zero initial
conditions:

initial Conditionsl= {0, 0, 0};

{out Seql, final Conditionsl} = DiscreteSystemn npl enentati onProcessing[i npSeql,
initial Conditionsl, systenParaneters, nylnplementationProcedure];

finalConditionsl aretheinitial conditions for processing the next data block inpSeq2 .
initial Conditions2=final Conditionsi;

{out Seq2, final Conditions2} = Di screteSystemn npl enent ati onProcessi ng[i npSeq2,
initial Conditions2, systenParaneters, nylnplenmentationProcedurel;

The whole output sequence is obtained by joining the two sequences.
bl ockQut Seq = Joi n[out Seql, out Seq2];
The same result should be obtained by processing the whole input sequence.
DiscreteSystemSimulation finds the output sequence for zero initial conditions.
out Seq = Di scret eSystenSi nul ati on[mySystem inpSeq];

The two output sequences, obtained by block processing and by processing the whole input sequence, should be the same:
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(out Seq - bl ockQut Seq) // Sinplify

{{o0, 03, {0, 0}, {0, O}, {0, O}, {0, O}, {O, O}, {0, O}, {0, O}, {O, O}, {0, O},
{0, 03, {0, 0}, {0, O}, {0, O}, {0, O}, {O, O}, {0, O}, {0, O}, {0, O}, {0, O},
{o, 03, {0, 0}, {0, O}, {0, O}, {0, O}, {O, O}, {0, O}, {0, O}, {O, O}, {O, O},
{0, 03, {0, 0}, {0, O}, {0, O}, {0, O}, {O, O}, {0, O}, {0, O}, {0, O}, {O, O},
{o, 03, {0, 0}, {0, O}, {0, O}, {0, O}, {O, O}, {0, O}, {0, O}, {O, O}, {O, O},
{o, 03, {0, 0}, {0, O}, {0, O}, {0, O}, {O, O}, {0, O}, {0, O}, {0, O}, {O, O},
{0, 03, {0, 0}, {0, O}, {0, O}, {0, O}, {O, O}, {0, O}, {0, O}, {0, O}, {0, O},
{o, 03, {0, 0}, {0, O}, {0, O}, {0, O}, {O, O}, {0, O}, {0, O}, {0, O}, {O, O},
{0, 03, {0, 0}, {0, O}, {0, O}, {0, O}, {O, O}, {0, O}, {0, O}, {0, O}, {0, O},
{0, 03, {0, 0}, {0, O}, {0, O}, {0, O}, {0, O}, {0, O}, {0, O}, {0, O}, {0, 0}}

SanmeQ[out Seq, bl ockQut Seq]

True

15.7. Processing Signals with Noise
UnitNoiseSequence can be used to add noise to the input signal:
nunmber O Sanpl es = 100;
noi seSeq = Uni t Noi seSequence [nunber Of Sanpl es1;

SequencePl ot [noi seSeq, Pl ot Label -» "Noi se Sequence"1;
Noi se Sequence

0.75| :
0.5¢

0.25|

-0.257¢

T I R R e

-0.75; ® e

-1+ L

si neSeq = Uni t Si neSequence [nunber O Sanpl es, 12 /1007 +
Uni t Si neSequence [nunber O Sanpl es, 38 /100];

Hereisanoisy discrete signal:

noi syl npSeq = si neSeq + noi seSeq;
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SequencePl ot [noi syl npSeq, Pl ot Label - "Si gnal + Noise"];

Signal + Noise

I ke BT 0 T

Assume that the following system is used to process noi sy InpSeq:

nmySyst em= exanpl eSystem/. {b-»2/5, kO->1/2, k1> 1};
ShowSchemati c[% Frane - Fal se]

2
5
1
XO—[2> -+ C|—\ oYy
- /s
HD- 1
z1 \—|—/_ o Yo
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DiscreteSystemSimulation computes the output sequence:
noi syQut Seq = Di scret eSystentSi nul ati on[mySystem noi syl npSeq];

SequencePl ot [noi syQut Seq, Pl ot Label - " Noi sy Qutput Signal"7J;

m—
e

Noi sy CQutput Signal

1
©
al
e
— |
Ci

—

L G———————o

00

The above plot does not present enough information to examine the nature of the processed segquences, that is, to exam-
ine the system. Spectra of the discrete signals should be computed to get better insight into the characteristics of the

system.
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15.8. Signal Spectra
SequenceFourierTransformMagnitudeP lot computes and plots the magnitude spectrum of discrete signals.
Here is the spectrum of the input sequence:

SequenceFouri er Tr ansf or mvagni t udePl ot [noi syl npSeq, {0, 0.5},
Frame - True, FraneLabel -» { "f", "Spectrum'}];

0.5/ ]
0.4 ]

0.3} ]

Spect rum

0.2} ]

0,“““““““““““““:

0 0.1 0.2 0.3 0.4 0.5
f

SequenceFourierTransformMagnitudeP lot shows two strong peaks at frequencies 0.12 and 0.38.
The system has two outputs, so SequenceFourierTransformMagnitudePlot showstwo spectra:

SequenceFouri er Tr ansf or mvagni t udePl ot [noi syQut Seq, {0, 0.5},
Frame - True, FranmeLabel -> {"f", "Spectrum'}];

0.5} ]
0.4 ]

0.3} ]

Spect rum

0.2} ]

0 0.1 0.2 0.3 0.4 0.5
f

The first spectrum has a strong peak at frequency 0.12 and the second spectrum has a strong peak at frequency 0.38. This
means that the system separates the signal components: (@) the high-frequency components appear at the second output,
while (b) the low-frequency components appear at the first output.
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The same conclusion follows from the plots of the magnitude response.

{{myTF1, nyTF2}, systemnl np, systenut} = D scret eSyst enlransf er Functi on[nmySyst em]

_2_ _ 2 3 2. B 2, 3
[((-723 22 5z ~2274 ( "2:52-52Z 422714 (y((0, 811}, (Y[{9 8)], Y[(9, 0}]}}
2z (2+522) 2z (2+522)

Di scret eSyst emvagni t udeResponsePl ot [myTF17];

0.1 0.2 0.3 0.4 0.5

-80 ¢t

-100 ¢

Di scret eSyst emvagni t udeResponsePl ot [myTF27;

0.1 0.2 0.3 0.4 0.5

- 60

-80

-100
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15.9. Processing for Given Transfer Functions

Consider a SISO system generated from the SchematicSolver's album, find its transfer function, and process some data
samples.

TransposedDirectForm21 IRFi lterSchematic creates the schematic of an example SISO system.

{exanpl eSI SCSchemati c, {i npCoord}, {outCoord}} =
TransposedDi rect Form2l | RFi | t er Schemati c[{{bO, bl, b2}, {al, a2}}];

TransposedDirectForm21 IRFilterSchematic returns the coordinates of the system input and the system
output. You can add the input element and the output element to form the system specification:

exanpl eS| SOSyst em= Joi n[exanpl eS|l SOSchenati c,
{{"I'nput", inpCoord, X},
{"Qutput", outCoord, Y}}]

{{Line, {{6, 0}, {4, 0}}}, {Adder, {{2, 0}, {3, -1}, {4, 0}, {3, 11}, {1, 0, 2, 1}},
{Mul tiplier, {{0, O}, {2, O}}, bO}, {Line, {{O, O}, {0, 4}}},

{Line, {{6, 0}, {6, 4}}}, {Adder, {{2, 4}, (83, 3}, {4, 4}, {3, 5}, {1, 2, -1, 1}},
{Del ay, {{3, 3}, {3, 1}}, 1}, {Multiplier, {{O, 4}, {2, 4}}, bl},

{Mul tiplier, {{6, 4}, {4, 4}}, al}, {Line, {{O, 4}, {0, 8}}},

{Line, {{6, 4}, {6, 8}}}, {Adder, {{2, 8}, {3, 7}, {4, 8}, {3, 9}}, {1, 2, -1, 0},
{Delay, {{3, 7}, {3, 5}}, 1}, {Multiplier, {{O, 8}, {2, 8}}, b2},

{Mul tiplier, {{6, 8}, {4, 8}}, a2}, {Input, {0, 0}, X}, {Qutput, {6, 0}, Y}}

ShowSchematic draws the schematic of the system:

ShowSchenat i c [exanpl eS| SOSyst em Frane - Fal se, Gri dLi nes -» None]

b2

b0
X O- -+ oY

The transfer function of the systemiis
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{tf, system np, systenfut } = Di screteSyst emlransferFuncti on[exanpl eSI SCSyst em];
tf // Di screteSystenDi spl ayForm

b0 +blz?t +b2 22
l+alz!!+a2z?2

For the specific values

myValues = {al-»0.1, a2-50.5, bO-1, bl->1, b2-1}

{al-0.1, a2-50.5, bO-1, bl-1, b2-1}
the transfer function becomes

tfSpecific=tf[[1l, 1]] /. nyValues // Sinplify

1+2z+22
0.5+0.1z +22

DiscreteSystemProcessingS IS0 simulates single-input single-output (SISO) systems, and takes up to four
arguments:

DiscreteSystemProcessingSI1SO[inputDataList, transfer Function, complexVariable, initialConditions]

inputDatal ist isalist of data samples.
transfer Function is the transfer function of the system.
complexVariable isa symbol that represents the complex variable.

initial Conditionsis alist of initial conditions that represent the state of the system.

