Preliminary Procedure

FRemove all leads and modules from the CK353
deck. Insert the power plug into a main power
supply outlet but do nct switch on yet.

Discussion and Experimental
Procedure

In the decimal number system there are ten
digits, O to 9, the true significance of any digit

depending on its position in the number: for
example

Thousands Hundreds Tens Units
2 4 3 1

really means :
(2% 10%) + (4 x 10?) + (3 x 10') + (1 x 10°)
Remembering that 10° = 1 we see that, counting
the units column as No.0, the tens as No.1 and
s0 on, the value of a digit is equal to that digit
multiplied by ten (called the ‘radix’ of the
system) raised to a power equal to the column
number. In general a digit ‘a” has a value A given
by

A=axm
Whers ¢ = the adix {ten in this case)

and n = the column number,

Now imagine that we had only five digits
available or in other words that the symbols 5, 6
7, 8 and 9 did not exist. Our counting would
have to be done with the only digits known to
us, that is O, 1, 2,3 and 4 so that our number
system would have a radix of five

r=5
and the values of ‘a’ would be restricted to
a=0,1,230r4
This system would be called a 'quinary’ system.

Then, for example, digit 2 in column No.3 has a
value

2x 5 = {in decimal equivalent) 250

® Q1.1 Whar decimal value has a digit 3 in
coiumn No.2 in a quinary system?

In digital computer engineering it is not con-
venient, for many reasens, (see Practical Con-
siderations) to employ devices to represent
decirnal or even quinary numbers as each device
would have 10 be capable of taking up ten or
five distinct states. Instead the number of states
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is restricted 1o the smallest that will altows a
change, that is two, and these are commonly
denoted by digits 0 and 1,

This then is the ‘binary’ system whose radix is
two. fegibis e

® Q1.2 What decimal valye has digit 1 in
colurmn No.5 of a binary system?>

The first five columns in a binary system have
decimal values 20 = 1, 21 = 2,22 =4, 2% =8,
24 = 18.

Thus the binary number 1 0 1 10-= decimal‘
1x16+0x8+1x4+1x2+0x1=22|0

The small suffix ten in this result is to indicate
that the number is a decimal one. Sometimes
confusion can arise otherwise, e.g :

101, = one hundred and one in decimal
but 101, =5,, '
Thus we should have written above

10110,=22,,

: o
You should have the answer 32 to Question 1.2. i
If not, read the last paragr®hs again and see
where you went wrong.

Practical 1.1

Switch on the power to the CK353 deck. The
power lamp on the deck glows red when power
is on. ’

Now connect a lead from the ourput of toggle
S1 to the input of indicator lamp L1 and toggle
the switch.

® Q1.3 What state js the lamp in when the
toggle is (a) up? (b) down?>

In INTIKIT a lamp that is alight is taken to
indicate a binary 1 state and one that is connect-
ed but not alight indicates a binary 0 state.

You should therefore find the following

Binary State Lamp~ Toggle
0 OFF DOWN
1 ON - up

As an exercise fill in the missing entrizs in the
table on the foliowing page.

011

T




. with this exercise.

_Although computers.
“mally, operators

" a system is called ‘binary
" " coded decimal’~BCD for
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Exercise 1.1
Decimal No.

[ -
o1 0001

.9 :
N~

Ask your instructor {f yo

@ Q1.4 How many
npecessary-to represent N

Practical 1.2

The answer you should
teads from toggles 52,
L4 respectively so that yo
columns, Set up in Ine
decimal numbers from 0
observing the lamp indicat

@ Q1.5 How many i
binary digits represent?

Binary digit is usuall
four-bit number can |
numbers but the maxi
because zero is includes

Binary Decimal Cod

interpreting  decim
numbers have to
out to an electric
- mdicators it is co
. which the individual d
represented by binary inst

26,0 = 11010~ onumarvi_

= 0'?1’0 BCD

~ reason why decimal num
. Usad.

Anotheris, as we shall see la

thmetic and other operations
Further Reading

fie able to represent all digits up 10
s faur bits to each decimal column
s of four bits can represent all
0to 99,

many bits are needed to repres-
ardinary (called ‘pure’) binary?

3 fs gl Liia, more o fess efficient
in its usage of binary columns?

1.3
four more toggles, S7, S8, S9 and S10

corresponding lamps to that you now
o groups of four bits.

the BCD equivalent to the following
fumbers:- 0, 10, 25, 78, 99. -

. (/.8 In BCO is there any restriction on the
patterns that may be used? If so, what is it?

actical considerations
applications

in electronic digital computers using integrated
clreuits the binary states are represented by
voltages whose range rarely exceeds 5 volts.
Usually Binary O is represented by a voltage near
rero and Binary 1 by one near +5V, There is
always some variation in these voltages in practice
and so the rule is made that any voltage
between, say OV and +0.4V will be called binary
0 and any between say +2.4V and +5Y will ba
called binary 1. In these circumsta
see that, even disregarding th
setting the nominal values of v
than two levels it would be im
tain them within non-overlapi
the tolerances were accou

that binary arithmetic is v
an decimal.

BCD system is usually re:
d outputs but there have
puters built which use it throt




Discussion and Experimental
Procedure

You saw in Assignment 1 that binary numbers
comprise a collection of binary digits or bits,
each of which can be either U or 1 and that these
Sirary vaiues can bE Tepréstated’n naraware by
various means such as toggle switch positions
and lamp states.

What we are now about to study are the
operations that may be performed on one, two
or more of these ‘binary variables’ which,
although they were introduced to you as a means
of representing binary numbers, actually have
an independent existence and may be used to
represent quite different things.

For instance 1 and O can represent any of the
pairs of opposites shown in the following table.

o o
TRUE FALSE
IN _ ouT
up DOWN
YES NO
WET DRY

In general binary variables can represent any
pair of concepts in which the existence of one
implies the non-existence of the other. Notice
carefully the idea of ‘opposite-ness’ or ‘NOT-
ness’

TRUE is NOT FALSE
up is NOT DOWN

1 is NOT 0
0 is NOT 1
etc., etc.

Practical 2.1
Plug in inverter (7404) module into any con-
venient position on the CK353 deck, aligning it

lamps
A4

o o

o o 6 0 0 0
(-] 6 6 o0 o o

AN
il

o
o o o 0.0 O O
o f o 0 0 O O O

o o e o o
o o o 0 O
o © p o 9o
0 0O ©o © o

o
o

o o
-]

°_I_i'
input switch
Fig. 2.1
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vertically with the guide lines provided and ’

connect it up to a switch output and a lamp
input as shown in fig 2.1, Switch on the power
and operate the toggle switch.

Observe the lamp indications_in relation tn the - -

switch position and complete the table:-
INPUT QUTPUT

0 {down)
1 {up)

The inverter is performing a NOT operation on
the input and the simple table representing it is

called a ‘truth table’. The ideas of true and false

have a particularly close association historically
with the development of algebraic methods of
dealing with binary variables, the earliest applica-
tion being the study of formal logic. This is why
we refer to computer circuits as logic elements
and why we use the term ‘truth table’.

The algebra that we shall use to describe the
various operations we are going to study is called
‘Boolean Algebra’ after its originator and in it,
just as in ordinary algebra, different variables are
denoted by letters e.g A, B, Cetcor X, Y, Z. The
ditference is that whereas in ordinary algebra A
could be any value at all, in Boolean algebra it
can only be either 0 or 1.

A=0 o A=1
The operation of NOT that we have just studied
can be applied to a single variable like this:-
NOT A
This is called the ‘compiement’ or ‘ri.egation{ of

A and it is usually symbolized by a bar over the
variable and said— ‘A bar’.

NOT A = A

We could now write the truth table for NOT in

a more general fashion thus

A A
0 1
1 0

® Q21 If A is the ssme as NOT A, what do
you think A is?

Now it is time to turn attention upon operations .

that can be applied to more than one Variable
and we shall start, for simplicity, with two
variables, let us call them A and B. e

Practical 2.2

Switch off the power to CK353, reméﬁe the
7404 module and replace it with a 7400 module,
connecting it as shown in fig 2.2. L
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lamps

s B % e,

@ 0 o o

¢ o o 0 o
e_0 O:J

o © o ¢ o
@ o 0o o o

»0 o o

input switches )
Fig.2.2
A truth table gives the result of an operation

for all possible values of the variables. We shall
call the result Z. Switch cr the power and

- successively set the input switches to the

combinations shown in the table below, noting
the binary value of Z (lamp on = 1, off = 0}
that results,

Al B[z
0o [ o
o |1
11
1- 0

Truth table for NAND

You should have found that Z was Tin all cases
except where A and B were both 1. If we
associate 1 with true and 0 with false, which is
the usual convention, we can see that Z could
be described as being true when it was not true
that A and B were both 1.

Or, more simply
Z=NOT (A AND B)

NOT-AND is usually abbreviated to NAND so we
have

Z=ANANDB

Even this abbreviated notation is nat very
convenient and so the notation A.B s adopted to

. mean A AND B, :

This in turn gives us
Z=NOTAB=AB

:'using the bar notation (say this ‘AB bar'). When

no ambiguity is possible the dot
dropped to give just AB,

Praetical 2.3

On the INTIKIT plug in a 7404 module and
connect Z to one of the inverters, taking its
output to a fourth lamp. This will be Z. Add

I

is wsually

02-2

another column for Z to the truth table you
already have and complete it by setting A and B
once again to all the possible values,

" The operation you have now set up on INT!KIT‘

is the AND operation because
Z=AB=AB=AAND B

" The AU wperation is one of three fundamentall

operators in Boolean algebra, the other tweg
being NOT, which we have studied already ang
OR, which we will meet soon.

You might ask why it is that AND was intro-
duced in such a roundabout way via the NAND
operation. The reason is that in integrat

circuit logic NAND is the easiest and cheape

operation to achieve and it is therefore more

l

i

widely used in practice as a logic element than
any other. .

The circuit symbols for NOT, AND and NAND
are shown in fig 2.3, y

NOT AND
B B
B
NAND
Fig. 2.3
18 |
Exercise 2.1

Draw the logic diagram for AND using a NAND
followed by a NOT. Repeat for NAND using
AND followed by NOT. Constiuct a truth table
for AND.

The truth table for AND gives us some impor-

tant basic identities that will later on assist in |

the manipulation of Boolean expressions.

Also
01=10=0

or in other.words the order in which variables
appear has no significance, More generally, AR
and BA are the same thing. An expression like
this is called a ‘logical product’ because of ite
similarity to arithmetic multiplication. L




The third fundamental operation referred to
earlier was that of OR. Applied to two variables
A, B this says that the operation

Z=A0RB

will have a true (1) result when either of Aor

B is true. The truth 1apie is

A B i

0 0 0

0 1 1

) 1 1
L. o | 1|

Truth table for OR

[he operation s expressed symbolically as

Z=A+B
the choice of the plus sign suggesting, as is true,
that 1t has similanty to ordinary arithmeuc
addition. It is called a ‘logical sum’ for this
reason.

® 022 How does the OR operation differ
from ordinary addition?

To find out put another column alongside Z in
the truth table for OR, head it ‘A plus B' and
fill in the correct arithmetic values for all cases.

The circuit symbol far OR is shown in fig 2.4.

OR

Fig 2.4

Take a look through the modules you have in the
storage tray of INTIKIT. Do you see this symbol
anywhere? ’

You probably will not since it is not a common
function amongst digital integrated circuits.
How then are we to perform this operati”

when we wish to? &
To find
exercise.

the answer, carry out the following
Exercise 2.2

Complete the following truth 1able® filling in the
columns from the left. .

B(A|B|AB

|

A+ B
v

P
@

A
0
0
1

0
1
1
0

NI
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What do you norice about the contents of the
last two columns? You should find that they
are identical. Since all possible conditions are

oo oo, ORI
But the left-hand side of this equation is
actually

X NAND B
so that, by first negating both inputs and
applying A and 3 to a NAND gate (gate is the
usual term for a legic element), the OR operation
is obtained Thisis shown in fig? 5

lamps lamp
A B Z2:=-A-B
o 4 {

oo G[l ﬂ o ofo
alo 0o-c © 0o 06 0 o oo
olo o|o
| ST
oj0o ‘-‘ o|0
alo o 2 o & © ©0 9|0
o\lo (] OSD o ? o o}o

i

B A
switch inputs

H>oz«}
>

Fig. 3.5,

bll
ot
[
>
+
®@

Practical 2.4

You will see that Hg 2.5 shows a 7410 module
and 3-input NANT ‘gates have been used instead
of inverters and a 2-input gate, as shown in the
schematic. Before considering why this is accept-
able, satisfy vyouself that-it does give the
correct result by connecting up as shown and
checking the cutput Z against the truth table for
OR as you vary A gnd B. o
It is a feature of the circuit used for the NAND
gates that if an input is left unconnected it has
the same effect as applying binary 1 to that
input. So if a 3-input gate with inputs A, B, Chas
2 inputs, B and C..unconnected
Z=ABC=AT1
02:3
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. But we found above that % .

SRR 0.1 =0
" "and 1=
Therefore A.1.1 = A1 = A
v pothat Z =R

* Similarly if only iraut € is nneannected
Z=ABC=ABT=AB

g Hence you can always leave unwanted inputs

i+ disconnected without affecting the results.

i in the derivation of the OR operation above we
saw that
AB=A+8
- This identity is a particular example of a very
important general theorem called De Morgan's
Theorem. This has a completely general form
that we shall meet in the next Assignment but,
at present we are interested in the two forms as

follows
ATB Cetec = A+B8+Cetc,..
AYEiCver = AB.C etc....-)
Examplles: 4 .q%} .
‘ A+B=AB = AB
ABC = A+B+B=A+B+0
AB=AB=A+B
Exercise 2.3

Apply De Morgan’s theoram to obtain alternative
expressions for the following

Summary of this Assignment

(a) A B \
(b) A+ B ’
{c) A+ B ]
(d) ATE f

The result of exercise (d) introduces the jast
operation of this Assignment. 17 7, + B iheans
A OR B then A + B must be NOT (AORB)or
alternatively A NOR B. The circuit of fig 2.5
showed how OR was achieved and NQR is simply
the complement or negation of OR,

Exercise 2.4

Draw the schematic for NOR. using three
inverters and one NAND gate.
Practical 2.5 . [

Set this up on INTIKIT using the 7410 module!
You already have connected plus one inverter
from a 7404 module. Constiuct the truth table
for NOR. 2

Exercise 2.5

From the truth table for OR Ywrite down the
four basic identities in the form of equations e.g

0+ 0 = 0etc

complementation and with the four operations

AND, OR, NAND, NOR. These four are
summarized in fig 2.6.

You should now be familiar with negation or é

AND OR NAND r NOR
Z is true if Z is true if Z is false if Z is false if
A and B are true Aor Bis true AandBare true] AorBis true
a—l Tl B —] 'a
i
Z =AB Z = A+B Z =A% l Z=A%8
A B Z A Z A B Z ! A B Z
00 0 0 0 0 0 0 1 00
01 0 (I 0 1 ! 0 1 o0
1 0 0 1 0 1 1 0 1 1 0 o
(R | [ i 1 1 o0 1 1 0

F19.2.6. The basic logical functions

~-9-



You have also encountered the very important
De Morgan's Theorem

which relates operations to their complements.

Practical considerations
& applications

As already mentioned the NAND gate is almost
universally used in integrated circuit logic
although all types of operation can be obtained,
usually at greater cost. However, in designing
logic systems, as we shall see later, the design
tools and techniques are mostly better adapted
to the use of the three fundamental operations
of AND, OR, NOT so methods of converting
the resulting expressions to the exclusive use of
NAND have to be used.

Some formal methods do exist but in most
practical cases these are heavy-handed and
cumbersome and have httle advantage over
simple experience.

