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1. Executive Summary

This report will provide my understanding of finite state machines and their use as design tools in an
electronic working environment. As well as this | aim to design, test and evaluate a complete circuit
that will control a pelican crossing using the principles of a finite state machine. This circuit will
comprise of several different circuit segments which will individually be implemented of a Digital
Nexys 4 DDR development board so that each circuit segment can be fully tested.
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2. Research into Advanced Digital Design Techniques

All hardware and software in computers interact using binary digit formats to complete their
required operations. How these logical operations are carried out can be linked back to the use
various digital logic gates such as AND gates which utilize Boolean logic as building blocks to form
different logic circuits to create a desired output. These different circuits can be classified into
combinational and sequential logic circuits. (Agarwal, 2016)

Combinational logic circuits determine their outputs through the logic function of the current state
inputs meaning that they have no capability of storing states inside of them. This means that there
are no memory elements with combinational logic circuits. These types of circuits are used widely in
conjunction with each other for arithmetic operations as they take the last digit output to use for the
next digit input such as calculators.

The difference in sequential logic circuits is that they use both the current state inputs and previous
states inputs to determine the output. They can do this as they contain feedback loops and memory
elements which make a record of previous output states. Sequential logic circuits are used to
maximise the amount of memory that can be stored for example with finite state machines which
have finite possible states. This is made capable using flip flops where one or more outputs are
linked back into the inputs. (Rosa)

Finite state machines are used with sequential logic that except a finite number of inputs and turns
them in sequence to a finite number of outputs. Finite state machines must internal memory
elements included in them so that they can remember a certain sequence of inputs to produce
various outputs which depend on the order and combination of the input values. FSMs are
particularly good for deigns tools as they are made up of complex logic structures that can
remember a sequence of inputs that can be converted into desired outputs which is useful in designs
electronic circuits that are required to complete certain operations. (Williams, 2005)

FPGAs (Field Programmable Gate Arrays) are used as clean slates when it comes to designing
circuits. They can be as prototype circuits for a designer as a person can create a digital circuit, put it
into a bite file and upload it to the FPGA so it will act like the circuit you have designed. An
advantage of these boards is that they are cheap and can be reconfigured as many times as you
want if you wanted to make changes to your design.

ASICs (Application Specific Integrated Systems) are used in the same way as FPGAs however the ASIC
is custom designed circuit to complete a specific application for example digital and analogue
functions as well as process choices. Even though ASICs are expensive to produce and cannot be
refigured when bought in large batches their prices decrease as machines are set up to make them
constantly to same. As well as this if changes were to be made to the ASIC Boards they can be held
at certain stages of manufacture, so modifications can be made at low cost depending on the scale
of the modification.

When comparing the performance of both the ASICs have the overall power efficiency when used in
high-performance situations due to the fact that they are flexible in their when it comes to using
various voltages as they are able to match the performance of intense regions to the timing
constraints which intern lower their power consumption. FPGAs are targeted at design and have had
advances in their technology to lower their power intake and increase the speed they work at. (ASIC
Technical Articles , 2018)
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Due to the fact that the negative effect that electronic waste has on our environment has becoming
more evident over the past few years due to the amount of non-biodegradable electronic waste
found scattered in landfills and in our oceans, governments and companies all around the world are
coming under more pressure to create more sustainable approach to the manufacture and disposal
of various types of electronics. Improvements in modern day electronics is the first step into tackling
this problem. For example, the designs of the products have come under heavy change to create
electronics which can be easily recycled, reused or refurbished to minimise the waste of the product.
Another important factor to take into consideration is the lifespan of a product. The longer a product
lasts the less of them will be thrown away and this comes downs to the internal efficiency of the
electrical product. As previously discussed there has been large advances in the design of FPGA and
ASIC boards to reduce their power consumption and increase the efficiency they run at which will
intern increase their lifespans’ and reduce the amount of electronic waste.
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3. Design Method, Choices and Calculations

To design the traffic light control system three separate circuits’ need to be produced which will
then be combined to create the traffic light control. These circuits comprise of a 0-5 counter, a 0-15
counter and a red, amber, green (REG) controller. Before the circuits will be combined they will each
be tested thoroughly using Multisim software and with the use of a Digital Nexys Board.

