Appendix B

Tutorial 1 — Using Quartus [l CAD
Software

Quartus Il is a sophisticated CAD system. As most commeg@AdD tools are continuously being improved
and updated, Quartus Il has gone through a number of releBlsewversion known as Quartus 11 5.0 is used
in this tutorial. For simplicity, in our discussion we wikfer to this software package simply as Quartus II.

In this tutorial we introduce the design of logic circuitdngs Quartus Il. Step-by-step instructions are
presented for performing design entry with two methodsagischematic capture and writing Verilog code,
as well as with a combination of the two. The tutorial alsostrates the process of simulation.

B.1 Introduction

This tutorial assumes that the reader has access to a caroputghich Quartus Il is installed. Instructions
for installing Quartus Il are provided with the software.efQuartus Il software will run on several different
types of computer systems. For this tutorial a computeringna Microsoft operating system (Windows NT,
Windows 2000, or Windows XP) is assumed. Although Quartapdrates similarly on all of the supported
types of computers, there are some minor differences. Aereado is not using a Microsoft Windows oper-
ating system may experience some slight discrepanciestfr@rtutorial. Examples of potential differences
are the locations of les in the computer's le system and &éxact appearance of windows displayed by the
software. All such discrepancies are minor and will noteftee reader's ability to follow the tutorial.

This tutorial does not describe how to use the operatingesygirovided on the computer. We assume
that the reader already knows how to perform actions sualrasng programs, operating a mouse, moving,
resizing, minimizing and maximizing windows, creatingeditories (folders) and les, and the like. A reader
who is not familiar with these procedures will need to leaowwho use the computer's operating system
before proceeding.
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Figure B.1. The main Quartus Il display.

B.1.1 Getting Started

Each logic circuit, or subcircuit, being designed in Qusitius called gproject The software works on one
project at a time and keeps all information for that projectisingle directory in the le system (we use
the traditional terndirectory for a location in the le system, but in Microsoft Windows titermfolder is
used). To begin a new logic circuit design, the rst step isteate a directory to hold its les. As part of
the installation of the Quartus Il software, a few samplgquis are placed into a directory callgdesigns
To hold the design les for this tutorial, we will use a direcy tutoriall. The location and name of the
directory is not important; hence the reader may use any dalectory.

Start the Quartus Il software. You should see a display amtd the one in Figure B.1. This display
consists of several windows that provide access to all feataf Quartus Il, which the user selects with the
computer mouse.

Most of the commands provided by Quartus Il can be accessediby a set of menus that are located
below the title bar. For example, in Figure B.1 clicking te& mouse button on the menu nantétk opens
the menu shown in Figure B.2. Clicking the left mouse buttarttee itemExit exits from Quartus Il. In
general, whenever the mouse is employed to select somethiaeft button is used. Hence we will not
normally specify which button to press. In the few cases whsmecessary to use thigght mouse button,
it will be speci ed explicitly. For some commands it is nesasy to access two or more menus in sequence.
We use the conventioMenul j Menu2 j Item to indicate that to select the desired command the user
should rst click the left mouse button aodenul, then within this menu click oMenu2, and then within
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Menu2 click on Item. For exampleFile j Exit uses the mouse to exit from the Quartus Il system. Many
Quartus Il commands have an associated icon displayed infdie toolbars. To see the list of available
toolbars, selectools j Customize j Toolbars. Once a toolbar is opened, it can be moved with the mouse,
and icons can be dragged from one toolbar to another. To se@uhrtus 1|l command associated with an
icon, position the mouse cursor on top of the icon and a fouliil appear that displays the command name.
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Figure B.2. An example of the File menu.

It is possible to modify the appearance of the Quartus llldispn Figure B.1 in many ways. Section B.6
shows how to move, resize, close, and open windows withimiiiea Quartus Il display.

Quartus Il On-Line Help

Quartus Il provides comprehensive on-line documentatiahdanswers many of the questions that may arise
when using the software. The documentation is accessedtfrermenu in théHelp window. To get some
idea of the extent of documentation provided, it is wortHalior the reader to browse through tHelp
topics. Forinstance, selectiitelp j How to Use Help gives an indication of what type of help is provided.

The user can quickly search through the Help topics by setektelp j Search, which opens a dialog
box into which key words can be entered. Another method,etwdensitive help, is provided for quickly
nding documentation for speci c topics. While using anygigation, pressing the1 function key on the
keyboard opens a Help display that shows the commands labeaftar that application.



B.2 Starting a New Project

To start working on a new design we rst have to de ne a néesign project Quartus Il makes the de-
signer's task easier by providing support in the form ofizard SelectFile | New Project Wizard to
reach a window that indicates the capability of this wizdPdesaNext to get the window shown in Figure
B.3. Set the working directory to katoriallndesignstylel The project must have a name, which may op-
tionally be the same as the name of the directory. We haveeahtbe namexampleschematidecause our
rst example involves design entry by means of schematiduwap Observe that Quartus Il automatically
suggests that the namregampleschematide also the name of the top-level design entity in the projEis

is a reasonable suggestion, but it can be ignored if the usetswo use a different name. Préssxt. Since
we have not yet created the directdngoriallndesignstylelQuartus Il displays the pop-up box in Figure
B.4 asking if it should create the desired directory. Ches, which leads to the window in Figure B.5. In
this window the designer can specify which existing lesgify) should be included in the project. We have
no existing les, so clickNext.

