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1 EXECUTIVE SUMMARY

Research was conducted into different techniques in image processing, such as colour
analysis, pattern matching. Patiern matching using an algorithm to compare patterns detected
to those stored in a database, compared to the x method, comparing the test circuit to the
known good circuit. Various image processing techniques were investigated in this project to
see if they could be used in PCB manufacturing. Multisim was used to design and build the
cellular automata registers, which were then produced into the Vivado. These circuits were
put into practice, and the results were compared to the 90 and 150 rulings, as well as the
hybrid circuits. The hybrid circuits were discovered to achieve maximum length, which
corresponds to the expected theoretical result. The programmes were loaded onto a Nexys
DDR board for testing, along with a PCB containing the 6-bit hybrid CAR circuit. Multiple faults
were added, and the difference XOR gate successfully detected them.
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2 RESEARCH

2.1 PATTERN MATCHING
Pattern matching, a technique that uses an algorithm to equate images to a database, is one

example of automatic machine vision. This can help with manufacturing processes by
identifying product defects from captured images. Automate production lines with minimal
human interaction through the use of high-resolution camera equipment. An example is shown
in Figure 2-1.

p

COMPARE

Good supporting image

Different shape Different orientation

=

Figure 2-1: Pattern matching example

(Keyence, 2017)




This should have a heading

Capture Image

Template Image

RGB image to gray scale
image

Gray scale image to

binary image

Fault detected

Figure 2-2 System architecture

(Chavan, et al., 2016)

Test Image

RGB image to gray scale
mage

Gray scale image to
binary image

Correct image

Figure 2-2 depicts the digital image processing system architecture from the initial capture to

the binary conversions and template matching. Various algorithms are used, and filter testing

methods are used to improve them. During the automated PCB creation process, image

processing is used to detect defects on the board. Finally, the final defect is identified by

comparing the processed image to the prototype using an XOR gate.

A frequency-domain filter may be used to smooth the image or improve the edges by using

Fourier transforms to attenuate the image in either high or low frequencies. According to R.

Fisher (2003), processing images in the spatial domain is more computationally effective, but

using the frequency domain can have advantages in a variety of scenarios for the desired

results. This will result in fewer errors and improved accuracy when it comes to PCB fault

detection.
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The first search is for missing parts, which alerts the user to eﬁﬁﬁ{ﬁcant variations between the
anat
captured product and the prototype. Without a computer, fau;toqﬁke this may be observed, but

the checks become more complicated and will verity orientatiom,polarity, and connections.
orte
d

2.2 ERRORS IN DEVELOPMENT with

Surface mount system components are located using pick-plaoe vacuum robots that locate
and place the correct components when a PCB is produceﬂ.”bue to the design of vacuum
equipment, these components may often be placed incorrectfig(rlrispin and Rankov state that
"Vacuum blow-off can cause problems such as components not being positioned (too low
blow-off) and components being blown out of position (too high blow-off), whereas poor X-Y
mechanical alignment can cause position offset problems." (2006) This means that vacuum
nozzle control can be inconsistent at times, and mechanical play and wear can affect
component positioning. Components can be missing or improperly placed and oriented as a
result of such issues. To detect these issues before the boards are released, this process

must be supplemented with template matching image processing. Good example of error detection in

a real world application. Pattern

matching is explained clearly.
2.3 CoLOUR RECOGNITION sl ep /

Colour strength can be detected, but it cannot be isolated and differentiated from the detected
colour. To allow for colour and intensity distinction, a different value known as Hue Saturation
Value must be used. According to Nayyer and Sharma (2015), there are RGB imagery
requirements that are used by industry. RGB representation has the property of being

insensitive to surface changes and unaffected by changes in ambient light.
Good explanation

Blue "‘-._\__

Red t > Color Monitor

,-/:J
Ureen o

RGB
Figure 2-3 RGB generation within cross-sectional plane
(Nayyer & Sharma, 2015)

To detect each colour, the RGB intensity must be ignored in favour of the hue saturation value.
Image processing tools such as those on LabView can be utilised to carry out this task. Navada
states, "LabVIEW gives opportunity to develop code which could differentiate between
colours. IMAQ Vision for LabVIEW is a library of LabVIEW Vls that can be used to develop
machine vision and scientific imaging applications." (Nevada, 2014). This enables the use of
RGB processing through colour matching to a predetermined array, resulting in a magnitude

spectrum across the colour spectrum. Figure 2-4 shows an example of a LabVIEW colour

7




recognition. This one is set up to detect the colour red,Figure 2-3 shows the camera GUI and

when red is detected turns on the indicator as shown.
Good explanation

Image Color Spectrum

Color Sensitivity
jimagegen| E 1 4 %
& ®
Figure 2-4 Example LabVIEW of colour recognition
| wlhh - Color Seraithty
Red colour det