0-5 Counter

The 0-5 counter is sequential and is required to count through in sequence from 0-5 only when a
digital input is given which will be in the form of a pushbutton. So that a functional circuit can be
designed a state diagram and table will be required which from Karnaugh maps and Boolean
expressions are acquired which are the fundamental building blocks needed to create the 0-5
counter.

State Diagram

The state diagram below shows the counting sequence of the 0-5 counter which counts through six
states SO to S5. The ‘2’ on the diagram represents the pushbutton or digital input. If the button has
not been pressed it is not made shown by the z=0. If the button has not been pressed it will stay at
as constant state 0 however, if the pushbutton is pressed shown by z=1 a digital signal moves the
sequence to state 1 and count through to state 5 then returning to state 0 waiting for the button to
be pressed again.

z

Z=X ’ s

=4

O

Figure 1- 0-5 Counter State Diagram

=1
1

2=X

State Table

In the state table below the binary code for each state and the next state is shown in sequence. As
well as this the digital input 'z’ and output ‘w’ are shown. The output is produced when state 5 has
been reached.
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Current State Next Next Current Next Z=0 Next Z=1 Output

Z=0 Z=1 QA QB Qc QA+ QB+ Qc+ QA+ QB+ Qc+ W
50 51 51 0 0 0 0 0 0 0 0 1 0
S1 S2 S2 0 0 1 0 1 1] 1] 1 0 1]
52 53 53 0 1 0 0 1 1 o] 1 1 o]
53 54 54 0 1 1 1 0 0 1 0 0 0
54 S5 S5 1 0 0 1 0 1 1 0 1 0
55 S0 S0 1 0 1 ] 0 0 0 0 0 1
S6 X X 1 1 0 X X X X X X X
57 X X 1 1 1 X X X X X X X

Figure 2 - 0-5 Counter State Table

As there are six states in the 0-5 counter three D-type flip flops will be required for the circuit which
a clock pulse will drive so that it will count between the steps equally. With the use of the state table
above the Karnaugh maps can now be created.

Karnaugh Maps

QA+
BC/A 00|10 | 11 | 10
0 0 0 1 0
1 1 0 X X

Figure 3 - QA+ Karnaugh Map

QB+

BC/A | oo | 10 11 ] 10
0 0 1 0 1
1 o | o x

Figure 4 - QB+ Karnaugh Map

Qac+

BC/A | 00 |01 |11 | 10
0 1 0
1 1 0 X X

o
[

Figure 5 - QC+ Karnaugh Map

From the Karnaugh Maps the Boolean expressions can now be obtained
Boolean Expressions

Qa=AC+BC

QB=BC+ABC

QC=AC+ZC+BC

W+AC

Creating 0-5 Counter Circuit

As previously stated the six states will be represented by three D — Type Flip Flops. This flip flop
must be used as it allows the state of the output be the value of the input after the clock pulse has
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moved from the input through to the output in sequence. from the Boolean expressions the sub
circuits can be designed as shown below.

QA
QA
NotQC 7.
@
AND2
aB
ac - ¢
¢
AND2

Figure 6 - 0-5 Counter QA Circuit

QB
aB
NotQC 7
' 0
AND2 !L 5
Hotan - —Jo eb— 7
o M
qc Mot oR2 _lie b NotaB
o 1 BESET
AND3 [ DbFF

0

Figure 7- 0-5 Counter QB Circuit

Qc

Figure 9- O-5 Counter W Circuit
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Combination of Sub- Circuits for Multisim Testing

All the sub circuits of the 0-5 counter will now be combined to form the counter. The outputs on the
circuit will be shown as LEDs and the circuit will be driven by a 10Hz clock which will allow it to run in
sequence meaning the LEDs should light up in sequence as shown in the following screenshots.

So

Binarycode—0 0 0

[ Hotia
Shassiiiiiiiiiiiiiiiic

Xz
o

i

st FEL
Moty

Figure 10- 0-5 Counter at State 0

S1

Binarycode—-00 1

Figure 11 - 0-5 Counter at State 1
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S2

Binarycode—=0 1 0

Figure 12 - 0-5 Counter at State 2

S3

Binarycode-0 1 1

Figure 13- 0-5 Counter at State 3
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Sa

Binarycode—1 0 0

Figure 14- 0-5 Counter at State 4

Ss

Binarycode—1 0 1

Figure 15- 0-5 Counter at State 5

12
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The circuit of the 0-5 counter below includes the digital input ‘2" which starts the sequence and the
output ‘w’ which shows the end of the sequence at state 5.