The fact that gnulti-input gates can be used for
operauons requinng  fewer nputs than are
available by leaving inputs disconnected means
that when designing a large logic system it is
easier to ensure that the number of modules
{or packages) can be kept to a minimum. This
is usually the most important economic factor
nowadays. For example, suppose a circuit
required three 2-input NAND gates and one
NOT. This could be achieved wusing either

{a) 1 7410 - triple 3-input NAND
plus 1 7404 - hex inverter

or

{b) 1 7400 - quadruple 2-input NAND
Obviously (b) would be better.
Further Reading
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« Discussion and Experimental
Procedure

You shouid now be aware of the fundamental
Boolean operations of AND, OR, NOT and
should understand the basic identities of logical

sums and products:-

Logical Sums Logical Pradinse

< 0+0=0 0.0 =0
041=1 ‘01 =0
1+0=1 1.0=0
1¢1=1 11 =1

Before we can go on to the design and con-
struction of more elaborate logic circuits than
have so far been met we have to learn some
more theorems which wilf help in the manipula-
tion of general expressions,

The method of establishing all Boolean theorems
is 10 subject them to a truth table, setting all
the variables in turn to both possible valyes so
s 1o set up all possible conditions,

For example, what value has Z in the identity
Z=0+ A?
Putting A = 0and 1in turn we find
fA=02Z2=0+0=0
A =1 2Z=0+1 1
Therefore Z = A and G + A = A,

Exercise 3.1

Using the truti tahle methad prove the following

groups i theorems

(@ 1+A=1,0A=0,1A=7

b} A+A=A AA=§

€ A+R=2 AR=0

Look now at the fol lowing expression
Z=AB+AC

This differs from anything we have met so far

because it contains both .sum and ,product
operations in the same exoression,

- The expression above is called a ‘sum of

products’. In ordinary algebra we know that we

could take out A as a common factor to give
Z=A (B +C)

byt can this be done in Boolean algebra?

To find out we will construct a truth table for
the factored and unfactored forms and compare
them for identity. This table will have eight
rows because three variables are involved.

-
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KT??T?E_ET?EEFTEETEQG

FTT?_H‘?“—G“_TT-hF“ ]
001 0 o g 1 0 ;
010 0 g 0 1 0 |
o1 1 o g 0 1 0 i
100 0. 0 g 0 0 ,
10 1 0 1 t 1 '
d-doo 4 B 1 1 1 l
1 I3 9 1 1 1 i

Looking at the two columns headed AB+AC and
A(B+C) we see that they are identical, which
proves that factoring is allowable.

In other words
AB+AC=A(B+C)

This is all very well but how can an expressian
of this sort be set up using only NAND gates
and inverters? Let’s start by wying to realize |
+ the left hand side. We know how to form AB
~and AC separately because this is a simple AND
operation. Fig 3.1 shows the circuits,

PR
8 ﬁMMB
A AC

Fig. 3.1

.NowtogetX+Y=A8+A

C we need an OR
operation as in fig 3.2.

X

Fig. 3.2

Exercise 3.2

Put the two circuits of figs 3.1 and 3.2 togethar
1o get a logic circuit for Z = AR + AC. What do
You notice about the inverters? 5

Practical 3.1

Connect up the circuit on INTIKIT and chae
out the truth table for all combinations of AR
You should have had to use only one madll
7400 to set up this function |f you seerm |
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need more look again at the inverters. Ask your
instructor if you still cannot see how 1o use
one module only.

Leave the previous circuit connected and look
now at the right hand side of the identity

) AB + AC = AlB+C)
Exercise 3.3 "
Draw a logic circuit for X = B+C and another

for Z = AX;, put the two together to get a
circuit for A(B+C).

Practical 3.2

Set up the result on INTIKIT, using the same
input switches for A,B,C as you are already
using but a different lamp to indicate the out:
put. The two Z outputs should be identical for
all settings of A,B,C.

® Q3.7 How many modules did you use in
this exercise? Is this solution more or less
economical than the first?

’
Now consider another expression

Z=A+8BC

Unlike the previous case it is not evident from
analogy with ordinary algebra that this can be
factorized but in Boolean algebra it can, the
result being

A + BC = [A+B) (A+C)

We can easily prove this by ‘multiplying out’ the
right hand side and then applying the identities
we learnt in Assignment 2

{A+B) {A+C)=AA + AC + BA + BC
But AA = A so that
AA+AC+BA=A+AC+BA=Al1+C+B)
Remembering that 1+ X =1
A{1+C+B)=A1=A
Therefore {A + B) (A +C) = A+ BC
Exercise 3.4

Draw logic circuits for both sides of this
identity.

Practical 3.3
Set up your circuits for both sides as before

and check that the outputs are equal for all -

settings of A,B,C. The left hand expression needs
no more than one 7400 and one 7404. What
does the right hand expression need and which
is simpler?

The exercises and experiments you have just
performed have demonstrated an important
theorem of Boolean algebra called - the
‘distributive’ theorem.

032

o

(A 2 Bt ([C4D* ) =
AC+ AD+BC+BD +........
ABICD S(AIC) (A+D) (BIC) {B+D) ..o

They also showed that the ‘sum of products’
form of an expression is generally the one most

Creaanly ano crieaply realized by NAND logic. In

fact you should take special note of the con-
figuration shown in fig 3.3 which provides the
general ‘sum of products’ function.

st ARSL b

Exercise 3.5

Write expressions for the outputs X, Y, Z in the
circuits of fig 3.4 (a) and (b)

A
X
B Z
- Y
c :
{a)
A
B—t '
r] b

[}

o

c

{b)
Fig 3.4




De Morgan’s Thearem

In Assignment 2 we discussed De Morgan’s
theorem for negating a function but only as
applied to simple sums like (A+B) or products
like A B. We need to know how to apply it to
expressions such as

Py R e T v PV e Z.= AB‘ e 6

which combine sums and products. You should

. recognise this expression as one of the solutions

to Exercise 3.5 (b) above and you should have
been able to write this down directly by
application of the general sum of products

_ configuration of fig 3.3.

Still looking at fig 3.4 (b) you should have also
Y =AB = A + B by De Morgan
Now Z = Y NAND C = AB NAND C
= {A+B)C=AB+C from above

@® Q3.2 This identity is a solution for the
complement of a combined sum and product
expression. Can you see the simple rules which
convert one to the other?

Practical 3.4

Set up logic circuits on INTIKIT for (A + B) C
and for A B + C and display their outputs on_
adjacent lamps.. For all settings of A, &, C you'
should find the outputs to be complementary.
Before drawing the circuit for (A + B)C apply the
distribution theorem to put it into sum of
products form,

The simple rules for negation which you have
probably recognised by now are

(a) negate each variable individually

b) substitute a sum for every product

c} substitute a product for every sum
De Morgan‘s Thearem

Examples
(a} (A+B)(C+D) =AB+CD
(b) A+B{C+DE) = A(B+C(D+E)

Exercise 3.6

Write down sum of products dxpressions for the
complements of

fal (A+B)({C+D)(5+C)
(b} (A+B)C+(A+B)C
simplifying the results as much as possible,

-
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Exercise 3.7

Simplify the following

(al A+ AB

(bl (A+B+C](A+B)

{c) (A+BCI'B+ACI+ABC

Hint: The usual way to a simple result is to
expand the expression using the distribution
theorem and then look for terms that either
cancel to 0 or have common factors.

In case you had difficulty with this exercise,
here is a worked solution to (b)

(A+B+C)(A+B) =

AA+AB+BA+BE +CA+CB ~ distribution
thearem

=A(1+B+B+C)+BB+CB

=A.1+0+CE (since BB = Q)

=A+CB

Here also is a solution to Exercise 3.6 (b)
(A+BIC+(A+BIC =(AB+Cl+(AB+C)

= AB+AB+1
(sinceC+C =1)

=AB+AB+C+C

=T=0

Practical considerations
& applications

The sum of products form for Boolean functions
is certainly the most useful for NAND logic but
if the number of variables is large or if the
number of product terms is large, either could
exceed the number of inputs available on a
standard integrated circuit module.

Up to eight inputs are available on some types
(e.g 7430) and in other inputs expanders can be
connected to increase the number of available
inputs.

Yet another solution if the large number of |
inputs is needed at the second gating level (that |
is, there are many individuai product terms to be
summed} is to use what is called a WIRED-OR
cannection,
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type of gate not fitted with its own load resistor
must be used and this is usually called -'open-
collector’. A single load resistor is then fitted
Vce externally. Usually up to about ten gates can be
coupled in this way.

The WIRED-OR principle 15 shown in fig 3.5

BEAM L e Apart from the various ‘circuit’ solutions just
0/P outlined it is of course possible to provide for
T any number of inputs by purely logical means.

i Fig 3.6 shows how eight product terms c*ag_ﬁbe
dealt with by two four-input NAND gates.

Vee :r- (1+2+3+4)

{2ty 7+8)

-

NANDgate 2

i product R
] terms
to o‘ther from first € (5+6+7+8)
. outputs gating g
level ]
\ e 5 -
g__ﬁ____‘__/
OR logic
fig. S

O W >

To generate an  eightwarizble product term
using two four-input NAND gates the logic of
fig 3.7 could be used.

D
E :
B E (ABCD)
ABCD+EFGH
Fig. 3.5 Wired OR connection D G Z%E;DEW

to second
level gate

When all inputs to a NAND gate are '17 its | EEGHI
output is near ground since the output transistor

conducts. The output is thus at ‘0’ f the out- 5 E l
puts of two (or more) gates are simply connect- G

ed together as in {a) the common output will be H—

‘0" when any one of the transistors conducts so \ .
L the effect is to generate the function shown in OR logic

(b}, which also shows the symbol for a wired-

OR connection. A simple negation then produces Fig 3 7

the required OR function.

A practical difficulty with the circuit of fig 3.5
(a) is that, if each gate has its own load resistor g iher Reading
internally, all the load resistors are put in
parallel by the wired-OR connection so that the
current which any one transistor must conduct
becomes very large. In practice such a current
could not be passed and the output voltage
would not go to near zero as desired. Therefore,
for the wired-OR connection to be possible a

s (g




Discussion and Experimental

Procedure

If we look at a Boolean expression such as
Z=A+BC

one thing that might be noted about it is that

neither term contains all of the three variables

A,B.C. Can we rewrite it in a form such that all
terms do contain all variables?

Yes, this is possible by the application of some

basic theorems, but in reverse. For instance
BC = BC.1=BC(A+A)

= ABC+ABC
Also A= A1=A(B+B)

= AB+AB

AB(C+C)+AB(C+0T)
= ABC+ ABC+ ABC + ABC
Noting that the term ABC appears

in both the above expressions and thus need not
be repeated.

® 041 Which basic theorem says this?

We can therefore write

Z = ABC + ABC + ABC + ABC + ABC

Now all terms contain all variables—in this form
they are called ‘'minterms’ and for three variables
there can be up to 2° = 8 of such minterms.

® 042 How many minterms can there be for
fa) 2, (b) 4, (c) 5 varfables?

Since any Boolean expression can be expanded
as was done above into a collection of minterms,
a graphical representation of the individual
terms should enable us to arrive at a unique
diagram to represent any function we choose
since any function is just the OR of a selection
of minterms from amongst those available, The
Karnaugh map is such a graphical representation
and it contains one cell for each possible min-
term. Fig 4.1 shows a map for the simplest case
of two variables and a function.

F=A+AB

The FEEDBACK INTIKIT

The map has 4 cells as you would expect and
the columns and rows are labelled with 0's and
1's to represent the possible states of each
variable. Thus column A =0 represents A whilst
row B = 1 represents B and the cell which is both
in column A = 0 and in row B = 1 represents
minterm AB, and so on.

The method of using such a map is to enter a *1”
into every cell representing a minterm which is
part of the function to be mapped. We can do
this either by fully expanding the function into
its minterms, or more intuitively, as follows.

In the example above the term A will be repres-
ented by column A so 1's are entered in both
cells of that column. The term AB is the cell in
which column A intersects row B so a ‘1" is’
entered in that too. The whole area of the map
now covered by 17 represents the complete
function as the OR of its separate product
terms. Non-used minterm cells are either left
vacant or filled with O's.

Exercise 4.1
Expand F = A + AB into its minterms anc
verify that the same map is produced.

@ (4.3 Can you now suggest why the word
‘minterm” is used?

In a Karnaugh map product terms are
associated with the idea of intersections
whilst the sum of product terms is associat-
ed with the idea of merging small areas
into bigger ones.

So far so good but how can a Karnaugh map of
a function help to simplify it?

The answer to this lies in the grouping of
adjacent cells into pairs (or 4's or 8's in larger
maps) so that each pair can be described by the
simplest possible combination of variables (i.e
with as few variables as possible). Fig 4.2 shows
the application of this idea to the map of
fig 4.1.

—_

[@iD)

Fig 4.2

041




The FEEDBACK INTIKIT

The two cells linked horizontally represent B
whilse those linked vertically represent A, the
OR of these two representing the whole function.

Thus F=A+B

Of course, in this example, you could have
taken this easy step from (A + AB) to (A + B)
without the aid of a map but in more involved
examples the simplification would not always be
50 obvious.

Notice that the cell AB in the above example
was used twice in drawing the loops but this is
permissible because AB = AB + AB.

Exercise 4.2

In the map of fig 4.3 a function has been plotted.
Write down the algebraic expression for this
function. Can any simplification be possible in
this case?

A
8 0o 1
olo |1
11140

Fig.4.3

Let us now study a map for three variables,
containing eight cells. It is essential to adopt a
methodical approach to the designation of rows
and columns and to the mapping of functions—
the three variable map of fig 4.4 illustrates both,

AB
CN_ 00 01 1 10

O [Mojmafmg Mg

T[my | mamy Mg

Fig. 4 b

The columns representing the various combina-
tions of A, B are labelled so that only one
variable at a time changes as we proceed from
left to right. This ensures the greatest ease in
the construction of loops when simplifying a
function.

The labelling of separate cells in this map has
been done in accordance with a natural binary
progression as this provides an easy way of
plotting a function when it is given in the form
of a sum of minterms.

04-2

mg represents ABC = 000
m, £ "= 00
me £ "= 110
ms 2 o= N
and so on.

What kind of simplifying loops can be drawn on
this map? Fig 4.5(a), (b) and (c) show all the
possible loops of size 2, 4 and 8 which represent
simple product terms,

AB
c 00 01 11 10

0 Al T
1 OIS ¢
{a)

AB

AB
c 00 01 11 10

Fig.4.5

In the next diagram fig 4.6, sorme only of the
above loops have been drawn and labelled with
their algebraic expressions.

AB
C 00 01 1 10

0-‘3 =3 -BC
oo (] €
1 Lld ‘)
B AC

Fig. 4.6

Notice especially the locop BC, which is in two
separate parts. For the purposes of simplification
the map has to be regarded as being continuous
from the right-hand edge to the left-hand edge.




Exercise 4.3

Redraw the maps of fig 4.5(a) and (b) on a
larger scale and label all the loops in the manner
of fig 4.6.

Q4.4 WWhat is special about the loop of
fig 4.5(c)?

Now let us apply the three-variable map to the
simplification of some functions

(a} F=ABC+ABC+ABC+ABC
This is a sum of minterms
F=ms +mg+mg+imy

and the map, with loops added is as in fig 4.7.

BC

AB
C\_oo 01_11N\J10_
Dfo]o Gl
1| o | 8 FAEDY

plot of (a)

(o]

The simplified function is F = AC 1+ BC

(b) Take another function F = A+ BC + ABC,
which can be mapped intuitively by filling 1's
inall cells covered by A (last twe columns on the
right) then adding any extra covered by BC
{just m3) and finally adding minterm m, for
ABC. The result is fig 4.8,

AB
C\, 00 01 [11 10

ol o (T 1A}
Baony
plot of (bl ¢

The simplified function is F = A + B,

(¢l F={A+B)(A+C

How are we to plot this since it is not in sum of
products form? There are three ways—first by

expanding it algebraically until it is a sum of
products, not necessarily minterms.

- 16 -
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F=A+AC+AB+BC
=A+BC

This method rather nullifies the point of the map
as an aid to simplification because the algebra
must be carried out anyway before plotting
the map and in this case led directly to the
simplest form. However in more complex
examples it is a reasonable method.

The second way is to draw loops on the map
for (A+B) and {A+C) separately and then fill in
with 1’5 all cells that are included in the inter-
section (overlap) of the loops thus drawn. Finally
the normal simplifying loops are drawn and the
function written down. Fig 4.9 shows these two
steps.

AB
Cc 00 01 1 10

0 [ "\\q'«ma
1/[ N

Axk F = Shaded area

Intersecting loops

AB
CN. 00 00 11 10

ol o o’ﬁ__q
110 (G [ID] 1

Simplifying loops
Fig. 4.9

The result of this is, as expected F = A + BC.

