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Calum Rhys De-Vlugt

1. Introduction, aims and objectives

The aim of this report is to show my ability and understanding in designing a digital stopwatch using
a finite state machine and then implementing this design on a Field-programmable gate array (FPGA)
circuit board. The first objective of this report is to show how | designed the different segments of
the digital clock. As well as this | will show how | tested the circuit through the use of Multisim and
the Digilent Nexys 4 test board.
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2. Research

The Differences between Combinational and Sequential Logic

The combinational logic circuit consists of various logic gates such as NOT, NAND and NOR gates
which are used as the building blocks of any digital circuit. A combinational logic circuit can have any
number of variable inputs which all have a direct effect on the output generated, any changes in the
input variables will automatically influence the state of the output terminals. There are several uses
for the combinational logic circuits such as Binary to BCD converters, encoders and decoders etc, as
well as this the states of the outputs can then be used in Boolean algebra and truth tables.

The sequential logic circuits are also made up of various logic gates however, what makes them
differ to combinational logic is that they have feedback loops and memory elements included into
their circuits. These feedback loops and memory elements record the states of the previous outputs
which then control the state of the next output. There are two types of sequential circuits, firstly
there is a synchronous sequential logic circuit which generates an output through the input and a
clock signal where the clock signal is given off in the definite time intervals. The most popular
example of this is a finite state machine. Secondly there is asynchronous sequential logic circuits
which generate an output response at any time after a change has been made in the input terminals.

Both the sequential and combinational logic circuits are the building blocks in any digital circuit
however the main difference between the circuits is that the combinational circuit is simpler for
several reasons. The output in a combinational circuit is generated only by the state of the input
whereas in sequential circuits the output is generated by both the input and the previous output.
Due to this the sequential logic must include a feedback loop to keep track of the previous output as
well as a clock signal to provide synchronization between output signals however combinational
circuits do not require these. (Electronics Coach , 2015)

The use of a Finite State Machine as a design tool

The basis of a finite state machine (FSM) is any machine, whether it is electronic, hydraulic or
mechanical that can accept a finite number of various inputs and turn these inputs into a finite
number of separate outputs. To be classed as a FSM the machine must have an internal memory
device so that when a sequence of inputs are entered into the machine it will remember the
sequence so that the outputs can be obtained depending on the combination of the input values as
well as the order that the inputs were entered. The reason that electronic FSMs can be used as
design tools is that the software that they are made up of consist of complex logic structures that
can be used to solve problems and create circuits in electronic design so that when certain inputs
are entered an output is produced. (Carmely, 2009)
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3. Design method

The digital stopwatch is a comprehensive digital circuit which comprises of 3 smaller combinational
and sequential sub circuits that when put together will form a functional digital stopwatch. These
three circuits are the 0-5 counter circuit (sequential), the decade counter (sequential), and the
decoder (combinational). All three circuits have been designed and tested thoroughly through the
Multisim software as well as practically tested using the Digital Nexys 4 test board.

0-5 Counter

The 0-5 counter is a sequential circuit which is required to count in sequence from 0 to 5 repeating
the sequence every time it has finished. To be able to design a functional circuit a state diagram and
state table are required, from these relevant Karnaugh maps and Boolean expressions can be
acquired which are the building blocks to create a 0-5 counter on Multisim.

State Diagram

As this is a 0-5 counter the sequence will go through six separate states starting from 0 and moving
in sequence through each state before returning to 0.

2} >l
* . 3

[ g

»

Figure 1- State Diagram 0-5 counter
State Table

Each state and next state in the sequence has a separate binary code which the state table below
shows:

Current State Next State
Current Next QA QB Qc QA+ QB+ Qc+
S0 S1 0 0 0 0 0 1
S1 S2 0 0 1 0 1 0
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S2 S3 0 1 0 0 dl il
S3 S4 0 1 1 1 0 0
sS4 S5 1 0 0 1 0 1
S5 S0 1 0 1 0 0 0

From the state table the relevant Karnaugh maps can be created.

Karnaugh Maps for 0-5 Counter

QA+

BC |00 (01 |11 |10
A
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As the Karnaugh maps have been completed then the Boolean expression needed to create the
circuit can be found.