Figure B.3. Specifying the project directory and name.
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Figure B.4. Quartus Il can create the desired directory.



Figure B.5. A window for inclusion of design les.

Now, the window in Figure B.6 appears, which allows the desido specify the type of device in which
the designed circuit will be implemented. For the purpodhisftutorial the choice of device is unimportant.
Choose the device family called Cyclone Il, which is a typd-BIGA used on Altera's DE2 board. We do

not need to choose a speci ¢ device, so click on the sele&idn device selected by the Fitter from the
‘Available devices' list.

Figure B.6. Speci cation of the device family.
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PressNext to go to the window shown in Figure B.7. Here, we can speciiidtharty CAD tools (i.e.
those that are not a part of Quartus Il software) that shoaldded. In this book, we have used the term
CAD tools to refer to software packages developed for useimputer aided design tasks. Another term
for software of this type i€DA tools where the acronym stands for Electronic Design Automatibims
term is used in Quartus Il messages that refer to third padigst which are the tools developed and mar-
keted by companies other than Altera. Since we will relylgada Quartus I, we will not choose any other
tools. Pres&inish, which returns to the main Quartus Il display in Figure Bt Wwith exampleschematic
speci ed as the new project.

Figure B.7. Inclusion of other EDA tools.

B.3 Design Entry Using Schematic Capture

As explained in Chapter 2, commonly used design entry metirwdude schematic capture and Verilog
code. This section illustrates the process of using thensahe capture tool provided in Quartus II,
which is called the Block Editor. As a simple example, we wlilaw a schematic for the logic function
f = X1X2+ X2Xx3. A circuit diagram forf was shown in Figure 2.30 and is reproduced as Figura.BBe
truth table forf is given in Figure B.B. Chapter 2 also introduced functional simulation. Aftexatmg the
schematic, we show how to use the simulator in Quartus Il tifywtne correctness of the designed circuit.
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(a) Circuit (b) Truth table

Figure B.8. The logic function of Figure 2.30.

B.3.1 Using the Block Editor

The rst step is to draw the schematic. In the Quartus Il digpelectile j New. A window that appears,
shown in Figure B.9, allows the designer to choose the typéedhat should be created. The possible
le types include schematics, Verilog code, and other han@description language les such as VHDL
and AHDL (Altera's proprietary HDL). It is also possible t@ei a third-party synthesis tool to generate a
le that represents the circuit in a standard format call@ifE(Electronic Design Interface Format). The
EDIF standard provides a convenient mechanism for exchgrigformation between EDA tools. Since we
want to illustrate the schematic-entry approach in thisisecchooseéBlock Diagram/Schematic File and
click OK. This selection opens the Block Editor window shown on tgbatrside of Figure B.10. Drawing a
circuit in this window will produce the desired block diagrale.

Figure B.9. Choosing the type of design le.



Figure B.10. Block Editor window.

Importing Logic Gate Symbols

The Block Editor provides several libraries that contaircuit elements which can be imported into a
schematic. For our simple example we will use a library cgtiemitives which contains basic logic gates.
To access the library, double-click on the blank space @sid Block Editor display to open the window in
Figure B.11 (another way to open this window is to seledit j Insert Symbol or by clicking on the AND
gate symbol in the toolbar). In the gure, the box labelgbraries lists several libraries that are provided
with Quartus Il. To expand the list, click on the smalkymbol next toc:/altera/libraries, then click on
the + next toprimitives, and nally click on the+ next tologic. Now, double-click on theand2symbol to
import it into the schematic (you can alternatively clickaimd2and then clickOK). A two-input AND-gate
symbol now appears in the Block Editor window. Using the nepusove the symbol to the position where
it should appear in the diagram and place it there by clickilregmouse.

Any symbol in a schematic can be selected by using the moussitidh the mouse pointer on top of
the AND-gate symbol in the schematic and click the mouselexcsé. The symbol is highlighted in color.
To move a symbol, select it and, while continuing to pressnioeise button, drag the mouse to move the
symbol. To make it easier to position the graphical symbmlgrid of guidelines can be displayed in the
Block Editor window by selectinyiew j Show Guidelines.



Figure B.11. Selection of logic symboals.

The logic functionf requires a second two-input AND gate, a two-input OR gatd,eaNOT gate. Use
the following steps to import them into the schematic.

Position the mouse pointer over the AND-gate symbol thataready been imported. Press and hold
down the Ctrl keyboard key and click and drag the mouse on tR®-§ate symbol. The Block Editor
automatically imports a second instance of the AND-gatel®imThis shortcut procedure for making a
copy of a circuit element is convenient when you need martames of the same element in a schematic.
Of course, an alternative approach is to import each instahthe symbol by opening the primitives library
as described above.