DiscreteSystemProcessingSI1SO0 returns alist of the form { outputDataLi<t, finalConditions} .
outputDataL ist isalist of processed data samples.
finalConditionsis alist of final conditions that represent the final state of the system.

DiscreteSystemProcessingS1S0 has been implemented as atransposed direct form 2 structure as shown below:
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ShowSchenat i c[Schemat i cSol ver Fi gur eProcessi ngTr ansposedDi r ect For m2l | R,
Gri dLi nes » None, Frane - Fal se, Font Si ze -» 97;

o [l ¢
b,

> <

an

bo+b1 Z1+..4b ' +..4by Z"
1+ay z1+..+3 Z1+..+ay 2" "

The corresponding transfer function is of the form H(z) =

Initial conditions are important when we process data in blocks. For example, the input signal can be represented by two
or more datalists, and each list is processed individually.

Assume that a unit step signal should be processed by the transposed direct form 2 system with the known transfer
function:

st epLi st = Uni t St epSequence[32] // SequenceToli st
(4, 1, 1,1,1111111212121211111113131131112,12,1,1,1, 1,1, 1}
tfSpecific

1+z+22
0.5+0.1z +22

The step response is computed with

{out put Li st, final Conditions} =Di screteSystenProcessi ngSl SO[st epLi st, tfSpecific];
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SequencePl ot [Li st ToSequence[out put Li st ], AxesLabel - {"n", "Qutput Signal"}1;

Qut put Si gnal

1.5}

0.5¢

5 10 15 20 25 30

DiscreteSystemProcessingS IS0 works with causal systems, only.

16. Post-Processing with Mathematica Built-in Functions

16.1. Introduction
Mathematica has arich collection of powerful functions and packages that can be efficiently used for analyzing systems.

We use SchematicSolver to draw schematics of systems and to symbolically compute the system transfer function
directly from schematics.

We can use Mathematica built-in functions and standard packages for post-processing results returned by Schematic-
Solver to

 a) compute the impulse response with the built-in function InverseZTransform

* b) compute the output signal by multiplying the input signal transform by the transfer function and
by taking the inverse ztransform of the product (if the input signal is represented as aformula, and
if the input signal transform can be computed with the built-in function ZTransform)

* ¢) compute the impulse response and the output signal as alist of numbers with the built-in
function ListConvolve (if the input signal is represented as a data list)

* d) process signals with noise using ListConvolve
* ) plot discrete signals represented by formulas

If packages have not already been loaded, we load them with

Needs[" Graphics™ " ];
Needs [" Schemati cSol ver ™" ];

We shall adjust some options to obtain better appearance of the example schematics:
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Set Opti ons [l nput Not ebook[], |nageSize -» {350, 300}1;
Set Opt i ons [ShowSchenmati c, El enent Scal e -» 1,

Font Si ze » Aut onatic, Frame -» True, G'i dLi nes -» Autonatic, Pl ot Range -» Al |l 1;
Set Opt i ons [Dr awEl enent, El enent Si ze » {1, 1},

Pl ot Styl e » {{RGBCol or [0, O, 0.7], Thi ckness[0.005], Poi ntSi ze[0.012]},

{R@&BCol or [0, 0, 1], Thickness[0.0035], PointSize[0.01]1}},
ShowAr r owTai | -» True, ShowNodes -» True, Text Of f set » Aut omati c,
Text Styl e » {Font Fam |y - Ti nes, Font Si ze » 12}];

16.2. Drawing and Solving Systems with SchematicSolver

Draw a System Using SchematicSolver

Consider a discrete-time system and find the transfer function using SchematicSolver.
TransposedDirectForm21 1RFilterSchematic creates the schematic of an example system:

{exanpl eSchemati c, {i npCoord}, {outCoord}} =
TransposedDi rect Form2l | RFi | t er Schemati c[{{bO, bl, b2}, {al, a2}}];

TransposedDirectForm21 IRFilterSchematic returns the coordinates of the system input and the system
output. You can add the input element and the output element to form the system specification:

exanpl eSyst em= Joi n[exanpl eSchemati c,
{{"I'nput”, inpCoord, X},
{"CQutput", outCoord, Y}}]

{{Line, {{6, 0}, {4, 0}}}, {Adder, {{2, 0}, {3, -1}, {4, 0}, {3, 11}, {1, 0, 2, 1}},
{Mul tiplier, {{0, O}, {2, O}}, bO}, {Line, {{O, O}, {0, 4}}},

{Line, {{6, 0}, {6, 4}}}, {Adder, {{2, 4}, (3, 3}, {4, 4}, {3, 5}, {1, 2, -1, 1}},
{Del ay, {{3, 3}, {3, 1}}, 1}, {Multiplier, {{O, 4}, {2, 4}}, bl},

{Mul tiplier, {{6, 4}, {4, 4}}, al}, {Line, {{O, 4}, {0, 8}}},

{Line, {{6, 4}, {6, 8}}}, {Adder, {{2, 8}, {3, 7}, {4, 8}, {3, 9}}, {1, 2, -1, 0},
{Delay, {{3, 7}, {3, 5}}, 1}, {Multiplier, {{O, 8}, {2, 8}}, b2},

{Mul tiplier, {{6, 8}, {4, 8}}, a2}, {Input, {0, 0}, X}, {Qutput, {6, 0}, Y}}

ShowSchematic draws the schematic of the system:
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ShowSchenat i c [exanpl eSyst em Frane -» Fal se, Gi dLi nes -» None]

b2

o >

Find Transfer Function Using SchematicSolver

DiscreteSystemTransferFunction finds the transfer function of the example system:

{tfMatrix, systenl np, systenfut } = Di scret eSyst enlransferFuncti on[exanpl eSyst em]

-b2 -bl1z -b0z?
{{-

o alz gz ) (Y[{0, 031}, (Y[{6, 0}]})}

The transfer function of this system isthe first element of tfMatrix:

tf =tfMatrix[[1, 1]] // Toget her

b2 +blz + b0 z2
a2 +alz +2z2

The symbol zisreserved for the complex variable in the z-transform domain.
For the specific values

nmyVal ues = {al » 0.85, a2 -»0.95, b0-0.7, bl-0.8, b2-0.9}

{al->0.85, a2+50.95, b0-0.7, b1 -50.8, b2-0.9}
we obtain the transfer function of the system as

tfSpecific=tf /. nyValues // Sinplify

0.9+0.82+0.722
0.95+0.852z +22

which can be displayed with DiscreteSystemDisplayForm in the traditional form:
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tf Specific // Di screteSystenDi spl ayForm

0.7+0.82z1+0.92z2
1+0.852z1+0.9527?

16.3. Processing Using Built-in Functions

Introduction

Mathematica isa very rich environment for the mixed symbolic-numeric computation needed in signal processing.

In symbolic processing, the signal is represented in a computer as a formula, rather than as a sequence of numbers. Thus,
the value of asignal might only be known in terms of aformula, instead of a number. In a similar manner, signal-process-
ing operators, the building blocks for systems, are maintained in symbolic form. This enables a computer to simplify,
rearrange, and rewrite symbolic expressions until they take a desired form. When one of the operators is applied to a
function, no evaluation takes place; the resulting function is stored in the symbolic form until it becomes convenient to
compute it explicitly.