Boolean Expressions

The Boolean expressions have been acquired from the Karnaugh maps as shown below:
Q. =AC+BC

Qz=BC+ABC

Q= 4

Creating the 0-5 Counter

To represent the 6 states of the sequence the circuit will require 3 D — Type flip flops. The D — type
flip flops must be used as to allow the state of the output (Q) to be the value for the input (D) once
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the clock pulse has transferred the input to the output in the sequence. By using the Boolean
expressions, the sub circuits for each expression could be designed as shown below:

QA

QA
& b NotQA
AND2 D_FF
0
Figure 2- Circuit for QA, 0-5 Counter
QB
QB
NotQC ¢
=

0
AND2 SEI: i
— 1D 0 |— <

NotQA —
ac NotaB "%y | OR2 ey o L9NotoB
& Y } RESET
AND3 | DFF
0
Figure 3- Circuit for Q8, 0.5 Counter
Qc
0
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Figure 4- Circuit for QC, 0-5 Counter
Combining Sub - Circuits and Multisim Testing

As all sub-circuits have been designed they can now be combined to complete the 0-5 counter. To be
able to test the 0-5 counter on Multisim the outputs will be in the form of LEDs and the circuit will be
driven by 10Hz clock so that the LEDs will light up in sequence. All screenshots of the full sequence
are as shown below.
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Converting 0-5 Counter into PLD mode

So that it is possible to test the 0-5 counter on the Digital Nexys 4 test board the 0-5 counter must be

converted into PLD mode as shown below:
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Figure 5- 0-5 Counter Converted into PLD mode

Adding a Logic Analyser

Lt

Ledd2

To be able to test the 0-5 counter a logic analyser must be added to the PLD circuit. To do this the

fourth flip flop must be removed PLD circuit and the remaining three must be connected to the logic
analyser. Bothe the circuit and the results are shown below:
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Figure 6- 0-5 Counter with Logic Analyser Connected
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Figure 7- Graph Results for Logic Analyser

When looking at the graph above it is clear to see that there is a clear pattern from the tree LEDs as
they are working in sequence in time with the 1kHz clock signal.

Decade Counter

Just as with the 0-5 counter the decade counter must be able to count in sequence and keep
repeating the sequence once it has finished. However, the decade counter is required to count from
0-9 then repeat. To design the decade counter circuit first a state diagram and state table are
required. Once these have been completed then the Karnaugh maps and Boolean expressions can be
calculated so that the circuit can be designed.

State Diagram for Decade Counter
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Figure 8- State Diagram for Decade Counter
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State Table
Current State Next State
Current | State QA QB Qc QD QA+ QB+ QC+ QD+
SO S1 0 0 0 0 0 0 0 1
S1 S2 0 0 0 1 0 0 1 0
52 S3 0 0 1 0 0 0 1 1
S3 sS4 0 0 1 1 0 1 0 0
S4 S5 0 1 0 0 0 1 0 1
S5 S6 0 1 0 1 0 1 1 0
S6 S7 0 1 1 0 0 1 1 1
S7 S8 0 1 1 1 1 0 0 0
S8 S9 1 0 0 0 1 0 0 1
S9 S10 1 0 0 1 0 0 0
S10 s11 1 0 1 0 X X X X
S11 S12 1 0 1 1 X X X X
S12 S13 1 1 0 0 X X X X
S13 S14 1 1 0 1 X X X X
S14 515 1 1 1 0 X X X X
S15 S0 1 1 1 1 X X X X

From this state table the Karnaugh maps can now be created.

Karnaugh Maps for the Decade Counter

QA+

BC (00 |01 |11 |10
A

00 0 0 0 0
01 0 0 1 0
11 X X X X
10 1 0 X X
QB+

BC |00 (01 |11 |10
A

00 0 0 1 0
01 1 1 0 1
11 X X X X
10 0 0 X X

13
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Qc+

BC (00 (01 |11 |10
A

00 0 1 0 1

01 0 1 0 1

11 X X X X

10 0 0 X X

Qb+

00 1 0 0 1

01 1 0 0 1

11 X X X X

10 0 0 X X

As the Karnaugh maps have now been created the Boolean expressions can be calculated.