To import the OR-gate symbol, again double-click on a blamkce in the Block Editor to get to the
primitives library. Use the scroll bar to scroll down thrdéuthe list of gates to nd the symbol namexd2.
Import this symbol into the schematic. Next import the NOTegasing the same procedure. To orient the
NOT gate so that it points downward, as depicted in Figur@Bs8lect the NOT-gate symbol and then use
the commandedit j Rotate by Degrees j 270 to rotate the symbol 270 degrees counterclockwise. The
symbols in the schematic can be moved by selecting them agbithg the mouse, as explained above.
More than one symbol can be selected at the same time byridkie mouse and dragging an outline
around the symbols. The selected symbols are moved togsthaticking on any one of them and moving
it. Experiment with this procedure. Arrange the symbolshad the schematic appears similar to the one in
Figure B.12.



Figure B.12. Imported gate symbols.

Importing Input and Output Symbols

Now that the logic-gate symbols have been entered, it isssacg to import symbols to represent the input
and output ports of the circuit. Open the primitives librayain. Scroll down past the gates until you
reachpins Import the symbol nameidput into the schematic. Import two additional instances of tipaut
symbol. To represent the output of the circuit, open the pixies library and import the symbol named
output Arrange the symbols to appear as illustrated in Figure B.13

Assigning Names to Input and Output Symbols

Point to the worcpin_name on the input pin symbol in the upper-left corner of the schisrend double-
click the mouse. The pin name is selected, allowing a new pimento be typed. Typgl as the pin
name. Hitting carriage return immediately after typing fite name causes the mouse focus to move to the
pin directly below the one currently being named. This métban be used to name any number of pins.
Assign the names2 andx 3 to the middle and bottom input pins, respectively. Finalsign the namkto

the output pin.

Figure B.13. The desired arrangement of gates and pins.
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Connecting Nodes with Wires

The next step is to draw lines (wires) to connect the symindlseé schematic together. Click on the icon that
looks like a big arrowhead in the vertical toolbar. This idertalled theSelection and Smart Drawing
tool, and it allows the Block Editor to change automaticéitween the modes of selecting a symbol on the
screen or drawing wires to interconnect symbols. The apt@pomode is chosen depending on where the
mouse is pointing.

Move the mouse pointer on top of tké input symbol. When pointing anywhere on the symbol except
at the right edge, the mouse pointer appears as crossechaads: This indicates that the symbol will be
selected if the mouse button is pressed. Move the mouse b fwothe small line, called ainstulh on
the right edge of thex1 input symbol. The mouse pointer changes to a crosshair,hndliows a wire to
be drawn to connect the pinstub to another location in therselic. A connection between two or more
pinstubs in a schematic is calleshade The name derives from electrical terminology, where the teode
refers to any number of points in a circuit that are connetdgdther by wires.

Connect the input symbol forl to the AND gate at the top of the schematic as follows. Whike th
mouse is pointing at the pinstub on thé symbol, click and hold the mouse button. Drag the mouse to the
right until the line (wire) that is drawn reaches the pinstubthe top input of the AND gate; then release
the button. The two pinstubs are now connected and reprasengle node in the circuit.

Use the same procedure to draw a wire from the pinstub om2hieput symbol to the other input on
the AND gate. Then draw a wire from the pinstub on the inputhef NOT gate upward until it reaches
the wire connectin2 to the AND gate. Release the mouse button and observe thaireaing dot is
drawn automatically. The three pinstubs correspondingnéx® input symbol, the AND-gate input, and
the NOT-gate input now represent a single node in the cir¢tigure B.14 shows a magni ed view of the
part of the schematic that contains the connections drawarsdo increase or decrease the portion of the
schematic displayed on the screen, use the icon that Idaka Imagnifying glass in the toolbar.

Figure B.14. Expanded view of the circuit.
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Figure B.15. The completed schematic.

To complete the schematic, connect the output of the NOT tgatiee lower AND gate and connect the
input symbol forx3 to that AND gate as well. Connect the outputs of the two ANDegdb the OR gate
and connect the OR gate to theutput symbol. If any mistakes are made while connectingsyimebols,
erroneous wires can be selected with the mouse and then egbg\pressing the Delete key or by selecting
Edit j Delete. The nished schematic is depicted in Figure B.15. Save tiematic usingdrile j Save As
and choose the nanexampleschematic Note that the saved le is calleexampleschematic.bdf

Try to rearrange the layout of the circuit by selecting onthefgates and moving it. Observe that as you
move the gate symbol all connecting wires are adjusted attoatly. This takes place because Quartus Il
has a feature calledubberbandingwhich was activated by default when you chose to use the Bmiec
and Smart Drawing tool. There is a rubberbanding icon, wkidhe icon in the toolbar that looks like an
L-shaped wire with small tick marks on the corner. Obsenrat this icon is highlighted to indicate the use
of rubberbanding. Turn the icon off and move one of the gategé the effect of this feature.

Since our example schematic is quite simple, it is easy tw dihthe wires in the circuit without
producing a messy diagram. However, in larger schematice swdes that have to be connected may be
far apart, in which case it is awkward to draw wires betweamthln such cases the nodes are connected
by assigning labels to them, instead of drawing wires. ISelp for a more detailed description.

