Digital Logic DesignBECEN 3233
Oklahoma State University
James E. Stine, Jr.

Lab 1: Full Adder

Introduction

In this lab you will design a simple digital circuit calle¢udl adder. This lab is divided

into four parts: design, schematic, simulation, and implementation. The first part can be
done on paper, but the second and third parts of theillkequire the use of the Xilinx
tools, WebPACK (Project Navigator) and ModelSim. In the fourth part of the lab you
will build a 1-bit full adder using discrete chips. For the first lab, please complete the lab
individually, however, you can work todeelr in groups of two of your choosing.
Subsequent labs will be done in groups of two assigned as stated in the syllabus.

After completing the lab, you are required to turn in something from each part. Refer to
the OWhat to Turn InO section at the endighandout before beginning the lab.

This lab will provide you with an introduction t¥ilinx ISE (Integrated Software
Environmen} 9.2i. These tools includeroject Navigatoand ModelSim, whichve will
be using throughout the course. If you have nigady done so, install the Xilinx
software tools (WebPACK and ModelSim) available from the textbook website.

Background: Adders

An adder, not surprisingly, is a circuit whose output is the binary sum of its inputs. Since
adders are needed to performfarittic, they are an essential part of any computer. The
full adder will be an integral part of the microprocessor that you design in later labs.

A full adder has three inputé,(B, Ci,) and two outputsS, Coyu), as shown in Figure 1.
InputsA andB ead represent-bit binary numbers that are being added, &nepresents
a bit of the resulting sum.

Figure 1. Full adder
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The Ci, (carry in) andC,,: (carry out) signals are used when adding numbers that are
more than one bilong. To understand how these signals are used, consider how you
would add the binary numbers 101 and 001 by hand:

1
101
+ 001
110

As with decimal addition, you first add the two least significant bits. Since 1+1=10 (in
binary), you place a zera the least significant bit of the sum and carry the 1. Then you
add the next two bits with the carry, and place a 1 in the second bit of the sum. Finally,
you add the most significant bits (with no carry) and get a 1 in the most significant bit of
the aim.

When a sum is performed using full adders, each adder handles a single column of the
sum. Figure 2 shows how to build a circuit that adds twgg® binary numbers using

three full adders. Th&,,for each bit is connected to tlg of the next mst significant

bit. Each bit of the ®it numbers being added is connected to the appropriate adderOs
inputs and the three sum outpuiisd) make up the full dit sum result.

Figure 2. 3-bit adder

Note that the rightmosZi, input is unnecessary, since there can never be a carry into the
first column of the sum. This would allow us to use a half adder for the first bit of the
sum. A half adder is similar to a full adder, except that it ladkg and is thus sipler

to implement. To save yodesign time, however, you will only build a full adder in this
lab.

A B
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Figure 3. Half adder
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1. Design

A partially completed truth table for a full adder is given in Table 1. The table indicates
the values ofthe outputs for every possible input, and thus completely specifies the
operation of a full adder. As is common, the inputs are shown in binary numeric order.
The values fofs (sum) are given, but th&,: (carry out) column is left blankComplete

the table by filling in the correct values for Cy; SO that adders connected as in
Figure 2 will perform valid addition.

R R R R O O O O

Rl k| o o »r| r| O O
Rl ol k| o r| o »r| O

Table 1L Partially completed truth table for full adder

From the truth table, we now want to implement our design using logic gates. We will
use only 2input gates in the implementation portion of this lab, so your design can only
use 2input gates.

The sum outputS) canbe produced from the inputs by connecting twmgut XOR
gates as shown in Figure 4. You should convince yourself that this circuit produces the
outputs forSas given in the table.

O
Figure 4. Schematic for sumlogic
Using only twoinput logic gates (AND, OR, XOR) and inverters (NOT), design a

circuit that takes A, B, and Cj, as its inputs and produces th&,; output. Try to use
the fewest number of gates possible. Sketch your schematic.
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Figure 5. Schematic of the carry ot (Cour) logic (for you to complete)
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2. Schematic

Now that you know how to produce both the si8nand carry out@,,) outputs using
simple logic gates, you will now construct a working full adder circuit using real
hardware. One way to test your citcbefore building it in hardware is to enter the
schematic representation of your logic into a software package. You can then simulate the
circuit and test that it works the way you expect it to. Some software packages are then
capable of programming thelematic into an integrated circuit. This semester we will

be using the Xilinx ISE 9.2i software for these purposes. The Xilinx software is a
powerful and popular commercial suite of applications used by hardware designers.