The third method of plotting, which is some-
times useful is to apply De Morgan's Theorem to
find the complement of the function and use
the result, which will be in sum of products
form, to plot the Q’s into the map instead of
the 1's.

F=(A+B}(A+C)
F = (A¥B) + (A¥C)
=AB+AC
Exercise 4.4

Plot the O's from this expression and confirm
that they occupy the part of the map not
containing 1’'s in fig 4.9 above.

e
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001 o1 010 M0 1M1 101 100

My | Myp| Mg | Magf Mag| Mag) Myg

Mg | Myg) Mg | Mag| Mag| My My7

Mg | Myg| Myq | Mog| M3 | Maz| Myg

Mg | Mys| Mig| Mag| M3p| Maz| Mg

AB ABC
CON_ 00 01 1 10 DE MO0
00 mg | m, [myy| me 00 | mo
01| my [mg [myz| mg 01 | my
M| ms | my|ms| my 1M | my
10| ma | me | M| Mo 10 | m,

(a) & Variables

Bl 4. 10

Maps for more than three variables

Fig 4.10 shows layouts for 4 and 5 variable
maps with the minterm numbers inserted on the
same principle explained above for the 3 variable
map.

Satisfy yourself of the correctness of the min-
term numbering in these two maps.

In 4 and 5 variable maps the number of
possible loops of 2, 4, 8 etc minterms which can
be drawn is quite large and a diagram showing
them all would be confusing, but by now you
have probably grasped the basic idea of adjacency
between cells or groups of cells whose expres-
sions differ in one variable only.

For example in fig 4.10{a) above the two min-
terms m, and m,, are horizontally adjacent
and the loop enclosing them represents the
function.

ABCD+ABCD

=BCDIA+A

=BCD

The two terms differed only in A, which dis-
appears from the description of the loop.
Similarly minterms m, and m;, are described
by B C D. Now if the four minterms m,, m, 3,
mg, My, are enclosed by a loop the resulting
expression for that loop is

BCD+BCD

=BD
That is, C is not needed in the description. In
this case the adjacency of the two loops of 2 is

across the top and bottom boundaries, which
must therefore be assumed adjacent.

04-4
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[b) 5 Variables

Exercise 4.5

Trace through a similar argument in each case
to show that the followinggroups of minterms
form simplifying loops.

(0,2,8,10)

{o; 1,/2,73,i8,9,10; 11)

{13, 15, 29, 31}

(0, 2, 8,10, 16, 18, 24, 26)

{a) 4-variable
(b) 4-variable
{c) B-variable
{d)  B-variable

Redundant States

It trequently occurs in a practical application of
logic design that one or both of the following
conditions arise,

{a) Certain combinations of the input variables
can never occur, An obvious case of this sort Is
in the set of binary variables representing the ten
states of a decade counter, in which only those
binary numbers from 0000 {zero) through 1001
{nine) are used. The other six combinations can
never occur.

Such input states as cannot occur are often
called ‘can’t happen’ (or CH for short)
conditions.

(b) Sometimes the output of a logic circuit
will be immaterial for certain of the input
combinations, or in other words it will not
matter what output 1s produced by these com-
binations. Examples of. this are more difficult
to find but they do occur. One we shall meet
with in Assignment 10 concerns the logic for
control of a JK flip-flop. We often call the input
states in such cases ‘don’t care’ (DC for short)
conditions,

So far as the design of combinational logic

circuits is concerned CH and DC conditions can
be treated as the same thing (this is not true for




sequential logic, but that need not concern us at
this stage). They are both examples of redun-
dancy and can often help towards a simpler
solution than would otherwise be possible.

What we do is to enter X in the Karnaugh map
for any input combination which is either DC or
CH. Then, when looking for simplifying loops,
we can choose to make any given X a ‘0’ or a
1, whichever gives the simplest solution,

Here is an example:

A binary-decimal counter counts in natural
binary code from zero to nine repeating. An out-
put is required when the count is two, three,
seven or eight but not otherwise.

The counter states from ten to fifteen will
never occur so we have the following require-
ments for the various minterms

Mg, My, Mg, M5, Mg, Mg = 0
M3, My, Mg = 1
Myg, Myy, My2, Myy, Mg, Mg = X

These are mapped in fig 4.11.

AB
CON_00 01 1 10

oofo01 o0
o1ofo0|X|0

} —] AD
LHAIENESIE
101 1 X
% ’ ( x,' o
BC
plot of Z
Fig. 4.1

The loops drawn in fig 4.11 make full use of
the redundant (X) conditions to eliminate
variables, giving

Output Z=AD + BC+CD

The logic diagram is in fig 4.12 and would need
1—7400 plus 1-7410 (triple 3-input NAND)
using spare gates as inverters.

- 18-
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A
> O
Z
c
D >o~
Fig. 4.12
Exercise 4.6

Write down the simplest expression for Z in the
above example which could have been obtained
without the use of X conditions. How many
more logic modules would it have needed?

Exercise 4.7

A circuit with three inputs A, B, C must have a
‘1" output for minterms m, and m,. Minterms
mgy and mg are CH conditions. Map the function
and write down the simplest expression for the
output Z.

In the last exercise you should have found that
there were two possible solutions, both apparent-
ly simple, namely

7="AB+E

@]

and
Z=AB + AC

If your solution was _
Z = AB + BC + AC

you did not notice that you were including
minterm m, twice unnecessarily. It frequently
happens that alternative solutions exist for the
same problem and in very complex cases it may
even be difficult to ensure that you are not
covering a minterm twice. There are formal
tabular procedures for dealing with this difficulty
but the problems you are likely to encounter
will rarely need them. If you are especially
interested your instructor will give you an idea
of how to ensure that you only end up with
minimal solutions.

Take another look at the two minimal solutions
to exercise 4.7

Z=AB+BC

Z=AB+AC
Are they really equally simple?

To find out, let us draw their logic diagrams in
fig 4.13.

———
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|y

Z=AB+BC

Y
o

(a)

>

Z=AB+AC

o

(b)
Fig.4.13

Solution (b) needs one only 7400 module but
solution {a) needs one 7400 plus an extra
inverter, assuming that only A, B, C are available
as inputs.

This tells you that formal methods of logic
simplification such as algebraic manipulation
and Karnaugh Maps are only an aid to design.
In the end you must use your technical judg-
ment and commonsense to arrive at a final
circuit which will cost the least.

Practical considerations
& applications

Karnaugh maps for up to five or six variables
offer a useful and, with practice in their applica-
tion, a quick method of arriving at a first
approximation to the cheapest solution to a logic
design problem. After that experience and judg-
ment must be applied to achieve the most
practical configuration.

Above six variables the number of possible
loops becomes very large and the advantage of a
graphical representation is lost. Then tabular
methods, possibly supported by computer
processing, becomes necessary.

Probably the biggest single virtue of Karnaugh
maps, even for relatively simple functions, is
their ability to show clearly how redundant
states (CH and DC conditions) can be used to
best advantage.

04-6

The most important area of application you are
likely to encounter is in the design of logic
circuits for the excitation of inputs to flip-flops,
particularly the JK type which you will meet in
Assignment 6.

Further Reading

-—-17- .// 05-1
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Discussion and Experimental
Procedure

So far all the logic networks studied have been
of a type such that their outputs are determined
solely by their present inputs. These are called
‘combinaticnal logic’ networks.

We now have to consider circuits whose outputs
are determined partially or entirely by inputs
that occured in the past. In other words circuits
having a memory. These are called ‘sequential
logic” networks.

Combinational networks have
determined by present inputs only

outputs

Sequential networks have outputs deter-
mined to some extent by past inputs

Practical 1

Plug in a 7400 module and connect it up as
shown in fig 5.1. Set input switch A initially

to '0’, Switch on the power.
))4#— Lamp

T

A —
Fig.5.1

® Q051 What output exists (a) when power fs
first switched on? (b) when input A is changed
to 7°?

You should have found that the cutput was ‘0’
in both cases—in other words it cannot be chang-

ed by operating the toggle. Why is this?

If you look back to Assignment 2 you will see
that the truth table for NAND ‘indicates that |f
either input is at zero the output will be a ‘1’
regardless of the state of the other output. ln
general, for a multi-input NAND gate it needs
only one of the inputs to be at ‘0 to give a ‘1"
output.

In the circuit of fig 5.1, since A was at ‘D' when
power was applied the output of the first NAND
had to be "1 and that of the second NAND (an
inverter) had to be ‘0", But this output was ‘fed
back’ to the second input of the first gate so that
even if A now was changed to ‘1" this gate would
still retain a "1’ output,

We could say that the circuit 'remembered’ that
input A was initially at '0’. This ‘memory’ was
achieved by the feedback link (in terms of the
concept of feedback as applied to amplifiers etc

- 2! -
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this is actually positive feedback since it re-
inforces an existing condition as opposed to
negative feedback which opposes the effect of
the input).

If operation of toggle A cannot alter the output
to ‘1" how can it be done? If A were set to ‘1’
then it would be sufficient if we could force the
output to ‘1" even momentarily, since this ‘1’
would feed back to the input and the first NAND
gate output would become ‘0" since both its
inputs would be at “1°. In turn this would hold
the output at "1’ and a stable set of conditions
would again exist. Forcing the output moment-
arily to ‘1" can be achieved by temporarily
applying a '0" to a second input of the second
NAND gate, as in fig 5.2.

Lamp

Fig.5.2

Practical 5.2

Add input B to your circuit and observe the
output when B is set to '0’",

Now set B to "1’ and then alternately set A and
B momentarily to 0. You will find that the out-
put remembers the state set by the last input
change, a '0" for a momentary ‘0" an A and a
‘1" for a momentary ‘0" an B.

The circuit of fig 5.2 is usually drawn in the
symmetrical form shown in fig 5.3 and is called
a 5|mple ‘latch’, 'bistable’, ‘flip-flop” or ‘one-bit
memory’, its outputs customarily being labelled
Q as in the diagram.

Qa

Fig. 5.3
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® 052 What is the relationship between Q,
and Qg in the latch circuit?

If you are not sure, connect a second lamp to

Q, (the one already connected is displaying Qg )
and observe Q, and Qg as A and B aiternatelv
are momentarily set to ‘0",

A slightly different kind of truth table is needed
to describe the behaviour of sequential circuits
such as this latch because the output is not a
unique function of the inputs—it depends what
has gone before. What we do is to say ‘If the
output at the moment is such-and-such a state,
what will it become when a certain input com-
bination is applied?’ For example, if Q, is ‘1’
when A and B are both ‘17, then |f B goes to ‘0’
Q, will become ‘0" but if A goes to ‘0" Q, will
remam at "1". In the table below Q, is the

initial state while Q', is the state after the inputs
have been applied. There are eight rows because
Q’, depends upon three variables A, B and O,

A B |q |Q,
1 0 0 0 1
2 0 0 1 1
3 0 1 0 1
4 0 1 1 i
5 1 0 0 0 |
6 1 0 1 0
7 1 1 0 0
B 1 1 1 1

Truth table for fig 5.3

Let’s look at this table more carefully to be sure
we understand what it says.

Rows 1 and 2 say that whether Q, starts at ‘0’
orat’1’, Q' will become 1if A and B are both
0,

Rows 3 and 4 say the same thing is true if A only
isat ‘0",

Rows 5 and 6 say that, whether O was ‘0° or
1,Q', will be *17if B only is at '0'

Rows 7 and 8 say that, if A and B are both 1,
Q' will be whatever Q, was beforehand,

The answer to Question 5.2 above was that Q,
and Q, are aiways complementary (O = 0,
Qg = 1 and vice versa) under the mput con-
‘ditions specified. But if both A and B are set to
‘0" at the same time, both outputs become ‘1,
Try doing this on INTIKIT to verify this
conclusion,
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It is usual, but not essential, to ensure that A
and B do not go simultaneously to ‘0" so that
Q, and Qgcan always be assumed complement-
ary. Thus rows 2 and 1 in our table are not
usually allowable, Apart from this you should
have noticed that the behaviour of Q, is the
same for each row of the pairs 1-2, 3-4 and 5-6
whilst in rows 7 and 8 the condition that Q4
Q, is applicable.

This allows the truth table to be abbreviated to
the follpwing

A | B |Q,
0 [0 [ 1
0 | 1 i
1 O
1 T Q,

Abbreviated Truth Table for fig 5.3

Satisfy yourself that you fully understand the
simple latch and its truth table before continuing,
as it is fundamental to all forms of flip-flop that
you will learn about subsequently.

The Clocked Set-Reset Flip-Flop

The simple latch circuit responded to changes
in its input as soon as they occurred—a circuit
like this is often called ‘asynchronous’ because

its behaviour is not synchronised with any timing-

signals,

The circuit we shall study next is arranged so
that changes to its inputs take effect only when
a brief clock-pulse or timing signal is applied.
This is achieved by the addition of two NAND
gates to the circuit you have already constructed
50 as to control the input signals by a common
clock signal.

Fig 5.4 shows the resulting circuit, in which the
inputs are now called SET (S) and RESET (R)
whilst the outputs are labelled Q and Q on the
assumption that they will always be complement-
ary (that is simultaneous ‘0" inputs to both sides
of the latch will not be allowed).

Practical 5.3

Switch the power off and reconnect the 7400
module in accordance with the layout of fig 5.4.
Use the push-button at the left of INTIKIT for
the clock signal input.

Set S and R initially to ‘0" and switch on power.

® 053 Can you say with certainty what the
initial state of Q will be on first switching on?

S 9E

pri

I ]
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input switches

(Q output}
S
a
Q
R
clock pulse

Fig.5 4

Proceed now by setting R and S to the values
shown in the following table, operating the push-
button once after each change and observing the
resulting value of Q before and after each step
and filling in these values in the blank positions
in the table, The sequence has been devised to
ensure that every allowable progression is tested,
Notice too that Qp and Q4. are used to repres-
ent the values of Q before and after the clock
signal; take particular note of the exact moment
that any change in Q occurs.

S R Qn Qp g
1 0 1
2 1 0
3 1 0
4 0 0
) 0 1
6 0 1
7 0 0
Exercise 5.1

When you have completed this table study the
results for the pairs of rows (4, 7) (5, 6) and
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(2,3) in that order and thus complete the follow-
ing abbreviated table, similar to that for the
simple latch given earlier.

On+1

=lo|c|Ww

=OoO|=O| m

1 ?

We must take a closer look at the last line of this
abbreviated table. In the simple latch we found
that ‘0’ could be applied to both inputs and
resulted in both outputs going to 1; this was
permissible in the sense that a definite output
was produced but not generally, you were told,
very useful. But in the clocked circuit, we want
to know what state Q will be in at the end of a
clock pulse. Now when the clock is applied, if R
and S are both 1, the NAND gate outputs both
go to ‘0" and both outputs go to '1’, as we have
seen. But what will happen as the clock signal
ends (goes to ‘0')?

Both NAND gate outputs go to “1° but, so far as
the following latch circuit is concerned, one of
them must effectively reach ‘1’ before the other,
but which ene is uncertain,

In other words it is a matter of chanée whether
the latch output Q ends up asa’0’ ora 1.
That is why a query is shown in the table under
Q4. Try this on your €ircuit by setting R and
Sto’1" and operating the push-button repeatedly
observing Q after each operation.

Let's think for a moment about the relative
timing of the input changes and clock pulses
that we used in testing the clocked SR flip-flop.
You recall that you changed R and S first and
then applied the clock signal, removing it again
before making any further change to R and S.
You should also have noticed that the lateh out-
puts Q and Q changed as the clock signal becarme
‘1", that is as the button was pressed. Releasing
the button caused no further action,

This is represented in fig 5.5.

Change Change
R& Shere R&Shere
clock P
1

N p i
S,

Changes of Q occur here
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If changes to R and S were made during the "1°
period of the clock then, of course the latch
would respond to those changes and the output
after the end of the clock would depend on
what values of R and S existed just before the
end (or trailing edge) of the clack pulse. Exactly
how the circuit is used in a particular apphcatlon
depends on'the circumstances but the timing
shown in fig 5.5 is commonly used.