B.3.2 Synthesizing a Circuit from the Schematic

After a schematic is entered into a CAD system, it is proakssea number of CAD tools. We showed
in Chapter 2 that the rst step in the CAD ow uses the syntkdsiol to translate the schematic into logic
expressions. Then, the next step in the synthesis procis] technology mapping, determines how each
logic expression should be implemented in the logic elemawmilable in the target chip.

Using the Compiler

The CAD tools available in Quartus Il are divided into a numtfemodules. Selectools j Compiler Tool

to open the window in Figure B.16, which lists four of the maindules. The Analysis & Synthesis module
performs the synthesis step in Quartus Il. It produces aitiof logic elements, where each element can be
directly implemented in the target chip. The Fitter modud¢éedmines the exact location on the chip where
each of these elements produced by synthesis will be impitgde A detailed discussion of CAD modules
is provided in Chapter 12.
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Figure B.16. The Compiler Tool window.

These Quartus Il modules are controlled by an applicatiognam called the Compiler. The Compiler
can be used to run a single module at a time, or it can invokeipteumodules in sequence. There are
several ways to access the Compiler in the Quartus Il userface. In Figure B.16 clicking on the leftmost
button undeAnalysis & Synthesis will run this module. Similarly, the Fitter module can be ewted by
clicking its leftmost button in the gure. Pressing tB¢art Compilation button runs the modules in Figure
B.16 in sequence.

Another convenient way of accessing the Compiler is to usé’tbcessing j Start menu. The com-
mand for running the synthesis modulePsocessing j Start j Start Analysis & Synthesis. Part of the
synthesis module can also be invoked by using the comrRamckessing j Start j Start Analysis & Elab-
oration. This command runs only the early part of synthesis, whigtcks the design project for syntax
errors, and identi es the major subdesign names that aseptén the project. The commaRuocessing
j Start Compilation is equivalent to pressing tt&tart Compilation button in Figure B.16. There is also a
toolbar icon for this command, which looks like a purplerigée.

An ef cient way of using the CAD tools is to run only the modasléhat are needed at any particular
phase of the design process. This approach is pragmatiasesame of the CAD tools may require a long
time, on the order of hours, to complete when processingge ldesign project. For the purpose of this
tutorial, we wish to perform functional simulation of outh&natic. Since only the output of synthesis is
needed to perform this task, we will run only the synthesisinte.

SelectProcessing j Start j Start Analysis & Synthesis, use the corresponding icon in the toolbar,
or use the shortcl€trl-k. As the compilation proceeds, its progress is reportedendiwer-right corner of
the Quartus Il display, and also in the Status utility windamwthe left side (if this window is not open it
can be accessed hy selectiigw j Utility Windows j Status). Successful (or unsuccessful) compilation
is indicated in a pop-up box. Acknowledge it by clicki@K and examine the compilation report depicted
in Figure B.17 (if the report is not already opened, it can tmeased by clicking on thiReport icon in the
Compiler Tool window, using the appropriate icon in the baw| or by selectingProcessing j Compilation
Report. The report summary shows that our small design would usefont pins and one logic element
in a Cyclone Il FPGA.
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Figure B.17. The compilation report summary.

The compilation report provides a lot of information thatynte of interest to the designer. For example, the
detailed implementation in the form of synthesized logipressions can be seen by clicking on the small
+ symbol next toAnalysis & Synthesis in the compilation report, and selectiigjuations. The equation
that Quartus Il used to implement our circuit is

f = X1Xo + XoX3

The report denotes AND as &, OR as #, and NOT as !. The commilagiport can be opened at any time by
selectingProcessing j Compilation Report or by clicking on the corresponding toolbar icon which looks
like a white sheet on top of a blue chip.

Errors

Quartus Il displays messages produced during compilatidthd Messages window. This window is at the
bottom of the Quartus Il display in Figure B.1. If the scheimat drawn correctly, one of the messages will
state that the compilation was successful and that thenecagerors or warnings.

To see what happens if an error is made, remove the wire tmatects inpuix3 to the bottom AND
gate and compile the modi ed schematic. Now, the compitai®not successful and two error messages
are displayed. The rst tells the designer that the affe@®&lD gate is missing a source. The second states
that there is one error and one warning. In a large circuitay fpe dif cult to nd the location of an error.
Quartus Il provides help whereby if the user double-clickghe error message, the corresponding location
(AND gate in our case) will be highlighted. Reconnect theaeed wire and recompile the corrected circuit.

B.3.3 Simulating the Designed Circuit

Quartus Il includes a simulation tool that can be used to lsitauhe behavior of the designed circuit. Before
the circuit can be simulated, it is necessary to create thigadbwaveforms, calletist vectorsto represent
the input signals. We will use the Quartus Il Waveform Editodraw test vectors.

Using the Waveform Editor

Open the Waveform Editor window by selectifRge j New, which gives the window in Figure B.9. Click
on theOther Files tab to reach the window displayed in Figure B.18. Chodsetor Waveform File and
click OK.

14



Figure B.18. Choose to prepare a test-vector le.