Representing Signals and Systems by Formulas and Operators

Consider the transfer function returned by SchematicSolver and assign some humeric values to the parameters:

tfNumeric=tf /. {bO->1, bl152, b2-51, al >0, a2-1/2};
%// Di screteSystenDi spl ayForm

2+4z%Y4+227?
2+22

Impulse response can be computed with the built-in function InverseZTransform:

i mpul seResponse = | nver seZTransform[tf Nuneric, z, n] // Full Sinmplify

n

272 (242 sin[ ] + Cos [

— ] (1-2UnitStep[-1+n]))

We define a function to plot discrete signals represented by formulas:

Cl ear [Pl ot Di screteSignal ]
Pl ot Di screteSi gnal [y_,
{n_Synbol , nl_Integer: 0, n2_Integer: 1}, label _: "Discrete Signal"]: =
Modul e[{t}, t =Table[{n, y}, {n, nl, n2}]; D splayToget her [
Pl ot [y, {n, nl1, n2}, PlotStyle- Hue[0.5],
Pl ot Label - | abel, AxesLabel - {n// Traditional Form ""}],
ListPlot [t, PlotStyle - {PointSize[0.015]}, PlotRange - All 111
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Pl ot Di scret eSi gnal [i npul seResponse, {n, 0, 12}, "I npul se Response"];

| rpul se Response

2 4 6, 8 10 12
-0.5}

-1+F °

Here is another example:

tfNumeric2=tf /. {al-0.85, a2-50.95, b0-0.7, bl-0.8, b2-0.9};
%// Di screteSystenDi spl ayForm

0.7+0.82z1+0.92z2
1+0.852z1+0.9527?

i mpul seResponse?2 =
I nver seZTransf orm[tf Nuneric2, z, n] // Re // Conpl exExpand // Ful | Simplify

0. 947368 0. 974679" (-0. 738889 Cos [2. 02199 n] - 0. 604711 Si n[2. 02199 n] +
(1. Cos[2.02199 n] + 0. 484529 Si n[2.02199n]) UnitStep[-1 +n])

Pl ot Di scret eSi gnal [i npul seResponse2, {n, 0, 20}, "Il nmpul se Response"];

| rpul se Response

0.8
°
0.6
0.4+
0.2 e d \ " . o .
[ ] [ )
® °
L L e L L n
5 10 15 ® e 20
°
" °
-0.2+ J ° °

Processing Using ZTransftorm

Consider two discrete sinusoidal signals in terms of the amplitude X, the angular digital frequency w and the phase ¢:
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wl =6/10;

X1=1/3;

¢l =7/3;
sineSignal 1 =Xl *Sin[wl xn + ¢1]
1 .. 3n s

§Sln[ = +§}

w2 = 2;

X2=1/5;

¢2 =7/5;
sineSignal 2 =X2*Sin[wW2 xn + ¢2]
1 . 7T

§S|n[2n+§}

We can generate an input signal as a sum of the two signals

i npSignal = sineSignall + sineSignal 2

1 . 1 . 3n
§S|n[2n+%}+§8|n[5 +§}

The transforms of the signals are
si neTransfornl = ZTr ansf or m[si neSignal 1, n, z] // Full Sinplify

es z (/3 (z-Cos[2]) +Sin[¥])
6 (e%i —Z) (—1+<e%i Z)

si neTransforn2 = ZTr ansf or m[si neSi gnal 2, n, z] // Full Sinplify

e?iz (\/10-2\/5 (z-Cos[2})+(1+\/§)Sin[2})

20 (e?t -2z) (-1 +e2tz)

i npTransf or m=si neTr ansf or mlL + si neTr ansf or n2

@%Z (\/E (Z—COS[%})+SII’I[%}) ) e?tz (\/10—2\/§ (z-Cos[2})+(1+\/§)Sin[2})

20 (e?i -2z) (-1l+e2tz)

6 (e% —Z) (—1+<e% Z)

The corresponding output signals are computed by
(1) multiplying the input signal transform by the transfer function, and

(2) taking the inverse transform of the product.

tfSpecific=tf /. {al-0.85, a2-50.95, b0-0.7, bl 0.8, b2-0.9};
%// Di screteSystenDi spl ayForm

0.7+0.82z1+0.92z?
1+0.852z1+0.9527?

out Transforml = si neTransforml «t f Speci fi c;
out Transforn? = si neTransforn? «t f Speci fi c;
out Transform=i npTransformstf Specific;
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out Si gnal 1 = I nver seZTr ansf or m[out Transforml, z, n] // Re // Conpl exExpand // Sinplify
Pl ot Di screteSi gnal [out Signal 1, {n, 0, 64}, "Qutput Signal 1"7;

0.2394141." Cos [0.6 n] - 0. 0373415 0. 974679" Cos [2. 02199 n] +
0.159706 1." Sin[0.6n] -0. 0134674 0. 974679" Si n[2. 02199 n]

Qut put Signal 1
0.3 ¢ . °

0.2e * °

-0.1+¢ ° [ ] ®
-0.2+ ° N ’

S0.3) o i J

out Si gnal 2 = I nver seZTr ansf or m[out Transforn®, z, n] // Re // Conpl exExpand // Sinplify
Pl ot Di scret eSi gnal [out Si gnal 2, {n, 0, 64}, "Qutput Signal 2"7;

-0.6998731." Cos[2. n] +0.782163 0. 974679" Cos [2. 02199 n] +
0.2925611." Sin[2. n] -0.1505030. 974679" Sin[2. 02199 n]

Qut put Signal 2

L n . Il n n L n 1 L L L I . I L L 1 \!w 1 1 1 L ] 1 n
e 20 %0 40 50 60e
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out Si gnal = I nverseZTransform[out Transform z, n] // Re // Conpl exExpand // Sinplify
Pl ot Di scret eSi gnal [out Si gnal, {n, 0, 64}, "Qutput Signal"];

0.2394141." Cos[0.6n] -0.6998731." Cos [2. n] +0. 744821 0. 974679" Cos [2. 02199 n] +
0.159706 1." Sin[0.6n] +0.2925611." Sin[2. n] -0.16397 0. 974679" Si n[2. 02199 n]

Qut put Si gnal

[ ]
0.75 . o ®
¢ [ ]
0.5/
I @ I [ ] .. *
0.25% e ? .
. r [ ]
[ ] [ X ]
.. [ ] ® [ ] s )
e Vi . AN n
a0 200 30 ¢ 40 050 60
o0 L4 L
-0.25+¢ ) °
[ ] g [ ] o ©® ° g
-0.5 e L JP8
[ ]
0.75 ¢ . . ?
[ ]

Processing Using ListConvolve

Let us redraw the schematic of the system with the specific coefficients:

nmyVal ues = {al » 0.85, a2 -+0.95, b0-0.7, bl 0.8, b2-0.9};

ShowSchemat i c [exanpl eSyst em/. nyVal ues, Frane - Fal se]

XO-

0.9

0.7

0.95

oY
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The corresponding transfer function is

{tfMatrix, systeml np, systenut} =
Di scret eSyst emlr ansf er Funct i on[exanpl eSystem/. nyVal ues];

tf =tfMatrix[[1, 1]1;
%// Di screteSystenDi spl ayForm

0.7+0.8z1+0.92z?
1. +0.852z1+0.9527?

and itsimpulse response is of the form

i mpul seResponse = I nverseZTransform[tf, z, n] // Re // Conpl exExpand // Sinplify

0. 947368 0. 974679" (-0. 738889 Cos [2. 02199 n] - 0. 604711 Si n[2. 02199 n] +
(1. Cos[2.02199 n] + 0. 484529 Si n[2.02199n]) UnitStep[-1 +n])

We find the first 100 samples of the impulse response with
i mpul seResponseli st = Tabl e[i npul seResponse, {n, 0, 100}1];

SchematicSolver's function SequencePlot plots discrete signals represented by sequences in matrix form. A list of
values can be converted to a sequence with ListToSequence:

SequencePl ot [Li st ToSequence[i mpul seResponselLi st ],
AxesLabel -» {"n", "I nmpul se Response"}];

| rpul se Response

0.6

0.47

0.2

4 8 100

-0.27

ListConvolve[impulseResponseList, inputSignallList] is a built-in function that gives the convolu-
tion of the list impulseResponselList with the list inputSignalList. For a given input signa as a list of
numbers

i npLi st = Tabl e[i npSignal, {n, 0, 100}1;

paddedl| npLi st = PadLeft [i npLi st, Length[inpLi st ] +Length[i npul seResponseList] -17;
and for the known impulse response, we can compute the output signal as alist of numbers:

out Li st = Li st Convol ve[i mpul seResponseli st, paddedl npLi st ];

SequencePlot plotsthe signal:
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SequencePl ot [Li st ToSequence[out Li st ],
AxesLabel - {"n", "Qutput Signal"}];

Qut put Si gnal

0.5¢

g

17. Post-Processing Using Control System Professional

17.1. Introduction
Control System Professional is a collection of Mathematica programs that extend Mathematica to solve a wide range of

control system problems. Both classic and modern approaches are supported for continuous-time (analog) and
discrete-time (sampled) systems.

We use SchematicSolver to draw schematics of systems and to symbolically compute the system transfer function
directly from schematics.

