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1. Abstract

This report describes how an Gray code generator and decoder are designed and simulated. The
report takes a beginning in an introduction to what Gray code is, and can be used for in a practical
matter of speaking. There is described the design and simulation process separately for the Gray
code generator and the Gray code to binary decoder. This reaches a final and complete schematic as

well as a simulation.
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2. Introduction

In today's digital electronics, there are many different types of codes. The most used code
combination are known as the binary code, which is a code where every bit represents an integer
value. There are however also codes where the combination and shifts between a “0” and a “1” that
is important like the Gray code. The Gray code are the type that's explained further in this report. It
was used for the first time in a telegraph by the French engineer Emile Baudot in 1878, but was not
patented before 1953, by the Bell Labs researcher Frank Gray, which also gave the name to the
code. The Gray code can best be described as a combination of binary numbers, with the advantage
that it only changes one bit at the time in the right sequence. It is possible to make the Gray code up
to 4 bits of a maximum, cause more is not a unique sequence. Below in figure 1 it is shown visual
how a 4 bit Gray code looks like.

Position

10| 11 |12 | 13 | 14 | 15

0 1 2 3 4

6 7 8
o |

o000
0000
A o

Fig. 1: 4 bit Gray code

9
|
|

W O| O

The letters A to D represents the 4 bits, where D is the Least Significant Bit (LSB), and A is the
Most Significant Bit (MSB). The 4 bit Gray code starts from the position 0 and ends at position 15.
All of the dark circles indicates a logical high (“1”"), where all the empty boxes indicates a logical
zero (“0”). Note that with each shifts in position there are only increased or decreased with one
(high) logical level.
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2.1. Practical use of the Gray code

Gray codes are mostly used where a mechanical position needs to be converted to a digital signal.
This can be very convenient to use with cogwheels, to determine whether it is at the right position or
not. For instance, a production machine are running, and there would be cogwheels inside, where
one of them has a Gray code scale (shown below in figure 2) mounted, to be read by photo-sensors
and some electronics to decode the signals. Now if the cogwheel had to be very precise adjusted in
its position, and at some time it would break a cog, so that the machine wouldn't run as desired (the
precision of the wheel would be wrong), it would then be possible for some electronic to read from
the Gray code scale , that the sequence of the code would be wrong, set of an alarm and stop the
machine immediately.

Gray code Binary code

4002___000p
o
"

9

Fig. 2: Gray code vs. binary code

The figure 2 also shows the difference between the Gray code and the binary code, if they where
both to be used on a cogwheel. The dark part in the circle are the logical high, and the light are the
logical low levels. Again it would not be preferable not to use the binary code, because of the many
shifts there would be in the logical levels compared to the Gray code.

Napier University 7
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3. Assignment specifications

- Use JK flip-flops and suitable logic gates to design a 4-bit binary Gray code generator.

- Use the output of the Gray code generator as inputs to a combinational logic circuit to
decode the Gray code to produce the normal binary counting sequence.

-+ Use TINA or any other simulation package to produce results to verify the design.

3.1. Block diagram

From the specifications a general block diagram can be presented. The block diagram below in
figure 3 indicates what the desired options for the assignment are.

Display

1MHz Clock > ) o
soﬁrceoc -
Graycode | » Graycode —
Generator |y, Decoder |
R <

Fig. 3: Gray code generator and decoder block diagram

For the Gray code generator, a clock source is needed. This clock source should generate square
pulses at 1 Mhz. The Gray code generator should then be able to send a 4 bit code parallel to the
Gray code decoder, where the decoder will convert the Gray code to a 4 bit binary code, which can
be used as an output to a display.

The table below indicates the conversion between the Gray code to the binary output. The time
sequence for each of the steps are also shown in micro-seconds.

Label | Ti - Gray code Binary out
e | Mmeb faTe[co]a. [ o[
0 0-1 0 000jJ]O0O O O O
1 1-2 0 00 1]0 0 0 1
2 2-3 001 1]0 0 1 O
3 3-4 001 0j]0O O 1 1
4 4-5 011 0|0 1 0 O
5 5-6 01 11]0 1 0 1
6 6-7 010 1]0 1 1 O
7 7-8 01 0 O0fO0O 1 1 1
8 8-9 1.1 0 0(1T 0 O O
9 9-10 110 1[1 0 0 1
10 10-11 1T 1 1 11 0 1 O
11 11-12 11 1 01T 0 1 1
12 12-13 101 0f1T 1 0 O
13 13-14 10 1 111 1 0 1
14 14-15 100 11T 1 1 O
15 15-16 1 0 0 O)J1 1 1 1

8 Napier University
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4. Gray code generator

To design the Gray code generator, it is analysed what is needed from the input to the output. By
looking at the truth table for the Gray code, it is possible to follow the design procedure, and start
with a state transition diagram that shows which steps the generator needs to fulfil. To get the
generator running there is a synchronous clock pulse between each step.