Exercise 5.2

On the circuit of fig 5.4 mark in the logic states
at all inputs and outputs when the clock is at “1"
and Sand R =01, 10, and 11 in turn,

The D type Flip-Flop

In the truth table for a clocked SR flip-flop,
which you should have found to be thus:-

S R Qn+1
0 6] Qn
0 1 0
1 o} 1
1 1 ?

it can be seen that the second and third rows,
taken by themselves, describe a circuit whose

4

output Qpyq follows the input S when a clock
pulse is applied. It can thus be regarded as a
simple, clocked one bit store and is widely used
for this purpose. In the two relevant rows S and
R are complementary, so we need only msert an
inverter after S to obtain R,

Fig 5.6 shows the logic and S has been replaced
by D, the usual designation. In the patching
diagram a NAND gate has been used instead of
an inverter.

Practical 5.4

Construct the above circuit, either as shown or
by adding an inverter to your existing circuit
and confirm the action by altering D and operat-
ing the push-button alternately. You should
obtain the following truth table.

Qn+
0
1 1

a lamps
“clock

© o 4 0o o

¢ O 0. @2 o
o a

@ o0 o o ¢
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Practical considerations
& applications

Although the simple unclocked latch and the
clocked SR form of it are often useful in circuits
constructed in just the way they were in this
Assignment, they do not usually find a place in
the tamilies of commercial integrated circuits.
The reasons for this are first that the unclocked
latch is so easily constructed from two NAND
gates and thus not worth making in integrated
form and second that the clocked SR form is
restricted in its use by the uncertainty which
arises when S and R are both ‘1,

This uncertainty can be resolved by the addition
of further logic as we shall see in Assignment 6
in which you will study the JK flip-flop, and
thus once again it is not worth making the less
versatile circuit in integrated form.

The D type flip-flop, however, removes the un-
certainty about S = R = 1 by making S and R
always complementarv and this circuit does
appear in the |.C families, although it is often
referred to simply as a latch. Look up, for
example the type 7475 in a maker's data book
and you will find that it contains four identical
latches each of which behaves exactly like the
one you constructed in the Assignment. The
particular point to note is that the Q output of
each latch follows the D input all the time the
clock is at “1° (i.e high) but retains the last
state of D prior to the clock going low again.

1
Clock 0

The FEEDBACK INTIKIT

There is another type of D flip-flop which you
will see in the data books and also perhaps
amongst your INTIKIT modules—this is type
7474 and is described as being ‘edge-triggered’
(two circuits per module).

This is something we have not previously met.
The difference in behaviour is that Q takes up a
state equal to input D during the rise of the
clock from ‘0’ to ‘1" but is independent of D
whilst the clock is steady at "1’ and during its fall
to ‘0" at the end of the clock pulse. In practice
this is achieved by controlling the simple latch
by two further cross-connected latches in the
way shown in fig 5.7, which is a slightly
simplified version of a schematic taken from a
maker’s data book.

Exercise 5,3

As an additional exercise analyse this circuit
by drawing a truth table for all gate outputs for
the sequence of conditions represented by the
waveform diagrams for D and CLOCK: to
confirm that changes of Q occur only when the
clock goes from ‘0" to ‘1",

Practical 5.5

Construct the circuit on INTIKIT using one
7400 module for gates 1, 2, 5, 6 and one 7410
for gates 3, 4. Use the circuit to verify the truth
table you have drawn.

The practical applications of D type flip-flops of
both kinds are numerous but the outstanding one
is as elements in multi-stage stores and shift
registers which as you will see in Assignment 9
are fundamental to the majority of digital
computers and digital systems generally.

A common application of a simple unclocked
latch is to remove the effects of contact bounce
from toggle switches and push-buttons as shown
in fig 5.8.

P

Fig.5.8 Anti-bounce circuit
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When the switch is in position A the logic levels
-are as shown and Q = 1. As the switch is moved
from A it becomes effectively “1° {open circuit)
but this has no effect on Q, even if many
bounces occur on breakaway. When the switch
reaches B the first contact sets Q to 0 and
again subsequent bounces can have no effect.

This anti-bounce circuit is used on the INTIKIT
push-buttons to ensure clear single transitions
for use in clocking counters, shift registers and
other circuits, as you will see later.

Further Reading




Discussion and Experimental
Procedure

In Assignment. 5 we met several different kinds

of clocked and unclocked flip-flops having differ--

ent characteristics. However, all these types had
one thing in common, which was that one of the

possible combinations of the two inputs was not -

allowed because it led to uncertain behaviour,

In the SR types this input combination was
simply barred from use and in the D types it was
avoided by ensuring that the two inputs were
always complementary.

It would be very convenient if it were not
necessary to avoid this condition so that any in-
put combination had a meaning, and it would
also be useful if we could put this input
condition to work to make the flip-flop do
something that so far it has not been able to.

® Q6.7 What do
could be?

you think this extra job

Whether or not you can see the answer to this
question let us find out by an experiment what
a flip-fiop of the JK type can do before going on
to study its logical structure in more detail.

Practical 6,1

Plug in a 7472 module and connect it to four
toggle switches and the Q output of the right-
hand push-button as shown in fig 6.1.

clock  preset ¢
push-button P

For the moment connect both P and C to
binary ‘1" while
J and K and the output Q. Do not worry about
the details of the circuit symbol at this stage.
Switch on the power and complete the truth
table below by applying inputs in the sequence

-—-7.?-

You concentrate on inputs.
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shown and then operating the push-button
once after each new setting. Record the state
of Q before {Qn) and after (Qn+1) the clock
pulse in each case.

STEP Qn | Qn+1

00 = nu0ao o
=2 —=20-20=-00 o

O DA OO D WK —

When you have completed this table and ignoring
row 1, which is just a means of ensuring the
correct starting state, collect together the results
of the pairs of rows (2, 4), (7, 8), (6, 9) and
(3, 5) in that order to complete the following
abbreviated table in which the column for Qn
no longer appears.

Compare this ‘gvith the table for a clocked SR
flip-flop from alsignment 5,

® 062 Whart difference do you notice?

The answer, of course, is that the JK flip-flop
allows inputs J and K to be-’1° simultaneously
‘and, when they are, the output always changes
to the complement of its present state at every
clock pulse. In other words we say that the flip-
flop “toggles’.

Practical 6.2

Now go back to the circuit and, by observing
the output changes for different settings of J, K
satisfy yourself that the above table really does
describe the circuit behaviour. Also find the
answer to the following questions,

® 063 At which edge of the clock pulse does
the output change occur fa) the 0" to ‘1’ or
leading edge or (b) the ‘1" to 0’ or trailing edge?

® 064 If you maintain the clock at ‘1" whilst
altering J and K to some setting different from
the one they had when the clock was changed to
‘1", does the output change too?
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@ Q6.5 If you hold the ciock at ‘1" and alter
J and K as before and then restore the clock to
10" which setting of J, K does the circuit respond
to:-

(a) the setting which existed before the
clock went to ‘1’
or (h) the setting which exists just before
the clock returns to 07?

Take care in obtaining the answers to these
questions as they are quite important.

Practical 6.3

Before leaving this circuit carry out two more
tests. First, set the output to ‘0’ using J, K and
the clock—then switch the P input briefly to ‘0’
and back to ‘1" and then the C input briefly to
‘0" and back to ‘1",

You should find that P sets the output to 'V
and C sets it to ‘0" without any operation of the
clock. These are asynchronous (unclocked)
‘Preset’ and ‘Clear’ inputs and are used as a
simple way of setting an initial state into the
flip-flop.

Finally set JK = 1, 1 and operate the clock
repeatedly. Draw a waveform diagram showing
the relationship between the Q output and the
clock input.

o T . - 7ok SR

Fig.6.2

In this mode the flip-flop behaves as a ‘divide-by-
two’ circuit or ‘one-bit counter’ since the output
makes one full cycle from ‘0’ to “1” and back for
every two such cycles of the clock.

The Master-Slave JK

If you obtained the correct answers to questions
6.3, 6.4 and 6.5 you will have discovered that
the output does not respond in any way to J and
[€ until the trailing edge of the clock but then it
always responds according to the last setting just
prior to that edge. In this respect it is not like
any of the flip-flops which came before. Just to
remind you:

Clocked SR and its derived D type:- output
changes at clock leading edge but if S and
R then change output responds until clock
trailing edge.

Edge-triggered D type:- output responds
only at clock leading edge—subsequent
change in D has no effect.

If you compare these descriptions carefully you
will see that the JK we have just examined
differs from, for example, the clocked SR in that
it seems to be able to remember imput changes
after the clock is high without passing them to
the output. It is in fact two flip-flops, referred to
as the ‘master’ and the ‘slave’ and they are
actually clocked SR types coupled together as
shown in fig 6.3.

Notice about this circuit that

a) The clock to the second SR flip-flop is

inverted
b} The inputs to the first SR flip-flop are
effectively
s =J0
R = KOQ

or 7410

K -

clock pulse

=
| (e 7 e 488
Y

Fig. 6.3 Master-Slave JK
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The action is as follows—when the clock is high
the second or slave flip-flop is disabled by the
inverted clock input but the first or master flip-
flop is able to respond to its inputs as in the
above expressions.

When the clock goes low again the master flip-
flop is disabled but whatever contents it has are
passed to the slave flip-flop and hence the out-
put. To confirm that this circuit should behave
in accordance with the truth table we obtained
previously for the 7472 module let us complete
the following table for Q', the master flip-flop
output, for various values of Q, J and K.

Q' of course becomes Qn+1 at the clock trailing
edge whilst Q is the same as Qn,

STEP J K QS=J0 R=K0Q Q'
T 0 0 0 o 0 0
2 0 0 1 0 0 1
3 0 1 0 o 0 0
4 0 1 1 0 1 0
5 1 0 0 1 0 1
6 1 0 1 o0 0 1
1 1 @ 1 0 1
8 1 1 1 0 1 0

Some of the rows in this table need explanation.
Inrows 1 and 2, since S and R are both ‘0 the
Master output Q' retains its previous state. But
this must be the same state as that of the slave
because the slave was made equal to the master

1l

— 5
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at the end of the previous clock pulse. Thus in
both rows Q' = Q.

In rows 3 and 6 exactly the same argument
applies.

If we now write Qn instead of Q and Qn+1
instead of Q' and collect the rows in pairs {1, 2)
(3, 4) (5, 6) (7, 8) as before we find exactly the
same truth table as was obtained for the 7472,
Check this for yourself.

Practical 6.4

Switch off the INTIK|T power, remove the 7472
module and all leads and replace with the
modules shown in fig 6.3, connecting up
appropriately. This circuit has no preset or clear
inputs. Switch on and verify that the circuit
behaviour conforms with the JK truth table and
responds on the clock trailing edge. It is instruc-
tive to connect a second lamp to Q’, that is the
upper output of the master flip-flop, so as to
observe the master-slave action more clearly,

The Edge-Triggered JK

Just as the D type flip-flop studied in Assignment-

5 could ‘be designed to operate on the leading or
trailing edge of its clock pulse so it is with the
JK flip-flop.

The master-slave type we have just invéstigated
responded at its output when the clock went
low, having remembered the values of J, K
existing when the clock went high. It is quite
possible to design a circuit in which the output
responds to J and K as the clock goes high and
thereafter ignores any changes in J, K until the

Dt

9 \j 5 i
Use 1-7404 for inveriers
2-7420 gates 7,8 9

1-7410 gates 4,5,6
1- 7400 gates 1.2,3

Fig.6.4 A logical edge-triggered JK
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clock goes high the next time. This is usually
called an ‘edge-triggered JK' by the 1.C manu-
facturers.

In a manufacturer’s data book you should find
for example, type 7470, although this type does
not appear in a basic INTIKIT. The logic of this
particular realisation of an edge-triggered JK is a
little unusual and there is little to be gained by
attempting to construct it on INTIKIT because
it employs special circuit techniques to give a
reasonably economic solution.

That such a circuit can be constructed with
ordinary logic may be verified by any student
interested enough to assemble the circuit of fig
6.4 and check its operation against the usual
JK truth table. The particular feature to ensure
is that output changes occur as the clock goes
high and that whilst it remains high and after it
goes low again, changes to J and K have no
effect.

Practical 6.5

Construct the circuit of fig 6.4 carefully and
methodically to avoid errors. Use lamps to in-
dicate J, K and Q and use the right hand push-
button for C. Do not worry about the derivation
of this circuit at present. The method used in its
design is beyond the scope of these assignments.

in all the circuits of JK flip-flops you have set up
in this assignment you have been instructed to
use a push-button for the clock, thus giving a
single, bounce-free transition as described in
assignment 5 {fig 5.8).

@066 Why do you think it is so essential for
the JK when it was not for the other types of
flip-flop?

The JK as a D-type

|t should be obvious that by making K =J and
puttingJ = D, a JK flip-flop will behave exactly
like a D type.

Practical 6.6

Construct a circuit using one 7472 (master-slave
JK) and connecting one inverter of a 7404
between J and K so that K = T . Apply an input
to J and a clock in the usual way and verify that
D type behaviour results.

Although a JK is sometimes used in this way itis
clearly a waste of the facilities a JK provides and
normally a type 7474 (edge-triggered D type)
would be used.

06-4

The JK as a binary counter

Another way of using a JK is to connect both J
and K permanently to binary ‘1" so that it
toggles at every clock pulse, thus producing a
binary counter as mentioned earlier in this
assignment.

Exercise 6.1

Make up a table to summarize the behaviour of
the types of flip-flop listed below. This should
show on which edge of the clock the circuit
responds and whether input changes have any
effect during clock high. Also show typical
commercial |.C numbers.

Clocked SR

D types latch (e.g 7475)
Edge triggered D types
Master-slave JK
Edge-triggered JK.

Practical considerations
& applications

The JK flip-flop is probably the most flexible
kind available and can be put to virtually any
use in control circuits, counters and shift
registers.

It is, however, guite rare 10 find its facilities
being used fully and where this is so it will often
be mare economic to choose 8 flip-flop of
another kind, especially if multiple circuits are
needed, when simpler circuits such as the D type
latch are packaged in fours or eights instead of
anes or twos as are JK flip-flops.

One area of design in which the JK facilities are
fully used is in the construction of synchronous
and asynchronous counters to perform- non-
binary counting, where the use of JK fhp-fiops
often eliminates a considerable amount of gating
which would otherwise be necessary. You will
study these circuits later in Assignments 10 to
12.

You will have noticed that some of the com-
mercial JK circuits are provided with AND gates
at their J and K inputs {e.g fig 6.1) although
the circuits you constructed did not use them.
They are there because it often turns out, in the
use of JK's as described in the last paragraph,
that such gating is needed. When inputs are not
used the proper procedure is to connect them
to binary ‘1" to minimise the risk of spurious
pick-up, although for experimental purposes itis
usually sufficient to leave them unconnected.-

Further Reading
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COURSE EE333 LABORATORY

LAB 3 Equivalence, Non-equivalence and ofher circuits and Binary Addition

OBJECTIVE

Tointroduce a group of irnportant circuits based upon two inputs to perform
equivalence, non-equivalence, equality, inequality and half-adder functions.

Tostudy cirouits for the numerical addition of Binary digits,

QUANTITY EQUIPMENT
| CE353 with Leads

Iod. 7400
Mod, 7404
Mod, 7410
Mod, 7472 |
Mlod, 7420

€ b = s CO




Discussion and Experimental
Procedure

In fig 2.6 of Assignment 2 there was a table
showing truth tables for AND,OR, NAND and
NQOR. They all showed two inputs and therefore
2% = 4 rows and they all had one output.

The pattern of 1's and 0's in the output column
was different in each case, thus:-

INPUTS OUTPUT Z
A | B |AND OR | NAND| NOR
olo 0 0 1 TR
01 0 ] 1 0
110 0 17 1 0
1|1 1 1 0 0

Obviously, there are other patterns that could
appear in the Z column, each one representing
some function of A and B, just as the patterns
shown above represent the functions AND, OR,
NAND and NOR.

® 071 How many different patterns for 7
are possible?

I you are uncertain of the answer think of Z
as being a four-bit number and then of how
many binary numbers can be represented by
four bits.

E:ercise 7.1

In the table below write in all the .possible
patterns for Z as a series of ascending binary
numbers, of which the first twe have been
completed for you. There will, of course, be
sixteen columns, which is the answer to Q7.1.