We can use Control System Professional for post-processing results returned by SchematicSolver to:
« 3) find the state-space realization with the function StateSpace

» b) simplify and find a more convenient presentation of the continuous-time system

* ) represent the state-space realization of the MIMO system in the traditional typeset form with
Tradi ti onal Form

« d) display the state-space objects as the familiar state-space equations with Equat i onFor m
 €) compute the discrete-time approximation of the continuous-time system

« f) discretize the state-space system representation

« ) display the state-space equations as difference equations (for the discretized system)

* h) find the zeros, poles, and gains with the function ZeroPoleGain

* i) represent the transfer function in factored form with the function FactorRational

* j) compute the output signal of the continuous system with the function OutputResponse

» k) compute the state response with the function StateResponse
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If packages have not already been loaded, we load Control System Professional and SchematicSolver with

Needs[" Control Systens™ " ];
Needs [" Schemati cSol ver ™" ];

We shall adjust some options to obtain better appearance of the example schematics:

Set Opti ons [l nput Not ebook[], |nageSize -» {350, 300}1;
Set Opt i ons [ShowSchenmati c, El enent Scal e -» 1,

Font Si ze » Aut onatic, Frame -» True, G'i dLi nes -» Autonatic, Pl ot Range -» Al |l 1;
Set Opt i ons [Dr awEl enent, El enent Si ze » {1, 1},

Pl ot Styl e » {{RG&BCol or [0, O, 0.7], Thi ckness[0.005], PointSi ze[0.012]},

{R@&BCol or [0, 0, 1], Thickness[0.0035], PointSize[0.01]1}},
ShowAr r owTai | -» True, ShowNodes -» True, Text Of f set » Aut omati c,
Text Styl e » {Font Fam | y - Ti nes, Font Si ze » 12}];
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17.2. Drawing and Solving Systems Using SchematicSolver

Consider a simple integrator system, see Section 1.3 of Control System Professional, and find the transfer function using
SchematicSolver.

We describe the integrator system as a list of continuous-time elements that contains an input, an integrator, and an
output:

i ntegratorSystem= {

{"Input”, {0, 0}, u}, {"Qutput", {6, 0}, v},
{"Integrator”, {{O, 0}, {6, 0}}, 1}}

{{l'nput, {0, O}, u}, {Qutput, {6, 0}, y}, {Integrator, {{0, 0}, {6, O}}, 1}}
ShowSchematic draws the schematic:

ShowSchenati c [i nt egr at or System Pl ot Range » {{-2, 8}, {-2, 2}}]1;
2

0+ uO {D oy

-1 0 1 2 3 4 5 6 7 8

ContinuousSystemTransferFunction finds the transfer function:

{myTF, nyl np, nyQut } = Conti nuousSyst enTransfer Functi on[i nt egrator System]

{H{

ContinuousSystemTransferFunction returns alist of the form { transfer FunctionMatrix, systeml nputs, system-
Outputs} . transfer FunctionMatrix is the transfer function matrix of the system. systeminputsisalist of symbols that
represent the system inputs. systemOutputsisalist of symbols that represent the system outputs.

2N

}h {YI{0, 0}13}, {Y[{6, 0}1}}

The symbol sisreserved for the complex frequency in the Laplace transform domain.

17.3. Processing Systems Using Control System Professional
In Control System Professional, the integrator system is created in the transfer function form as follows:
myTFobj ect = Transf er Function[s, nyTF]

TransferFunction|s, {{%}H

By applying the StateSpace function, we find the state-space realization of the transfer function object
myTFobject:
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St at eSpace [myTFobj ect ]
%// Tradi tional Form

StateSpace[{{0}}, {{1}}, {{1}}]

S

(<o)
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17.4. Drawing and Solving State-Space Models with SchematicSolver

The continuous-time state-space system is described by the set of equations

X (t) = Ax (t) + Bu (t)
y (t) = Cx (t) +Du (t)

The schematic of a continuous-time state-space system is

my St at eSpace = {
{"Input", {2, 10}, u},
{"Block", {{2, 10}, {6, 10}}, B},
{"Adder", {{6, 10}, {7, 93}, {8, 10}, {7, 1133, {1, 1, 2, 0}},
{"Integrator"”, {{8, 10}, {12, 10}}, 13,
{"Block", {{12, 10}, {16, 10}}, C},
{"Adder", {{16, 10}, {17, 9}, {18, 10}, {17, 113}, {1, 0, 2, 1}},
{"Qutput", {18, 10}, vy},
{"Block", {{2, 14}, {17, 113}, D3,
{"Block", {{12, 63}, {7, 9}3}, A},
{"Line", {{2, 10}, {2, 14}}},
{"Node", {8, 10}, xp}, {"Node", {12, 10}, x},
{"Line", {{12, 10}, {12, 6}}}
1
ShowSchemati c[%/. {xp - X}, PlotRange » {{-1, 20}, {5, 15}}];

15
14 ¢+ Ql
13 ¢
12 ¢
11+
10 ¢ uo-

O N 0 ©

1 3 5 7

11 13 15 17 19

ContinuousSystemTransferFunction finds the transfer function:

{myTF, nyl np, nyQut } = Conti nuousSyst enilr ansfer Functi on[nySt at eSpace]

({{-BEADDS 1y vz, 10}, (Y18, 10})})

For the specific values

myVal ues = {A-0, B-»1, C-»1, D- 0}

{A-0, B>1, C>1, D->0}
we obtain the transfer function of the simple integrator system

myTFi ntegrator = nyTF /. nyVal ues

({sh
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17.5. Processing State-Space Models with Control System Professional
In Control System Professional, the system described by myStateSpace can represent the state-space object

mySSobj ect = StateSpace[{{A}}, {{B}}, {{C}}, {{D}}]
Tradi ti onal For m[nmySSobj ect ]

StateSpace[{{A}}, {{B}}, {{C}}, {{D}}]

A|BY®
(cts)
For the specific values, the above expression simplifies to

Tradi ti onal For m[mySSobj ect ] /. myVal ues

&l

that represents the state-space model of the integrator.

17.6. Drawing and Solving 1-Input 2-Output Systems with SchematicSolver

Let us draw a single-input two-output system, see Section 1.4 of Control System Professional, and find its transfer
function using SchematicSolver.

myli n2out System= {
{"Integrator”, {{5, 5}, {10, 533, 13},
{"Integrator", {{5, 14}, {10, 1433}, 13,
{("Amplifier", {{10, 9}, {4, 9}}, al},
{"Amplifier", {{10, 14}, {13, 14}}, a2},
{"Adder", {{3, 5}, {4, 4}, {5, 5}, {4, 9}}, {1, 0, 2, -1}},
{"Adder", {{13, 143}, {14, 53}, {15, 14}, {14, 153}, {1, 1, 2, 0}},
{"Line", {{10, 93}, {10, 5}3}},
{"Line", {{10, 9}, {10, 11}, {5, 123}, {5, 143}}3},
{"Line", {{14, 53}, {10, 5}}},
{"Node", {5, 14}, xpl},
{"Node", {10, 14}, x1, "", TextOffset -» {0, -1}},
{"Node", {5, 5}, xp2},
{"Node", {10, 5}, x2},
{"Input", {3, 5}, u},
{"Qutput", {15, 143, y1},
{"Qutput", {14, 5}, y2}};
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ShowSchenat i c[nyli n2out System/. {al»a, a2 -sa, X1 - Xy, X2 - X,,
Xpl > X1, Xp2 > Xz, Y1oYyi, Y2-5Y5},
Pl ot Range -» {{1, 17}, {3, 16}}1;

15 + a

X1 X1

+ Y1
13 ¢
11 +
0 — <t
(07
7 L
\ X2 X2
5 uo—+ ° Y2
3 5 7 9 11 13 15 17

Given the values

myVal ues = {al » a, a2 -» a}

{al > a, a2 - a}

ContinuousSystemTransferFunction finds the transfer function

{myli n20ut TF, nyl np, myQut } =
Cont i nuousSyst enilr ansf er Functi on[myli n2out System] /. myVal ues

{2} {s5=1} (Y3, 5)1}, (Y[(15, 14}], Y[(14, 5)]})

S+

From the schematic, we see that Y[{15,14}] represents the first output denoted by y;, Y[{14,5}] represents the

second output denoted by y,, and Y[{3,5}] represents input denoted by u. Here are the corresponding transfer
functions:

{nyli n2out TF, nmyQut} // Transpose // Tabl eForm

1 Y[{15, 14}]
L Y[{14, 5}]

S+a

17.7. Processing 1-Input 2-Output Systems with Control System Professional

In Control System Professional, the single-input two-output system is created in the transfer function form as follows:
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myli n2out TFobj ect = Transfer Function[s, myli n2out TF]

Transf er Function|s, {{%} {sia 1

The transfer function object can be represented in the traditional typeset form:

Tradi ti onal For m[myli n2out TFobj ect ]

T

P ownlR

S+«

The transfer function object is assumed to be in the continuous-time domain and the variable sis used. The superscripted
letter 7~ distinguishes the result from aregular matrix.