The Waveform Editor window is depicted in Figure B.19. Sdwe te under the name
exampleschematic.vwfand note that this changes the name in the displayed winSetithe desired simu-
lation to run from 0 to 160 ns by selectirigglit j End Time and entering 160 ns in the dialog box that pops
up. SelecWiew j Fit in Window to display the entire simulation range of O to 160 ns in thedewm You
may want to resize the window to its maximum size.

Next, we want to include the input and output nodes of thaudito be simulated. This is done by using
the Node Finder utility. Clickedit j Insert Node or Bus to open the window in Figure B.20. It is possible
to type the name of a signal (pin) into thiame box, but it is more convenient to click on the button labeled
Node Finder to open the window in Figure B.21. The Node Finder utility hafter used to indicate what
type of nodes are to be found. Since we are interested in spditoutput pins, set the Iter tRins: all.
Click theList button to nd the input and output nodes.

Figure B.19. The Waveform Editor window.
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Figure B.20. The Insert Node or Bus dialogue.

Figure B.21. The Node Finder window.

The Node Finder displays on the left side of the window theesddx 1, x2, andx3. Click onx3 and
then click the> sign to add it to the Selected Nodes box on the right side ofgine. Do the same fox 2,
x1, andf . Click OK to close the Node Finder window, and then clioK in the window of Figure B.20.
This leaves a fully displayed Waveform Editor window, aswehan Figure B.22. If you did not select the
nodes in the same order as displayed in Figure B.22, it islded® rearrange them. To move a waveform
up or down in the Waveform Editor window, click on the node eafim the Name column) and release the
mouse button. The waveform is now highlighted to show thecsigin. Click again on the waveform and
drag it up or down in the Waveform Editor.

We will now specify the logic values to be used for the inpwgnsils during simulation. The logic
values at the outputwill be generated automatically by the simulator. To makeagy to draw the desired
waveforms, Quartus Il displays (by default) the verticabiglines and provides a drawing feature that snaps
on these lines (which can otherwise be invoked by chooSiewv j Snap to Grid). Observe also a solid
vertical line, which can be moved by pointing to its top andgtying it horizontally. We will use this
“reference line” in Tutorial 2. The waveforms can be drawmgghe Selection tool, which is activated by
selecting the icon in the vertical toolbar that looks likeig&rrowhead.
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Figure B.22. The nodes needed for simulation.

To simulate the behavior of a large circuit, it is necessapply a suf cient number of input valuations
and observe the expected values of the outputs. The numbpessible input valuations may be huge, so it
is necessary to choose a relatively small (but represeajatample of these input valuations. (The topic of
circuit testing is explored in Chapter 11.) Our circuit iswemall, so it can be simulated fully by applying
all eight possible valuations of inpuksl, x2, andx3. Let us apply a new valuation every 20 ns. To start,
all inputs are zero. At the 20-ns point we warg to go to 1. Click onx3; this highlights the signal and
activates the vertical toolbar that allows us to shape thextezl waveform. The toolbar provides options
such as setting the signal to 0, 1, unknown (X), high impeda@), don't care (DC), and inverting its
existing value (INV). Observe that the outfts displayed as having an unknown value at this time, which
is indicated by a hashed pattern. A speci c time intervaldkested by pressing the mouse on a waveform
at the start of the interval and dragging it to its end; thedeld interval is highlighted. Select the interval
from 20 to 40 ns fox3 and set the signal to 1. Similarly, seB to 1 from 60 to 80 ns, 100 to 120 ns, and
140 to 160 ns. Next, set2 to 1 from 40 to 80 ns, and from 120 to 160 ns. Finally,>s&to 1 from 80 to
160 ns. Complete the remaining assignments to obtain thgenmaFigure B.23 and save the le.

Figure B.23. The complete test vectors.

A convenient mechanism for changing the input waveformsasiged by the Waveform Editing tool.
The icon for the tool is in the vertical toolbar; it looks likeo arrows pointing left and right. When the
mouse is dragged over some time interval in which the wawefer0 (1), the waveform will be changed to
1 (0). Experiment with this feature on signes.
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Performing the Simulation

As explained in Section 2.9.3, a circuit can be simulatedvim Wvays. The simplest way is to assume that
logic elements and interconnection wires are perfect, tausing no delay in propagation of signals through
the circuit. This is calledunctional simulation A more complex alternative is to take all propagation
delays into account, which leadstiming simulation Typically, functional simulation is used to verify the
functional correctness of a circuit as it is being desigridus takes much less time, because the simulation
can be performed simply by using the logic expressions thatedthe circuit. In this tutorial we will use
only the functional simulation. We will deal with the timirggmulation in Appendix C.

To perform the functional simulation, selekssignments j Settings to open the Settings window. On
the left side of this window click orsimulator to display the window in Figure B.24 and chodsenc-
tional as the simulation mode. To complete the set up of the simuatect the commanBrocessing j
Generate Functional Simulation Netlist. The Quartus Il simulator takes the test inputs and genetlages
outputs de ned in theexampleschematic.vwfle. A simulation run is started by selectingrocessing j
Start Simulation, or by using the shortcut icon in the toolbar that looks likel@e triangle with a square
wave below it. At the end of the simulation, Quartus Il indesaits successful completion and displays a
simulation report shown in Figure B.25. As seen in the gutee Simulator creates a waveform for the
outputf. The reader should verify that the generated waveform spomds to the truth table fégiven in
Figure B.&.