DIGIALHIGH !

s [ NoioB :

Figure 16- 0-5 Counter with the Digital Input and Qutput
Converting Counter into PLD Mode

To make it possible to teste the 0-5 counter of the Digital Nexys 4 board the circuit must be
converted into PLD mode.

an

Pt
™ &
_____ } 12 Zeatb
ANDZ SEELEEELL B R
an e B * [aran
& g1 U8 1082 e i p?
anpg: FF0_Co

uz QB
3

ledt
Motiaf

&
P TR ML,

Figure 17- 0-5 counter in PLD mode
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Testing 0-5 counter with Logic Analyser

A Further test on the 0-5 counter can be done with the use of a logic analyser with proves that all
outputs in the circuit are reading true to the correct values.

Figure 18 - 0-5 Counter Attached to Logic Analyser

Results from logic analyser show that all outputs are reading true as shown below.

Time (s)
‘E.OODm 2.000m 4.000m 6.000m

Term 2

Term 4

Taem &

w

Twrm &

Taem §

Tem 10

Term 11

Tam 12

Tem 13

Tarmn 14

Taem 15

Tem 16

Clock it | | [ ]

Clock_Qua

Trgq_Gua

Figure 19- 0-5 Counter Logic Analyser Results
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0-15 Counter

The 0-15 counter will be designed in the same way as the 0-5 counter firstly a state diagram and
table will be created from which the Karnaugh maps and Boolean expressions can be obtained. This
counter will be used as a timer which will hold the RAG controller on red for 15seconds before the
RAG Controller continues the sequence.

State Diagram
R=0

n

R=X @ R=1
oy
&©9..

R=
R=
R=X
R=X
A=A R=X
R=X Q R=X
ReX @ oY RX
R=X
R=X
Figure 20- State Diagram for 0-15 Counter
State Table
Current State Next Current Next R=0 Next R=1 Output
R=0 R=1 QA as ac ao QA+ QB+ ac+ ap+ A+ QB+ acs Qan+ T
50 50 51 0 0 0 [} 0 0 [} 0 0 0 0 1 0
51 52 52 0 0 0 1 0 0 1 0 0 0 1 0 0
52 53 53 0 0 1 [ o o 1 1 0 0 1 1 o
53 54 54 0 0 1 1 0 1 ] 0 0 1 0 0 0
54 55 55 0 1 0 [] 0 1 [] 1 0 1 0 1 0
5 56 56 0 1 0 1 o 1 1 0 0 1 1 0 o
56 57 57 0 1 1 [ 0 1 1 1 0 1 1 1 0
57 58 58 0 1 1 1 1 0 0 0 1 0 0 0 0
58 59 59 1 0 0 [ 1 0 [ 1 1 0 0 1 0
59 510 510 1 0 0 1 1 0 1 0 1 0 1 0 0
510 511 511 1 0 1 [ 1 0 1 1 1 0 1 1 0
511 512 512 1 ] 1 1 1 1 [ ] 1 1 ] 0 0
512 513 513 1 1 0 [} 1 1 [} 1 1 1 0 1 0
513 514 514 1 1 0 1 1 1 1 0 1 1 1 0 0
514 515 515 1 1 1 [ 1 1 1 1 1 1 1 1 0
515 S0 X 1 1 1 1 0 0 0 0 0 0 0 0 1

Figure 21 - 0-15 Counter State Table

As there are 16 states in the 0-15 counter four D-type flip flops will be required to create the circuit
which will be driven by a 10Hz clock pulse. From the state table the Karnaugh maps can now be
acquired.