Figure 2-5 Red colour detection LabView GUI
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2.4 |IMAGE PROCESSING PROBLEMS AND CHALLENGES
"There are many computational challenges in image processing," according to the Isaac

Newton Institute. These include managing picture uncertainties that cannot be removed any
other way, as well as various types of incomplete, noisy, imprecise, fragmentary, not
completely accurate, ambiguous, contradictory, deficient, and overloading information."
(2017). As a result, image processing can be computationally taxing at times in order to
resolve these obstacles. It's impartant to find ways to improve picture quality and make them
easier to understand. Images can be of lower quality due to low contrast, blurriness, or noise,
according to Huang and Aizawa (1993). The processing must involve adequate algorithms,
but these also have drawbacks that distract from the quality in other ways and only address

minor issues.

Intensity histograms can be used to enhance issues like contrast and brightness, as shown in

Figure 2-6.

Count Good image which supports explanation

Intensity
a3

Figure 2-6 count vs intensity histogram.
(Fisher, et al., 2003)

The histogram is created by plotting the pixel count against the intensity of an image. This can
be achieved with both greyscale and individual colour pictures. These are created by scanning
through an image to create a histogram, and they can be processed using techniques like
contrast stretching and equalisation.

Non-linear transfer functions are used to transform the pixel intensity values to become
constant across the spectrum in order to equalise a histogram; this is effective at maximising
image details and minimising extreme contrasts.

Contrast stretching (normalisation) is a technique for broadening the force distribution over a
range. Since this approach uses a linear scaling mechanism, the transition is less drastic than

equalisation. Figure 2-7 demonstrates how contrast stretching and spreading the strength

9 Good
coverage
of
histogram
equalisati




across the entire range of values between 0 and 1 improves the picture. This improves visibility
and distinguishes details and edges.

Low contrast orginal Histogram of low contrast image

0.15
0.10

-
A 0.05

A good example

-

0.00 4
oo o2 0.4 0.6 [+X.] 1.0

Contrast Stretched Histogram of contrast stretched image
-
0.10

0.08 4

0.06

0.04 4

0.02

0.00

oo

Figure 2-7 Contrast stretching

(Boomgaar, 2017)
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3 DESIGN OF ASSIGNMENT REQUIREMENT AND CONSTRAINTS

A Cellular Automatic Register (CAR) generates seemingly random numbers by cycling
through the register. D-type flip flops are combined to determine the sequence, with the next
state predetermined by the current state and previous states of the adjacent flip flops.

A B

UL Il UL '
\/ U/

Figure 3-1 3-Bit CAR
An example of a CAR is shown in the figure above; the Inputs (A and B) can be set as either
cyclic of null boundary. This is achieved by grounding them or connecting them together. The

output pattern table shown in Table 3-1 below represents the states equations for null
boundary conditions.

State Equations

Q3 Q2 Q1 Value
Q3+ = 0 @Q3®Q2 = Q24Q3 g ? 1 ;
Q2+ = Q3@ Q2aEQ1 = Q1eQ2a Q3 1 0 0 4

1 1 0 6
Q1+ = Q2 Qiao = Q1 Q2 0 0 1 1
Table 3-1 53-Bit CAR output C

A
A B-bit hybrid CAR will be developed that consists of the CAR 9 and CAR 150 rules.
f

o

3.1 CARS90 ,

Looking at the tables, this is not a maximum length register; to aghieve this, the connection of

the flip flops will need to be in a different order. For 3-bit sequefices, Wolfram has classified
/

the cell connections using EX-OR gates, as shown in Figure 3-2abelow.
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Figure 3-2 XOR 90 ruling

Figure 3-2 depicts the CAR 90 rule, the resultant rule is Qt + = Qt-1 & Qt+1.

for a 4-bit CAR 90 is shown below in

Table 3-2.

O Or OoOOoOop

B
DDHDHDD&
QI—'QQQHQ%

Table 3-2 CAR 90 output

A CAR 90 circuit was then built on Multisim
is shown in Figure 3-3 below.

Sequence 12584101

Figure 3-3 CAR 90 Multisim

0
000
'

:

90

The output table

(o)1 Value

1 1

0 2

1 5 CAR 90 characteristics are
0 8 identified

0 4

0 10

1 1

and the result captured on a logic analyser. This

L e

WL U U UL U U UL A UL UL

: - rogper
Stop T 19007 e 0040 Clockafte: | . Sat...
Rasat T oes T M_‘ et |EremalD) Quabfer @) quaitem
B | T3
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A good design and test of the CAR 90
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As shown above, the correct sequence has been performed and can be seen between the

two markers in the logic analyser. However, as this is only using the CAR 90 rule, the

maximum length has not been achieved.