Now write in at the head of each column the
function of A and B that each pattern represents.
You could use Karnaugh maps to help you but
the functions are all simple and can be written
down by inspection,

= =15"]

= O = O|to

4
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SR Wl s T s
- O = O|lm

8 9 10 11 12 13 14 15

If you completed the table correctly you should
have found that

Columns @, 3, 5, 10, 12 and 15 are functions of
none or only one of the variables e.g column 5
is:B.

Columns 1, 7, 8, 14 are respectively AND, OR,
NOR and NAND.

Column 2 is AB and 13 is its complement A + B
Column 4 is AB and 11 is its complement A + B

Column 6 1s AB + AB and 8 is its complement
AB + AB.

All of these last six functions are of importance
inpractice and have particular names as follows:-

Z, = AB is called ‘A greater than B or A > B
since the output is ‘1" only when A is greater
than B. )

Zy3 = A + B, by a similar argument, is ‘A less
than or equal to B or A << B.

Z. = ABis ‘A less than B’ or A< B.

22 A+Bis A greater than or equal to B' or
A=B.

Z, = AB + AB is 'A not equivalent to B’ or
A X B because it is ‘1" only when A and B have
opposite values. 1

Z, = AB + AB is ‘A equivalent to B or A =B
since it is ‘1" when A and B have the same
values.

Examine these functions carefully to make sure
you understand them fully.

Exercise 7.2

Show by the application of De Morgan’s theorem
and algebraic manipulation that Z, and Z, are
complementary.

We shall now study the NAND logic circuits for
each of these functions and check them on
INTIKIT.

A>B, A<B A<B,and A=B

These are all very simple functions, none of
which needs more than three NAND gates,
including inverters.

07-1
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Practical 7.1

Design, construct and verify the truth tables of
logic circuits for each of the above functions.

AB+ AB
This function, properly known as non-equiva-
lence, is also commonly referred to as the

EXCLUSIVE-OR because it is ‘1’ when AorB
but not both are at '1’,

A symbol frequently used to express the non-
equivalence function is & and it means the
same as X, eg A @ . B is the same as A X B.

A straightforward circuit for this function is
shown in fig 7.1 which also shows the Karnaugh
map.

Fig. 7.1

Practical 7.2

Construct the circuit of fig 7.1 and verify its
truth table, o

Itis possible to simplify the above circuit slightly
hy a method which is not apparent from a
Karnaugh map but shows up after algeiraic
manipulation,
Zg = AB+AB

= (A+ANA+B)B +A)B +8)

distribution

(A +B}{A +B) - rearrangement
(A+B) AB i.e (A OR B} AND NOT
(AAND B) +

= A(AB) + B(AB) - distribution
Figure 7.2 shows a circuit to realize this form of
the function and uses only four NAND gates.

1]

]

Fig. 7.2

Practical 7.3
Construct and verify the truth table of fig 7.2.
Exercise 7.3

Devise a NAND logic circuit to realize the
expression for exclusive-OR marked by * inthe
above algebraic derivation. Your solution should
use 3 NAND and 3 INVERTERS.

AB + AB

Obviously this equivalence function can be
generated simply be complementing the non-
equivalence function and, using the circuit of
fig 7.2, would use five NAND gates. Alternatively
the direct approach illustrated by fig 7.3 can be
used although this also uses five gates.

A
B

2]
5
;I>

Fig. 7.3
Practical 7.4

Construct and verify the truth table of fig 7.3.
Exercise 7.4

Try working out for the equivalence function a
circuit similar to that of fig 7.2 by following a
similar algebraic manipulation, |s the resulting
circuit any simpler than fig 7.37

Binary Number Relations

All the functions we have studied in this assign-
ment are concerned with the relationships bet-
ween two binary variables A and B. Since binary
numbers as used in digital computers are simply
collections of binary variables of different
numerical significance these same functions, if
applied separately to each pair of digits from two
bmary numbers, will be able 1o indicate the
relationships between the two numbers,
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A most important relation in computing is the
arithmetic sum of two numbers and, being so
important, the subject of binary addition has the
the next assignment, No. 8, to itself.

Other important relations between two positive
binary numbers A and B are
X numerically equal to Y X=Y
X numerically greater than Y X>Y
X numerically less than Y X<Y
We shall now take a look at the logic necessary
to indicate these functions and for the sake of
simplicity we shall assume that X and Y are
three-bit numbers only.
X = Y —equality detector
Two numbers X and Y are numerically equal
only when each pair of digits of equal signifi-
cance are themselves equal.
Thus if X:AW,BI‘CI
(A, the most significant)

and Y = Az, B2, G
{A the most significant)
Then X = Y if

(A; =Az) AND (B; =B;) AND (C; =Cy)

In fig 7 3 we had a logic circuit for equivalence
and now we need three such circuits plus an
AND 1o produce a signal which will be 17 only
when X = Y. The result is shown in fig 7.4.
Practical 7.5

Construct the logic of fig 7.4 using two sets
of three toggle switches for the inputs, confirm-
ing that for all eight values of the binary

Aq
Ao . |

B{ ———
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numbers X and Y, Z is at '1° only when X =Y
(use one 7400 for each stage and one 7410 for
the final gate and its inverter).

X > ¥ and X < Y inequality detector

Looking back to the beginning of this Assign-
ment you will lind that the simple expressions
for inequality of two binary variables A and B
were

A>B  function AB
A<B function AB

Practical 7.6

Using three identical circuits for (A, > Az),
(B, > B,) and (C, > C,) feeding into an AND
gate (similar to fig 7.4) canstruct a detector for
X > Y and check its operation for various values
of X and Y as shown in the following table,
filling in the output that is indicated by the
output lamp.

—

X Y QUTPUT
000|001
010|010
111 000
10 101
101 110
100 |01 T
110|000

® Q7.2 Do you get the output that you
expect in every case? If not, why do you think
this is s0?

Fig. 7.4 Equality detector

3 gt
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carrect whenever X was less than or equal to Y
but when X was greater than Y the result was
i correct only for X = 111, Y = 000. This is
i because the circuit was set up to detect only
| when every digit of X was greater than the
| corresponding digit of Y.

'!
#‘ You should have found that the result was

How can we arrive at the correct circuit?
Supposing we used an OR gate instead of an
AND gate to combine the results of each digit
comparison—then we should have an output
when any one digit of A exceeded the corres-
ponding digit of B.

Exercise 7.5

Check each of the above examples in the table
to see whether the use of an OR gate would
give correct solutions in every case,

You should find that the result is correct for
évery case except when X = 101 and Y = 110
because although ¢, > Gy, X is actually less
I thanY.

What we have omitted to take account of is the
fact that the different digits have different
numerical significance; this did not matter when
looking for equality since there is only one
condition of equality, but jt does matter when
looking for inequality,

| The rule we nave to follow in determining if
' X > Y is 10 look first at the most significant
digits for inequality. If they are unequal the
lower order digits do not matter but if they are
equal we look at the next digits down for
inequality and so on.

In symbols

X>Yif(A; > Aq)

ORif (B; > B,) AND (A1 = A,)

OR if ':Cl >C2) AND (AI: _A:) AND (B} =, Bz]
In practice what we must do is to detect not
only when A; > A, but also when A} = A; and
use the latter signal to enable the next compari-

son between B; and Bs to be carried out. A little
earlier in this Assignment it was pointed out

By

»

that equality could be detected simply by
following an inequality detector by an inverter
and the inequality circuit of fig 7.2 is ideal for
this purpose. Fig 7.5 shows the result,

(A1>A5)
Ay
AEA,

Az
':A1<A2)

Fig. 7.5

This circuit has the advantage that it gives
simultaneous outputs for (A, > A,), (A, <A;)
and (A, = Az). It will serve exactly as it stands
to compare the most significant digits but for
lower digits it must be arranged to produce no
outputs unless the next higher digits are equal.

To do this it is modified to the circuit of fig 7.6.

Exercise 7.6

Substitute P for {a, = Az) in fig 7.6 and hence
show that the outputs given in the diagram are
correct,

The third and any subsequent stages are identi-
cal with fig 7.6 and it should by now be obvious

‘that

(a}  The centre output of the last circuit will
be

(A, = Ay)B, = B, )(C; =C,) etc or in other
words X = Y,

(b) The upper and lower outputs of the various
stages, if suitably inverted and combined
in two separate OR gates, will give signals
corresponding to X > Y and X < Y.

{A1= A3) from higher order circuit

(B1>B,) (A1ZA,)

(B1¥B2) (A2 A,)
to lower order circuit

fB|<Bz](A1EA2)

' Fig. 7.6

07-4
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The full circuit is shown below in fig 7.7.

The FEEDBACK INTIKIT

Fig.7.7 3-bit numerical comparator

Practical 7.6

Construct the logic of fig 7.7 on INTIKIT using
modules as fallows:-

Gates Module
1,:2,3. 4 7400
56,7 7410
8,9 7420
10, 11 7420
12,13, 14,15 7400
16, 17 7420

All these modules are available in the basic
INTIKIT set. For all the 64 combinations of the
8 values each of X and Y confirm that the out-
puts give correct indications of the relative
values of X and Y.

@® 7.3 What is (a) the maximum and (b) the
minimum number of outputs of fig 7.7 which can
simultaneously be at “1°?

Practical considerations
& applications

The circuits studied in this Assignment and in
the next are among the most important and
widely used ones. For this reason they have been
manufactured in integrated form by many supp-
liers.

-3é~

For example, discounting binary adders (see
Assignment 8) reference to a Series 74 catalogue
will show the following

7486  Quadruple exclusive-OR  ({non-equiva-

lence)

7485  4-bit numerical comparator giving ‘greater
than’, ‘less than’ and ‘equal’ outputs
with provision for cascading as many
modules as necessary to compare numbers
of any length (identical in principle with
the logic of fig 7.7).

7487 4-bit true/complement circuit.

The meaning of this last circuit requires explain-
ing. Suppose we have a non-equivalance circuit

for two inputs A and B, then as we have just .

seen, the output is
Z=AB +AB

If we now put one of these inputs, say A,
successively equal to ‘0" and ‘1" we obtain

ifA=0thenZ=0B+1B=B

if A=1thenZ=1.B+08=8
In other words we can consider A as a control
signal which makes the output equal either B
{true) or B (complement) when the input is B.

If we now imagine a set of, say four such circuits,
all having the same control signal A but different

075
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input signals B,, B,, B;, B, (representing a
binary number) then the value of A decides
whether the cutput number is equal to the input
or equal to the complement of the input.

Applications of numerical comparator circuits
occur in digital computers to determine the
relative magnitude of numbers and in numerical
control systems such as are used in the control
of machine tools, for instance, to see whether
the machine position, represented by a binary
number is greater than or less than the required
position, also set by a binary number.

Another application of the non-equivalence
circuit is to the conversion of pure binary code
to Gray code and vice-versa. (Gray code, often
called cyclic binary code, is used in some devices
for the digital measurement of shaft position)
See Assignment 13 for details.

Further Reading
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Discussion and Experimental
Procedure

In this Assignment we are going to study circuits
for adding together two binary numbers, but
before we can decide what logic is required we
must first decide what binary addition means.

in the decimal number system, when we add
together two digits we have to consider two
distinct possibilities:-

(a) The sum is less than or equal to 9 (radix
10 minus 1)

{b) Thesum is greater than 9.

I1f (a) is true we simply give the sum as the
appropriate decimal digit: 4 +3=7 or2+7 =9,
to give two examples.

If (b) is true, however, we cannot express the
sum just as one digit but we have to carry over
into the next higher column. Thus 7 + 8 = b
carry 1 and 9 + 9 = 8 carry 1, for example.

Translating this into the binary system we have
two similar possibilities

{a) The sum is less than or equal to 1 (radix 2
minus 1)

{b) The sum is greater than 1.
Exercise 8.1

Following the same argument as used in degimal
write down the sum and carry obtained when
the two digits added are (a) 0 and 0 (b) O and 1
{c) Tand O (d} 1 and 1.

Now consider the two digits to be added as
binary variables A and B. We want to construct
logic which will produce the correct sum and
carry terms for each of the four cases of
Exercise 8.1 so we must first construct the two
truth tables and then see if we can select suitable
logic to realize them.

A B SUM CARRY

0 O
0. 1
1 0
11

Exercise 8.2

Complete the above table from the results of
Exercise 8.1

You should find that the sum function is identi-
cal with a function we met in Assignment 7,
namely the non-equivalence (exclusive-OR)
whilst the carry function is just AND. If you
did not get this result ask your instructor to
explain,

- 38,.
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Thus we have
SUM =X {sigma) AB + AB
CARRY = Cq = AB
The straightforward NAND logic for these

functions is shown in fig 8.1 which is just a
combination of fig 7.1 with an AND gate.

A |>
| s
8 °
Do—|>07— Co
Fig.B8.1 Simple adder
Practical 8.1

Construct the logic of fig 8.1 using one 7400
and one 7404. Connect lamps to the £ and Cy
outputs and confirm the operation in accordance
with the truth table.

In Exercise 7.3 of the previous Assignment you
were asked to devise a logic circuit for the
Exclusive-OR function as expressed by

AeB={(A+B)AB

In this form we can see that the expression for
Cp = AB appears in complement form and this
leads to a slightly different form of adder as
shown in fig 8.2.shown in fig 8.2 overleaf.

Practical 8.2

Construct and confirm the truth table for the
logic of fig 8.2.

In the circuits just studied Cy was the carry
out to the next higher digit position. In ttis
next position the logic circuit will have to
accept, not only the digits of the two numbers,
but also the carry from the next lower stage. In
other words it must add together three inputs
instead of two.

08-1
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BH_DOﬁ

Co

[ e

A+B

Fig.8.2 Alternative adder

One obvious way of doing this is to first add
together two of the three, using one of the
circuits above and producing a partial sum and a
partial carry, and then use another similar
circuit to add the third input to the results of
the first addition.

Thus if the three digits to be added are A, B and
C (C = carry in)

(A+B) =, with a possible carry
out Cq

and (£, +C) = T, with a possible carry
out Cg

Notice that a carry aut can only occur in one of
the stages because if A and B are both ‘1", Z; =
0 so no carry can occur in the second stage:
similarly if £, and C are both *1° no carry out
can have occurred in the first stage.

Because each simple adder is performing only
half of the complete process it is usually referred
to as a HALF-ADDER. The complete circuit
made up of two such half-adders is called a
FULL ADDER.

AdFull Adder

Fig 8.3 is a block diagram of a full adder com-
posed of two half-adders. You should notice
two things about the diagram

(a} The Z output of the first half is used as an
input to the second half.

(b) The two carry outputs C' are combined in
an OR gate to produce-C,.

] o
112 adder|.. @Co
B - 7 c

1/2adder|
gl

C

Fig.8.3 A full adder

Exercise 8.3

Draw the complete logic circuit for the full
adder of fig 8.3, using the half-adder circuit of
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fig 8.2. You will find that the inverter for Cq in
fig 8.2 can be dispensed with, as also can one of
the two input inverters of the second half-adder.
Your final circuit should use 7 NAND gates and
5 inverters and can be built with two 7400
modules and one 7404 module.

Practical 8.3

Construct the full adder you have just designed
and use it to provide the data to complete the
truth table below for £ and Cg for all eight
possible combinations of A, B and C.

ATBE] CTET Co
0|0 0
AR
1]o]o
1 110
0|0 1
o]
1 0 1
1 i 1
Exercise 8.4

From your truth table for the full adder fill in
the missing numbers in the following statements

(a) The sum output is ‘1" when any — or all
— of the inputsare at ‘1’
(b) The carry output is ‘1" when any — or

all — of the inputs are at“1".

There are many different ways of realizing the
truth table for a full adder apart from the two
half-adder method. For example «f you draw
Karnaugh maps of the two functions for ¥ and
Cg from your truth tabie they should lead you to
the following sum of products expressions.

¥ = ABC +ABC +ABC+ABC
Co, = AB+AC+BC
Exercise 8.5

Confirm these expressions by drawing the
Karnaugh maps and note how they tally with
the statements in Exercise 8.4

__39‘




These expressions would need 9 NAND gates
and 3 inverters and are thus not quite so
economical as the two half-adder method. In
fact they require 5 modules because several
gates must have 3 or 4 Inputs, whereas the two
half-adder method needed only 3 modules, Of
all the variations the two half-adder circuit turns
out to be the simplest.

