ECE241F - Digital Systems
University of Toronto

Lab #3 - Fall 2008
Logic Optimization, 7-Segment Displays and Incrementadibe

1. Introduction

The purpose of this laboratory is to gain experience in mhaluggc optimization. The exercise involves the
design of a circuit that converts a code represented by ispitthes into characters on a display, like those on
a digital watch. This lab will also illustrate the key enggnieg concept ofncrementaldesign, in which small
portions of a circuit are first created and tested, and thed tesbuild larger circuits.

2. Preparation

The preparation for this lab is to read Parts I, Il and Il irctgen 3 and implement the designs as indicated,
using the Quartus Il software you learned about in Lab #2.r Yoeparation (which must be pasted or taped into
a lab book, and ready at the beginning of the lab) should sbokthe following:

1. For Part | below you are asked to design a circuit that drav@-segment character display. This circuit
requiresseverdifferent logic functions, one for each segment in the digpFor the preparation you are to
present to the teaching assistant the Karnaugh map thatsgalita optimize each of these seven functions.

2. In Part | below you are to use Verilog code to describe teegtnent display circuit. This code is the second
part of the preparation.

3. For each of Parts | through Il you will be asked to desigrumber of circuits. For each of these circuits
you must create a suitable simulation (using Quartus’s Isitor) of your design. Your preparation must
include a printout of the simulation results for each of ghescuits. You must write comments on your
simulation waveforms that explain what is being tested ahgmint in time. You must also indicate the
thought process you used in testing these circuits - i.e.t vasa cases you chose to simulate to prove that
the circuit works, and why.

3. Lab

Parts | to Il below require that you implement a number of Qusll projects. To make this a little easier, a
starter kit has been provided on the course website, found at

http://www.eecg.utoronto.ca/"jayar/ece241 08F/Lab3_ starterkit.zip

The starter kit is a ZIP archive containing a Quartus Il pcbfer each part of the lab. Unzip the archive into a
working directory of your choice.

The in-lab component of your lab grade will be based on theudiryou create for Part 11l below; this is the
only part of the exercise that you need to show to the teadimsistant. Note, however, that Parts Il and Il of
the lab reuse the results from Part |, so you will need to whrkugh all of Parts | through Ill. A bonus mark
(9/8 is the maximum grade) can also be obtained if you coragtert IV. Please inform your TA when you have
completed your work and are ready to be graded.



Part | - Design of a 7-Segment Decoder Circuit

Figure 1 shows a 7-segment character display controlledibgiacircuit. These displays are common on digital
watches and various electrical devices. This circuit ikedad 7-segmentecoderand it has a three-bit inputc; ¢
(which you will connect to switches on the DE2 board), and tpots that turn on or off the 7 different segments
(lights) in the character display. The three inputs preaerdde that are translated by the circuit into 7 outputs to
create a particular character by lighting up some of thedigin the display.

You are to design a circuit that is able to decode and disghlaylast 5 digits of your student numbeAn
example mapping is given in Table 1, which lists the charadteat should be displayed for each valuegf, ;.
However, make sure to replace the sequer3ts with the last 5 digits from your student numbdio keep the
design simple, you only need to decode five numbers, repegbesing the codesci ¢y =000, 001, 010, 011,
and 100. The fifth code should produce a blank character Witf ¢he lights off. Since we don'’t care what is
displayed for the remaining code values (110 and 111) yoleadreat these as don'’t care values (recall that don’t
care values are values which will not occur, and thus canvegdged to simplify your logic expression).

The seven segments in the display are identified by the nusbier6 shown in Figure 1. Each segment is lit
up by driving it to the logic value 0 (which is a little oppasibf what you might expect). You must implement a
separate logic function that controls each segment in thgad. Use a Karnaugh map to determine the minimal
sum-of-products expressions for each of these 7 outputs.

Create a Verilog module for your 7-segment decoder cirdmityour Verilog code, use only simplassign
statements to specify each of the sum-of-products expresgienerated from your Karnaugh maps. In your
Verilog code assign the,c; ¢ inputs to switcheSW;_ on the DE2 board, and assign the outputs of the decoder
to the HEXO display on the DE2 board (as you learned in Lab #2¢ segments in this display are called HEXO0
HEXOq, ..., HEXQ4, corresponding to Figure 1.

Recall from Lab #2 that you need to to include pin assignmientsur Quartus Il projects so that the switches
and lights used in your logic circuit are assigned to the apate pins on the FPGA chip which are physically
connected to the switches and character displays. The pigresents for the HEXO display are listed in the pin
assignment file that we introduced in Lab 2, which is calb&R pin assignments.csi¥n this pin assignments file
the HEXO segments are declared as an array. To use the saras imyour Verilog code, your should declare the
seven-bit output port as

output [0:6] HEXO;

By using this 7-bit array, the names of the seven segmentsun gode will match the names that are used for
these segments in tHEE2 pin assignments.cdile.