3.2 CAR150

Figure 3-4 shows the CAR 150 rule with the equation: Qt += Qt-1 & Qt @ Qt+1

S
01 1

—

0 1

Figure 3-4 Car 150 rule

2%

4
00

The CAR 150 rule operates with the outputs of the adjacent flip flops along with the current

flip flop state combined into an EXOR gate. The table for the rule 150 CAR output is shown

below.
Q4 Q3
0 0
0 0
0 1
1 1
0 1
1 1
0 0

Table 3-3 CAR 150 output

=

Value

4
14

13

QDDD—'QHQ%
== =000

This was built on Multisim, as shown in Figure 3-5.

CAR 150

T,

|

TELE R

A=

=

S

Sequence 134145131

CAR 150 characteristics are
identified

I Lose Anatpser a1 x
Time (s)
v 7550m 3350m 38 150w
[ Em T 7 T 1
=t L T —
. W g Ty NS ey Ny N I I SNy N oy S BN
| (I (R (—
L
g oy
5
et Trgger
Cocksiow [@ 2 e
. DA Qe gualte

Figure 3-5 CAR 150 Multisim
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The sequence as shown between the two markers in Figure 3-5 is 1,3,4,14,5,13,1. The count
is random but not maximum. To achieve this, a combination of the CAR 90 and CAR 150 is
required.

3.3 HysrID 4-8IT CAR 90/150
Alone, the CAR 90 and 150 rules will not achieve the maximum length; a combination of both

rules will be required. An example of a 4-bit hybrid CAR connection layout is below.

< s 0

-

D o p @ '—bp Q:JYD Q1

Figure 3-6 4-Bit hybrid CAR 90/150 layout

The output for this is contained in tab

Q4 Q3 Q2 Q1 Value The hybrid system is identified
0 0 0 1 1 and theory shows the count
0 0 1 1 3 should be random and

0 1 1 0 6 maximum.

1 0 1 1 11

0 0 1 0 2

0 1 0 1 5

1 1 0 1 13

1 0 0 1 9

0 1 1 1 7

1 0 0 0 8

0 1 0 0 4

1 1 1 0 14

1 1 1 1 15

1 1 0 0 12

1 0 1 0 10

0 0 0 1 1

Table 3-4 Car 90/150 Output
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Hybrid CAR 90/150

- on on an e a5 oo
" .
w .
:h N X N L Jﬂm
P o w Design is correct
i M0
o8 TARGH Dﬁlﬂ\! ;Mﬁ
Vo B o e
o Lo Loc

Sequence 1.3:6:11:2,5:13:9:7:8:4:14.15:12:10:1

Figure 3-7 CAR 90/150 Multisim Circuit

Legic Analyzer-3LA1 *
Time (s)
20.400m 26.:400m 32.400m 356.400m 44.400m 50.400m
o _ L1 LI LT ‘g' L1 [
5 e e 1 . Lrrer
1 e e 1 1

The waveform shows the
full and random count

LM e e L L L L L L L L L L L LT

< >
Clock Trigger
Stop T1 (4 23.076 ms 0000 Clacks/Div | 30| * Set....
=.193ms 0440 -
Rmem :: T:. - 15117 Get... |External(C)  Qualfier (Q) Qualifier (T)

Figure 3-8 CAR 90/150 Multisim output

As shown in the figures above, the count is random, but it is maximum.

3.4 6BIr
Using Multisim, a 6-bit hybrid CAR was developed, as shown in the below figures. A 6-bit

hybrid Car was developed using Multisim and sequence viewed using the logic analyser.
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il

use s
Taten Iraren

caeutt

(=3
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THIEN
6 bit hybrid system is designed
.l and configured correctly
Figure 3-9 6-bit hybrid CAR
Logic Analyzer-XLAT x
Time (s)
0.000m 20,000m 40.000m 60.000m & H0.000m 100.000m
wr 1 n n n

oo T gy n
Gtz 1 I
Team 14

Dt

Tem 16

Trigg_Cua
< >
- Clock Trigger
TR e 8 .
Reset 75.995ms 1815 = .
2 [HF 59 me set.. | Extemal(©) Quallfier (Q) Quaifier (7)
Reverse T2TL

Figure 3-10 6-bit Hybrid CAR logic output

A test circuit was developed. Figure 3-11 shows this circuit under test (CUT) with no fault

conditions.