The state-space realization of this system can be represented in the Tr adi t i onal For m

myli n2out SSobj ect = St at eSpace [ny1li n2out TFobj ect 1;
%// Tradi tional Form

0 1]0)°
0 —-al|l
a 110
0 1]0)

The superscripted letter S identifies the St at eSpace object, while the small subscripted bullet character denotes the
continuous-time domain.

Control System Professional provides the function Equat i onFor m that alows you to display the St at eSpace
objects as the familiar state-space equations:

Equat i onFor m[St at eSpace [y 1li n2out TFobj ect 1]
) 01 0
s=(o o Jr+( 1)

a 1
y‘(o 1)*

17.8. Discrete-Time Models of Continuous-Time Systems
The discrete-time approximation of the continuous-time system my1 in2outSystem sampled with period 3 is

myli n2out TFdi screte =
ToDi scret eTi ne[nmyli n2out TFobj ect, Sanpl ed » Period[3]] // Sinplify;
%// Tradi tional Form

3 T
z-1
1-e&%

a—edtza /3

Note that the TraditionalForm of the discretized object is displayed using the variable z. The subscript 3 gives the
value of the sampling period.

The discretized state-space system represented in Tr adi t i onal For mis
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myli n2out SSdi screte =
ToDi scret eTi ne[nyli n2out SSobj ect, Sanpl ed » Period[3]] // Sinplify;
%// Tradi tional Form

1-e3 | 3a+e3 -1\
1 2
a a
0 e3 1-e
a
a 1 0
0 1 0

3

For the discretized system, the state-space equations are displayed as difference rather than differential equations.

Equat i onFor m[my 1i n2out SSdi scr et e]

Sa+e 3 -1

1-e3
1 —- a2
x(k+1) = a x(k) + 3 u(k)
0 e 3 1-e™

a1l
y(k) 2(0 1)X(k)

17.9. Simplifying Realizations with SchematicSolver

Let us find a simpler redlization of the previous system mylin2outSystem. Consider the following single-input
two-output system:

myli n2out Si npl er =
{{"Input", {0, 03}, u}, {"Adder", ({0, 0}, {1, -1}, {2, 0}, {1, 23}, {1, 0, 2, -1}},
{"Integrator”, {{2, 0}, {5, 033}, 13,
{"Amplifier", {{5 2}, {1, 2}}, a, "", TextOffset » {0, 1}},
{"Line", {{5, 0}, {5, 2}}}, {"CQutput", {5, 43}, yl}, {"Qutput", {5, 0}, y2},
{"Integrator", {{0, 4}, {5, 433}, 1}, {"Line", {{O, O}, {0, 43}}3}, {"Node", {2, 0}, xpl},
{"Node", {5, 0}, x1}, {"Node", {0, 4}, xp2}, {"Node", {5, 4}, x2}};
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ShowSchemati ¢ [
nmylin2outSinpler /. {a->a, X1-X;, X2 X, Xpl > X1, XP2 > Xy, Y1y, Y2-Y,},
Pl ot Range -» {{-2, 7}, {-2, 6}}1;

X2

X1 X1

-1 0 1 2 3 4 5 6 7

Thereis no realization with the number of integrators less than 2, but we reduced the number of adders and amplifiers.
ContinuousSystemTransferFunction finds the transfer function:

{myli n20ut Si npl er TF, nmylnp, myQut } =
Cont i nuousSyst enilr ansf er Functi on[myli n2out Sinpler] /. {a - a}

{{{é}, { 1 FhoLY[{0, 031}, {Y[{5, 4}], Y[{5, 0}]}}

S+

From the schematic, we see that Y[{5,4}] represents the first output denoted by y;, Y[{5,0}] represents the second
output denoted by y,, and Y[{0,0}] represents input denoted by u. Here are the corresponding transfer functions:

{nyli n2out Si npl er TF, nyQut } // Transpose // Tabl eForm

1 Y[{5, 4}]
L Y[{5, 0}]

S+a

Verify that the transfer functions of the two systems, mylin2outSimpler and mylin2outSystem, are the same:

SanmeQ[myli n2out Si npl er TF, ny1li n2out TF]

True
In Control System Professional, the single-input two-output system is created in the transfer function form as follows:

myli n2out Si npl er TFobj ect = Transf er Functi on[s, myli n2out Si npl er TF]

Transf er Function|s, {{%} {sia 1
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Directly from the schematic, we derive the state-space equations of mylin2outSimpler:

X1 =-ax1+0x2+1u
X0 =0Xx1 +0x2+1u
Y1 =0x1 +1Xx2+0u
y2:1X1 +0Xx2 +0u

or

X -a 0 1
ol =l o) g lela)e
0 1 0
el =1 o) g lelo)v
The state-space realization of the system mylin2outSimpler obtained with the function StateSpace is

StateSpace[{{-a, 0}, {0, 0}}, {{1}, {1}}, {{O, 1}, {1, 0}}]
%// Tradi tional Form

StateSpace[{{-a, 0}, {0, 0}}, {{1}, {1}}, {{0, 1}, {1, O}}]

0
0
1

O Pl O O
O Ol

and the corresponding transfer function is obtained with TransferFunction

Transf er Function[s,
St ateSpace[{{-a, 0}, {0, 0}}, {{1}, {133}, {{O, 1}, {1, O}}11//Sinplify

Transf er Function|s, {{%} {sia 1

The schematic of a system, generated by SchematicSolver, provides a convenient way to derive the state-space equations
of the system.

State-space equations are uniquely defined only if you know the schematic of the system. State-space equations cannot
be uniquely determined from the transfer function, that is, by using the StateSpace function:

St at eSpace [y li n2out Si npl er TFobj ect ] // Tradi ti onal Form
S

1

-

O R|oO o©

1
1

o Ol O

The state-space representation that is obtained directly from the transfer function matrix corresponds to the controllable
companion form, sometimes referred to as the controllable canonical form.

17.10. Drawing and Solving 2-Input 1-Output Systems with SchematicSolver

Let us draw a two-input single-output system, see Section 3.2 of Control System Professional, and find the transfer
function using SchematicSolver.
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my2i nlout System= {
{"Integrator"”, {{9, 10}, {13, 1033}, 13,
{"Integrator”, {{9, 5}, {13, 5}3}, 1},
{"Integrator”, {{9, 03}, {13, 03}3}, 13},

{"Adder", {{5, 10}, {4, 83}, {9, 10}, (3, 1233, {1, 1, 2, -13}},
{"Adder", {{5, 53}, {6, 3}, {9, 5}, {6, 73}, {1, -1, 2, 1}3},
{"Adder", {{5, 0}, {13, -2}, {9, 03}, {6, 2}}, (1, 1, 2, 1}},

{"Input", {0, 12}, uly},
{"Input", {0, 0}, u2},
{"Amlifier", {{0, 12}, {3, 12}}, 2},
{"Line", {{3, 123}, {3, 5}, {5, 5}}},
{"Line", {{O, 0}, {0, 10}, {5, 10313},
{"Line", {{6, 2}, {13, 4}, {13, 53}}},
{"Line", {{6, 3}, {13, 1}, {13, 03}}},
{"Line", {{13, -2}, {13, 0}}},
{"Line", {{0, 0}, {5 0}}},
{"Qutput", {13, -2}, vy},
{"Node", {13, 0}, x13},
{"Node", {13, 5}, x23},
{"Node", {13, 10}, x3},
{"Node", {9, 03}, xpl},
{"Node", {9, 5}, xp2},
{"Node", {9, 10}, xp3},
{"Line", {{6, 7}, {13, 9}, {13, 10}}},
{"Line", {{6, 3}, {4, 3}, {4, 8}}}
1N

ShowSchenat i c [ny2i nlout System/.