Figure B.24. Specifying the simulation mode.
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Figure B.25. The result of functional simulation.

We have now completed our introduction to design using selieroapture. Seleétile j Close Project
to close the current project. Next, we will show how to use iQusall to implement circuits speci ed in
Verilog.

B.4 Design Entry Using Verilog

This section illustrates the process of using Quartus Hlément logic functions by writing Verilog code.
We will implement the functiorf from section B.3, where we used schematic capture. Aftesrigft the
Verilog code, we will simulate it using functional simuiai.

B.4.1 Create Another Project

Create a new project for the Verilog design in the directiotpriallndesignstyle2 Use the New Project
Wizard to create the project as explained in section B.2! tBalprojectexampleverilog and choose the
same FPGA chip family for implementation. Note that we areating this project in a new directory,
designstyle2which is a subdirectory of the directotytoriall. While we could have created a new project,
exampleverilog, in the previous directorgesignstylelit is a good practice to create different projects in
separate directories.

B.4.2 Using the Text Editor

Quartus Il provides a text editor that can be used for typiegl®y code. SelecdFile j New to get the
window in Figure B.9, choos¥erilog HDL File, and clickOK. This opens the Text Editor window. The
rst step is to specify a name for the le that will be createskelectFile | Save As to open the pop-up box
depicted in Figure B.26. In the box label8dve as type chooseverilog HDL File. In the box labeledrile
name type exampleverilog. (Quartus Il will add the lename extension which must be used for all les
that contain Verilog code.) Leave the box checked at theobotif the gure, which speci esAdd le to
current project. This setting informs Quartus Il that the new le is part oétburrently open project. Save
the le. We should mention that it is not necessary to use tiad Editor provided in Quartus Il. Any text ed-
itor can be used to create the le namexhmpleverilog.y, as long as the text editor can generate a plain text
(ASCII) le. A le created using another text editor can beagkd in the directoryutoriallndesignstyle2
and included in the project by specifying it in the New Projéfzard screen shown in Figure B.5 or by
identifying it in the Settings window of Figure B.24 undeetbategoryFiles.
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Figure B.26. Opening a new Verilog le.

Figure B.27. The Verilog code entered in the Text Editor.

The Verilog code for this example is shown in Figure 2.34.eEltis code into the Text Editor window,
with one small modi cation. In Figure 2.34, the name of thedule isexample3 When creating the new
project, we chose the nanegampleverilog for the top-level design entity. Hence, the Verilog modulgsm
match this name. The typed code should appear as shown irelBgei7. Save the le, by usinBile j Save
or the shortcuCtrl-s.

Most of the commands available in the Text Editor are sefflamxatory. Text is entered at thesertion
point, which is indicated by a thin vertical line. The insertionimiocan be moved by using either the
keyboard arrow keys or the mouse. Two features of the TexoEdre especially convenient for typing
Verilog code. First, the editor displays different typed/efilog statements in different colors, and, second,
the editor can automatically indent the text on a new linehsd it matches the previous line. Such options
can be controlled by the settingsTnols j Options j Text Editor.

Using Verilog Templates

The syntax of Verilog code is sometimes dif cult for a deségrio remember. To help with this issue, the
Text Editor provides a collection dferilog templates The templates provide examples of various types
of Verilog statements, such asnaodule declaration, aralways block, and assignment statements. It is
worthwhile to browse through the templates by seleckdg j Insert Template j Verilog HDL to become
familiar with this resource.
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B.4.3 Synthesizing a Circuit from the Verilog Code

As described for the design created with schematic captusedtion B.3.2, seled®rocessing j Start j
Start Analysis and Synthesis (shortcut Ctrl-k) so that the Compiler will synthesize acait that imple-
ments the given Verilog code. If the Verilog code has beerdyporrectly, the Compiler will display a
message that says that no errors or warnings were genefagdnmary of the compilation report will be
essentially the same as in Figure B.17.

If the Compiler does not report zero errors, then at leastoistake was made when typing the Verilog
code. In this case a message corresponding to each errardalibe displayed in théMessages window.
Double-clicking on an error message will highlight the offing statement in the Verilog code in the Text
Editor window. Similarly, the Compiler may display some wiag messages. Their details can be explored
in the same way as in the case of error messages. The usertaammbre information about a particular
error or warning message by selecting the message andrmyélssk1 key.

B.4.4 Performing Functional Simulation

Functional simulation of the Verilog code is done in exattly same way as the simulation described earlier
for the design created with schematic capture. Create a reveMfm Editor le and seledtile j Save As
to save the le with the namexampleverilog.vwf Following the procedure given in section B.3.3, import
the nodes in the project into the Waveform Editor. Draw theef@ms for inputsc<1, x2, andx3 shown in
Figure B.23. Itis also possible to open the previously drawameform le exampleschematic.vwénd then
“copy and paste” the waveforms faf, x2, andx3. The procedure for copying waveforms is described in
Help; it follows the standard Windows procedure for copying aadting. We should also note that since
the contents of the two les are identical, we can simply mak®py of theexampleschematic.vwile and
save it under the namexampleverilog.vwf

Select the Functional Simulation option in Figure B.24 agléctProcessing j Generate Functional
Simulation Netlist. Start the simulation. The waveform generated by the Sitoufar the outpuf should
be the same as the waveform in Figure B.25.