16

The
syste
m
sho
ws
max
imu
m
cou
ntis
achi
eved

Outputs of
both ccts are
identical here.
No fault
condition




Joe Loe

Circult
uz3 Dt
XOR2
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ac ute
ND
:} vz Clrouitz
uc The test cct has no fault
o onz vz implemented and the
an o YR test shows this
@C OR2
ND uz1
QE
Ne AR OR2
1]
NE
O Tanos
Figure 3-11 CUT — no-fault condition
Legic Analyzer-XLA1 x
Time (s)
0.000m 20.000m 40.000m 60.000m Lo 100.000m
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Figure 3-12 CUT no-fault condition waveform
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4 ANALYSIS OF NI MULTISIM RESULTS

The CUT is tested against a good known working circuit. A differential between the circuits is

picked up using the XOR gate as a comparator. The XOR gate is connected to the pin labelled

Diff on the logic analyser.

4,1 FAULT1-QASTUCKATO

(V1Y

NA
ac o U1
o e:DT
o AR
NC
an ¢ |
N =
QA ANG
ac ¥
@ E—
we o AR
QD ¢
Ni __D—
aF

AND4
NA

Figure 4-1 CUT QA SA0

OR2

u14

u1s

OR2

u22

Circuit

u23 Diff

XOR2

Circuit2

OR2
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Lagic Anahyzer-HLAT *

Time ()
0.000m 24.000m 48 .000m 72 000m 96.000m 120.000m
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» X 1 P !
FReset 11:11' -+ i%-:‘:ﬁg gggg Uﬂdﬁt:: z External (C) Quaaifier () uwsdmm
[ Revese ] m2T1 :
Figure 4-2 CUT QA SAO logic analyser
As shown in Figure 4-2, where the Diff input is at logic 1, this is where faults were detected
by the XOR gate.
4.2 FauLT2-0QASA1
NA v v v v e v
ac w10
ND
NE ug Circuit
or AN _
NC
QD OR2 u1s
NF ,
oA ’Yl‘ﬂ‘ OR2
QcC U4
ND 1
QE
NB AND4 OR2
QD
NE u23 Dift
ar >
XOR2
NA
Qc uU1e
ND
NE Circuit2
o AR u20
NC
QD 26 OR2
aa"t N =
QC? K e —_%if_
ND uz
35 ANR o Fault condition is set and test result
3:3 has detected this
aF ANDA

Figure 4-3 CUT QA 5A1
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Logic Analyzer-ALAT
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Figure 4-4 CUT QA SA1 logic analyser
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4.3 FauLT3—QCSA0
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The test circuit has picked up the fault in all three tests, according to the three fault results.

For all three fault tests, a table containing the 6-bit hybrid CAR result and test circuit result for

the fault closest to the end of the sequence has been created. This demonstrates why a fault

occurred and how the Boolean expressions differ.

Fault

QA SA0
QA SAl
QC SA0

Table 4-1 Fault comparison

6-Bit Hybrid Outcome Test Outcome

A.NB.C.ND.E.NF
NA.B.C.ND.E.F
A.NB.C.ND.E.NF

NA.NB.C.ND.E.NF
A.B.C.ND.E.F
A.NB.NC.ND.E.NF

Good use of table
for analysis
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5 VHDL PROGRAMME ANALYSIS

5.1 4-siTCAR90
Figure 5-1 shows the entity for the CAR 90 VHDL program; the ports are mapped for the clock

and clear function whilst also implementing the Q variables in standard logic.

entity cr90rule is
port (
clr : in STD_LOGIC;
1k : in STD LOGIC;
qd,ql,q2,93 : out std logic
)i

end cr90rule;

Entity is correct

Figure 5-1 Declaring entity for CAR 90 ruling

The architecture for the CAR 90 logic is shown in Figure 5-2. The adjacent flip flop outputs are
mapped on either side through an XOR gate on each of the four flip flops (D), which
corresponds to the 90 ruling. For example, D(2) has qs3 and gs1 input into the XOR as these

are mounted on either side.

architecture Behavioral of cr90rule is
signal D, gs: STD_UJGIC;VECTDR{3 downto 0);
begin

D(3) <= "0" xor gs(2);

D(2) <= 3) xo 1); . .
(2 2(3) xor @s (i) Feedback algorithm is

D(l) <= gs(2) xor gs(0);
D(0) <= gs(l) xor '0'; correct
process(clk, clr)
begin
if clr = '1l" then
gs <= "0001"; Set
elsif clk'event and clk = "1" then
) sequence
gs <= D; )
end if; startis
' end process; correct at
5 0001

a0 <= gs(0)~

ql <= gs(l): )
a2 <= gqs(2): Output array connections are correct
a3 <= gs(3):

Figure 5-2 VHDL code for CAR90
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For setting the clock and starting the flip flop circuit, the "SET CLK" code shown above is used.
Before the sequence can begin, a bit of 1 must be set, and g0 must be set to 1, as shown in
the code. A testbench code was developed to test the code.