Boolean Expressions for the Decade Counter
Qu=AD+BCD

Qs =BC+BD+BCD
Qc=CD+ACD

QD:I_)

Creating the Decade Counter

To represent the 10 sequence states that the circuit goes through the circuit must include 4 D-Type
flip flops for the outputs QA, QB, QC, QD. By using the Boolean expressions, the sub circuits for each
expression can be designed as shown below:

AND3 . i U7 T D_FF
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QB

AND3 : o 3

Figure 10- Circuitry for Boolean Expression QB
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Figure 11- Circuitry for Boolean Expression QC
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Figure 12- Circuitry for Boolean Expression QD
Combining Sub - Circuits and Multisim Testing

As all sub-circuits have been designed they can now be combined to complete the decade counter.
To be able to test the decade counter on Multisim the outputs will be in the form of LEDs and the
circuit will be driven by 10Hz clock so that the LEDs will light up in sequence. All screenshots of the
full sequence are as shown below.
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Binarycode= 0
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Adding a Logic Analyser

To test the decade counter circuit better on Multisim a logic analyser can be added to the circuit to
see how accurate the sequence is running through a graph. Both the circuit with a logic analyser and
the graph results are as shown below:

oo 125

Figure 13- Decade counter with an added Logic Analyser
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Figure 14-Graph results of Logic Analyser

The bottom line of this graph represents the 10kHz signal clock that makes the circuit run in
sequence. by looking at the graph it is clear to see that the 4 top lines run in sequence with the LED
outputs. This is shown as the bottom line out of the top four represents the bottom LED and it
comes on 5 times which is the same amount of times as in the circuit. This is the same for the other
three lines and their corresponding LEDs.

Converting Decade Counter into PLD mode

To be able to test the decade counter on the Digital Nexys 4 test board the decade counter must be
converted into PLD mode.
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Figure 15- Decade Counter in PLD mode
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Decoder

To complete the digital stopwatch circuit a decoder circuit must be created, the decoder circuit is
the only combinational circuit in the stopwatch circuit and is used to display each number for the
seven-segment display.

Truth Table

Binary Code Segments of Display

B C e The Number Displayed

0

= == === (=2 =2 [=2p -]
O|O|R|FR|IF|[R|IO|O|O|O
olo|lr|wr|lolor|r|lo|o
=G = = A =l R = =
NG E =1
e e == A e e e K- 2
Rl m (= =mlo|=]=]n
RlR|OolRr|Rr|O|IRr|R|O]|—|a
o|lr|lo|lr|lo|o|Oo|r|O]|-
IR E == )
e I = G L e e =R =2 ]
Wi |W N

Karnaugh Maps for the Decoder

As the truth table has been completed the Karnaugh maps can be created.

Segment A
CD| 00| 01| 11 | 10
AB
00 1 0 1 1
01 0 1 1 1
11 X X X X
10 1 1 X X
Segment B
CD| 00| 01| 11| 10
AB
00 1 1 1 1
01 1 0 1 0
11 X X X X
10 1 1 X X

23
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Segment C

10

il
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00

AB

00
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11
10

Segment D
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il |

01

00

00
01

11
10

Segment E

10

11

01

00

00

01

11
10

Segment F
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il

01

00

00
01

11
10
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Segment G
CD| 00O |01 |11 10
AB
00 0 0 1 1
01 1 1 0 1
11 X X X X
10 1 1 X X

Boolean Expressions for the Decoder

SegmentA=A+C+BD+BD

SegmentB=B+CD+CD

SegmentC =B+ C+D

Segment D =A+BD+CD+BC+BCD

SegmentE=BD+CD

SegmentF=A+B+CD

SegmentG =A+BC+BC+CD

Creating and Testing the Decoder

As all Boolean expressions have been acquired the circuit for each segment can now be created.
Each segment circuit is connected to the seven-segment display which will display all numbers
between 0 and 9 depending on the sequence that is selected. To select the binary input sequence
the keys A, B, Cand D will be used. This is shown in the screenshots below.