{ul > u;, U2 >uUz, X1 X3, X2>Xz, X3 X3, XpPl > X1, XP2 > Xy,

Pl ot Range -» {{-2, 15}, {-3, 14}}1;

13+ 2
o>
11+ _ « «
D) J3 3
)
9,
7,
) S X2
5 _\+J
3,
gl X X
-1,
y
0o 2 4 6 8 10 12 14

ContinuousSystemTransferFunction finds the transfer function:

Xp3 - X3},
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{my2i nlout TF, nyl np, nyQut} =
Cont i nuousSyst enilr ansf er Functi on[my2i nlout System] // Sinplify

({15 =<} (YLHO, 12}), Y[{0, 03]}, (Y[(13, -2}]}}
The transfer function matrix of the system is a 1-by-2 matrix

Mat ri xFor m[my2i nlout TF]

2 1
(557 =is )

17.11. Processing 2-Input 1-Output Systems with Control System Professional

In Control System Professional, the two-input single-output system is created in the transfer function form as follows:

my2i nlout TFobj ect = Transfer Functi on[s, my2i nlout TF]

TransferFunction|s, {{13—32 %}H

The transfer function object can be represented in the traditional typeset form:
Tradi ti onal For m[my2i nlout TFobj ect ]
(+1 =)
s2+1 s-1

ZeroPoleGain finds the zeros, poles, and gains:

T

Zer oPol eGai n[ny2i nlout TFobj ect ]

ZeroPoleGain(s, {{{}, {}}}, {{{-1, 1}, {1}}}, {{2, 1}}]
Notice that there are no finite zeros in the transfer function matrix, so the corresponding list of zeros is empty.
We can use the function FactorRational to represent the transfer function in factored form:

Fact or Rati onal [my2i nlout TFobj ect ]

Transfer Function[s, {{ (_jl+3)2(jl+s)’ ! 1

Assume that the stimulus

myStinmulus =Sin[8t]xe/°

et/ sSin[8t)
isapplied at both inputs, and find the output response with OutputResponse:

myQut put =
Qut put Response [ny2i nlout TFobj ect, nmyStimul us, t] // Conpl exExpand // Si nplify;

myQut put // Traditional Form

200 ¢~t/10 (~160 €10 cos(t)+ 160 cos(8 t)+50408 ¢!/10 sin(t)— 6299 sin(8t))
39703001
10210 (—80 cos(81)+80 £11/10_11 sin(8 1))
6521
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The built-in Mathematica function Pl1ot plots both outputs:

Pl ot [Eval uat e[nmyQut put 7, {t, 0.1, 10}1;

1.25¢

0.75¢

0.5¢

0.25¢

-0.25 ¢

17.12. Deriving State-Space Equations with SchematicSolver

As an example, consider the simple production and inventory control model from Brogan, see Control System Profes-

sional Chapter 4.1.

Br oganSyst em= {
{"Input", {0, 03}, c},
{"I'nput", {11, 13}, u2, "", TextOffset » {0, -1}3},
{"Qutput", {15, 0}, v},

{"Adder", {{0, 0}, {15, -4}, {2, 03, {1, 1313}, {1, -1, 2, 0}3},
{"Adder", {{5, 0}, {10, -2}, {7, 03, {6, 131}, {1, -1, 2, 0}},

{"Adder", {{10, 0}, {11, -1}, {12, 03}, {11, 1}3,
{"Block", {{2, 0}, {5, 0}}, k},

{"Integrator”, {{7, 0}, {10, 0}}, {K1, v1}},
{"Integrator”, {{12, 0}, {15, 0}}, {K2, v2}},
{"Line", {{10, 0}, {10, -23}}},

{"Line", {{15, 0}, {15, -4}}},

{"Node", {2, 0}, ul}, {"Node", {7, 0}, xpl},
{"Node", {12, 0}, xp2}, {"Node", {10, 0}, x13},
{"Node", {15, 0}, x2}};

{1, 0, 2, -13%3},

SchematicSolver Version 2.0
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ShowSchenati c [BroganSystem/. {ul - u;, U2 - Uy, X1 - X1, X2 » Xz, Xpl - X1, Xp2 »> Xz},
Pl ot Range -» {{-1.5, 16.5}, {-5, 3}}1;

3
2+
1t Kl, v1}
ol ¢ up K {Xl

-1+
-20 b
-3
-4 !

0 2 4 6 8 10 12 14 16

ContinuousSystemTransferFunction finds the transfer function:

{Br oganSyst enilF, Broganl np, BroganQut } =
Cont i nuousSyst enTr ansf er Functi on[BroganSystem] /. {Kl1-»>1, K2-1} //Sinplify

{{{k+sk+sz, —k+1s+fsz }heoY[{0, 0}], Y[{11, 1}]}, {Y[{15, 0}]}}

Br oganSyst enifFobj ect = Transf er Functi on[s, BroganSyst emlF]

k l+s }H

TransferFunction|s, {{k+s+32’ s

The state-space realization returned by StateSpace does not correspond to BroganSystem.

St at eSpace [Br oganSyst enilFobj ect ] // Tradi ti onal Form
St at eSpace [Br oganSyst eniTFobj ect, Tar get For m- Gbser vabl eConpani on] //
Tradi tional Form

0 0 1 0|00
0 0 0 1]/00
-k 0 -1 0|10
0 -k 0 -1]/0 1
k -1 0 -1]/0 0),
0 -k|k -1y%

The correct state-space equations for BroganSystem can be obtained only from the schematic.
By inspection, we derive the following state-space equations:
X1=-1x1-kx,+ kc +0up

Xo= 1x1+0x2+0c -1up
Yy =0x1+1x2 +0c +0uw

or
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=T o) 0 e e
y=10 1) ()0 0) (]

[ =40 ) -8l

pocf] ol

and can be conveniently presented by
St at eSpace[ {{A}}, {{B}}, {{C}}, {{D}}1 // Traditional Form

St at eSpace[{{-1, -k}, {1, 03}, {{k, 03, {O, =133, {{O, 133}, {{O, 03317/
Tradi tional Form

(fo)

17.13. Step-by-Step Procedure for Deriving State-Space Equations
First, we find the signals at al nodes using ContinuousSystemSignals:

{BroganSi gnal s, BroganVars} = Conti nuousSyst enfSi gnal s [BroganSystem] // Si nplify;
%// Transpose // Tabl eForm

c k K1 K2-K2 s u2+K2 vl+s v2+K1l (-K2 u2+v2)
Kk KL K2+s (Kl+s) Y[{15, 0}]
ckKls-Klsu2-s? u2+svi-k Klv2
kKL K2+s (Kl+s) Y[{12, 0}]
u2 Y[{11, 1}]
ck Kls+s vl+k K1 (K2u2-v2)
K KL K2+s (Kl+s) Y[{10, 0}]
cks2+kK2su2-kK2vl-svl-ksv2
kKL K2+s (Kl+s) YI{7, 0}]
k (cs (Kl+s)+K1 K2 u2+K2 s u2-K2 v1-K1v2-sv2)
KKIK2:s (Kiis) Y[{5, 0}]
cs (Kl+s)+K1 K2 u2+K2 s u2-K2 vi-K1v2-sv2
KKLK2:s (Kits) Y[{2, 0}]
c Y[{0, 0}]

Next, we extract the signals at integrator inputs, Y [{7,03}] representing x;, and Y[{12,0}] representing x,:
X1p = BroganSi gnal s[[5]] // Sinplify
X2p = BroganSi gnal s[[2]] // Sinplify

cks?+kK2su2-kK2vl-svl-ksv2
kKIK2 +s (K1 +s)

cCkKLls-Klsu2-s?u2+svl-kKlLv2
kKLIK2 +s (K1 +s)
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Clear [matri xA, matri xB, matri xC, matri xDj;

General ::spelll: Possible spelling error: new
synbol name "matrixB" is simlar to existing synbol "matrixA".

General ::spell : Possible spelling error: new synbol
name "matri xC' is simlar to existing synbols {matrixA, matrixB}.

General ::spell : Possible spelling error: new synbol
name "matrixD' is simlar to existing synbols {matrixA, matrixB, matri xC}.

The matrix A can be computed for zero input signals (c—0, u2—0) and by suppressing integration (K1-0, K2-0). The
coefficients of the matrix A can be computed by setting the initial conditions to 1 or 0. For example, the first coefficient
represents a flow from x; to %;, and we set (v1-1, v2-0).

matri XA =s * {
{(X1lp/. {vl->1, v2-50}), (XIp/. {v1l->0, v2-1})},
{(X2p/. {vl->1, v2-50}), (X2p/. {v1-50, v251})}
}/. {(KL-0, K250, c->0, u2-0}//Sinplify

%// Matri xForm

{{-1, -k}, {1, 0}}
1k
(1 o

The matrix B can be computed for zero initial conditions (v1-0, v2—0) and by suppressing integration (K1-0, K2-0).
The coefficients of the matrix B can be computed by setting the input signals to 1 or 0. For example, the first coefficient
represents a flow from c to x;, and we set (c—1, u2-0).

matri xB = {
{(X1p/. {c>1, u2-03}), (XIp/. {c >0, u2-13})3},
{(X2p/. {c>1, u2-0}), (X2p/. {c>0, uU2-51})}
}/. {Kl-0, K-50, v1-50, v2-50}//Sinplify
%// Matri xForm

{{kv O}r {O, _1}}
k O
lo 1)
From the schematic, we identify that Y[{15, 0}] represents the output signal y:

Yout = BroganSignal s[[1]] // Sinplify

CkKLK2-K2su2+K2vl+sv2+KLl (-K2u2 +v2)
kKLK2 +s (K1 +s)

The matrix C can be computed for zero input signals (c—0, u2—0) and by suppressing integration (K1-0, K2-0). The
coefficients of the matrix C can be computed by setting the initial conditions to 1 or 0. For example, the first coefficient
represents a flow from x; toy, and we set (v1-1, v2-0).

matri XxC=s * {
{(Yout /. {vl->1, v2-0}), (Yout /. {v1l-0, v2-51})}
}/. {Kl-0, K50, c-»0, u2-0}//Sinplify

%// MatrixForm

{{0, 1}}
(0 1)
The matrix D can be computed for zero initial conditions (v1-0, v2—0) and by suppressing integration (K1-0, K2-0).