Good test using the

viTtoatbus rettrod
cro0rule_tb_behav.wcig

Q W @ @ X« MM = x4

0.000 ns 40.000 ns

\ |
| |

\ | |
| |

FALSE 1 FALSE
T T T T
10000 ps 1 10000 ps

Figure 5-3 CAR 90 Testbench waveform

Figure 5-3 shows the simulation for the 4-bit CAR 90 using Vivado software. The count is seen
as 1,2, 5, 8, 4, 10. This matches the sequence of the Multisim 4-bit CAR 90

5.2 4-BirCAR150
The 150 ruling for the 4-bit CAR was simulated using Vivado software. The VHDL code for the

CAR architecture is shown in Figure 5-4 below. The 150 ruling is denoted by the four flip flops,
which include the state of the adjacent flip-flops as well as the current state of its own into the
XOR gate.

24




Entity is

missing
D(3) <= "0" xor as(3):
D{2) <= gs(3) xor or qa(l);
'):l: <= 33:21 ;5:0:\: Feedback
D{0) <= gs(l) =xor "or; algorithm is
correct
process(clk, clr)
begin
if clr = "1' then
gs <= "0001"; Start
elsif clk'event and clk = '1l' then sequence Is
as <= L; correct at
end if; 0001
nd process;
q0 <= qs(0)
ql <= gs(l) .
a2 <= qs(2) Output array is connected to output
g3 <= qs(3); variables
Figure 5-4 CAR 150 VHDL Code Good test
cr150_2_tb_behav.wcfg u;mg
virtual
Q W @ Q I o 1M = % 4 béd

40,000 ns €0.000 ns

Figure 5-5 CAR 150 Testbench waveform

As shown above, the random count is 1,3,4,14,5,13, which matches that of the Multisim. However,

the count is still not maximum.

5.3 4-Bir CAR 90/150 HyBRrID
The Hybrid CAR code was added, as shown below.
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Entity is

missing
D(3) <= or qs(2);
D(2) <= qs(3) xor gs(2) xor gs(l);
a3 (0) 7 ] Hybrid
* as(0) xox t0%; algorithm is
carrect
nen
gs <= "0001";
elsif clk'event and clk = '1' then Start
gs <= D; sequence is
end if; correct at
0001
g0 <= gs(0);
ql <= gs(l);
q2 <= qs(2); Outputs are configured correctly

q3 <= gqs(3):

end Behavioral;
Figure 5-6 CAR 90/150 hybrid VHDL code
As shown in Figure 5-6, the 90 and 150 ruling is combined, alternating between for each flip-
flop.
The clock and process start code is kept the same. The resultant testbench wavefarm can be

seen in Figure 5-7. Good test which shows

Figure 5-7 CAR 90/150 Testbench waveform

The sequence is now 1, 3, 6, 11, 2, 5, 13, 9, 7, 8, 4, 14, 15, 12, 10. This completes the
maximum sequence of 15, matching the Multisim simulation sequence.
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5.4 Five KHz CLocK VIvADO

The 5KHz clock was implemented into Vivado; Figure 5-8 show the code and the testbench.
In the code, the 100MHz clock is divided into intervals of 10,000; this is then divided by two in
the test bench code to get the 5SKHz. 100 MHZ / 10,000 = 10KHz. Only the positive cycle is
taken from the pulse. As a result, you achieve a 5KHz clock.

begin

JUT : FiveKHz Clock

process (CLK100MHZ ,Rst)

begin Port Map ( CLK100MHZ => CLK100MHZ,
if Rst = '1' then Rst => Rst,
templ <= '0'; FiveKHz => FiveKHz
cntl <= 0;
elsif rising edge (CLK1OOMHZ) then )
if(entl= 10000) then -=C1 Proces:

templ <= not templ;

entl <= 0: CI HZ process :process
else begin
cntl <= cntl +1 ; CLK100MHZ <= '0';
end if; wait for CLK10OMHZ period/2;
end if CLK100MHZ <= "1';

1

for CLK100MHZ_period/2;

3. 000000000 ms

10000 ps

Figure 5-9 5KHz clock waverform - 1/0.2ms = 5KHz. Test
shows
the
5KHZ
signal
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5.5 6-Bir HYBRID
Following the 90/150 ruling, the 6-bit hybrid CAR was added to Vivado. The alternating

between 90 and 150 ruling, as seen in the figures below, is the most important part of the code
for the six-bit Hybrid. The flip flops D5 to DO start with 90, states on both sides as XOR inputs,
then the 150 ruling with the same and also the current state. This is done for the remaining six

flip-flops.