0
G — 5| 6 ll
Cl —] 7-S€ngH]t —
decoder
Cg — ™4 2
= 3
HEXO

Figure 1. A 7-segment decoder.



c2C1Co Character

000 1 (replace with last digit of your student number)

001 | 2 (replace with 2nd last digit of your student number)
010 3 (replace with 3rd last digit of your student number)
011 | 4 (replace with 4th last digit of your student number)
100 5 (replace with 5th last digit of your student number)

101 ‘blank’
110 ‘Don’t Care’
111 ‘Don’t Care’

Table 1. Character codes (for the case where your studertteruends in '12345’)

During the lab, compile and download your circuit onto theZDitbard. Test the functionality of the circuit
by toggling theSW,_ switches and observing the 7-segment display HEXO.

Part Il - Selecting the Character to be Displayed

Consider the circuit shown in Figure 2. It uses a three-bitenb-to-1 multiplexer (just like the one you built
in Lab #2) to enable the selection of five characters that eglayed on a 7-segment display. Using the 7-
segment decoder from Part | this circuit can display any effitre digits and ‘blank’. The character codes are set
according to Table 1 by using the switcH&®/,_(, and a specific character is selected for display by settiag t
switchesSW7_5.
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Figure 2. A circuit that can select and display one of five abtars.

To build this circuit you can reuse two smaller designs alyeereated: the three-bit 5-to-1 multiplexer from
Part IV of Lab 2 and the 7-segment decoder from Part | of this ¥our task is to create a newp-leveldesign
that implements the circuit in Figure 2 using the multiplesad decoder as subcircuits. You are to design this
top-level circuit twice, using two different approaches:

1. Create the top-level design using the Quartus Il schenaapture tool. In this case you use Quartus Il to
create a schematic symbol for the multiplexer and decodewits, and then include these symbols in the
top-level schematic, as described in Tutorial SectionBob. page 847 of the text. Note that the multiplexer
and decoder are still implemented by using your Verilog ¢adel it is only the top-level design that is
described by drawing the schematic.



2. Create the top-level design by writing complete Verilogle for the circuit in Figure 2. An outline of this
code, which shows how to include the multiplexer and decedbcircuits in the top-level Verilog module,
is given in Figure 3.

To design the top-level module by using schematic capturfieme the following steps.

1. The project for this part is provided in the starter kit. ebpthe Quartus Il software and then use the
File > Open Project command to open the project nam@drarchyschematic.qpih the part2/hierarchy
schematisubdirectory to begin your work.

2. In the part2 folder you will find the Verilog filesux3bit5tol.vandchar_7seg.v Edit these files and put
in the code you previously wrote to implement the three-kiv-3 multiplexer and the 7-segment decoder,
respectively.

3. The next step is to use Quartus Il to creawymbol filefor each of the above Verilog files. The symbol
file allows the corresponding Verilog module to be used asbaistuit in your top-level schematic. The
procedure for generating a symbol file and including it intaesnatic is shown in section B.5 of the course
textbook.

4. In Quartus Il use the commariile > New to create a new Block Diagram file and draw the circuit in
Figure 2. Insert the symbols for the subcircuits created/@bimsert input and output ports, and draw the
wiring connections shown in Figure 2.

In your schematic diagram you will need to create vectorgtotattach to the switches and 7-segment
displays. You do this in Quartus Il by specifying the name sigmal as a vector of the form NAME[X..Y].
For example, in the schematic capture t8W,_, is designated using the input pin name SW[2..0] and
HEXO0,_¢ is denoted using an output port named HEXO[O..6].

5. Include the required pin assignments (you can useDib2 pin assignments.csv f)ldor the DE2 board
switches and 7-segment display. Compile the project.

6. Simulate the compiled circuit using a timing simulatiarthie Quartus Il Simulator.

To complete this lab using Verilog code perform the follogvsteps.

1. The project for this part is provided in the starter kitQuoartus 1l open the project nambirarchyverilog
in the part2/hierarchyverilog subdirectory to begin your work.

2. In the part2 folder you will find the verilog filemux3bit5tol.vandchar_7seg.v Edit these files and put
in the code you previously wrote to implement the three-dib-A multiplexer and the 7-segment decoder,
respectively.

3. Use theFile > New command to create a new Verilog file nantedrarchyverilog.v. Type your top-level
Verilog code, following the style of code shown in Figurerpithis file.