4.1. State transition diagram

Fig. 4: Gray code state transition diagram

The state transition diagram in figure 4 indicates that there are 4 bits, and 16 steps that needs to be
mapped. For this, 4 JK flip-flops are used, one for each bit. A table for the states of this type of flip-
flop are shown below. The x's indicates a “don't care” state.

JK Flip-Flop
Q QfJ[K
0—-0]|0]|X
0—-111[X
1—-0[X]|1
1—-1]X]0

Napier University 9
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4.2. State table

A state table can then be made, where it is possible to derive the change state for each of the JK flip-
flops. This is done by filling out the next state logic for the Gray code.

Label Present state Next state Change state
Pl o [ [Qr [t [Qur [JaKa[Js ] Ks [ I [ Ke [ J ] Ko
0 0O 0 0 O 0 0 0 1 0 X|0 X|0 X|1 X
1 O 0 0 1 0 0 1 1 0 X|0 X|1 X|X 0
2 0O 0 1 1 0 0 1 0 [0 X0 X|[X 0]|X 1
3 O 0 1 O 0 1 1 0 [0 X|1T X[X 0]0 X
4 O 1 1 0 0 1 1 1 0 X[|[X 0|X 0]1 X
5 o 1 1 1 0 1 0 1 0 X[|[X 0|X 1]|X 0
6 O 1 0 1 0 1 0 0 [0 XX 0|0 X |X 1
7 O 1 0 O 1 1 0 0 1T XX 0]J]0 X]|]0 X
8 1 1 0 O 1 1 0 1 X 0|X 0]J]0 X|]1 X
9 1 1 0 1 1 1 1 1 X 0|X 0|1 X|X O
10 1 1 1 1 1 1 1 0 [X OfX OX O0]|X 1
11 1T 1 1 0 1 0 1 0 [X OfX 1|X 0|0 X
12 1 0 1 O 1 0 1 1 X 0|10 X|X 0]1 X
13 1 0 1 1 1 0 0 1 X 0|0 X|X 1]|X 0
14 1 0 0 1 1 0 0 0 [ X 0[O0 X|O0O X|X 1
15 1 0 0 O 0 0 0 0 [ X 1|0 X|[0 X]|]0 X

4.3. Next state logic

From the change state of the state table, the next state logic can be derived and written into
Karnaugh maps. The method used for this, is to draw a map for each output. To illustrate better
what is needed on the input to get the required output, the logic gates and connections for each of
the reduced expressions are also shown to the right of each Karnaugh maps.

Q.Q,
Qhoo 01 11 10
00 0 G__XO X
01 0 X X
11 0 X X
10 0 X X

J, change state

0
0
0
0

JA:QB'Q_C'Q_D

QB U13 SN7411
/Qc )
e

Fig. 5: Jy logic gate

JA

/QB U4 SN7411
e Yo m—
o

Fig. 6: K4 logic gate

KA
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Gray code generator and decoder

QAQB

Q. Q, 00 01T 11 10
00 0 X X O
01 0 X X O
11T 0 X X 0
1oCT_X> X 0

Jg, change state

Jp=Q4Qc Q)
Q,Q;
Q. Q, 00 01 11 10
00 X 0 0 X
01 X 0 0 X
11 X 0 0 X
10 X 0 d_X

K; change state

KB:QA'QC'Q_D

10 X X X X

J. change state

JCZQ_A'Q_L'QL—FQA'QB'QD
:QD'(QA'QB+QA'QB)

:QD'(QAEBQB)
Q. Qs
Q. Q 00 01T 11 10
00 X X X X
01 X X
11 0 0

10 0 0 O O

K. change state
KC:Q_A'QB'QD+QA'Q_1;'QD

:QD'(@'QB+QA'@)
:QD'(QAEBQB)

1QA U15SN7411

Qc L) JB
T

Fig. 7: Jg logic gate

QA U16 SN7411

Qc = L) KB
Y S —

Fig. 8: Kz logic gate

U21IXOR

oA o JONER 17 onrace
) /H”‘rl:p I
QD

Fig. 9: Jc logic gates

U21IXOR
QA (R U18 SN7408
QD

Fig. 10: K¢ logic gates

Napier University
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Q. Qe

Q. Q, 00 01
00 0 0
01 X X
11 X X
10 0 0

J;, change state

11 10

JD=§ QQ—L Q. Qyp QC+QA QpQc+Qy QB Q.
Q_ (QQp+Q4Qp)+Q(Q4Qp+Q, Q)
Q.®Q;)+Q.(Q,8Q,)