First, you will learn how totart a new project in Xilinx. Enter the Xilinx software by
clicking on the icon for OXilinx ISE 9.2i0O found on the desktop, as shown in Figure 6.

1sE]

Xilinx ISE 9.21

Figure 6. Xilinx ISE 9.2i icon

Or, if the icon isnOt on your desktop, you can s&leat! All Programs! Xilinx ISE
9.2i! Project Navigator. This will openProject Navigator, shown in Figure 7, which
will always serve as your entry point into the Xilinx applications.

ES Xilinx - ISE

File Edit View Project Source Process Window Help
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Figure 7 Xilinx Project Navigator
5
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In the Project Navigator window, chodS#e! New Project from the puldown menu.

In theNew Projectdialog window, type the desired location in the OProject LocationO
field, or browse to the directory under which you want to create your new project using
the browse button next to the Project Location field. Yau areate your project in a

folder called Lab0O1Make sure you donOt have any spaces in the path to any of your
Xilinx directories or Xilinx will complain. (Or worse, Xilinx might not complain and
instead die a slow, silent death.) For example, the De$l@sgpaces in the path (e.g.,
C:\Documents and SettinggdministratokDesktop).

The next step is to enter Olab01_xxO (where xx are your initials) as the name of your
project in the Project Name Field. In the pddiwn menu of the Tepevel Source Type,

choose OSchematicO and click on Next. Now use théquwuli menus to select the value

for the Device and Design Flow of the Project as shown in Figure 8. Select the Product
Category to be All and the Device Family to be Spartan3E. Then select OXC3S500EQ as
the Device, OFG3200 as the Package, and change the Speed Gré@e tdh®se
properties indicate that you will be using a Spartan 3E series FPGA with 500,000
equivalent logic gates in a 32@ll fine-pitch ball grid array package with a speed grade

of -4. (WeOll talk more about FPGASs later in the course.)

The TopLevel Module Type should say OSchematicO. Choose the Synthesis Tool as
OXST (VHDL/Verilog)O, the Simulator as OModelskEn VerilogO. Your window
should look like the window shown in FigureWhen you have finished all this, click on
Next.

ES New Project Wizard - Device Properties

Select the Device and Design Flow forthe Project

Property Name Value |
Product Category Al v
Family Spartan3E v
Device XC3S500E v
Package FG320 v
Speed -4 v

Top-Level Source Type Schematic
Synthesis Tool XST (VHDL/Verilog) v

Simulator Modelsim-XE Verilog v
Prefemed Language Verilog v

Enable Enhanced Design Summary

Enable Message Filtering O
Display Incremental Messages |
[ < Back l [ Next > ] [ Cancel
Figure 8. New Project Window
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The next window allows you to create a new source for your project. The first source
you want to create for your project is a Schematic. Click on the New Source button, and
highlight OSchematicO in the Jefind side of the new window. Enter the File Name of
your new schematic (for example, lab01_xx, where xx are your initials) and click Next.
Click on Finish in the next window. It will prompt you that the directory do¢sxist

and ask if you would like to create it. Click OYesO.

The window should now look similar to Figure 9. Now click on Next, Next, and Finish
to complete the setup of your new project.

E New Project Wizard - Create New Source 101 x|

Create a New Source

New Source...

Source File Type |

1 Ilab[]l_xx.sch |Schematic | Remove I

Creating a new source to add to the project is optional. Only one new source can be created with the New Project Wizard.
Additional sources can be created and added to the project by using the "Project->New Source" command.

Existing sources can be added on the next page.

More Info | < Back | Next > I LCancel |

Figure 9. New Source Window

The window shown in Figure 10 wshow up in Xilinx Project Navigator. You will see
four main panes:

¥ Sources:Lists the current projectOs sources (e.g., schematics, gates, etc.).

¥ Processeslists the processes to perform on the source selected in the Sources
pane. For example, we will @isthis pane later to simulate your completed
schematic.

¥ Transcript: Lists the output of current processes, errors, and warning.
¥ Working Pane Shows open sources and the Design Summary
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E= Xilinx - ISE - C:\JUNK\Lab01\lab01_sh.ise - [Design Summary]
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Figure 10. Xilinx Project Navigator window

We will describe some of éhoptions for using these resources, but we also recommend
exploring these resources on your own to become familiar with Project NavigatorOs
capabilities.