entity hybrid € bit is
port (
clr : in STD LOGIC:
clk : in STD_LOGIC; Entity is correct
ql0,ql,q2,q3,q94,95 : out std logic
i
end hybrid & bit;

Figure 5-10 6 Bit entity

brchitecture Behavioral of hybrid é bit is

signal D, gs: STD LOGIC VECIOR(S downto 0):
begin

D(5) <= '0" xor gs(4):

D(4) <= qgs(5) xor gs(4) xor gs(3);

D(3) <= qgs(4) xor qgs(2):

Algorithm is

D{2) ‘:E= qs(3) xor qs(?) xor ga(l); extended to 6 bit
D(l) <= gs(2) xor gs(0):
D(0) <= gs(l) xor gs(0) xor '0';

Figure 5-11 Architecture of 6-Bit CAR

As seen above, the architecture has been kept the same as the previous CARs, in terms of it
is XOR'd with the one previous, itself and its successor,but has been extended to
accommodate the extra two bits.

Explanations are
clear
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process(clk, clr)

begin
if clr = '1' then
gqs <= "000001";
elsif clk'event and clk = 'l' then Start _
gqs <= D; sequence is
end if; correct at
end process; 000001
q0 <= gs(0);
ql <= qs(l):
92 <= as(2);  oytputs correctly configured
a3 <= gs(3);
a4 <= qs(4):
a5 <= gs(3);

end Behavioral:

-+

Figure 5-12 6-Bit outputs

Figure 5-13 shows the timer element of the testbench code.

clr <= '1";
wait for 5 ns;

1r <= '0'; ) .
o : Timer for test bench as this can

cause the count to be incomplete in
IC CesC benchn :‘f;:'yzg,te‘?‘t:'j% nere

wait for 500 ns;

stop_the_clock <= true;
wait:
end process;

clocking: process
begin
while not stop_the_clock loop
clk <= '0", '1' after clock_period / 2;
wait for clock_period;
end loop:
wait;
end process;

Figure 5-13 6-Bit testbench code
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The important parts of this code are the clr and wait commands. They are critical for testing.
These times were changed to 2ns and 700ns to get the whole count in the testbench 0 - 63.

Figure 5-14 6-Bit Hydbrid CAR waveform

Modlified timer has
given the full
random count in
the test

30




6

IMPLEMENTATION AND TESTING

The IP circuit was built on Vivado specifically for the Nexys board it will be implemented on.
IPs were created for the hybrid 6-bit CAR and 5KHz clock, along with the AND, OR and XOR

gates.

The I/O were mapped to a constraints file, as seen in Figure 6-1.

Q » B B X N/ E Q &
id t 11 rrespond 15 P |
i
#é nal
set property -dict | PACKAGE FIN E3 IOSTANDARD LVCMOS33 | [get ports | CLK100MHZ }]:; #I0 LiZF T1 MRCC 3
create clock -add -name sys_clk pin -period 10.00 -waveform {0 5} [get_ports [CLK100MHZ}]:
set_property -dict | PACKAGE_PIN J15 IOSTANDARD LVCMOS33 | [get_ports | clr }]; #I
set_property -dict [ PACKAGE_PIN L1€é IOSTANDARD LVCMOS33 | [get_ports [ Rst }]; #I
ié E
set property -dict | PACKRGE_PIN H17 TOSTANDARD LVCHMOS33 | [get ports { g0 }]:; #I T.
set_property -dict | PACKAGE_PIN K15 IOSTANDARD LVCMOS33 } [get_ports [ ql }]; #I0 L24P T3 RSI_ <
{ >
Q X B B X / B Q &
#iSvLt ~
set property -dict | PACKAGE PIN J15 IOSTANDARD LVCMOS33 } [get ports { clr }]; #I0 L24!
set_property -dict | PACKAGE PIN L1é IOSTANDARD LVCMOS33 | [get ports [ Rst }]; #I
set_property -dict { PACHKAGE PIN H17 IOSTANDARD LVCMOS33 |} [get ports { q0 }]; #I0 L1SP T2 A24 1 =1
set_property -dict | PACKAGE PIN K1S IOSTANDARD LVCMOS33 } [get ports [ ql }]; #I0 LZ4P T3 RS1 15 Sch=l
set_property -dict | PACEKAGE PIN J13 TIOSTANDARD LVCMOS33 } [get ports [ q2 }]: # A =
22 + set_property -dict { PACKAGE PIN N14 IOSTANDARD LVCMOS33 } [get _ports [ q3 }]1:; #I0 LSF T1 D11 14 Sch=led[:
set_property -dict { PACKAGE PIN R18 IOSTANDARD LVCMOS33 } [get ports { q4 }]:; # L7P I 14 =1
set_property -dict | PACHAGE PIN V17 IOSTANDARD LVCMOS33 |} [get_ports [ q5 }] : 4 o
v
< >
Constr