The coefficients of the matrix D can be computed by setting the input signals to 1 or 0. For example, the first coefficient
represents a flow from c toy, and we set (c—1, u2-0).
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matri xD= {
{(Yout /. {c>1, u2-0}), (Yout /. {c >0, u2-13})}
}/. {Kl-0, K-0, v1-50, v2-50} //Sinplify

%// Matri xForm

{{0, 0}

(0 0)
We can verify that this state-space realization is the state-space of SystemBrogan:

St at eSpace[matri xA, matrixB, matri xC, matri xD] // Tradi ti onal Form

-1 -k|k 0)$

We can use Control System Professional to compute the state response of the system with StateResponse:

st at eResponseBr ogan = St at eResponse[St at eSpace[matri xA, matri xB] /.
k -3/16, {c, 1.1x10}, t, Initial Conditions -» {x10, c}] // Sinplify

((1.1+2.05e%/4 _2.15¢"/4) x10, 1. ¢ + (-5.86667 - 2. 73333 ¢ %'/4 1 8.6 ¢ /%) x10)}

Specifying the initial conditions and following the procedure described in Control System Professional, we can plot the
results for particular initial values.

Pl ot [Eval uat e [st at eResponseBrogan /. {x10-»1, ¢ »6}], {t, 0, 50},
Pl ot Styl e » {Thi ckness[. 005], Dashing[{.05, .01}1},
Pl ot Range - Al |, Pl ot Label -» "State Response"];

State Response

—_—

See Control System Professional Chapter 4.1 for details.
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18. Post-Processing Using Signals and Systems Pack

18.1. Introduction

Sgnals and Systems Pack is a Mathematica implementation of the necessary tools for working with signals and systems.
Analysis techniques for both discrete and continuous signals are available.

We use SchematicSolver to draw schematics of systems and to symbolically compute the system transfer function
directly from schematics.

We can use Sgnals and Systems Pack for post-processing results returned by SchematicSolver to

a) compute the transfer function poles and zeros with the function GetRootList
b) represent a single-input single-output discrete-time system by the function DigitalFilter

¢) compute the impulse response with the functions EvaluateOperators and
DigitalFilter

d) compute the output signal for agiven input signal represented as aformula

e) find the Discrete-Time Fourier Transform of discrete signals with the function
DiscreteTimeFourierTransform

f) find and plot magnitude response of discrete systems represented by poles and zeros with the
function DiscreteTimeFourierTransform

0) create a general report about the system for common signal analysis procedures with the function
DSPAnalyze, (aplot with respect to the sample index, the z-transform with its region of
convergence, a pole-zero plot, and the frequency response with the magnitude-phase plot),

h) plot discrete signals with the function DiscreteSignalPlot

If packages have not already been loaded, we load Signal Processing and SchematicSolver with

Needs[" Si gnal Processing "1;
Needs [" Schemati cSol ver ™" ];

We shall adjust some options to obtain better appearance of the example schematics:

Set Opti ons [I nput Not ebook [], |mageSi ze -» {350, 300}1;

Set Opt i ons [ShowSchenmati c, El enent Scal e -» 1,
Font Si ze » Autonatic, Frame -» True, G'i dLi nes -» Autonatic, Pl ot Range -» Al |l 1;

Set Opt i ons [Dr awEl enent, El enent Si ze » {1, 1},
Pl ot Styl e » {{RGBCol or [0, O, 0.7], Thi ckness[0.005], Poi ntSize[0.012]},
{R@&BCol or [0, 0, 1], Thickness[0.0035], PointSize[0.01]1}},
ShowAr r owTai | -» True, ShowNodes -» True, Text Of f set » Aut omati c,
Text Styl e » {Font Fam |y » Ti nes, Font Si ze » 12}];

18.2. Drawing and Solving Systems with SchematicSolver

Draw Systems Using SchematicSolver

Consider a discrete-time system and find the transfer function using SchematicSolver.
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TransposedDirectForm21 1RFilterSchematic creates the schematic of an example system:

{exanpl eSchemati c, {i npCoord}, {outCoord}} =
TransposedDi rect Form2l | RFi | t er Schemati c[{{bO, bl, b2}, {al, a2}}];

TransposedDirectForm21 IRFilterSchematic returns the coordinates of the system input and the system
output. You can add the input element and the output element to form the system specification:

exanpl eSyst em= Joi n[exanpl eSchemati c,
{{"I'nput", inpCoord, X},
{"Qutput", out Coord, Y}}]

{{Line, {{6, 0}, {4, 0}}}, {Adder, {{2, 0}, {3, -1}, {4, 0}, {3, 11}, {1, 0, 2, 1}},
{Mul tiplier, {{0, O}, {2, 0}}, bO}, {Line, {{O, O}, {0, 4}}},

{Line, {{6, 0}, {6, 4}}}, {Adder, {{2, 4}, (83, 3}, {4, 4}, {3, 5}, {1, 2, -1, 1}},
{Del ay, {{3, 3}, {3, 1}}, 1}, {Multiplier, {{O, 4}, {2, 4}}, bl},

{Mul tiplier, {{6, 4}, {4, 4}}, al}, {Line, {{O, 4}, {0, 8}}},

{Line, {{6, 4}, {6, 8}}}, {Adder, {{2, 8}, {3, 7}, {4, 8}, {3, 9}, {1, 2, -1, 0},
{Delay, {{3, 7}, {3, 5}}, 1}, {Multiplier, {{O, 8}, {2, 8}}, b2},

{Mul tiplier, {{6, 8}, {4, 8}}, a2}, {Input, {0, 0}, X}, {Qutput, {6, 0}, Y}}

ShowSchematic draws the schematic of the system:

ShowSchenat i c [exanpl eSyst em Frane - Fal se]

b2
a2
z;1
bl
So-<t
al
1
(o0]
X O —+ oY

Find Transfer Function Using SchematicSolver

DiscreteSystemTransferFunction finds the transfer function:

{tfMatrix, systenl np, systenfut } = Di scret eSyst enlransferFuncti on[exanpl eSyst em]

-b2 -blz-b0z?
{{{_ a2 +alz +z?

}ho{Y1{0, 0}13, {Y[{6, 0}1}}
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The transfer function of this system isthe first element of tfMatrix:

tf =tfMatrix[[1, 1]]

-b2 -blz-b0z?
" a2+alz+z?

The symbol zisreserved for the complex variable in the z-transform domain.
For the specific values

nmyVal ues = {al » 0.85, a2-50.95, b0-0.7, bl-0.8, b2-0.9}

{al->0.85, a2-50.95, b0-0.7, b1 >50.8, b2-0.9}
we obtain the transfer function of the system as

tfSpecific=tf /. nyValues // Sinplify

0.9+0.8z+0.722
0.95+0.852z +22

18.3. Processing Systems with Signals and Systems Pack

Representing Systems in Signals and Systems Pack

Single-input single-output discrete-time system can be represented in Sgnals and Systems Pack by the function Digi-

talFilter. This function requires three arguments: (1) alist of transfer function poles, (2) a list of transfer function
zeros, and (3) the time variable n.

t f Pol es = Get Root Li st [Denom nat or [tfSpecific], z]
tf Zer os = Get Root Li st [Nunerator [tf Specific], z]
tfSystem=Digital Filter [tfPoles, tfZeros, n]

{-0.425-0.87714 1, -0.425+0.87714 1}
{-0.571429 - 0. 979379 1, -0.571429 +0.979379 1}

Digital Filter [{-0.425-0.87714 1, -0.425+0.87714 1},
{-0.571429 - 0.979379 1, -0.571429 +0.9793791}, n]

The symbol zisreserved for the complex variable in the zplain. z= ¢ “ refersto the unit circle.