On the left is the Sources pane. This pane currently shows the symbols that can be used
in the scheratic under the Symbols tab, for example, a-tmmut or gate (or2). At the

bottom of the Sources pane, youOll see a number of tabs: Sources, Snapshots, Libraries,
and Symbols. We will mainly use the Sources and Symbols tabs, but we recommend that
you expore the other tabs as well.

¥ Sources: displays all of the sources (in this case, schematics) of the current
project. For example, if you click on this tab, you will see lab01_xx.sch as the
only source of the current project.

¥ Symbols: displays the availabldigital building blocks, such asiZput OR gates
(or2), 2input AND gates (and2), etc. We will describe how to use these gates
next.

To the right of the Sources pane, youOll see the Working Pane. Click on the lab01_xx.sch
tab to view the schematic tiyou just created.

A schematic editor pane with a blank sheet will show up as in Figure 11. The schematic
editor has an interface similar to many drawing programs. You can drag and drop logic
gates and draw wires between them. This is where you will dra connect the logic
gates to build your full adder circuit.
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E= Xilinx - ISE - C:\JUNK\Lab01\lab01_sh.ise - [lab01_sh.sch]
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Figure 11. Xilinx Schematic Editor

First you need to enter the logic gates that will generat8 {eem) output. Th& logic
consists of a pair of twmput XOR gates, as given in Figure # the Symbols tab is not
open in the lefhand side of the window, click on the symbols tab. You can also open
this tab by selectingdd! Symbol from the top menu or clicking on the Oadd symbolsO

button& in the tool bar.

YouOll notice that the libraof symbols is quite large. The available symbols range from
the simple logic gates (that we will be using for now) to more complex circuit
components. Scroll down ti8ymbols section and select the Oxor2dhp2it XOR gate)
symbol. Alternatively, you aatype Oxor20 in the Symbol Name Filter. You can select
the orientation of the symbol using the padiwn Orientation menu.
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Categories

<-- All Sumbols --> =
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word
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Figure 12. Circuit Symbols Pane

Highlight the xor2 name in the OSymbolsO list, release your mouse, and move your cursor
over to the blank schematic sheet on the right. Place the part by clicking on the left mouse
button. Your mouse cursor appears different when you move to the sheet if one item
(e.g., xor2) in the symbol list is highlighted. You can also press Ctrl+Reokeyboard

to rotate the directions of the symbol. Place another xor2 gate in the proper location. If
you are unsatisfied with the placement of objects in the schematic, at any time you can

drag objects to new locations by choosing the OS([F,,:t(mI on te top menu bar. You
can also press the OEscO key to choose the select tool. At any time you can zoom into the
schematic by selectingiew! Zoom! In or by pressing F8 oby clicking on the OZoom

InObutton " .
You are now ready to wire up this part of thecgit. SelectAdd! Wire from the menu

or click on the OAdd Wire’ibutton. Wires can be drawn much the same you would
draw lines in a standard drawing program. You can click the left mouse button on one
end to begin drawing a wire. Without releasing tlouse button, drag the wire until you

let go of the click at the other end of the wire. A red box indicates that the wire is not
connected and is in error. You may press the F5 button at any time to refresh the screen.

Once you finish all the wired connieans between the symbols, you are ready to define
the ports (inputs and outputs). Chodghl! 1/0O Marker from the menu or click on the

OAdd 1/0 Marker(= button. The OOptionsO tab in the Processes pane allows you to
choose which type of marker to placertamatic, input, output, or bidirectional. The
automatic marker option will automatically choose between an input or output marker
depending on the placement. Select your desired option (automatic is fine). Move the
cursor close to the end of the wire fioput A, and click when a text box is shown. In the

seIecthode, by double clicking the marker, you can change the name oAport

10
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Remember that you can always get into the select mode by pressing the OEscO key.
Xilinx highlights the selected device @rminal in red. Properties of other objects in the
schematic can also be edited this way. Now do the same thing to drd&vaiineCi,

ports. Similarly add th& port.

The software attempts to route wires intelligently for you, which is called autorouting.
You can choose OUse the Manual methodO to manually route wires. When in the OAdd
WireO mode, you can click on the Options tab in the Processes pane to view these
options. Sometimes the Autorouter fails pretty miserably, in which case youOll want to
manudly route the wires.

If you use the Oseled® tool to move components that have wires connected to them,
the wires will stay connected. You can also use the OSelectO tool to drag sections of wire
that need to be routed, or to delete wires. Click dne Options tab in the Processes
pane to explore the Select Options.

Go ahead and move your components now so that your sheet looks similar to the one in
Figure 4.