Addition of multi-digit numbers

When two multi-digit numbers are to be added
there are basically two ways of performing the
addition.

First we can construct a separate adding circuijt
for each digit as shown in fig 8.4.

number X

sum
= full adder

Fig. 8.4

This method is called PARALLEL ADDITION
because all digits are added simultaneously,

® Q8.1 Does the first (least significant) adder
need to be a full adder?

A point of great importance concerning parallel
adders for digital computers s that they are fast
in operation because all digits of the sum are
generated nearly simultaneously. But not quite
simultaneously because each adder in the chain
cannot produce its outputs correctly until it
knows whether or not the previous adder has
produced a carry. In other words the full output
is not obtained until a carry has ‘propagated’
fully along the chain.

How fast a carry propagates depends upon how
quickly logic gates respond to changes and how
many gates are included in the carry path.
Another factor is that a carry only has to pro-
pagate along the full length of the adder when
all the digits of both X and Y are at o

The FEEDBACK INTIKIT

A two-bit parallel adder
Practical 8.4

On the INTIKIT deck you should have a full
adder constructed. Add to this a half-adder for
the least significant digit using the circuit of
fig 8.2 constructed with one 7400 for the
inverters and one 7410 for the gates. Arrange
the inputs in two separate groups of two
switches each for A, B, and A, B, and use
three lamps on the carry out, £, and Zg. Of
course the carry out is actually the same as the
third digit sum in the absence of any higher input
digits. Thus the addition of two 2-digit numbers
can give rise to at most a 3-digit sum. When your
circuit is complete check that every combination
of the four values of each input X and Y gives
the correct sum output.

® Q82 What s the highest sum you can
obtain with this arrangement?

We said earlier that there were two basic
methods of addition. The second method is to
use only one adder circuit and to present the
digits of the numbers to be added one pair after
another, starting with the least significant. If a
carry is generated at any step it is remembered
by a binary store and presented to the adder at
the same time as the next higher digits.

This method of addition is called SERIAL and it
is much more economical in logic but slower
because of the time taken to present all the
digits sequentially.

The block diagram of a serial adder is shown in
fig 8.5 usinga D type flip-flop {see Assignment
5) as the carry store. Xn and Yp, are the nth bits
of X and ¥ (counting from the least significant
end).

Xn
Yn

Zn

Cn

Cn- —clock

n

Fig. 8.5 A serial adder

The diagram shows the conditions just before
8 clock pulse oceurs. When the clock pulse
arrives it will shift Cn to the Q output of the
flip-flop and hence to the adder input

At the same instant arrangements will be made
to present digits Xp4q and Yn+1 whilst the
existing output Zn is stored elsewhere to make
way for the new sum Zntq.
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Exercise 8.6

In the table below are shown two numbers X
and Y, least significant bit at the right. Fill in
the rows marked £ and C for each column,
starting from the right.

n 9876543210

X |0100101110

Y (801341001711

=

C

A Serial Adder
Practical 8.5

On INTIKIT remove the half-adder logic you
constructed for Practical 8.4 and add instead
a D type flip-flop constructed from a JK
module 7472 plus an inverter as described in
Practical 6.6 Assignment 6.

Connect the carry output of your full adder to
the D input and the Q output to the carry input
of the adder as in fig 8.5. Use the left-hand
push-button as a clock input to the flip-tlop and
connect a lamp to the sum output of the adder.

Initially set the X and Y input switches to ‘0"
and initiate one clock pulse to clear the carry
store.

Now set X and Y sequentially from the right
s in the table above, operating the clock button
between settings and noting the sum output. The
exact sequence you should follow is:-

(a} Set Xp and Yp, digits

(b)  Note sum output Zp

(c) Operate clock button

(d) Set Xnp+1 and Yn+

(e) Note sum output Zpiy

etc.

You sheuld obtain the same sequence of digits
that you have already entered in the table above,
Try different values of X and Y, ensuring that

you clear the carry store before each test as
described above.

Practical considerations
& applications

The applications of adder circuits are fairly
obvious because addition (and subtraction,
which is only a minor modification of addition)
is the basic operation of all digital computation.

The practical _implementation of adding is a
matter for considerable ingenuity an the part of
logic designers, however, in their attempts to
achieve higher speed and lower cost. Very many

= Y
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schemes have been devised, for example, to
reduce the carry propagation time of a parallel
adder, some relying on ultra-fast circuits design,
some on rearrangement of the logic so that the
carry path takes it through fewer stages of gating
and some on ‘looking ahead' to the higher
order stages to see how far a carry will need to
be propagated.

It is not possible in this manual to describe any
of these methods in detail but the suggestions
for further reading mention many of them.

The serial adder you tested in Practical 8.5 is
not a fully representative one because it con-
tained no circuits for presenting the two numbers
sequentially nor for storing the result. In
practice this would usually be done by shift
registers, which will be studied in the next
assignment.

Because addition is so important you will find
a number of integrated circuits providing 1, 2
and 4 bit full addition. Some of these are as
follows and are worth looking up in a maker's
data book.

7482 2-bit full adder—1i4 pin

7483 4-bit full adder—16 pin

Both of the above can be cascaded to give any
iength parallel adder.

7480 Gated full addei—1-bit adder with
gated inputs and complementary outputs (I,

¥, Cs, Cgh
Further Reading
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Discussion and Experimental be in either of two directions, right orhlefft.

Indeed some registers are capable of being shift-
rr:(?l?fl:lre " SIS, ed in either direction (called 'reversible shift’).
n digital computing a v -

ment is to be able to store temporarily a binary However, before going on to study the details
number so that later on it may be used again for  of shifting registers we must examine the some-
further calculation. More permanent storage is  what simpler problems of parallel input and
usually done in a large scale memory such as a output.
ferrite core store, disc file or magnetic tape but
for shorter term storage it is usual to employ
a ‘register’. The very simplest type of register is composed of
b — - simple binary latches, To control the inputs to
This is no more than a set of one-bit memories  goyaral stages it is necessary to use a common
such as the flip-flops we met in Assignment 5,
one for each bit in the number to be stored.
Fig 9.1 illustrates this idea for a typical four-
bit number, the least significant bit being at the
right.

Parallel Input

control line to be energized when data is to be
set into the register. A little thought will show
that this purpose is achieved by the D type |
flip-flop (see fig 5.6 of assignment 5}.

Practical 9.1

Construct a three stage register from three D
1 0 1 1 type flip-flops as shown in fig 9.2, connecting
input toggles to each of the D {data) input lines
_ ) and lamps to each of the Q outputs. Use the
Fig.9.1 A register left-hand push-button Q output for the clock.
Use three 7400 and one 7404 for this circuit.

A register like that of fig 9.1 could be made
from, for example, D type or JK flip-flops, but ~ Set various numbers on the toggle switches and

it is not enough simply to have the register—  then apply a clock pulse. At the leading edge of
we must also be able to put numbers into it  the clock the register should take up the applied
and get them out again. pattern and retain it,

There are two ways of putting data into a 0 Q

register and two ways of reading it out again.
The two methods are serial and parallel, defined
as follows,

In PARALLEL operation, all stages of the a
register are loaded (set) simultaneously and
are read out simultaneously.
In SERIAL operation the number to be clock pulse
\ loaded is applied sequentially bit by bit to )
one end of the register and shifted or “slid” Fig.9.2 Simple register stage
along it until all stages are loaded. Convers-
ly to read a number out it is shifted to Paallel Gitpit
one end again and the output of the end In Practical 9.1 the output pattern appeared on
stage observed bit by bit. the lamps as soon as the register was loaded but

in some applications it must be possible to gate
the output so that it appears only when some
other clock pulse occurs. This is easily achieved
by adding an AND gate to each Q output as
shown in fig 9.3.

In a moment we shall take a closer look at the
meanings of these operations and the methods
of achieving them in practice but you should
note first that the two options for input and
two for output give a total of four possible types

of register:- from
Parallel in — parailel out register lamp
Serial in — serial out Q)

Parallel in — serial out

Serial in — parallel out output

clock
pulse
Actually there are even more than four because

7 gl Fig. 9. t
the shifting operation in the serial mode may '9.9.3 Qutput gating

09-1
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Practical 9.2

Add output gates to all three register stages,
commoning the output clock pulse lines and
supplying them from a fourth toggle switch. Use
one 7420 for each stage.

Enter various numbers into the register as before
and then display them on the lamps by applying
an output clock pulse.

@ 09.1 Without alteration to the register logic
how would you go about ‘clearing” the register,
that is setting a|l stages to binary 0°?

Exercise 9.1

Assume that the. application demanded the
ability to clear the register independently of the
input clock pulse and work out how this could
be done. Check your solution on the register
already built (Hint: the simplest  solution
requires the addition of one module type 7410
to the circuit).

Shifi Registers

We shall now study the action of a shift register
to ensure understanding of the basic principle.
Fig 9.4 shows a four-stage register containing
the number 1011 and the successive stages invol-
ved in entering the number 1100 into the
register from the left, commencing with the
rightmost digit of the new number.

At each step every stage of the register takes up
the state of the stage on its left and passes its
own state on to the stage on its right.

Note two important things from fig 9.4.

(a) The rightmost stage in the initial state and
after each of the first three shifts contains
the digits of the original number in seq-
uence, rightmost first. In other words as
the new number is entered the old number
appears serially in the rightmost stage
thus giving serial output.

{(b)  The old number, once it has passed through
the rightmost stage, is lost.

Exercise 9.2

Draw diagrams similar to fig 9.4 for the follow-

ing:-

fa) Old number 0 0 0 0, new number 0 1 1 1,
right shift,

(b)  Old number 1110, new number 1 000,
left shift.

In (b) the new number will be presented left-
most bit first,

How can the shift registers like those of fig 9.4
actually be implemented and what kind of flip-
flop would be suitable?

To answer this we must take a close look at
the behaviour required of a typical stage for all
possible conditions. These conditions are as
follows:-

(a) stage holds ‘0" and is about to accept a ‘0’
(b) stage holds *1’ and is about to accepta ‘1’
(c) stage holds ‘0’ and is about to accept a ‘1"
(d) stage holds ‘1" and is about to accept a ‘0’

Direction of shift

—
ew nomper =0 [ [0 T 1T ] aie
—f=
new number 0 _ Initial state
Ak el —»0 nnn State after one shift
new number
new number > 1 nnn Stcﬁe after two shifts
Lth. bit of
new number » 1 nnn State after ihree shifts

nn State after four shifts

3rd.bit of

Register contains new
number

Fig.9.4 Shift register acliony
= Al delion
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lamp 1 lamp 2 lamp 3
toggle u @ toggle B e toggle 4
1 o 2 ™ 3
input
clock
Fig, 9.5

Suppose we try to use the D flip-flops of fig 9.2
for this, connecting the output of each stage to
the D input of the stage on its right and feeding
all stages with a commaon clock pulse.

Practical 9.3

On your three-bit register either remove the out-
put gating or set the output clock line perman-
ently to ‘1. The general configuration will then
be as fig 9.5, where a rectangular symbol for
the D flip-flop has been used for simplicity.

Now use the toggles and the clock to enter the
number 100 into the register. When this is done
and without switching off, reconnect the D in-
puts of stages 2 and 3 to the Q outputs of
stages 1 and 2 respectively instead of to the
toggles. Set toggle 1 to ‘0" and apply a clock
pulse.

You would expect the resulting pattern to be
0 1 0 if the right shift occurred as it should.

® 09.2 What actual result did you find?

Repeat the test but this time leave toggle 1at ‘1’
when applying the clock pulse. You should get
apattern 110,

® (9.3 What do you actually get?

You will have discovered by now that the shift
register constructed of these D type flip-flops
does not behave as hoped for. Instead all stages
becorme ‘1° or ‘0" depending only on the state of
toggle 1.

The reason is not difficult to see; as soon as the
clock becomes ‘1" all stages of the register are
effectively connected together in a continuous
chain so that the input to the leftmost stage

— 75‘“_-

(toggle 1) is rapidly propagated to all stages.
What is needed is a flip-flap which can remember
temporarily the new state being presented to it
whilst retaining its old state at the output to
present to the next stage.

@ (9.4 Can you suggest which of the types
studied in Assignments 5 and 6 might be
suitable?

The answer to this is:-

(a) Edge-triggered D type {or JK type connect-
ed as a D type.

These will work because the output responds to
the input only during the clock leading edge.
Once the clock is fully up the input can change
without affecting the output.

{b) Master-stave JK type connected as a D type.

This is suitable because the ‘master’ flip-flop
remembers the input whilst the clock is up but
passes it on to the output only at the trailing
edge of the clock.

As there are no edge-triggered D type modules in
a basic INTIKIT we shall concentrate on the use
of the master-slave JK module 7472 connected
as a D type (by making J = D and K = D).

Practical 9.4

Remove all modules and leads from the deck
and insert instead four type 7472 and one 7404,
connecting them as in fig 9.6. {In this figure
the J and K AND gates are not shown for
simplicity. Any one of the three inputs may be
used, leaving the others unconnected).
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toggle 1 toggle 2 toggle 3 toggle &4
l lamp 1 l lamp 2 L lamp 3 l lamp &
inogle P P P P14
5 Ja JFTa J: T Jra
K cQ ’-QK% Q KeQ KeQ
toggle f
6 _ l
e = -
(clear] push-button
(clock)

Fig. 9.6 Basic right shift register

The flip-flops have separate preset and clear in-
puts (which were not used when Yyou were study-
ing the JK in Assignment 6) and these may be
employed as in the diagram to provide parallel
inputs (ungated) and to clear the register, They
must be left at binary “1* whilst a clock is applied
and are taken to ‘0’ to achieve preset or clear.

Proceed as follows to examine the various forms
of shift register listed earlier in the Assignment,

(al Serialin — serial out

In this case the initial state of the register is of
no importance so we can leave all the preset
inputs and the clear line at *1".

Set toggle 5 successively to the four digits you
wish to enter (rightmost first) and after each
setting apply one clock pufse. After four pulses
the desired number will be in the register. This
is serial input.

Now, observing the lamp on the rightmost stage
and setting toggle 5 to ‘0, apply three more
clock pulses when the stage will take up succes-
sively the four digits of the stored number. This
is serial output.

Repeat for various numbers,
(b) Serial in —

This is the same as (a) but when considering
output all lamps are observed simultaneously
instead of only the rightmost one.

parallel out

(¢} Parallelin — serial out.

For this mode the register is first loaded using
the clear and preset lines. (Clear all stages and
then preset those which are to be ‘1'). Then
three clock pulses will present the bits in turn
at the rightmost position.

094

® Q9.5 How can you clear the register with-
out using toggle 6, the clear line?

® Q9.6 How could you eliminate three of the
four inverters of fig 9.67

We have now encountered all of the main
register modes but there are some refinements
which are worth examining.

Practical 9.5
Gated parallel inputs

To the register you have constructed add gating
of the parallel inputs as in fig 9.7, using two
7400 modules as shown. Study the circuit for a
moment; when the INPUT CONTROL is at ‘0’
both preset and clear inputs of all stages are held
at 1" but if the CONTROL is at ‘1’ the preset
and clear inputs are complementary and control-
led 'by the inputs A B C D, which will come
from the toggles 1 - 4,

Set the serial input, toggle 5, and the CONTROL

input to ‘0", Set the desired pattern to be .
entered on the toggles 1 - 4 and then set

CONTROL to ‘1" and back to ‘0. Then apply

clock pulses to obtain the serial output,

Exercise 9.3

Write down the logical expression for the
CLEAR and PRESET inputs of stage A in fig 9.7
using the symbol X for the control line.

Reversible Shifting

Sometimes an application calls for a register in
which the contents may be shifted in either
direction, the direction to be selected by applica-
tion of a ‘direction control’ signal, say ‘1’ for
right shift and ‘0’ for left.
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e Qp
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serialg, preset preset preset preset
input JoQ” J A J seFitl
rd > = v output
$§:le<:\r clear Kclear If:leur
clocky | I |
lnputl———— RIS R | MY, s T i
7400 r 7400
[

BoC
Co

Do

o

input control
'0' = run

1" = write

Fig.9.7 Register with input gating

The logic is very simple;

E be the direction control signal

Dp = D input of the nth stage

Qp., = output of stage to the left of n
output of stage to the right of
n

Let

Qpsy =

Then Dp=Qp., whenE=1 -(right shift)
or Dp = Qp4q when E =0 (left shift)
Thus Dp=E.Qpeq + E.Qpq

and the logic, which is a straightforward sum
of products expression, is shown in fig 9.8.

