Altera Quartusl!| Tutorial

Quartus Il is a sophisticated CAD system. As masamercial CAD tools are continuously being improved
and updated, Quartus Il has gone through a nunflreteases. The version known as Quartus Il 4iséxd
in this tutorial. For simplicity, in our discussiove will refer to this software package simply asa@us II.

In this tutorial we introduce the design of logiccaits using Quartus Il. Step-by-step instructions
are presented for performing design entry with twethods: using schematic capture and writing VHDL

code. The tutorial also illustrates the processirofilation.

1. Introduction

This tutorial assumes that the reader has accessomputer on which Quartus Il is installed. lnstions
for installing Quartus Il are provided with the wadire. The Quartus Il software will run on sevelifierent
types of computer systems. For this tutorial a aaprunning a Microsoft operating system (Linux,
Windows NT, Windows 2000, or Windows XP) is assum@Ethough Quartus Il operates similarly on all of
the supported types of computers, there are somerrdifferences. A reader who is not using a Miofbs
Windows operating system may experience some sliigitrepancies from this tutorial. Examples of
potential differences are the locations of filesttie computer’s file system and the exact appearafic
windows displayed by the software. All such disamgies are minor and will not affect the readebBits

to follow the tutorial.

This tutorial does not describe how to use the atpey system provided on the computer. We
assume that the reader already knows how to perdgtions such as running programs, operating a ejous
moving, resizing, minimizing and maximizing windgweseating directories (folders) and files, and like.

A reader who is not familiar with these procedungél$ need to learn how to use the computer’'s opegat

system before proceeding.

Getting Started

Each logic circuit, or subcircuit, being designadiuartus Il is called project. The software works on one
project at a time and keeps all information fort {i@ject in a single directory in the file systéwe use the
traditional termdirectory for a location in the file system, but in Micros®@ftindows the ternfiolder is used).
To begin a new logic circuit design, the first siepo create a directory to hold its files. Todhdhe design
files for this tutorial, we will use a directotytorial. The location and name of the directory is notantgnt;

hence the reader may use any valid directory.



Start the Quartus Il software. You should see playssimilar to the one in Figure B.1. This display
consists of several windows that provide accesltfeatures of Quartus Il, which the user seledgth the

computer mouse.
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Figure 1. Altera Quartus|| main window

Most of the commands provided by Quartus Il camabeessed by using a set of menus that are
located below the title bar. For example, in Figlirelicking the left mouse button on the menu naifiésl
opens the menu shown in Figure 2. Clicking thergduse button on the iteExit exits from Quartus II. In
general, whenever the mouse is employed to setenething, thdeft button is used. Hence we will not
normally specify which button to press. In the feages when it is necessary to usertplet mouse button, it
will be specified explicitly. For some commandssitnecessary to access two or more menus in seguenc
We use the conventioMenul | Menu2 | Item to indicate that to select the desired commanduier
should first click the left mouse button denul, then within this menu click oklenu2, and then within
Menu2 click onltem. For exampleFile | Exit (Menul| Menu2) uses the mouse to exit from the Quartus I
system.

Quartusl|l On-LineHep

Quartus Il provides comprehensive on-line documentdhat answers many of the questions that mig ar
when using the software. The documentation is aeckfrom the menu in theelp window. To get some
idea of the extent of documentation provided, ivisrthwhile for the reader to browse through thelp
topics. For instance, selectihtglp | How to Use Help gives an indication of what type of help is provdde
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Figure 2: An example of the File menu.

The user can quickly search through the Help topicselectingHelp | Search, which opens a
dialog box into which key words can be entered. thap method, context-sensitive help, is provided fo
quickly finding documentation for specific topid&hile using any application, pressing e function key

on the keyboard opens a Help display that showsdhenands available for that application.

2. Starting a New Proj ect

To start working on a new design we first have @fire a newdesign project. Quartus Il makes the
designer’s task easier by providing support inftren of awizard. SelectFile | New Project Wizard to
reach a window that indicates the capability of tizard. PresBlext to get the window shown in Figure 3.
Set the working directory to basers/class/ee3109/ed.../tutorial/, the directory should be set for you already.
The project must have a name, which may optionadlythe same as the name of the directory. We have
chosen the namexample schematic because our first example involves design entryniesans of schematic
capture. Usually the name of the schematic mustdnee as the name of the top-level entity. Pikesd.
Since we have not yet created the directory, Qedrtdisplays the pop-up box in Figure 4 asking ghould
create the desired directory. Cli¥les, which leads to the window in Figure 5. In thi;mdow the designer
can specify which existing files (if any) should ineluded in the project. We have no existing files click
Finish.
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Figure5: A window for inclusion of design files

If you pressNext, another window appears, which allows the desigmepecify the type of device in which
the designed circuit will be implemented. For thegose of this tutorial the choice of device ismportant.
The device will be chosen automatically. We do need to choose a specific device, so click on the
selectionAuto device selected by the Fitter from the 'Available devices’ list.