A

change state

KD:Q_A'QB'Q_C+QA'Q_B'Q_C+Q_A'Q_B'QC+QA'QB'QC
:Q_C'(Q_14'QB+QA'Q_B)+Qc’(Q_A'Q—B+QA'QB)
:@'(QA®Q3)+QC.(QA®QB)
=Q,9Q;90Q,

iR R
QA T U22 SN7404
I e
Qc
Fig. 11: Jp logic gates
U21IXOR U2 IXOR
QA A 4) IXC
QB —J?/ b KD
R
Fig. 12: Kp logic gates

Note that the Jc, K¢, Jp and Kp can “share” some of the gates. Meaning that some of the gates can be
spared cause they use the same outputs. This is illustrated better in the schematics.

12
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4.4. Schematic

The schematic below in figure 13 shows the diagram from TINA, used for the simulation of the
Gray code generator. At each of the JK flip-flop's output, there is a logic indicator connected, which
have been used for a step-by-step simulation to indicate if the circuit are working as desired. The
clock-output (CLK), sends a 1 MHz clock source synchronously to each of the flip-flop's. This is
corresponding to 1 uS for each pulse.

CLK
CLK 7
E
QA QB QC @D
U13 SN7411 Y3 7
l TU1SN7476 ) <P
. JPQ
*— A
» o
U4 SN7411 U%‘L W
Ue, + B
U15 SN7411
o T u2snmme I
D JPQ
e B
ﬁ > (66
U16 SN7411 e T
U19 SN7404 uz+ &
U17 SN7408
- Tussnmre
U21 IXOR o 1D JPQ ‘
= T ¢q
by 4[—\ K i; @
utssnzas | U1 T
U20IXOR U228N7404 U8‘eru4SN7476 QID
AL///;-—G // J PQ
—> D

K CQ
U1%_<L W

Fig. 13: Gray code generator simulation schematic

Napier University 13
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4.5. Simulation result

The figure 14 below shows the digital timing analysis for the Gray code generator derived from
TINA. When looking at the timing for each clock pulse, the output and then compare it with the
state table, it is possible to see that the output of the generator matches the specifications.

CLK
L

\
0.00 5.00u

Fig. 14: Gray code generator digital timing analysis

10.00u
Time (s)

15.00u

20.00u
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5. Gray code to BCD decoder

This type of code converter are used to convert the Gray code to a useful and known code like the
binary code. The binary output could then be set to a display where the counting sequence for the
Gray code could be visual accomplished. The design procedure is the same as for the Gray code
generator, except there will for the BCD decoder only be used logic gates, and no flip-flop's.

5.1. State transition diagram

Fig. 15: BCD state transition diagram

The input to output conversion to be dealt with, consists of 4 bit for both the input and the output.
This can be described best as a parallel input to a parallel output, which each of the clock-pulses in
the figure 15 above indicates.

Napier University 15
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5.2. State table

With the known Gray code and binary sequence, the state table can made as shown in the table

below.

Label Gray code Binary out
P MaTe]c]p|a.Ja.Ja[qQ,
0 0O 0 0 0]J]0O0 O 0 0
1 0O 0 0 110 O O 1
2 0O 01 110 O 1 0
3 0O 01 010 O 1 1
4 O 1 1 0]0 1 0 0
5 O 1 1 110 1 0 1
6 O 1 0 110 1 1 0
7 0O 1 0 0| O 1 1 1
8 1T 1 0 0] 1 0 O 0
9 1T 1 0 111 0 0 1
10 1T 1 1 111 0 1 0
11 T 1 1 0] 1 0 1 1
12 1T 0 1 01 1 0 0
13 1T 0 1 111 1 0 1
14 1T 0 0 1] 1 1 1 0
15 1T 0 0 0] 1 1 1 1

Like with the Gray code generator, there are used Karnaugh mapping, to find the boolean
expressions for each of the outputs (next state logic). From this the needed logical gates can then be

found.

5.3. Next state logic

Fig. 16: Qu logic output

AB
cD 00 01 11 10
ooflo[o[TT1
o1lo]ofl1]1
111o0]off1]1
10,0 o ff1]1
Q, Output
Q,=A
AB
cD 00 01 11 10
oof o [/1\] o |/1
o1ffof1Yo]n
111ol1Jo]1
100 0 N1/] o |\1
QvBOutput o
Q,=A-B+A-B
=A®B