Practical 9.6

fig 0.9 shows the logic of fig 9.8 added to the
register of fig 9.7. Modify the register you
already have to incorporate the additional logic

E =control o—|—|>o—

Qn+10

as shown. When complete you will have a total
of 12 modules on the INTIKIT deck. Notice
that the circuit now has two input points, one
for entry from the left (forward or right shift
mode) and one for entry from the right (reverse
or left shift mode}.

A convenient way to observe the behaviour of
this register is to connect it so as to circulate
its contents continuously. This is done by
coupling the output of the rightmost stage to
the forward mode input and the output of the
leftmost stage to the reverse mode input. Thus,
once a pattern has been set into the register
via the parallel entry logic, it may be circulated
right or left according to the direction control
signal.

£

Bat

Fig.9.8 Reversible shift Logic
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direction control
T = forward
'0'= reverse

7404

serial '
input |
forward
mode

parallel
inputsA o

input control
‘0= run
1" = write

Fig. 9.9 Reversible shift register
~= 7 ZEYETSIDIE ST register

Practical considerations
& applications

Parallel input-output registers are really no more
than simple storage devices which, whilst impor-
tant, are usually described as such in 1.C manu-
facturers' data rather than as registers.

One limitation on the number of bits which can
be given full individual access (input and output)
is of course the number of terminations available
in a given package. Some examples are

Type 7475- Quad D type latch -
package

Type 74118 - Hex SR latch
simpel two-gate latches

Type 74100 - Dual quad D-type latch 24 pin
package.

14 pin

- 16 pin

Where larger numbers of bits are involved in-
dividual access is no longer possible and coded
access becomes necessary. To explain this let us
assume that an 1.C contains 64 bits of storage,

To provide individual access to these, assuming
a common clear line, would need 64 set inputs

09-6
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* to indicate - which group is to be selected. Such

and 64 outputs. However if the 1.C also contain-
ed suitable selection logic, inputs and outputs
could be applied and observed respectively to a
sub-group only of the 64.

For example if the 64 bits were considered as
16 groups of 4 bits each, then we would need 4
inputs, 4 outputs and 4 ‘address’ lines. These
latter carry a binary number from 0 through 15

an arrangement is usually called a ‘random
access memory” or RAM for short.

A typical example is type 7489 which is 3 64
bit RAM and which, as well as the inputs and
outputs listed above, has two control inputs to
control the input of data (writing) and the access
to outputs (reading). Many other devices are
available having different detailed organisation.

Shift_registers are also very important system
elements and many configurations may be found
in I.C form. Pin limitations apply here to the
use of parallel input and output but in many
applications neither are required and only one
serial input and one serial output are needed.



In these cases a large number of stages can be
incorporated into one package.

Some examples are

Type 74918-bit serial in and out 14 pin
Type 7494 4-bit parallel in, serial out 16 pin
Type 74164 8-bit serial in, parallel out 14 pin
Type 74198 8-bit parallel in, parallel out,
reversible 24 pin

Shift register applications are too numerous tu
be tully listed, but included are

Arit:.metic operations (with adders)

Temporary storage

Time delay of binary signals

Counting (see Assignment 10)

Generation of pseudo-random binary sequences
(PRBS)

The last item is an interesting application and
whilst it is not possible here to explain fully the
meaning of PRBS, the reasons for wanting to
generate them or the theory of their-generation,
it is very easy to set up a demonstration of a
typical PRBS. Very briefly PRBS are sequences
of binary digits which bear a resemblance in
certain respects to random (or ‘white’) noise and
for this reason can be used as source signals in
the ‘correlation’ method of determining the
dynamic response of control systems (servo-
mechanisms, industrial plant etc).

A matter of general interest is what patterns a
ghift register will generate when the input to the
first stage is a function of (i.e determined by)
the states of one or several of its stages. In the
gircuit of fig 9.10 the input is the non-equiva-
lence (exclusive-OR) function of the first and
last stage contents and it so happens that this
causes the register to pass through every one
of its 16 possible states except the all-zero state,
that is it has a eycle length of 15 states. The all-
zoro state is self-perpetuating.
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Practical 9.7

Construct the circuit of fig 9.10; this can be
done by remaving from your reversible register
of Practical 9.6 the reversing logic and substitut-
ing the exclusive-OR logic. When constructed,
clear the register and apply clock pulses—you
will find that no change occurs. Then set any
non-zero pattern into the register and apply
clock pulses.

Exercise 9.4

Write down the states of the register as they
occur. Then try connecting the upper input of
the exclusive-OR to stages 2 and 3 successively
and noting the sequences generated in each case.
For feedback from stage 2 start the register in
state 1111, then repeat the trial starting at 0010
and again at 1011. What do you find?

Compare the sequence of ‘1" and ‘0 executed
by any one stage of the register when feedback
is from stage 1 with that executed when feed-
back is from stage 3. What do you notice?

Further reading

X1T X2 X30 X409
| !
X1 P X2 X3 X4,
D l D D D —
c Cc —a{ C
5
! r
clock o 2
Fig.9.10 PRBS generator
i 097
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Discussion and Experimental

Procedure
Counters

A counter is simply a circuit which progresses
step by step through a series of recognizably
distinct states when driven by a series of input
pulses. Since each state of the counter must be
represented by a set of binary digits all counters
must basically consist of collections of flip-
flops connected together in various ways.
Obviously too the total number of distinct
states of the counter (in other words its maxi-
mum counting capacity) is a simple function of
the number of flip-flops.

N=2n.1

N = max count capacity

n = number of flip-flops
Thus 4 flip-flops can count to 15,4 etc.

where

Within this framework there are very many
possible counter configurations. The following
tables representing different counting progres-
sions possible with three flip-flops, are only a
small selection of the possibilities.

COUNT

a b c d e f
0 |000 100 000 000 111 00O
1 001 010 001 001 110 100
21010 001 010 011 101 110
31011 100 011 010 100 111
4 {100 ETC 100 110 011 011
5 101 101 111 010 001
6 | 110 000 101 001 00O
7 111 ETC 100 000 ETC
8 | 000 000 000

ETC ETC ETC

In counter (a} the digits follow an ordinary
numerical sequence in which the rightmost bit
represents 2° = 1, the centre bit 2! = 2, and the
left most 22 = 4, and returns to the start on the
8th count,

Counter (b) only goes through three states
before going back to the start on the 3rd
count.

Counter (c) is a pure binary counter repeating on
the 6th count.

Counter {d) is in a unit-distance code repeating
on the 8th count. (See Assignment 13 for an
explanation of unit-distance codes).

Fl

Counter (e) is in reverse binary i.e it counts
down, but also stops at 000 and does not
repeat.

Counter (f} is a 6 state counter but different
from counter (c).

s, S
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@® Q10.1 If you have carried out Assignment
9, can you recognize a common feature in
counters [b) and (f)?

Exercise 10.1

Write down some arbitrary counter sequences of
your own along the lines of the table above.

Unused States

We have just seen that some counters do not go
through all the possible states. Counters {b), (c)
and (f) were examples of this, Some counters
too will always be started in some predetermined
state, like counter (e).

But any counter which is required to repeat
continuously but does not use all the possible
states is in danger of starting off in one of the
unused states and never getting into the desired
sequence,

In these cases it is necessary to design the
counter so that if it should start in one of these
states when first switched on, it will be directed
to one of the desired states after a few input
pulses. Later on we shall see how to do this.

Synchronous and Asynchronous Counting

Since all counters contain flip-flops of some sort,
each flip-flop or stage will need a drive or clock
pulse applied to it, The actual behaviour of the
stage depends, as we saw in Assignments 5 and 6,
on what inputs are applied at D, J, K etc.

When the clock inputs of all stages are
driven from the input pulses the counter
is called ‘synchronous’.

When the input pulses are applied to only
one stage (nearly always the ‘first’ or least
significant stage) the counter is called
‘asynchronous’. Because in this case later
stages receive their clock pulses indirectly
from the earlier stages such counters are
often referred to as ‘ripple-through’.

The very simplest type of counter uses sequence
(a) above and happens to be an asynchronous
type so we shall start this assignment by building
one, but the design of asynchronous counters
for other sequences is slightly more difficult
than that of synchronous counters. The remain-
der of the assignment will therefore be devoted
te a study of synchronous counter design.

Types of flip-flop used in counting

The basic requirement of a flip-flop for cou nting
purposes is that it must be able to change ‘state
('0" to 1" or "1’ to ‘0') on receipt of a clock
pulse.

10-1
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If you refer back to Assignments & and 6 you
will find that the types which can do this are

Edge-triggered D type (with D fed from Q)
Master-slave JK type (with J = K =1}
Edge-triggered JK type (with J = K = 1)

In this Assignment we shall use master-slave
; JK flip-flops type 7472 throughout.

Practical 10.1

The very simplest possible counter consists of a
sories of flip-flops, each with J = K = 1, connect-
#d in cascade with the clock input of the first
stage fed from the input pulses and that of each
subsequent stage fed from the Q output of the
pravious stage.

This fs shown in fig 10.1; notice that the flip-
flap symbols are the opposite way round from
‘the normal in order to put the least significant

hit at the right to conform with the conventional
: ol writing numbers.

fet this counter on INTIKIT using type
for the flip-flops and leaving all J and K
¢ unconnected so as to effectively apply
s 1" to them. Use the left-hand push-
it O output for the input pulses and a
& for the reset line.

i on powaer and set the toggle from 1" to
ek again to reset the counter to all
Naw apply clock pulses, recording in the
w the states of all stages after each

@ Q70.2 Does the counter state change as
yvou press the button (leading edge of input
pulse) or as you release it (trailing edge)?

Master-slave JK Flip-flops change state at the
trailing edge of the clock pulse. Therefore, on
examining the table of states you should find
that:-

Stage D changes state every time the input goes
from ‘1" to '0°

Stage C changes state every time D goes from
r]r tO JO( 3

Stage B changes state every time D goes from
“1"to ‘0’

Stage A changes state every time B goes from
‘1"to 0’

This generates the normal binary count pattern.
Exercise 10.2

Study the table you constructed in Practical 10.1
and, considering the state changes reguired to
count backwards, complete the following

Stage D changes state every time the input goes

from ‘1" to '0°

Stage C changes state every time D goes from
to

Stage B changes state every time
to

Stage A changes state every time
o

Praotical 10.2

Haemembering that when Q goes from “1” to ‘0

goes from ‘0" to ‘1, maodify your binary
counter to count down instead of up and
confirm that it does so.

goes from

goes from

r
’

@® Q70.3 Can you see how the counter could
be arranged to count downwards without any
alteration to the internal connections?

0c Qp
Q J Q J
Cc c
a K @ K
clear clear

{ T

reset O B

input o
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Synchronous Counters

The counter of fig 10.1 was a ripple-through or
asynchronous counter. The state changes do not
occur simultaneously but ‘ripple’ along the
counter at a finite speed dependent upon the
reaction speed of the logic employed.

Often it is desirable that all state changes
should occur as nearly as possible simultanieously

The FEEDBACK INTIKIT

If you are still uncertain about this table set up
a single JK flip-flop with toggles on'the J and K
inputs and verify it experimentally.

Three-stage Natural Binary Synchronous Counter

We shall now apply this method to the design
of a three-stage counter to realize the natural
binary sequence (sequence (a) in the table at the
start of this Assignment}. The sequence is repeat-

and in this case synchronous counters are ed here
employed in which the input pulses are applied

to the clock inputs of all stages.

Count

The method by which synchronous counters
are designed is briefly to determine from the bjt
sequence desired what signals must be applied
to the J and K inputs of all stages at every
step in order to produce the requisite _next
state. The next state possibilities are listed in the
table below, together with the J and K signals
which produce them. In this table X indicates
a ‘don’t care’ condition as explained in Assign-
ment 4. You may also need to remind yourself
Yy of the truth table for the JK flip-flop from
[ Assignment 6 to fully understand the table
below. This table is very important and worth

© ===~ 000or
O = =00 = w-woow

O =0 =0=0 <00

XNODAREWN -

We first construct Karnaugh maps for each J and
K input, each cell in the map corresponding to
one counter state. The entries in the maps show

memorizing.
the J and K inputs required to ensure that the
Present | Next JK present state leads correctly to the next when a
State | State clock pulse occurs. These maps are shown in
o] 6] 0 X fig 10.2.
0 1 1 X =
Here are two examples of the determination of
1 1 X 1o the entries in fig 10.2.
1 0 X |1
AB AB
C 00 01 11 10 (5 00 01 11 10
of 1 1 111 O X | X | X|X
XXX |[x % | 1 1 1
i dgrsnt Ke=1
AB AB AB
A\L00 01 11 10 e\ 00 01 11 10 N\ 00 01 11 10
0{0 X Ol X]O|0| X ofratl2 s | 4
ft 1 1 X1 X |1 TIX {11 X 111 317215
(£}
Jo=C He KEY
| AB AB
| CN.00 01 11 10 CNO0 01 11 10
i T
i 0j0 )0 |Xx]|x 0| X | X|0o}o
R
i 1] o |G| x 1 x (x]D]o
i
JA= BC K,q: BC

f Fig.10.2 Maps for binary counter
T1g. Y.« Maps for binary counter
e BBl
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At count 3 the next pulse must cause:
C to go from ‘1" to ‘0’ therefore

Ja X K¢ = 1

B to go from ‘1’ to ‘0", therefore

Jg X Kg = 1

A to go from ‘0" to ‘17, therefore

Jo = 1 Ky X

At count 6 the next pulse must cause:-

(a)

(b)
Ctogo from 0 to ‘1’

Jo = 1 Ke = X
B to go from ‘1" to 1"
Jg = X Ky = 0
A togo from 1" to "1’
Jo = X Ku = 0

When all entries have been made loops are
drawn to obtain the simplest possible expres-
slons for J and K and these are shown under
the maps. The resulting logic circuit is in fig 10.3

Exercise 10.3

Apply the method that has just been explained
to this sequence to complete the Karnaugh
maps of fig 10.4 and hence derive the simplest
expressions for the J's and K's.

Notice that because this counter returns to
zero from count b the two states

ABC 110and 111

should never occur. That is they are ‘can‘t
happen’ conditions and may be filled with X as
shown. However, after finding the simplest
expressions for J and K we must check to make
sure that if, by chance, the counter should
start in one of these two states, it will eventually
enter the desired sequence. If it proves not to it
will be necessary to replace the X's in some or
all of the can’t happen states by O's or 1's to
ensure correct operation and to amend the
logic accordingly.

where, because type 7472 JIC flip-flops are CABUO 01 11 10 C ABOO o1 M 10
provided with AND gates at each J and K input,
no additional gating is needed. 6] X 0 X
Practical 10.2 1 X 1 X
Construct the counter of “fig 10.3 using three -
type 7472 modules and check its operation. de= K¢=
AB AB
Ol Ot c\ 00 01 11 10 €N\ 00 01 11 10
Counter (¢} in the table at the start of this 0 0 ¥
agsignment had 6 states and progressed up to X
101 in normal binary code. The bit sequence is 4 X 4 X
fepeated here
Count A B C Jg= Kg=
0 O~ n AB AB
CNJo0 o1 11 10 CN_00 01 11 10
1 0.0 1
2 o1 B 0 X 0 X
3 g 1 1 X 1 X
4 1 0 0 i
5 1 0 1 Ja= KA:
6 0 0 ¢ Fig.10.4 Maps for modulo -6 counter
A B c
—e o J=e o (]
C O—J Clo— o——
a < a K } g «[(]
input
a Fig.10.3 Synchronous binary counter
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You should have obtained the following expres-

sions.
Je Ke = 1
s =  AC Kg = €
Jy = BC Ka = C
Let us use

these to see what happens if the
counter starts at ABC = 110 (one of the redun-
ant states)

Present

The FEEDBACK INTIKIT

Exercise 10.5

Design a synchronous counter to perform BC D
counting, that is, counting to 9 in natural
binary and then returning to 0. This will of
course require four flip-flops A B C D and will
have 16 - 10 = 6 redundant states which you
must check will lead into the desired sequence.
The Karnaugh maps for Ja and K, aregiven in
fig 10.6. Draw the remaining maps, derive the
logic and the logic circuit. Hint: No logic
additional to the J and K input AND gates
should be needed.