B.4.5 Using Quartus Il to Debug Verilog Code

In section B.3.2 we showed that the displayed messages cagseoeto quickly locate and x errors in a
schematic. A similar procedure is available for nding eson Verilog code. To illustrate this feature,
open theexampleverilog.v le with the Text Editor. In the fth line, which is theassignstatement, delete
the semicolon at the end of the line. Save ¢éirampleverilog.v le and then run the Compiler again. The
Compiler detects one error and displays the messages shokigure B.28. The error message speci es
that the problem was identi ed when processing line 7 in tleildg source code le. Double-click on
this message to locate the corresponding part of the Vecibolg. The Text Editor window is automatically
displayed with line 7 highlighted.

Figure B.28. The Message window.
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Fix the error by reinserting the missing semicolon; theresténe le and run the Compiler again to
con rm that the error is xed. We have now completed the imtnation to design using Verilog code. Close
this project.

B.5 Mixing Design-Entry Methods

It is possible to design a logic circuit using a mixture ofigasentry methods. As an example, we will
design a circuit that implements the function

f = X1Xo + XoX3
where
X1 = W1Wo + W3Wy

X3 = W1W3 + WoWy
Hence, the circuit has ve inputx, andw; throughw,, and an output. We already designed a circuit for
f = X1X2 + XoX3

in section B.3 by using the schematic entry approach. To stmwschematic capture and Verilog can be
mixed, we will create Verilog code for expressiong andxz, and then make a top-level schematic that
connects this Verilog subcircuit to the schematic createskection B.3.

B.5.1 Using Schematic Entry at the Top Level

Using the approach explained in section B.2, create a nej@qtiia a directory nametlitoriallndesignstyle3
Use the namexamplemixedlfor both the project and the top-level entity. For the Newj&bWizard's

screens in Figures B.5 to B.7, use the same settings as wa diection B.2. With thexamplemixedl

project open, seledile j New to open the window in Figure B.9, and sel¥etrilog HDL as the type of le

to create. Type the code in Figure B.29 and then save the tle thie nameverfunctions.v

module verfunctions (w1, w2, w3, w4, g, h);
input wi, w2, w3, w4,
output g, h;

assigng = (wl &w2)j (w3 & w4);
assign h=(wl &w3)j (w2 & w4);

endmodule

Figure B.29. Verilog code for theerfunctionssubcircuit.

To include the subcircuit represented \®rfunctionsv in a schematic we need to create a symbol for
this le that can be imported into the Block Editor. To do thiselectFile j Create/Update j Create
Symbol Files for Current File. In response, Quartus Il generates a Block Symbol F#éeunctions.bsfin
thetutoriallndesignstyle3lirectory.

We also wish to use thexampleschematiccircuit created in section B.2 as a subcircuit in them-
ple_mixedlproject. In the same way that we needed to make a symboleidunctions a Block Editor
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symbol is required foexampleschematic SelectFile j Open and browse to open the le
tutoriallndesignstyledexampleschematic.bdfNow, selectile j Create/Update j Create Symbol Files
for Current File. Quartus Il will generate the lexampleschematic.bsh thedesignstyleHirectory. Close
the exampleschematic.bdfle.

We will now create the top-level schematic for our mixedigegroject. SelecFile j New and spec-
ify Block Diagram/Schematic File as the type of le to create. To save the le, selddte j Save As
and browse to the directorytoriallndesignstyle3 It is necessary to browse back to alesignstyle3li-
rectory because Quartus Il always remembers the last diyetitat has been accessed; in the preceding
step we had created thexampleschematic.bséymbol le in the designstyleddirectory. Use the name
examplemixedl.bdfvhen saving the top-level le.

To import theverfunctionsandexampleschematicsymbols, double-click on the Block Editor screen, or
selectEdit j Insert Symbol. This command opens the window in Figure B.30. Click on theext o the
labelProject on the top-left of the gure, and then click on the itemarfunctiongo select this symbol. Click
OK to import the symbol into the schematic. Next, we need to imfie exampleschematicsubcircuit.
Since this symbol is stored in tldesignstyleIproject directory, it is not listed under thgroject label in
Figure B.30. To nd the symbol, browse on thName: box in the gure. Locateexampleschematic.bsih
thetutoriallndesignstyledirectory and perform the import operation. Finally, imipihee input and output
symbols from the primitives library and make the wiring ceations, as explained in section B.3, to obtain
the nal circuit depicted in Figure B.31.

Compile the schematic. If Quartus Il produces an error gathat it cannot nd the schematic lex-
ampleschematic.bdfthen you need to tell Quartus Il where to look for this le.|&= Assignments j Set-
tings to open the Settings window, which was displayed in Figug4BOn the left side of this window, click
on User Libraries, and then in thé.ibrary name box browse to nd the directoryutoriallndesignstylel
Click Open to add this directory into thkibraries box of the Settings window. Finally, clic®K to close
the Settings window and then try again to compile the project

Figure B.30. Importing the symbol for therfunctionssubcircuit.