Fig. 17: Qg logic output

16
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AB
CD 00 01 11 10 U1IXOR
oo[0 1Y 0 V1 A D U2IXCR
oof 0 iy o I e )
111y 0 1\ o c —
10N1/Jl 0 N1J] 0
Q. Output Fig. 18: Qc logic output
Q.=A-B-C+A-B-C+A-B-C+A-B-C
=C-(A-B+A-B)+C-(A-B+A-B)
=C-(A®B)+C-(A® B)
=A®BaC
AB
cD 00 01 11 10 . UIIXR
oof 0o L1 0o [C1) B S UX®
o1l 0 1) 0 c ), _UBIXR
1Mo C1D 0 1) b ;A
10D o 1D 0
Qj, Output Fig. 19: Qp logic output
Q,=A-B-C-D+A-B-C-D+A-B-C-D+A-B-C-D+A-B-C-D+A-B-C-D+A-B-C-D+A-B-C-D
=A-B(C-D+C-D)+A-B-(C-D+C-D)+A-B-(C-D+C-D)+A-B-(C-D+C-D)
=A-B (C@D)+Z B-(CeaD) +A-B(Ce®D)+A-B-(CoD)
=A®B-(CoD)+AaB-(CeD)
=A®BaeC®D

5.4. Schematic

By looking at each of the next state logic

outputs of the Gray code to BCD decoder, A . oA
there is one XOR gate added for each U1IXOR

output. This means that the final schematic B Y e (B
can be reduced quite a lot! When -

comparing the schematic in figure 20 with UZ!??O?

all the reduced logic outputs above, it is ¢ T / tac
possible to derive, that the circuits can be U3IXOR

reduced from six to three gates. This circuit D Y ) ‘oD
has not been simulated individually but —

instead in the final and complete schematic. Fig. 20: Gray code to BCD schematic

Napier University 17
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6. Complete schematic

The complete schematic drawing from TINA are shown in figure 21 below. The Gray code
generator are connected to the decoder, from where the output for the following timing analysis can
be derived. Further more an hex display are connected to the output of the decoder, to better
visualize the counting sequence in TINA. The schematic are simulated for this, in the digital step-
by-step mode, where the display has counted from 0 to 9 then A to F, and over again.

Display
CLK
o,
[suaicd
U5 + oA 3210
U13 SN7411
2N Tutsnmam T ‘
. JFa &
oL U2 IXOR
D, K ¢a O [
U4 SN7411 v ¢ T _
U24IXOR %C
U6 + E/ /
@7411 ‘f‘ U2SN7476 UsIXoR P
f L, pi
b J P Q . ,_1/7
*— T
RN kK ¢a
L/’ ) {L
U16 SN7411 ut0,
U19 SN7404 U7+
U17 SN7408
j[ e Tussnmre
U21 IXOR ﬁ JPQ
\ N @
D e o
U18 SN7408 U11‘L W

U2DIXOR U2 SN7404

[~

4

J PQ
K CQ
U1g;L W

Fig. 21: Gray code generator and decoder — complete schematic
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Gray code generator and decoder

6.1. Simulation result

The figure 22 shows the final simulation with the complete schematic. The simulation has lasted
over a time period of 20 uS, where after the period of 16 uS the final stage where all the outputs are
logic high (1111). Each of the output sequences matches those set in the table of specifications, for

the Gray code to binary output.

H—
CLK
L

L7
0.00 5.00u

—
10.00u

Time (s)

Fig. 22: Gray code generator and decoder digital timing analysis

15.00u

20.00u

Napier University
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7. Conclusion

The design and simulation assignment of a Gray code generator and decoder has been completed
successfully. The assignment seemed difficult in the beginning, but once a little research about Gray
code and its counting sequence was found, everything just went smoothly. Also the part where the
logical gates where to be found by reducing the boolean expressions had to be refreshed, before the
final design could be a successful possibility. There are though limits to TINA and designing the
generator, where TINA don't have XNOR gates. This gate has been achieved by using an inverter
before the final output of the logical gate, to make the direct opposite of a XOR.

When designing the generator and decoder on paper with the boolean expression and in TINA, it
came in handy to give it a extra look to see that some of the gates could share their input to output
conversion.

The assignment of designing the Gray code generator and decoder has been an interesting
assignment, cause of the experiences it has given by the use of boolean algebra, logical gates and
flip-flops. The use of this to make generators and decoders has given some second thoughts on how
to build these and how the procedures would be to make a complete design. If I as the designer
where to build the generator and decoder for practical use, it would be by using either a CPLD or a
microprocessor. The CPLD would be the best device to use for this assignment, cause of the
analysing, gate outputs and the use of flip-flops, which is very suitable to make a complete design of
in a CPLD. The software for this like for instance Xilinx's has also got the neat feature that it is
capable of simulating the schematics.

An important thing to do, when working with logical devices is also to think logical, and that has
been a very stimulating experience in this assignment. A little knowledge to electronic is of course a
must, but one can get far just by having a logical mind.

Carsten Kristiansen
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