4. Include the required pin assignments for the DE2 boardches and 7-segment display. Compile the
project.

5. Simulate the compiled circuit using a timing simulatiarthie Quartus Il Simulator.

Both simulations (of the schematic-based and Verilog-thasejects) can be done using the same input waveforms
and should produce identical outputs.



module hierarchyverilog (SW, HEXO);
input [17:0] SW; // toggle switches
output [0:6] HEXO;  // 7-seg displays

wire [2:0] M;

mux_3bit 5to1 MO (SW[17:15], SW[14:12], SW[11:9], SW[8:6], SW[5:3], SW2: M);
char7seg HO (M, HEXO);
endmodule

/I implements a 3-bit wide 5-to-1 multiplexer
module mux_3bit.5tol (S, U, V, W, X, Y, M);
input [2:0] S, U, V, W, X, Y;
output [2:0] M;

... code not shown
endmodule

/I implements a 7-segment decoder for each character
module char7seg (C, Display);

input [2:0] C; [/l input code

output [0:6] Display; // output 7-seg code

... code not shown

endmodule

Figure 3. Verilog code for the circuit in Figure 2.

Download your circuit (you can choose either the schemaision or the Verilog version for this testing phase)
onto the DE2 board. Test the functionality of the circuit ®fting the proper character codes on the switches
SW;4_o and then togglingW ;_15 to observe the display of characters.

Part Ill - Displaying and Rotating a Sequence

In this part you will reuse your previous designs, and extiiedcode from Part 1l so that it usése 7-segment
displays, rather than just one. You will need to use five imsta (copies) of the subcircuits from Part 1l. The
purpose of your circuit is to display a sequence on the fivelays, and be able to manually rotate this sequence
in a circular fashion across the displays when the swit@Wis_ ;5 are toggled. As an example, if the displayed
sequence is 12345, then your circuit should produce theubptiterns illustrated in Table 2. The sequence must
be the last five digits of your student number.

SW7 SWe SW5 | HEX4 | HEX3 | HEX2 | HEX1 | HEXO
000 1 2 3 4 5
001 2 3 4 5 1
010 3 4 5 1 2
011 4 5 1 2 3
100 5 1 2 3 4

Table 2. Manually rotating the sequence 12345 on five display

Perform the following steps.



1. The project for this part is provided in the starter kit.é@pphe project nameghart3in thepart3 subdirectory
to begin your work.

2. Copy the Verilog filesnux3bit5tol.vandchar_7seg.\from Part Il into the project directory for Part Ill. Use
the Quartus Il commanHEroject > Add/Remove Files in Project to add these files to thgart3 project.

3. Create a new Verilog file callgohrt3.vand write the code to instantiate the required subcircaitsnjod-
ifications to the subcircuits are necessary). Connect tlitels®sSW ;_15, in the same order, to the select
inputs of each of the five instances of the three-bit wide-&-toultiplexers. Also conne@W4_( to each
instance of the multiplexers as required to produce thepwattof characters shown in Table 2. Each mul-
tiplexer will share the same set of inpuSW{4_), but the inputs will connect to each multiplexer in a
different manner. It is up to you to arrange them properiyhsthat you can manually “rotate” your num-
bers. Following this, you must connect the outputs of therfivitipexers to the 7-segment displays HEX4,
HEX3, HEX2, HEX1, and HEXO on the DE2 board.

4. Include the required pin assignments for the DE2 boardche$ and 7-segment displays. Compile the
project.

5. Download the compiled circuit into the FPGA chip. Testfilnectionality of the circuit by setting the proper
digit codes on the switches SW o and then togglingW ;15 to observe the rotation of the digits.

Part IV (optional/bonus of 1)

Extend your design from Part Ill so that is uses all eight asent displays on the DE2 board. Your circuit
should be able to display the last five digits of your studemhber on the eight displays, and manually rotate the
displayed sequence when the switcB&4;_ 15 are toggled. If the displayed sequence is 12345, then yoewiti
should produce the patterns shown in Table 3.

SW; SWg SW5 | HEX7 | HEX6 | HEX5 | HEX4 | HEX3 | HEX2 | HEX1 | HEXO
000 1 2 3 4 5
001 1 2 3 4 5
010 1 2 3 4 5
011 1 2 3 4 5
100 2 3 4 5 1
101 3 4 5 1 2
110 4 5 1 2 3
111 5 1 2 3 4

Table 3. Rotating the sequence 12345 on eight displays.

Perform the following steps:

1. The project for this part is provided in the starter kit.@phe project nameghart4in thepart4 subdirectory
to begin your work.

2. Write the required Verilog code for this part of the exez@sd include these Verilog modules in the Quartus
Il project. Connect the switche®W\;_15 to the select inputs of each instance of the multiplexersoury
circuit. Also connectSW4_( to each instance of the multiplexers as required to produegatterns of
characters shown in Table 3. (Hint: for some inputs of thetiplekers you will want to select the ‘blank’
character.) Connect the outputs of your multiplexers tortisegment displays HEX7, ., HEXO.

3. Include the required pin assignments for the DE2 boardches and 7-segment displays. Compile the
project.



4. Download the compiled circuit into the FPGA chip. Testfilectionality of the circuit by setting the proper
character codes on the switches §W and then togglingW ,_ 15 to observe the rotation of the characters.