You are now ready to complete your schematic of the full adder by drawing the logic for
Cout that you designed in Part 1. Draw the necessary logic gates and wires to complete
the circuit. Use the existing input terminals frB, andCi,, and add an output terminal

for Cout. The symbols you should use to draw your logic gates are as follows:

AND and2
OR or2
XOR xor2

NOT inv

Table 2. Logic gate symbol names

Remember, do not add a second set of input pors, BrandCi,. Instead, note that you
can connect multiple wires to the same input ports (or youceanect wires to other
wires to create branches).

This completes your full adder schematic and your introduction to the Schematic Editor.
Each time you finish the schematic, remember to save the file. It is also necessary to
check any errors in the schemabefore you do the simulation. Sel@atols! Check
Schematic in the schematic editor, and make sure you correct all the errors. The errors
are printed in the Transcript pane below the schematic window. You can also click on
the Errors tab in the Transptipane to view any errors.

You can choose the paper size of your schematic by-cighing on any empty area in
your schematic and choosing OObject PropertiesO. You may want to print out your
schematic now since you are required to turn it in. Tood@a toFile! Print. Finally,

11
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chooseFile! Save or click on the OSaveO ic,B to save your schematic before you
exit the schematic editor.

Select the Sources tab in the Sources pane, the upper left pane. NoRrgeat
Navigator window will show up aga with a list of files of the project. If you want to
revisit the schematic files, you can always double click the file in the source directory in
the Sources pane, as shown in Figure 13.

I Sources x

Sources| Synthe: % | Number LUTs
Hierarchy

'Lé:j tmp3
=) £ xc3s400-4tq144
[0 1ab01 _xx (lab01_xx.sch)

< >
B3 Sources | pey Snapshol | [ Libraries

Figure 13. Project Navigator window after chematic input

3. Simulation

One motivation for having entered your full adder circuit into the Xilinx software is that
you can now use the software to simulate the operation of the circuit. Itis a good idea to
verify the correctness of your desigafore actually building the circuit in hardware. In

this part of the lab, you will first create a testbench waveform for your designHiBing
Bencher, and then simulate the design usikigdelSim. The testbench waveform
simply allows you to enter the s of the inputs and test to see if the outputs are what
you expected.

First create a testbench waveform source. FronPtgect Navigator window, select

Project! New Source, and in thenew dialog window, select the OTest Bench
WaveformO as the sourcepey and type the name Olab01_xx_testO (where xx is your
initials). (Note that yowcannot name the file: lab01_xx since Xilinx detects a conflict

with the name of your schematic.) Now select ONextO, ONextO, and OFinishO. In the
Initialize Timing window, ®lect OCombinational (or internal clock)O in the Clock
Information section. Now aHDL Bencher will be launched as shown in Figure 14.

12
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E= Xilinx - ISE - C:\JUNK\Lab01\lab01_sh.ise - [lab01_sh_test.tbw*]
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Figure 14. HDL Bencher window

You can enter the input stimulus in the blue area in each cell. You can enter the binary
value by either clicking in the box and entering the value (1 or 0) into the Set Value pop
up window or by clicking on the black line to toggle its value (from O to 1 or vice versa).

For example click th&i, input so that it is set high at every othereblrea: at time

200ns, 400ns, 600ns, and 800ns). You can double click the Oend timeO box just above the
waveform and set 900 ns to be the end of the test. Do this by selbesitigpnch! Set

End of Test Bench and type the value 900 in the end time box thatently says 1000

ns (the default) (Theoretically, you should also be able to do this by typing the value 900

in the end time box at the top of the window that currently says 1000 ns (the default).
However, this interface seems to be buggy.) Also ahdmg values of inputd andB as

follows: B is set high from 30800 ns and 76900 ns while A is set high from 5@D0

ns.

Now you can save the testbench waveform by seleélile Save waveform or by
clicking the Save icon before exiting tHOL Bencher.

In the sources pane, click on the Sources tab to view the projectf)s sources. YouOll notice a
small window at the top of this pane called OSources forO. In this course, we will mainly
use the following two options:

¥ Synthesis/Implementation: shows the chematic (implementation) files associated
with the project.

13
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¥ Behavioral Simulation: shows the simulation files (test benches) associated with the
project.

Select OBehavioral SimulationO in the OSources forO window and the testbench file,
labl_xx_test.tbwwill show up in the sources window. Select this file by clicking on it
once. You will now see OModelSim SimulatorO as one of the options in the Processes
pane. If the options below ModelSim Simulator are not expanded, you can expand the
option by clickingthe O+0 to the left of OModelSim SimulatorO. In the list, as shown in
Figure 13, double click the OSimulate Behavioral ModelO.