Figure 6-1 Constraints file 1/0

aints
The 6-bit Hybrid was made into a custom wrapper and thﬁ;} downloaded onto the board, as

shown in the below figures. Figure 6-3 shows this is working.. up
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ES  Flow Tools FRepgris  Window Layoul  Yeew  Help wiite_bitsiream Comgiehe
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Fhom Mavegaoa FICIEI 60k 06 sioM - hyoeia_8_ip

e ym—— :
[eagram
o 1
1 F Me |aa a & — o
Porh - |
3 P Catalog : | cukioomHz |
FiveKHz Clock 0
hybrid_8_bit_0
Spe——
- CLK100MHZ Pl . 5
a0 I ) rokHz — B o
s q R el = o || Agood
o - TR © @ || design for the
o a3l D o .
' —- o - O« || hybrid cct
8 b= { a5
|
ipen Elaboraed r ¥
General

</f]

£ XILINX.

> [

) ) Image shows test evidence
Figure 6-3 6-Bit count

6.1 PCB TESTING

All individual IPS added into the one project as shown below.
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+ - '

‘Nivado VHDL pograms/test_circuit_ips_2021/AND gate _4 input/gate_array.srcs (Proje
‘Nivado VHDL pogramsftest_circuit_ips_2021/X_OR_gate/xor_gate.srcs (Project

‘Nivado VHDL pogramsftest_circuit_ips_2021/hybrid_6_bit/hybrid_6_bit.srcs (Froject
‘Nivado VHDL pogramshtest_circuit_ips_2021/inverter_gatefinverter_gate.srcs (Froject)

EAfnmndn VLN nanrameBnct ciecoit ine 0160 tact M WIEhnaWbr ClackiChoanlWd> ™ v

< >

+ - 3
LIVIVAUU VAL Uyl aliisiesi_UITLUl_Ips_£UL UA_UN_Ydis/Aul_ydle.SiLs (MUl A
f/vivado VHDL pogramshitest_circuit_ips_2021/hybrid_6_bithybrid_6_bit.srcs (Project
f.Vivado VHDL pograms/test_circuit_ips_2021/inverter_gatefinverter_gate.srcs (Froject)
f/Vivado VHDL pogramsitest_circuit_ips_2021/ip_test CLK/FiveKHz_Clock/FiveKHz_Cl
fVivado VHDL pogramshtest_circuit_ips_2021/or_gate/or_gate.srcs (Project v

< >

IP sources form VHDL
Figure 6-4 IPs added into one project

These were then connected to satisfy the Boolean equation for the 6-bit Hybrid, as seen in
Figure 6-5.

Deagram » A ox
a a - + & #, C o |=owsumvew v °
o
= I.v-‘. s LD"’
- = (| Sy g
g ,.‘ = , = g 2 3 i
Jal— s LT
e . i —aas
mn-gno 2 I . . b R e
O | Pt ’—_: o -
.B et 50,0 e gon_) 1 g = 2
Fuiie Cook 8 L 1 T '!WJJ o=
aome D—— o o— - g
—d — L . @ Ve -
. a ot e g
; s o+ Zn =
o = ==z i 0
) = ad_ga 3
ab— oa
== U= 7
O w
Figure 6-5 Final Circuit IP cct design is correct and the X-OR is

set up to take the practical cct output

The constraints file to map the 10 can be seen below. for comparison

## This file is a general .xdc for the Nexys4 DDR Rev. C

## To use it in a project:

## - uncomment the lines corresponding to used pins

## - rename the used ports (in each line, after get_ports) according to the top level signal names in
the project
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## Clock signal

set_property -dict { PACKAGE_PIN E3  IOSTANDARD LVCMOS33 } [get_ports { CLKIOOMHZ }];

#10_112P_T1_MRCC_35 Sch=clk100mhz

create_clock -add -name sys_clk_pin -period 10.00 -waveform {0 5} [get_ports {CLK100MHZ}];

H#HSwitches

set_property -dict { PACKAGE PIN J15
#10_L24N_T3_RSO_15 Sch=sw/[0]

set_property -dict { PACKAGE PIN L16
#10_L3N_T0_DQS_EMCCLK_14 Sch=sw[1]