Figure 16- The Decoder circuit with an input of 1001 showing an output of 9

25
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Figure 17 - Decoder circuit with an input of 0001 and an output of 1

Converting Decoder into PLD mode

So that the circuit is compatible with the Digital Nexys 4 test board it must be converted into PLD
mode as shown below.
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Figure 18- Decoder in PLD mode for testing
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The Final Design for the Digital Stopwatch

To create the final circuit design both the sequential circuits and the single combinational circuit that
have been designed must be transformed into a sub circuit. By combing these sub-circuits and
adding several compaonents it is possible to test both the decade and 0-5 counters. A 5Hz clock pulse
drive the 0-5 counter whereas a 50Hz clock pulse drive the decade counter. A 16-segment display
has also been added so that it is possible to see the results of the tests. This is shown below.
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Figure 19- Testing each counter

So that it is possible to test the running sequence of the whole circuit the clock pulse drives for
the individual counters have been removed and replaced by four NOT gates and one AND gate
which will make the sequence repeat once it has finished. As well as this, to keep the sequence
running in an actual sequence of 1 second a 64Hz clock pulse has been added. This is shown

below.
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Figure 20- Final circuit running in sequence
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Final Circuit in PLD mode

To test the final circuit on the Digital Nexys test board it must be transferred into PLD mode as

shown below:

e

BdHz_Clock
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C—® [y =

B olx

e abe

Figure 21- Final circuit in PLD mode
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4. Analysis of results

Testing is a very crucial part of any electrical circuitry design and throughout the design of the digital
stopwatch each sub circuit on Multisim has been tested to know that all components used and all
connections were correctly constructed. As all circuits were constructed through the use of state
tables, Karnaugh maps and Boolean expressions, it is important that they are all tested properly to
know that the circuits are accurate and work well. To test the sequence of both the sequential
circuits LEDs were connected to the outputs of each D-type Flip Flop. By doing this it is possible to
see if the sequence is in the right order as well as if it repeats. A further test that was used on the
sequential circuits was to add a logic analyser to the outputs of the flip flops. The logic analyser gives
a graph that shows the pulses of the outputs compared to the clock pulse so that it is possible to see
if the sequences of the outputs are correct and in time with the clock pulse. By using these testing
techniques it is clear that both sequential circuits work correctly.

When looking at testing the combinational circuit it is clear that the techniques for testing the
sequential circuits could not be used as the outputs of the combinational circuits depend entirely on
what inputs have been activated as well as there being no sequence. To test the combinational
circuit a seven-segment display was connected to the outputs. This showed that the number
displayed on the screen was correct compared to the inputs activated. This was also the same
method of testing when it came to the final circuit design. All testing methods used to test each
circuit showed me that all the circuits worked completely correctly.

29
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5. Conclusions

When looking at the design process for the digital stopwatch as a whole it is clear to see that it was a
complete success as each part of the process flowed well into the next. Just by having a simple state
table for each circuit the Karnaugh maps could be created and from obtaining the Karnaugh maps
the essential Boolean expressions were acquired. From any set of Boolean expressions a circuit can
be designed. As each circuit designed was needed for the final circuit design it is important that each
circuit was thoroughly tested to find any mistakes made in the designs so that they can be altered
before adding the circuits to the final design where it would have been harder to find the mistake.
Each simulated test method that was used proved to be a success as the LEDs showed that the
sequences of the sequential circuits were perfect and the seven-segment display showed that the
combinational circuit worked.

Once all smaller circuits were found to be working perfectly they were converted into sub circuits
that could be used in the final design. The anly components that needed to be added to the final
design to get the final circuit working to the required specification were the four NOT gates and
single AND and the 64Hz clock pulse to control the sequence of the 0-5 counter and the decade
counter. After these components were added the final circuit design could now be tested using a 16
segment- display to check that the circuit counts from 0 to 59 in sequence then repeats once the
sequence has finished. As shown by Figure 20 the whole design process worked perfectly due to the
fact that | have ended up with a fully functional digital stopwatch.
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