15
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Karnaugh Maps

QA+

AB/CD (00 01 11 10 AB/CD |00 01 11 10

00 0 0 0 0 00 0 0 0 0

01 0 0 1 0 01 0 0 1 0

11 1 1 0 1 11 1 1 0 1

10 1 1 1 1 10 1 1 1 1
7=0 Z=1

QB+

AB/CD |00 01 11 10 AB/CD (00 01 11 10

00 0 0 1 0 00 0 0 1 0

01 1 1 0 1 01 1 1 0 1

11 1 1 0 1 11 1 1 0 1

10 0 0 1 0 10 0 0 1 0
=0 Z=1

Qc+

AB/CD (00 01 11 10 AB/CD |00 01 11 10

00 0 1 0 1 00 0 1 0 1

01 0 1 0 1 01 0 1 0 1

11 0 1 0 1 11 0 1 0 1

10 0 1 0 1 10 0 1 0 1
-0 Z=1

QD+

AB/CD |00 01 11 10 AB/CD (00 01 11 10

00 0 0 0 1 00 1 0 0 1

01 1 0 0 1 01 1 0 0 1

11 1 0 0 1 11 1 0 0 1

10 1 0 0 1 10 1 0 0 1
Z=0 Z=1

From the Karnaugh maps the Boolean Equations can now be acquired

Boolean Equations

Qa=AC+AB+AD+ABCD

Qs=BC+BD+BCD

Qc=CD+CD

Qp=AD+BD+CD+D

16
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Creating the 0-15 Counter Circuits

Due to there being 16 states in the 0-15 counter four flip flop sub circuits must be created. As the
Boolean equations have been found they will be the basis of the inputs for the logic gates into the
flip flops as shown below.

Figure 22 - 0-15 Counter QA Circuit

QB

Figure 23 - 0-15 Counter QB Circuit

Figure 24 - 0-15 Counter QC Circuit

17
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ab

Figure 25 - 0-15 Counter QD Circuit
Combination of Sub- Circuits for Multisim Testing

Just as with the 0-5 counter all sub — circuits will be combined to create the 0-15 counter. Again, the
circuit will be drive by a 10Hz clock to allow it to run in sequence an LEDs will be placed on the
outputs which should light up in sequence.

So

Binary code—0 0 0 0

ak

Figure 26 - 0-15 Counter State 0

18
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S1

Binary code—=0001

Figure 27- 0-15 Counter State 1

S2

Binary code—0010

Figure 28- 0-15 Counter State 2

19
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S3

Binary code—=0011

i

5

o 1 i
e 59 U B
o=

anige

b0
1 .o
e

Figure 29 - 0-15 Counter State 3

Sa

Binary code—0100

Figure 30- 0-15 Counter State 4

20
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Ss

Binary code—=0101

Figure 31 - 0-15 Counter State 5

Se

Binary code—0110

Figure 32- 0-15 Counter State 6

21
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S7

Binarycode—-0111

Ve ¢

Figure 33- 0-15 Counter State 7

Ss

Binary code—1000

Figure 34- 0-15 Counter State 8

22
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So

Binarycode—=1001

Figure 35- 0-15 Counter State 9

S10

Binarycode—1010

-
ke

Figure 36- 0-15 Counter State 10
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S11

Binarycode—1011

Figure 37- 0-15 Counter State 11

S12

Binary code—1100

Figure 38- 0-15 Counter State 12

24
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S13

Binarycode—1101

Figure 39- 0-15 Counter State 13

S14

Binary code—1110

Figure 40- 0-15 Counter State 14

25
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S15

Binarycode—1111

The circuit below shows the 0-15 counter after 15 seconds with the digital output ‘T" made shown by
the lit LED.

Figure 41- 0-15 Counter with Digital Output made

26
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Converting 0-15 Counter into PLD mode

The circuit had to be converted into PLD mode to be able to complete further testing on the Digital
Nexys 4 Board and by adding a logic analyser.

Figure 42 - 0-15 Counter in PLD Mode

Testing 0-15 Counter with Logic Analyser

By adding a logic analyser onto the outputs of the circuits it is possible to see if the outputs are
reading true at the correct values.

o |

Figure 43- 0-15 Counter with added Logic Analyser

27
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The graph produced by the logic analyser (below) shows that all the outputs are reading true.

Time (s)
1300 1.567 1833 2100 2367 2633

Figure 44 - Logic Analyser Results for 0-15 Counter

RAG Controller

Unlike the two previous the RAG controller is combinational which combines the two inputs to
control the sequence of the outputs which are the red, amber and green lights.