E= Xilinx - ISE - C:\JUNK\Lab01\lab(]

L. File Edit View Project Source Proces
DPPEHS L BB X
00 2| IERY
[Souces x|
Sources for: | Behavioral Simulation v

]12b01_sh
B £ xc3s200-4tq144
@[] lab01_sh_test (ab01_sh_test tbw)

X

>

<
(=3 Sources ‘w Snapshots | [ Libraries

|[Processes  X]|

Processes for: lab01_sh_test N
[ Create New Source
@ View Generated Test Bench As
[  Add Test Bench To Project
29  ModelSim Simulator

ERY]  Simulate Behavioral Mode! [B%

< | >
Bf Processes ’

Figure 15. Choose Simulate Behavioral Model from ModelSim Simulator

As ModelSim is launched, you are able to see the wawebbrthe inputs and outputs in
the time domain, as shown in Figure 16.
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Figure 16. ModelSim window

If there are errors in launching ModelSim, look for error messages in the Transcript pane
and correct them. If the waveform is not visible, click on thieutton in the top right
corner of the OwawdefaultO pane to the right of the main ModelSim wind@lick the

OZoom FullO icon in the task\g to see the whole waveform of the simulation results.

You can also use the ®Zoom InO and ©Zoom Out¢ B¢ R Check and see that the
output values § and C,) are correct. If not, go back and fix your schematic and
resimulate. When the output values are correct, you have a working full adder! Choose
File! Print to print a copy of your waveforms to turn in. Yoan choose the start and

end times in the bottom right of the print dialog box.

4. Hardware Implementation

One motivation for having simulated your full adder circuit in the Xilinx software is that
you can now build your circuit knowing that your igsis correct. If the circuit doesnOt
behave as you expect it, you know itOs an incorrect wire or a bad chip, not a bad design.

In this part of the lab, you will implement your design in hardwaregug4xxseries

chips, commonly sold in 1gin dual inlire packages (DIPs)Each chip contains a
number of logic gates. The inputs and outputs of the gates can be accessed through the
chip pins, the metal legs on each side of the black plastic package. SectiorDigRabf

Design and Computer Architectunasvital information about these chips, including the
pinouts and how they should be used.

First, retrieve the 74xgeries chips from your chip packet, as you need to implement
your I1-bit full adder. Recall that each chip contains multiple gates. The jumies tvat
are needed to connect the chips together should also be in your packet. Build your circuit
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on the protoboard located next to each computer or ask a TA where the protoboard is.
You can also purchase a breadboard if you want to have your own gidrseedboard

that will enable you to wire your circuits at home. Section A.Digital Design and
Computer Architecturexplains how to place your chips on a breadboard and wire them
together.

The protoboards for this lab contain internal power supphdter placing your chips on

the protoboard, connect one vertical column to VDD and one vertical column to GND
using wires. Now use short wires to connect power (VDD) and ground (GND) to your
chips from the protoboard supply voltage.

Use wires to connedhe chips according to yourkit full adder design. Connect your
inputs @, B, andCi,) to the logic switches at the bottom of the breadboard. Connect the
outputs,S, andCoy;, to LEDOs in your packet or the LEDs on the protoboard. Your TA
will help you wire the LEDs properly, because they may need a device called a resistor to
wire them properly.

After you have completed your circuit, toggle the inputs according to Table 1 and test
that the outputs function correctly. If not, debug your circuit unfiinctions correctly.
Sometimes, connections on the breadboard can be loose or finicky. If the circuit is
behaving suspiciously, it is helpful to check voltages with a multimeter or logic probe
and verify that they match your expectations.

When you arefinished, have someone sign off that they have seen your circuit
functioning correctly in hardware. Congratulations on completing lab 1!

What to Turn In

You must provide a hard copy of each of the following items. Be sure to label each
section and orgargzthem in the following order. Messy or disorganized labs will lose
points.

1. Please indicate how many hours you spent on this lab. This will not affect your
grade, but will be helpful for calibrating the workload for next time the course is
taught.

2. Your canpleted truth table, including the values in @g: column. A hanéwritten
copy is fine.

3. A printout of your completed schematic, including the logic gates for®atidCy:.
This can be produced using the! Print feature in the Schematic Editor.

4. A printout of your simulation of the full adder, including all inputs and outputs. This
can be produced using tkée! Print feature of the ModelSim Simulator.

5. A signature of your TA who saw your fedldder working in hardware.
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