To verify its correctness, the circuit has to be simulatetlisTircuit has ve inputs, so there are 32
possible input valuations that could be tested. Insteadwilleandomly choose just six valuations, as
shown in Figure B.32, and perform the simulation. The cark@tues off which are produced by the
simulator are shown in the gure. (Chapter 11 deals with #stihg issues in detail and explains that using
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a relatively small number of randomly-chosen input testmexis a reasonable approach.)

Figure B.31. The complete circuit.

Figure B.32. Simulation results for tlexamplemixedlcircuit.

B.5.2 Using Verilog at the Top Level

The previous example shows that a schematic can include ladyahich represents a Verilog module. In
the alternative situation where Verilog is used for the ley@l design le in a project, the user may wish to
include a subcircuit that has been previously designed elseargatic. One way to do this is to use a software
program that can translate the schematic into a Verilog Qaiartus 1l includes such a program, which is
accessed under thiéle menu. To experiment with this feature, open #xampleschematic.bdfle in the
designstyleJproject directory, and then seldeile j Create/Update | Create HDL Design for Current
File. In the window that pops up, shown in Figure B.33, chodsglog HDL as the type of source le to
create, and cliclOK. Quartus Il will generate the lexampleschematic.vFigure B.34 shows the contents
of this le (in a slightly edited form to make it more compact)Note that Quartus Il retained the original
names of inputx 1, X», andxs, and outpuf. It also chose some arbitrary names for the internal wirdisen
circuit.
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Figure B.33. Create a Verilog le for the schematic desigime8ection B.3.

module exampleschematic (x1, x2, x3, f);
input x1;
input x2;
input x3;
output f;
wire SYNTHESIZEDWIRE_O;
wire SYNTHESIZEDWIRE_1;
wire SYNTHESIZEDWIRE_2;

assign SYNTHESIZEDWIRE_2 = x1 & X2;

assign SYNTHESIZEDWIRE_1L = SYNTHESIZEDWIRE_O & x3;
assign SYNTHESIZEDWIRE QO = x2;

assign f= SYNTHESIZEDWIRE_1 ] SYNTHESIZEDWIRE_2;

endmodule

Figure B.34. Verilog code for the circuit designed in Settih3.

The Verilog code we wrote in section B.4, presented in Figu&Y, is equivalent to the automatically-
generated code in Figure B.34. It can be instantiated in detmd Verilog module in the normal way, as
illustrated in Figure B.35. This module, namegamplemixed? implements the same function that we
designed by using schematic capture in Figure B.31. Theergady wish to create a new Quartus Il project
for this code, which can then be compiled and simulated uiegest vectors from Figure B.32.
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module examplemixed2 (w1, w2, w3, w4, x2, f);
input wi, w2, w3, w4, X2;
output f;

verfunctions gandh (w1, w2, w3, w4, g, h);
exampleschematic instl (g, x2, h, f);

endmodule

Figure B.35. The top-level Verilog module for tegamplemixed2example.

B.6 Quartus Il Windows

The Quartus Il display contains a number of utility windowshich can be positioned in various places on
the screen, changed in size, or closed. In Figure B.36, var@s Il windows are displayed.

Figure B.36. The main Quartus Il display.

The Project Navigator window is shown near the top left of tpere. Under the heading Compilation
Hierarchy, it depicts a tree-like structure of the desige@&duit using the names of the modules in the
schematic of Figure B.31. To see the usefulness of this winapen the previously compiled project
examplemixedl1to get to the display that corresponds to Figure B.36. Nowbtsclick on the name
verfunctionsin the Project Navigator. Quartus Il will automatically opéhe le verfunctions.v Similarly,
you can double-click on the nanegampleschemati@and the corresponding schematic will be opened.
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The Status window is located below the Project Navigatodem As you have already observed, this
window displays the compilation progress as a project indpebmpiled by Quartus Il. At the bottom of
Figure B.36 there is the Message window, which displays osessages produced during the compilation
process.

The large area on the right side of the Quartus Il display éslder various purposes. As we have seen,
it is used by the Block Editor, Text Editor, and Waveform Bditlt is also used to display various results of
compilation and simulation.

A utility window can be moved by dragging its title bar, resizby dragging the window border, or
closed by clicking on th& in the top-right corner. A speci ¢ utility window can be opssh by using the
View j Utility Windows command.

The commands available in Quartus Il arentext sensitivedepending on which Quartus Il tool is
currently being used. For example, when the Text Editor issig, the Edit menu contains a different set of
commands than when another tool, such as the Waveform Edifaruse.

B.6.1 Concluding Remarks

This tutorial has introduced the basic use of the QuartusAlDGystem. We have shown how to perform
design entry by drawing a schematic and/or writing Verilode. We have also illustrated how these design-
entry methods can be mixed in a hierarchical design. Eadgri@ss compiled and then simulated using
functional simulation.

In the next tutorial we will describe additional modules afd@tus Il that are used to implement circuits
in PLDs.
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