> RAG A
G
155 |4

State Diagram

28
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State diagram key:

W=0 — button has not been pressed so count has not begun
W=1-5 second count has started

T=0- 15 second count has started

T=1 - 15 second count has finished

SO = the green light is ON

S1 = the amber light is ON

S2 = the amber light is ON with time delay

S3 = the red light is ON

S4 = the red light is ON as well as the amber light

S5 =the red light is ON as well as the amber with a time delay

On the state diagram above ‘w’ is the digital input of the 0-5 second counter, if ‘w’ is not made the
sequence of the RAG controller will stay at state 0. When the digital input is made the sequence
starts and moves to state 1. When the sequence reaches state 3 the red light comes on and waits for
the digital input ‘T’ to be made which starts the 15 second timer. Once this has finished the
sequence continues onto state 5.

State Table

Noxt Current Next Outputs

Current W=0 W=1 W=0 W=1
T =1 =0 T=1 oA | @ | ac T=0 | 1-1 | 1=0 | 7=1 |R]|AG
S0 S0 S0 51 51 0 u] [i] 000 000 001 001 00 1
51 52 52 52 52 0 0 1 010 010 010 101 01 0
s2 s3 s3 s3 s3 0 1 0 011 011 011 011 (0 1 0
s3 S4 sS4 54 s4 0 1 1 011 100 011 100 |1 0 0
54 55 55 55 ] 1 0 (4] 101 101 101 101 11 0
S5 S0 S0 S0 ] 1 0 1 000 000 000 000 [1 1 0
S6 X X X X 1 1 0 X X X X X X X
57 X X X X 1 1 1 X X X X X X X

Figure 45- RAG State Table

The state table for the RAG gives several pieces of information such as the current and next binary
codes for ‘T and ‘W’ (digital inputs) are made. As well as this it gives the red, amber and green
outputs.

As there are six states to the RAG controller the circuit will have to include 3 D-type flip flops which
are driven by a clock pulse. From the table the Karnaugh maps can now be acquired.

Karnaugh Maps
QA

00 01 11 10

29
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QB
00 01 11 10
0 0 1 1
1 0 0 1
Qc
00 01 11 10
0 1 0 1
1 0 1
R
00 01 11 10
0 0 1
1 1 1)X X
A
00 01 11 10
1 1 0
1 1 1)X X
G
00 01 11 10
1 0 0 0
1 0 0|X X

From these Karnaugh maps the Boolean equations can now be acquired.
Boolean Equations

QA=AT+TBC

Qe=ABC+BC+TB

Qc=AC+BT+BC+CW

Output Equations

Red=A+BC

Amber=A+BC+BC

Green=ABC

Creating the RAG Control Circuit

As the Boolean equations have been acquired the will be used as the inputs for the logic gates going
into the flip flops as shown below this circuit controls how the sequences of the traffic lights work.

30
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QA
NotQC: - ¢ 1 u X1
T u13 Ty 5%
ANDZ | u1o 2
5 T l u?m
. - N
e %P bt oR2 ¢
3 2 .
ANDS
FF_D_CO
NotGa
ae NotQE 3 u3
AND3 x2
a8 Uid O £5
By
NOIQC U4 Uit ‘I,
3 o —I—nma
ANDZ OR3 ¢
NotT o pidsy
L "\:D i FF_0_CO
AND2
QA
Notac f E""
AND2
NotT
X3
TR ur
u12 015 29
AND2 ?
e : i § HorlaC
Notac E ,:"" OR4 i T
s
w AND2 EEEE
& = oid FF_0_CO
biiius
oo 104z
AND2

Figure 46 - RAG Sequence Control Circuit

The second circuit below uses the sequence control circuit to obtain its outputs to switch on the

correct light.

QA *
B
aB 0 TimevStart
258¢
Qc uzg | led2
s
AN OR2
QA
NotGE
Qc 21 x5 A
O 2y
i AND2 v24 | 25 T a2
. =
N
otGC: w2z OR3
AND2
x4
G
NolGQAa ‘
25
Notao NotQB u23 I L es
??—;___/ £

AND3

Figure 47- RAG Output Control Circuit
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Combining the circuits for Multisim Testing

Both sub circuits had now been combined to make the RAG Controller. The controller uses both the
‘W' and ‘T" inputs from the 0-5 and 0-15 counters and is driven by a 10Hz clock. Again, LEDs are
placed on the outputs to mimic the red, amber and green lights.