3. Design Entry Using Schematic Capture

As explained before, commonly used design entnhot include schematic capture and VHDL code. This
section illustrates the process of using the schiernapture tool provided in Quartus I, which mlled the
Block Editor. As a simple example, we will drawahematic for the logic functioh= xix2 +x2x3. A circuit
diagram forf was shown in Figure 6a. The truth table fois given in Figure B. After creating the

schematic, we show how to use the simulator in @adt to verify the correctness of the designedut.

X; Xy X3 f

X 00 0|0
, 0 0 1 1
0 1 0 0

i% f 01 1|0

; 1 0 0 0

1 0 1 1

x3 1 1 0 1
1 1 1 1

(a) Circuit (b) Truth table

Figure 6: Thelogic function that to beimplemented.

Using the Block Editor

The first step is to draw the schematic. In the iQusall display selecFile | New. A window that appears,
shown in Figure 7, allows the designer to choosetyipe of file that should be created. The posdilde
types include schematics, VHDL code, and otherwward description language files such as Verilog and
AHDL (Altera’s proprietary HDL). It is also possiélto use a third-party synthesis tool to generdile shat
represents the circuit in a standard format cal€&lF (Electronic Design Interface Format). The EDIF
standard provides a convenient mechanism for exghgnnformation between EDA tools. Since we want
to illustrate the schematic-entry approach in #astion, choosBlock Diagram/Schematic File and click
OK. This selection opens the Block Editor window shawm the right side of Figure 8. Drawing a cirduit
this window will produce the desired block diagréile, example_schematic.bdf. Resize the windovitgo

maximum size to make it easier to draw the circuit.
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Figure 7: Choosing the type of design file.
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Figure 8: Block Editor Window
Importing L ogic Gate Symbols

The Block Editor provides several libraries thantain circuit elements which can be imported into a
schematic. For our simple example we will use ealp calledprimitives, which contains basic logic gates.
To access the library, double-click on the blankcgpinside the Block Editor display to open thedeiw in
Figure 9 (another way to open this window is tesetdit | Insert Symbol or by clicking on the AND gate
symbol in the toolbar). In the figure, the box lkdokeLibraries lists several libraries that are provided with
Quartus Il. To expand the list, click on the smalbymbol next toc:/altera/libraries, then click on the-
next toprimitives, and finally click on ther next tologic. Now, double-click on thand2 symbol to import

it into the schematic (you can alternatively clarkand2 and then clickOK). A two-input AND-gate symbol



now appears in the Block Editor window. Using theuse, move the symbol to the position where it khou
appear in the diagram and place it there by cligkire mouse.

Any symbol in a schematic can be selected by usiagnouse. Position the mouse pointer on top of
the AND-gate symbol in the schematic and click iimause to select it. The symbol is highlighted ifoco
To move a symbol, select it and, while continuingptess the mouse button, drag the mouse to mave th
symbol. To make it easier to position the graphssahbols, a grid of guidelines can be displayedhim

Block Editor window by selectingiew | Show Guidelines.
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Figure9: Selection of logic symbols

The logic functionf requires a second two-input AND gate, a two-inp&® @ate, and a NOT gate. Use the
following steps to import them into the schematic.

Position the mouse pointer over the AND-gate synthat has already been imported. Press and
hold down the Ctrl keyboard key and click and ditagg mouse on the AND-gate symbol. The Block Editor
automatically imports a second instance of the Agdle symbol. This shortcut procedure for makingmyc
of a circuit element is convenient when you needymastances of the same element in a schematfc. O
course, an alternative approach is to import eastance of the symbol by opening the primitivelsdry as
described above.

To import the OR-gate symbol, again double-clickaonlank space in the Block Editor to get to the
primitives library. Use the scroll bar to scrollwio through the list of gates to find the symbol edrar2.
Import this symbol into the schematic. Next impitie NOT gate using the same procedure. To orient th
NOT gate so that it points downward, as depicteHigure B.&, select the NOT-gate symbol and then use
the command=dit | Rotate by Degrees | 270 to rotate the symbol 270 degrees counterclockwibe.
symbols in the schematic can be moved by seletiieig and dragging the mouse, as explained aboves Mo
than one symbol can be selected at the same tinogdiyng the mouse and dragging an outline arotined

symbols. The selected symbols are moved togetheclibiiing on any one of them and moving it.