## LEDs

set_property -dict { PACKAGE_PIN H17
#10_L18P_T2_A24_15 Sch=led[0]
set_property -dict { PACKAGE PIN K15
#10_124P_T3_RS1_15 Sch=led][1]
set_property -dict { PACKAGE_PIN J13
#10_L17N_T2_A25_15 Sch=led([2]
set_property -dict { PACKAGE_PIN N14
#10_L8P_T1_D11_14 Sch=led[3]
set_property -dict { PACKAGE_PIN R18
#10_L7P_T1_D09_14 Sch=led[4]
set_property -dict { PACKAGE_PIN V17
#10_L18N_T2_A11_D27_14 Sch=led[5]
set_property -dict { PACKAGE_PIN V11

#10_121N_T3_DQS_A06_D22_14 Sch=led([15]

##Pmod Headers

##Pmod Header JA

set_property -dict { PACKAGE PIN C17
#10_120N_T3_A19_15 Sch=ja[1]
set_property -dict { PACKAGE_PIN D18
#10_121N_T3 DQS_A18 15 Sch=ja[2]
set_property -dict { PACKAGE PIN E18
#10_121P_T3_DQS_15 Sch=ja[3]
set_property -dict { PACKAGE_PIN G17
#10_L18N_T2 A23 15 Sch=ja[4]
set_property -dict { PACKAGE PIN D17
#10_L16N_T2_A27_15 Sch=ja[7]
set_property -dict { PACKAGE_PIN E17
#10_L16P_T2 A28 15 Sch=ja[8]
set_property -dict { PACKAGE PIN FI8
#10_122N_T3_A16_15 Sch=ja[9]

IOSTANDARD LVCMOS33 } [get ports { clr

IOSTANDARD LVCMOS33 } [get_ports { Rst

IOSTANDARD LVCMOS33 } [get ports { qO
IOSTANDARD LVCMOS33 } [get ports { g1
IOSTANDARD LVCMOS33 } [get ports { g2
IOSTANDARD LVCMOS33 } [get_ports { g3
IOSTANDARD LVCMOS33 } [get ports { g4
IOSTANDARD LVCMOS33 } [get ports { g5

IOSTANDARD LVCMOS33 } [get_ports { g6

IOSTANDARD LVCMOS33 } [get_ports { JO
IOSTANDARD LVCMOS33 } [get_ports { J1
IOSTANDARD LVCMOS33 } [get ports { J2
IOSTANDARD LVCMOS33 } [get _ports { I3
IOSTANDARD LVCMOS33 } [get ports { J4
IOSTANDARD LVCMOS33 } [get ports { 5

IOSTANDARD LVCMOS33 } [get ports { J6
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Port

mapping is
#set_property -dict { PACKAGE_PIN G18  IOSTANDARD GVcMOS33 } [get ports { JAL0 };
#l0_122P T3 _A17_15 Sch=ja[10]

Figure 6-6 Constraints file code

The difference in the code displayed in Figure 6-6 is the addition of the Pmod ports to allow
the Nexys board to be connected to the PCB board, which is under test if a fault is detected,
LED 15 (far left) illuminates.

The Equipment was set up as shown in Figure 6-7. The test results are shown in Figure 6-8
to Figure 6-13.

X Good image
‘
: of test setup

Figure 6-7 Equipment set up

6.1.1 Fault1-Q1 SAD

Figure 6-8 Q1 SA0 — Fault
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& XILINX.
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Figure 6-9 Brown in — Fault cleared

6.1.2 Fault2-QASA1
S,

[ T
Cmicmo R

Figure 6-10 QA SA1 - Fault
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Figure 6-11 QA S5A1 - Fault rectified

6.1.3 Fault3-QCSAO
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Figure 6-12 QC SAD - fault

Figure 6-13 QC SAQ - fault rectified

PCB tests show

the random
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7 CONCLUSION

Simulation, testing and research have been used throughout this assignment. The research
looked into PCB design and manufacturing techniques, as well as some of the issues that
these processes can cause. Image processing methods were also investigated, with a focus

on their application in PCB automated manufacturing.

Using Multisim simulation, 90 and 150 ruling CAR circuits were designed and developed,
eventually leading to a simulated test circuit for the 6-bit hybrid CAR. This was tested and
evaluated using a Boolean logic test circuit to successfully detect the multiple faults
implemented, which were detected using an XOR gate.

VHDL code was used in the Vivado software to create and progress through the 4-bit CAR
circuits, eventually resulting in the 6-bit hybrid CAR. This circuit was broken down into IP
blocks and downloaded onto the Nexys DDR board using the Boolean logic expression.
Overall, the Nexys board was used to detect fault differences between it and the PCB with the

6-bit Hybrid implemented on it, resulting in successful testing.

All test circuits built performed as expected; the non-hybrid circuits were unable to achieve the
maximum count where the 90/150 hybrid could. This result ties in with research and CAR

design expectations.
A good conclusion
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