So

Current—-000 Output-001
AR n ég_“- ]
i -

Figure 48- RAG Controller at State 0
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Figure 49- RAG Controller at State 1
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Figure 50- RAG Controller at State 2
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Figure 51- RAG Controller at State 3
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Figure 52- RAG Controller at state 4
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Figure 53 - RAG Controller at State 5
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Combining all sub — circuits

All sub-circuits have now been combined to make the traffic control system. This circuit can now be
tested on multisim as shown below. LEDs have been added to the output to see if it is working in
sequence. a clock pulse has also been added to each circuit to keep it all running in sequence.

Step 1

Wait (53)

15 Second Timer

Figure 54- Traffic Light Control at step one showing green light

Step 2
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Wait (5s)
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Figure 55- Traffic Light Control at step 2 showing amber light

Step 3
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Wait (5s}

15 Second Timer

Figure 56- Traffic Light Control at step 3 showing red light
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Step 4
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Key = Space ik q;gff
Wait (5s) RAG Controller

Figure 57- Traffic Light Control at step for showing red and amber lights
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Step 5
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Figure 58- Traffic Light Control at step 5 looping back to step 1
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4. Conclusions and Recommendations
When looking at the traffic control system it is evident that it worked to the specification it was
meant too. When looking at all the test results from the 0-5 counter it is clear that it was able to
count through the states in sequence and by looking at the graph from the logic analyser all outputs
showed that they were reading true and in perfect sequence. Referring to the research section this is
because it was designed as a finite state machine the fact that is was a sequential circuit driven with
a clock the memory elements inside the digital circuit remembered the last state output and used
that to move in sequence with perfect timing on the next state input. This was also true of the 0-15
counter.

When looking at the test results of the RAG controller they show that it was able to run the
sequence of the outputs (lights) perfectly. As it uses the combination of the inputs ‘W’ and ‘T" from
the first two sequential circuits depending on combination of what state the inputs were on the
controller was able to transfer these inputs into specifically desired finite outputs.

Even though the traffic control system worked well there are a few improvements that could be
included into the digital design to make it more efficient. One recommendation was to add a beeper
alarm system to RAG controller on the red-light output. this beeper would continuously sound for
the full 15 seconds the red light is on and one stop once the 0-15 counter had finished and the re
and amber light had come on. This would be used to give pedestrians another type of confirmation
that they can cross the crossing.
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ENGAGEMENT WITH LITERATURE

[

y"’ There was some evidence of further reading and
research and your interpretation and understanding
of the additional research was satisfactory and
demonstrated an underlying appreciation of the
subject. Your references still rely on a small
selection of mostly credible sources and you need
to be more consistent with your referencing
conventions e.g. citing diagrams as well as text.

KNOWLEDGE AND UNDERSTANDING

[

y‘ The knowledge and understanding of the subject
demonstrated by this assignment was reasonably
extensive. There were very few gaps in your
knowledge of the basic principles and your
understanding of the higher level concepts was
demonstrated to a limited degree. You have
demonstrated a competent critical understanding of
the main concepts and expanded your knowledge
beyond that contained in the course notes.

COGNITIVE AND INTELLECTUAL

20

[

y"’ Your explanation of the design process was good
and the conclusions showed that you can interpret
quantitative and qualitative data, although this was
often descriptive. You could have evaluated the
results in more detail and specified whether they
concurred with theory suggesting reasons for any

17



discrepancies. You have however demonstrated
good analytical skills and your approach to the task
was logical. Arguments made in the conclusions
were mostly valid and demonstrated a good
understanding of the topic. Further work — in your
conclusion, you should relate the results to the
original specification and to accepted theory.

PRACTICAL APPLICATION

(

y‘ Your application of practical skills for this task was

generally very good. You used the resources
appropriately when designing the circuit and you
used appropriate options for testing and evaluating
the circuit performance. You managed to design an
effective circuit that functioned within the
specification and achieved this by only asking for
assistance when appropriate thus demonstrating
some advanced problem solving skills. Your results
were comprehensive and allowed for a detailed
conclusion to be attempted.

TRANSFERABLE SKILLS FOR LIFE

14

[

Iﬁ

Your written report was reasonably well presented
in terms of content and layout and was mostly
structured in a coherent way, however you should
endeavour to use the available word count more
effectively in future.
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