Experiment with this procedure. Arrange the symisulsthat the schematic appears similar to the one i

Figure 10.

7 Block1 bdf*

Figure 10: Imported gate symbols

Importing Input and Output Symbols

Now that the logic-gate symbols have been entéresinecessary to import symbols to representripat

and output ports of the circuit. Open the primitivibrary again. Scroll down past the gates wyil reach
pins. Import the symbol nameadput into the schematic. Import two additional instanegthe input symbol,
having a total of 3 input pins. To represent thgpotiof the circuit, open the primitive’s librarya@ import

the symbol namedutput. Arrange the symbols to appear as illustratedguie 11.

Assigning Namesto I nput and Output Symbols

Point to the worcpin name on the input pin symbol in the upper-left cornertloé schematic and double-
click the mouse. The pin nhame is selected, allovéingew pin name to be typed. Tyxk as the pin name.
Hitting carriage return immediately after typingetpin name causes the mouse focus to move to the pi
directly below, the one currently being named. sTihiethod can be used to name any number of pissyi\s
the namex2 and x3 to the middle and bottom input pins, respectivéljnally, assign the namieto the

output pin. The pin names should be displayedeaws in Figure B.15.

T

OUTRUT = pin_named

4

Figure 11: Thedesired arrangement of gates and pins



Connecting Nodes with Wires

The next step is to draw lines (wires) to connketsymbols in the schematic together. Click oni¢ba that
looks like a big arrowhead in the vertical toolb&his icon is called th&election and Smart Drawing

tool, and it allows the Block Editor to change am#tically between the modes of selecting a symhahe
screen or drawing wires to interconnect symbolse @ppropriate mode is chosen depending on where the
mouse is pointing.

Move the mouse pointer on top of tk& input symbol. When pointing anywhere on the symbol
except at the right edge, the mouse pointer appsacsossed arrowheads. This indicates that theaywill
be selected if the mouse button is pressed. Maentbuse to point to the small line, callegimstub, on the
right edge of thexl input symbol. The mouse pointer changes to a cabssivhich allows a wire to be
drawn to connect the pinstub to another locatiorthe schematic. A connection between two or more
pinstubs in a schematic is calledi@e. The name derives from electrical terminology, wehthie terrmode
refers to any number of points in a circuit tha eonnected together by wires.

Connect the input symbol forl to the AND gate at the top of the schematic aoval While the
mouse is pointing at the pinstub on ttlesymbol, click and hold the mouse button. Drag tlueise to the
right until the line (wire) that is drawn reachég pinstub on the top input of the AND gate; thelease the
button. The two pinstubs are now connected andesgpt a single node in the circuit. Use the same
procedure to draw a wire from the pinstub onxBenput symbol to the other input on the AND gateeiih
draw a wire from the pinstub on the input of the N@ate upward until it reaches the wire conneckado
the AND gate. Release the mouse button and ob#eav@ connecting dot is drawn automatically. Tiree
pinstubs corresponding to th2 input symbol, the AND-gate input, and the NOT-gagut now represent a
single node in the circuit. Figure 12 shows a migephiview of the part of the schematic that corgatine
connections drawn so far. To increase or decrdas@drtion of the schematic displayed on the scresa

the icon that looks like a magnifying glass in tbelbar.

A example_schematic.bdf

Figure 12: The completed schematic



To complete the schematic, connect the outpute@NBT gate to the lower AND gate and connect tpetin
symbol forx3 to that AND gate as well. Connect the outputs ef tlvo AND gates to the OR gate and
connect the OR gate to tHeoutput symbol. If any mistakes are made while coting the symbols,
erroneous wires can be selected with the mouseheamdremoved by pressing the Delete key or by setec
Edit | Delete. The finished schematic is depicted in FigureS&ve the schematic usifige | Save As and
choose the namexample schematic. Note that the saved file is callexample  schematic.bdf.

Try to rearrange the layout of the circuit by sttegone of the gates and moving it. Observe tbat a
you move the gate symbol all connecting wires dijasted automatically. This takes place becauset@a
Il has a feature callecubberbanding which was activated by default when you chose ®the Selection
and Smart Drawing tool. There is a rubberbanding,ievhich is the icon in the toolbar that lookseli&n L-
shaped wire with small tick marks on the corners@te that this icon is highlighted to indicate trse of
rubberbanding. Turn the icon off and move one efghtes to see the effect of this feature.