DigitalFilter[poles,zeros,n][signal] represents the discrete time-domain processing of signal by the
discrete-time system. The impulse response is obtained when signal is KroneckerDe lta. We should use Evaluate-
Operators to generate the output signal .

i npSi gnal = KroneckerDel ta[n]
out Si gnal = Eval uat eOper at ors[tfSystem[i npSi gnal ]]

KroneckerDel ta[n]

(-0.176692 + 0. 0813263 i) (-0.425-0.877141i)" DiscreteStep[-1+n] -
(0.176692 + 0. 0813263 1) (-0.425+0.877141)" DiscreteStep[-1+n] +1. KroneckerDelta[n]

DiscreteSignalPlot plots adiscrete signal:
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Di screteSi gnal Pl ot [out Si gnal, {n, 0, 20}1;

Di screte Signal Plot
le

The output signal of a system with the real coefficients and a real input signal is a real signal. We can use real part of the
output signal to find a more convenient presentation of the output signal:

out Si gnal Re = Conpl exExpand [Re [out Si gnal 1]

-0.3533830.974679" Cos [2.02199n] Di screteStep[-1+n] +
1. KroneckerDelta[n] +0. 162653 0. 974679" Di screteStep[-1+n] Sin[2.02199n]

Processing in Signals and Systems Pack
Consider two discrete sinusoidal signals:

inpSignal1=0.2%«Sin[n/10 +x /3]

]

inpSignal2=0.2%Sin[2.02%n+7x/5]

n
10

+

0.2Sin]|

w|

0.2sin[2.02n+ ¢]

We can generate an input signal as a sum of two signals

i npSignal = inpSignall + inpSignal2
. Tt . n T
0.28in[2.02n+ | +0.2Sin[ 35 + 7

and apply the input signal to the system t¥System to compute the output signal:

out Si gnal = Eval uat eOperators[tfSystem[i npSignal 1] // Re // Conpl exExpand // Si nplify

0. 290762 KroneckerDelta[n] + DiscreteStep[-1+n]
(0.2108741." Cos[0.1n] -1.243331." Cos[2.02n] +1.323220.974679" Cos [2. 02199 n] +
0.1246151."Sin[0.1n] -0.4435521."Sin[2.02n] +0. 640625 0. 974679" Si n[2.02199n])

Conpl exExpand expands an expression assuming that all variables are real. If you do not want to see complex
numbers in the output signal, you could use Re, Conpl exExpand, and Simplify.

DiscreteSignalPlot plots the discrete signals:
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Di screteSi gnal Pl ot [i npSi gnal, {n, 50, 100}, Pl otLabel -»"Input Signal"7J;

I nput

Si gnal

e

l 810

Di screteSi gnal Pl ot [out Si gnal, {n, 50, 100}, Pl ot Label -»"CQutput Signal"];

Qut put Si gnal

AR RARRAR __
N “lo 80 1(0

-1@

Comparing the above plots, we cannot identify how the system affects the input signal. Let us process only the first
sinusoidal signal:

out Si gnal 1 = Eval uat eOperators[tfSystem[i npSignal 11] // Re // Conpl exExpand // Sinplify

0. 173205 KroneckerDelta[n] +
DiscreteStep[-1+n] (0.2108741." Cos[0.1n] -0.03766920.974679" Cos [2. 02199 n] +

0.1246151."Sin[0.1n] -0.00595517 0. 974679" Sin[2. 02199 n])
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Di screteSi gnal Pl ot [i npSi gnal 1, {n, 50, 100}, Pl otLabel - "Input Signal 1"7];

I nput Signal 1

0.2} FYII TN

| 60 70 80 'lll 190

-0.2 ¢+ Sdoe

Di screteSi gnal Pl ot [out Si gnal 1, {n, 50, 100}, Pl otLabel - "CQutput Signal 1"7];

Qut put Signal 1

0.2} M."""000000""0
0.1
TH __________ ht, '
: 60 70 80 lll 1d0
01!
0.2} ‘i

We see that the output signal is approximately the same as the input signal. Let us process only the second sinusoidal
signal:

out Si gnal 2 = Eval uat eOper at ors [t f Syst em[i npSi gnal 21] // Re // Conpl exExpand // Sinplify

0. 117557 KroneckerDelta[n] +
DiscreteStep[-1+n] (-1.243331." Cos[2.02n] +1.360890.974679" Cos [2. 02199 n] -
0.4435521."Sin[2.02n] +0.646581 0. 974679" Sin[2.02199n])
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Di screteSi gnal Pl ot [i npSi gnal 2, {n, 50, 100}, Pl otLabel - "I nput Signal

0.2+

I nput

Signal 2

®
—e

-0.2¢

Di screteSi gnal Pl ot [out Si gnal 2, {n, 50, 100}, Pl ot Label - "CQutput Signal

Qut put Signal 2

[{00

2"1;

2'1;

Note that the output signal has approximately five times larger amplitude compared with the input signal. In addition, the
output signal is delayed with respect to the input signal.

If we apply DiscreteTimeFourierTransform to the output signals, we get a better insight into the processing:
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Di screteTi neFouri er Tr ansf or m[out Si gnal 1, n, w];
Magni t udePhasePl ot [% {w, O, Pi }, PhaseScal e - None];

Magni t ude Response

800 ¢

600 r

400

200 ¢

L ‘ ‘ _

0.5 1 1.5 2 2.5

Di screteTi neFouri er Tr ansf or m[out Si gnal 2, n, w];
Magni t udePhasePl ot [% {w, O, Pi }, PhaseScal e - None];

Magni t ude Response

4000 ¢
3000
2000

1000 ¢

-
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Di screteTi neFouri er Transf or m[out Si gnal , n, wj;
Magni t udePhasePl ot [% {w, O, Pi }, PhaseScal e - None];

Magni t ude Response
7000 +

6000 |
5000 |
4000 ¢
3000
2000

1000 |

1 ‘ ‘ ‘ ye W

0.5 1 1.5 2 2.5 3

Comparing the magnitude responses of the output signals we conclude that the resultant signal consists of two sinusoidal
signals; the amplitude of the sinusoidal signal with higher frequency is significantly larger.

Plot Frequency Response using Signals and Systems Pack

We can apply DiscreteTimeFourierTransform to the system, represented by poles and zeros, to find and plot
the frequency response:

Di screteTi neFouri er Transf or mt f System n, w];
Magni t udePhasePl ot [% {w, 0, x}];

Magni t ude Response

0.5 1
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Phase Response (degrees)

150 |
100 ;

50+

0.5 1 : 2 2.5 3
-50 |

-100 +

-150 ¢

General Report on Systems in Signals and Systems Pack

For common signal analysis procedures, we can use the omnibus functions DSPAnalyze. This function creates a
genera report about the system:

DSPAnal yze[tfSystem {n, 0, 20}]

Di screte-Ti me Donmain Anal ysis
le

G ven the input function:

Digital Filter [{-0.425-0.87714 1, -0.425+0.87714 1},
{-0.571429 - 0. 979379 1, -0.571429 +0. 9793791}, n]

The z-transformis:

(((0.571429 - 0.979379 i) +z) ((0.571429 +0.979379 1) +2)) /
(((0.425-0.87714 1) +z) ((0.425+0.87714 1) +2))

The region of convergence is:
0.974679 < |z| <

The systemis stable.
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The zeroes are:

The pol es are:

{-0.571429 - 0.979379 1, -0.571429 +0. 9793791}

{-0.425-0.87714 1, -0.425+0.87714 1}

Pol e-Zero Pl ot

1+ (@) ——
AN
AN
/ N\
0.5 \
/ \
/ \
( \
0 | |
| /
\
\ /
\ /
-0.5¢ \ /
N\
AN
X
1l (@) .
-‘1‘ -0‘ 5 | 0 | 0‘5 1
Re z
Since the sequence is stable with the default
val ues assuned for any of the parameters, the

frequency response can be conputed
directly fromthe z-transform

The frequency response is:

(1.28571+0. 1) + (1.14286 +0. i) e*W + 21V

(0.95+0. 1) + (0.85+0. 1) elW 4+ e2iw
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Magni t ude Response (dB)
20 -

15+

10+

-10¢t

Phase Response

150 ;

100 ;

50 ¢

(degr ees)

-50+

-100 ¢

-150 ¢

PO

{ZTransfornDataf ( ((0.571429 - 0. 979379 i) +2) ((0.571429 +0. 979379 i) +2)) /

(((0.425-0.87714 1) +z) ((0.425+0.877141) +2)),
Regi onOF Conver gence[0. 974679, «], TransfornVariables[z]],
(1.28571+0. i) + (1.14286+0. 1) e'W + e?'V

DTFTDat a |

(0.95+0. 1) + (0.85+0. 1) etW + e2iw

, Transfornvariabl es [w] | }
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