Since our example schematic is quite simple, &asy to draw all the wires in the circuit without
producing a messy diagram. However, in larger setiesisome nodes that have to be connected maar be f
apart, in which case it is awkward to draw wireswaen them. In such cases the nodes are connegted b

assigning labels to them, instead of drawing wigzsHelp for a more detailed description.

4. Synthesizing a Circuit from the Schematic

After a schematic is entered into a CAD systens firocessed by a number of CAD tools. The firgpsh
the CAD flow uses the synthesis tool to translatedchematic into logic expressions. Then, the siext in
the synthesis process, called technology mappirgerciines how each logic expression should be

implemented in the logic elements available intdrget chip.

Using the Compiler

Run the Compiler by selectiigrocessing | Start Compilation, or by using the toolbar icon that looks like
a solid purple triangle. As the compilation movasotigh various stages, its progress is reportethen
window in the bottom left corner. Successful (osweressful) compilation is indicated in a pop-upx.bo
Acknowledge it by clickingOK and examine the compilation report depicted in Fgli3. The report
summary indicates that only a miniscule amounthip cesources are needed to implement this tinguitir
on the selected FPGA chip.

The compilation report provides a lot of informatithat may be of interest to the designer. For
example, the detailed implementation in the fornsyrithesized logic expressions can be seen bytisglec
Fitter | Fitter Equations in the compilation report directory. Note that gguation that Quartus Il used to
implement our circuit is

f = x1(x3 + X2) + X1X3xX2
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Figure 13: The compilation report summary

(Quartus Il denotes AND as &, OR as #, and NOT.ash)js is not the simplest expression that one may
expect, namely

f = Xax2 + x2x3
But both expressions represent the same functidnsarce the logic elements (LEs) are four-inpuklqw
(truth) tables, called LUTSs, in the chosen FPGApdbhr function is implemented using a single LEither
case. The compilation report can be opened atiareylty selecting’rocessing | Compilation Report or

by clicking on the corresponding toolbar icon whicbks like a white sheet on top of a blue chip.

Errors

Quartus Il displays messages produced during catignil in the Messages window. This window is at the
bottom of the Quartus Il display in Figure 1. letechematic is drawn correctly, one of the messagés
state that the compilation was successful andtiieaé are no errors or warnings.

To see what happens if an error is made, removwitieethat connects inpxi3 to the bottom AND
gate and compile the modified schematic. Now, thragilation is not successful and two error messages
displayed. The first tells the designer that tHfec&d AND gate is missing a source. The secortdssthat
there is one error and one warning. In a largeutint may be difficult to find the location of a@rror.
Quartus Il provides help whereby if the user dodhieks on the error message, the correspondinatitme

(AND gate in our case) will be highlighted. Recocintae removed wire and recompile the correcteclidir

5. Simulating the Designed Cir cuit

Quartus Il includes a simulation tool that can bedito simulate the behavior of the designed d¢irBafore
the circuit can be simulated, it is necessary &ater the desired waveforms, caltest vectors, to represent

the input signals. We will use the Quartus Il Wawvef Editor to draw test vectors.



Using the Waveform Editor
Open the Waveform Editor window by selectifite|New, which gives the window in Figure 7. Click on the

Other Files tab to reach the window displayed in Figure 14. ¢3a¥ector Waveform File and clickOK.
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Figure 14: Chooseto prepare a test-vector file.

The Waveform Editor window is depicted in Figure. Bave the file under the nanegample_
schematic.vwf, and note that this changes the name in the ¢gisplavindow. Set the desired simulation to
run from 0 to 160 ns by selectifiglit | End Time and entering 160 ns in the dialog box that popsSapect

View | Fit in Window to display the entire simulation range of 0 to H80n the window. You may want to
resize the window to its maximum size.
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Figure 15: The waveform editor window.

Next, we want to include the input and output nodiethe circuit to be simulated. This is done by

using the Node Finder utility. Clickdit | Insert Node or Bus to open the window in Figure 16. It is

possible to type the name of a signal (pin) inte Nlame box, but it is more convenient to click on the



button labeledNode Finder to open the window in Figure 17. The Node Findditythas a filter used to
indicate what type of nodes are to be found. Simeare interested in input and output pins, sefittes to

Pins: all. Click theList button to find the input and output nodes.
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Type: |INPUT =l Cancel |

Walue type: !H-Level ﬂ Mode Finder... |
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Figure 16: Thelnsert Node or Busdialogue.
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Figure 17: The Node Finder window.

The Node Finder displays on the left side of thedeiw the nodeg x1, x2, andx3. Click onx3 and
then click the> sign to add it to the Selected Nodes box on thiet sgle of the figure. Do the same #,
x1, andf. Click OK to close the Node Finder window, and then cl@K in the window of Figure 17. This
leaves a fully displayed Waveform Editor window,sh®wn in Figure 18. If you did not select the rode

the same order as displayed in Figure 18, it isiptesto rearrange them.
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Figure 18: Thenodes needed for simulation.



To move a waveform up or down in the Waveform BEditindow, click on the node name (in the
Name column) and release the mouse button. Thefaaw is how highlighted to show the selectionickl
again on the waveform and drag it up or down inwreseform Editor.

We will now specify the logic values to be used tiee input signals during simulation. The logic
values at the outpdtwill be generated automatically by the simulatdio make it easy to draw the desired
waveforms, Quartus Il displays (by default) thetieat guidelines and provides a drawing feature smaps
on these lines (which can otherwise be invoked tiyosingView | Snap to Grid). Observe also a solid
vertical line, which can be moved by pointing te tbp and dragging it horizontally. We will usasth
“reference line” in Tutorial 2. The waveforms da@ drawn using the Selection tool, which is actddaby
selecting the icon in the vertical toolbar thatkedike a big arrowhead.

To simulate the behavior of a large circuit, itniecessary to apply a sufficient number of input
valuations and observe the expected values of ilguts. The number of possible input valuations foay
huge, so it is necessary to choose a relativelyl §ma representative) sample of these input viius. Our
circuit is very small, so it can be simulated futly applying all eight possible valuations of inpul, x2,
andx3. Let us apply a new valuation every 20 ns. Ta sédlrinputs are zero. At the 20-ns point we weht
to go to 1. Click orx3; this highlights the signal and activates theigatttoolbar that allows us to shape the
selected waveform. The toolbar provides optionshsas setting the signal to 0, 1, unknown (X), high
impedance (Z), don't care (DC), and inverting igstng value (INV). Observe that the outgdus displayed
as having an unknown value at this time, whicmiiidated by a hashed pattern. A specific time vratels
selected by pressing the mouse on a waveform asttre of the interval and dragging it to its eriue
selected interval is highlighted. Select the indéfrom 20 to 40 ns fox3 and set the signal to 1. Similarly,
setx3 to 1 from 60 to 80 ns, 100 to 120 ns, and 140 ® i€ Next, sex2 to 1 from 40 to 80 ns, and from
120 to 160 ns. Finally, setl to 1 from 80 to 160 ns. Complete the remaininggmaents to obtain the

image in Figure 19 and save the file.
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Figure 19: The complete test vectors.

A convenient mechanism for changing the input warret is provided by the Waveform Editing

tool. The icon for the tool is in the vertical tbar; it looks like two arrows pointing left andyht. When the



mouse is dragged over some time interval in whiehwaveform is 0 (1), the waveform will be chanted

(0). Experiment with this feature on sigixal.

Using the Clock
Another convenient way to assign the values tovéwtors is by using the clock. As mentioned betbiee
width of each combination is 20ns. Right click signalx3 and selecialue | Clock. Change the time

period to 40ns. Repeat the samex@mwith period of 80ns and fo3 with period of 160ns.

Performing the Simulation

A circuit can be simulated in two ways. The simplegy is to assume that logic elements and
interconnection wires are perfect, thus causinglelay in propagation of signals through the circtftis is
called functional simulation. A more complex alternative is to take all progamadelays into account,
which leads tdgiming simulation. Typically, functional simulation is used to verthe functional correctness
of a circuit as it is being designed. This takescimiess time, because the simulation can be peerm
simply by using the logic expressions that defime tircuit. In this tutorial we will use only tharfctional

simulation.
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Figure 20: Specifying the simulation mode.

To perform the functional simulation, selétsignments | Settings to open the Settings window.
On the left side of this window click o8imulator to display the window in Figure B.23 and choose
Functional as the simulation mode. Also sel&verwrite simulation input file with simulation results by
clicking on the box next to it. This will overwritiae input file with results. To complete the sptaf the

simulator select the commariRrocessing | Generate Functional Simulation Netlist. The Quartus Il



simulator takes the test inputs and generatesutmuts defined in thexample schematic.vwf file. Run the
simulation by selectingProcessing | Start Simulation, or by using the shortcut icon in the toolbar that
looks like a blue triangle with a square wave belovht the end of the simulation, Quartus Il inglies its
successful completion and displays a simulatioromtephown in Figure 21. As seen in the figure, the

Simulator creates a waveform for the outpufThe reader should verify that the generated wawef
corresponds to the truth table fagiven in Figure 6.
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Figure21: Theresult of functional simulation.