Next
State State
A B ClJ, Ky Jg Ky Jg Ke|A B C
11000 0 0 0 1 11 11
T 111 1 0 1 1 1({0 00

Thus the counter returns after two input pulses
to state ABC = 000 and no lock-up can occur.

The logic circuit is shown in fig 10.5,

Practical 10.3

Construct and check the counter of fig 10.5.
Using the preset inputs deliberately set the
counter into state ABC = 110 to confirm that it
will return to zero properly.

Exercise 10.4

Perform the complete design of a counter to
execute the sequence (d) in the table at the
start of the assignment. Making full use of the
Q outputs and the J and K input AND gates you
will need one 7400 module in addition to the
flip-flops. Hint: To avoid errors in the mapping
stage construct a key like that used in fig 10.2
(similar, not the same).

Practical 10,4

Construct the resulting circuit and test it.

Oa Gg9

AB
CON 00 01 11 1
00] 0|0 |x|x
01{ofo|x|x
n o [«
0000 x|x
plot of Ja
Ja=BCD

AB
CON_oo 01 1 1

00| X | x [Xx|o
01 | x| 'x"f\:
1 iiﬂ XX | X
00X | x| Xx|x
plot of Kp
Ka=D

Fig.10.6 Maps for BCD counter

Dc?

F—

na

&

s
o

X O o

(H

—

Fig.10.5 Modulo 6 counter
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Practical 10.5

Construct the BCD counter and check its behav-
iour, especially when forced into any of its six
redundant states.

Practical considerations
&t applications

The reason for using synchronous as opposed to
asynchronous counting is worth some further
consideration.

Counters are very frequently used in conjunction
with decoding logic to energize a number of
lines in sequence, Imagine two such lines which
will be selected as follows:

A B C
Line 3 0 1 1

Lined 1 0 0

As the counter progresses from 3 to 4, unless
all stages change state simultaneously it is
passible to get brief existence of quite different
states, For example in an asynchronous counter
the actual sequence of changes between 3 and 4
would be

3 0
0
0
1

[ = B« TN

1
1
0
0

Thus lines 2 and 0 could be spuriously selected
far a short time. The more stages in the counter
e worse is the effect,

If & synchronous counter this effect is greatly
feduced because all stages change state virtually
simultaneously. However, since absolute simul-
tanelty s not possible it can still happen that
very briof spurious signals appear. Because they
ai€ very brief they can often be suppressed by
findarate capacitive loading but if no spurious
signals of any length can be tolerated it is usually
fiecassary to do one of two things:-

(#) Redesign to use a counter progression in
which one only bit changes at each step.
You built such a counter in Practical 10.4.
Obviously in such a counter no spurious
transitional states are possible.

(b) 1f solution (a) is not practicable for some
reason the various output lines are AND
gated by the clock signal so that no signals
can appear on them, until the transitions
have all been completed. This is illustrated
in fig 10.7

pure binary
counter output
A 3
A
CB
B output
A= 4
c o
input

input —J-_I_]_—L_I_—]_
output 3 ] l

outputd_]__]—-

Fig.10.7

The counter state changes at the traifling edge of
the input but no output appears on the selected
line until the input goes up again. The dis-
advantage is that there are periods between
input pulses when no output appears on any
line,

Counting Speed

The use of synchronous counting does not in
itself increase the potential speed of the counter
because though the state changes do not have to
ripple through the counter, nevertheless the logic
states applied to the J and K inputs to control
successive state changes must be allowed to
propagate along before the next input pulse is
applied. Usually, however, these signals have to
propagate through one gate only whereas the
propagation time of an asynchronous counter
is the sum of delays in all stages so that in
practice synchronous counting does turn out
to be somewhat faster than asynchronous for
the same circuit elements.

The applications of counters are very numerous
but broadly they fall into two categories.

(a) Signal distribution using decoders {as in
fig 10.7) and similar applications.

{b) Frequency division where the need is to
generate one output pulse for every N
input pulses.

With the methods studied in this Assignment
you are in a position to design any counter

10-6 e~
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sequence you wish. You may wonder why it is If next state is to be 0, D must be 0
not possible simply to maintain a catalogue of !
designs for all hurposes and the answer lies in
the magnitude of the numbers involved. Consider | general you will find the external logic to
a three-bit counter; there are eight possible pe appreciably more complex than when using
different states and if we assume that the JK flip-flops and there is little advantage when
design wiil use all of these the number of  the latter are freely available.

ways of arrarging them in a sequence is:-

Factorial 8 = Bx7x6x5x4x3x2x1
= 40,320

This number is further increased if we include
all sequences using less than eight states,

If next state is to be 1, D must be 1

Further reading

However, some sequences are merely others
with their ABC columns rearranged whilst every
sequence has a counterpart in which one, two or
all of its outputs are simply complemented. Thus
the number of essentially different designs is
reduced, The table below shows some.of the
sequences which are basically similar to the pure
binary sequence.

ABC ABC ABC ABC BAC ACB AcCH
000100 010 111 D00 000 100

001 101 011 1190 001 010 110

010 110 000 101 100 001 101

011 111 001 100 101 011 111

100 000 110 011 010 100 000 ;
101 001 111 010 011 110 010 :
1170 010 100 001 110 101 001

111 6171 101 000 111 111 011

There are 6 ways of arranging 3 columns in
order and 8 ways of complementing none, some
or all of the columns, so the number given above
is divided by 6 x 8 = 48 to give 840 essentially
different designs.

Now work out for yourself the possible
sequences for a four-bit counter and you will
find the number to be astronomical. This is why
You need to have the design technigue at your
finger-tips.

Design using other types of flip-flop

Although no discussion was included in the
Assignment you can, of course, apply similar
methods to the design of counters using types
of flip-flop other than JK, provided you alter
the ground rules appropriately.

You could for example use D type flip-flops by
applying the rules:-

~ 56~ 10.7




Discussion and Experimental
Procedure

In Assignment 10 we saw the basic difference
between asynchronous or ripple-through count-
ers and the synchronous type. We also found
out how to use Karnaugh map methods to
design a synchronous counter using JK flip-flops
to execute any desired sequence of states.

It is often possible to apply a slightly modified
form of the same method to the design of
asynchronous counters, which will sometimes
have cost advantages over the synchronous
implementation,

The reason for the potential cost advantage
is that if some stage derives its clock input
from a previous stage instead of from the input,
then when the previous stage suffers no change
the J and K inputs of the later stage are redun-
dant (don‘t care). This often permits simplifica-
tion of the J and K logic beyond what would
be possible in a synchronous design, where
every stage receives every clock pulse.

However there are some types of sequence for
which an asynchronous design is not possible
whereas all sequences may be designed synchro-
nously.

The method will be

examples.

illustrated by some

A Modulo-6 asynchronous counter

In Assignment 10 one of the exercises {E10.3)
was to complete the design of a synchronous
maodulo-6 counter and the resulting logic, shown
in fig 10.5, used three type 7472 JK flip-flops
with J and K input AND gates, two of which
were actually used as such. We shall now see
that an asynchronous design avoids the need for
these AND gates so that, if desired, the counter
could be constructed using type 74107, which is
a dual JK flip-flop with no AND gates, thus
reducing the package count.

The first stage of the design process is to set
down the desired sequence and to examine it to
see which stages must change state at each step
and what signals are available to initiate these
changes. Remember that a masterslave JK
changes state when its clock input goes from
740 10,
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Since stage C changes at every input pulse its
clock must be the input signal.

Since B changes always coincide with a "1’ to
‘0" transition, of stage C this can thus provide
its clock input. At count 5, however, B must not
change and the J and K inputs of stage B will
be used to inhibit any change at that point.

Stage A also changes on some (but not all} of
the 1" to '0" transitions of stage C, which will
thus provide the clock signal with suitable
inhibition of unwanted changes.

We now construct the Karn;iug‘h maps as before,
first entering X in all cells which correspond
to:-
(a)
(b)

Redundant states—in this case 6 and 7.

Present states for which a change to the
next state does not generate a ‘1’ to ‘0’
transition of the clock pulse. In this case
since both stages A and B are clocked by
stage C the present states of which this is
true for A and B are nos. 0, 2 and 4. It is
not applicable to stage C, of course.

The remaining entries in the maps are made
exactly as they were for the synchronous design
method, giving the results of fig 11.1. ;

Exercise 11.1

Verify the maps of fig 11.1 by redrafting them
for yourself and comparing your result with the
figure. Also draw your version of the logic
circuit and compare it with fig 11.2.

Exercise 11.2

Check whether the redundant states 6 and 7
lead properly to the desired sequence by
completing the table below. Remember that C
will change at every input pulse,

Present state C= Next stage
A B C Ja Ka Jg Kg Je K¢ 1707 A B C
v 1 1 0 1 1 0 1 1 1 No 1 1
1 1 1 ? 1 ? 1 1 1 ? ? ? 7
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AB AB
c 00 01 11 10 CN\ 00 01 11 10

AB AB AB
CN,00 01 11 10 CN_00 01 11 10 c 00 01 1 10

Gfx__ﬂxx oflx | x|x|x olofl2]6]s
1@_9)(0 1fx 1] x| x 1{1]3[7]s5

Ja=A Kg =1 KEY
L
CABUO o1 o CABUO 01 11 10
ol 1 11X 1 O} X | X | X]| X
T X X | X | X 111 1T X1
Je=1 Ke=1
Fig. 11.1

Practical 11.1

; Construct the modulo-6 counter designed above
q and shown in fig 11.2, checking its performance
and, by forcing it into the redundant states
| that they lead to the desired sequence.

3

| Notice that no J and K input AND gates are
i used in this circuit.

Qa ape Qce
!- A B G
I a J Q J B,
.‘ C C C
| o K o K G K
.
input o

Fig.11.2 Asynchronous modulo-6 counter
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Asynchronous BCD counter

This is to execute the same sequence as the
synchronous counter of Exercise 10.5 in
Assignment 10,

As before we start by examining the sequence
for suitable signals to use as clocks for the
various stages.

Present state Next state F/F to
e A B C D| A B €C D toggle
S0 0 0 0 0 0 0 1 D
1 0 0 0 1 0 0 1 0 cD
g |0 0 10 0 0 1 1 D
3 0 0 1 1 0 1 0 0 B,C,D
4 |0 1 0 0O o 1 0 1 D
6|0 1o 1|0 110 c.D
8 |0 1 10 0o 1 1 1 D
e 1 1 1 1T 0 0 0 |ABCD
B 1 0 0 0 1 0 0 1 D
B (1 00 1{0 00 0 A,D
Conclusion

0 may be driven by INPUT
£ may be driven by D
11 may be driven by C
A may be driven by D

The redundant states are 10 to 15,

AB

CON 0o 01 11 10

00l XX |X|x

0100 |Xx|x

L e o e 8

0 X | X |x|x
plot of Ja
Ja=BC

The FEEDBACK INTIKIT

The present states for which each stage has no
1" to ‘0’ clock transition are:-

Stages AandC 0,2, 4,6, 8
Stage B 0,1,2,4,56,89
Stage D None

Entering these first as X and then completing the
J and K entries for the remaining states we can
construct the Karnaugh maps as before. Fig 11.3
shows the maps for stage A only.

Exercise 11.3

Complete the remaining maps for this counter
and then, using the J and K functions so
obtained, check that the redundant states lead
to the desired sequence. Draw the logic circuit
and compare it with fig 11.4,

N.B. When checking the behaviour of the redun-
dant states, remember that you must think
about the sequence of events. For example, since
D clocks both A and C and C clocks B, if the
next input causes O = 1 » 0 and if J., K¢ are
such that this will in turn cause C = 1 + Q, then
Jg, Kg must be studied to see if the result is a
change in B, and so forth.

AB
CON_ 00 01 11 10

00| X | X | X | X

@YX I X [ %1

1M} XX

WX | X | XX

plot of Ka
KA: 1

Fig.11.3 Maps for stage A of BCD counter

e]

)

A 8

a J a J|C]
EKG GKC,

o

Clo——input

EKG

ol
=

z
ajge

Fig.11.4

Asynchronous BCD counter using type 7472
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Practical 11.2

Construct and test the counter of fig 11.4,
including checking the behaviour of the redun-
dant states.

® Q71.1 (a) How many packages does the
circuit of fig 11.4 use?

(b) Could you reduce the package count by
using type 74107 dual JK Flip-flops and addition-
al NAND gates (7400) where necessary?

fc) Look back at your synchronous design
for this counter. By using type 74107 and separ-
ate gates could an equal simplification to that
in (b) be achieved?

An arbitrary sequence

Let us take a look at the following arbitrary
sequence with a view to an asynchronous
implementation:-

Count | A B ¢
0 0 0 1
1 0 1 0
2 1 0 0
3 1 0 1
4 0o 1 1
5 1 1 0
6 0 0 0

Stage A changes at counts 2, 4, 5, 6 etc but
whilst stage C = 1 » 0 at count 5 and stage
B =1+ 0 at 2 and 6, neither has a transition at
4. Therefore the input pulses must be used to
clock stage A.

Stage B changes at counts 1, 2,4, 6. A=1-+0
at 6 and C=1+0 at 1 but neither hasa 1~ 0
transition at 2 or 3. Therefore stage B must be
clocked by the input.

Stage C changes at counts 1, 3,5, 0. A=1-+0
at 6 and B =1~ 0 at 5 but neither hasa 1~ 0
transition at 1, 3 or 5. Therefore stage C must
be clocked by the input.

In other words all stages must use the input as a
clock and the result is a synchronous counter.
An asynchronous design is not possible.

Exercise 11.4

Examine the following sequences to see whether
an asynchronous design is possible in either
case. |f so, carry out the complete design for
both asynchronous and synchronous modes.

114

il

(a) Gray code {b) Arbitrary

Count| AB C Count| AB C
0 |00O 0 |000
1 (001 1 1001
2 1011 2 100
3 (010 3 110
4 110 4 1
5 111 5 010
6 [101 6 |00O0
7 100 etc
8 00O

etc

Practical 11.3

Construct and test any designs arising from
Exercise 11.3, comparing the asynchronous and
synchronous designs for relative economy.

Practical considerations
& applications

The example of asynchronous design in this
Assignment showed that minor economic advan-
tage could be achieved over synchronous designs
in some cases but that sometimes asynchronous
designs are not possible.

Generally speaking the potential advantage of
asynchronous design increases with the counter
length (number of stages or modulus), which is
clearly illustrated by the relative complexity of
designs for a pure binary counter.

An asynchronous design for this would have
every stage clocked by the previous one with no
J, K gating necessary (see fig 10.1 for example)}.

A synchronous design has the J, K inputs for
each stage equal to the AND of all previous
stage outputs. Thus an eight-stage counter would
need seven input AND gates in its most signific-
ant stage (see fig 10.3 for an example).

SincenoJ, K gates are required for the asynchro-
nous design in this case, type 74107 dual JK
flip-flop can be used, considerably reducing the
package count.

Because counting is such an important operation
there are many integrated circuits devoted just
to this end. Some examples are:-

Type 7490 Decade counter (asynchronous)

Type 7492 Divide by 12 counter (asynchro-
nous)

Type 74163 4-bit Binary counter (synchrondus)

e




: fmakes a valuable exercise to study the maker's
sheats for some of these types and to follow
el logic, which in some cases is unlike any-
thirg #o far included in this manual.

~ Far instance, type 7490 can be redrawn to show

# modulo-5 counter preceded by a single
ult-? stage to give modulo-10. The modulo-
5 section has two stages (A and C) clocked by
~the input and the third (B) from stage C so it is
i asynchronous design.

N.B, The 74 series data for counters always has
“the stages lettered in the reverse order to that
“used In this manual.

'ha type 74161, on the other hand, is a synchro-
‘nous binary counter in which J and K inputs
‘are used only for the synchronous clearing and
presetting of the counter and play no part in
‘wontrolling the progress of the count. The latter
& achieved in this type by AND gating the
clock signal with the outputs of all previous
atages,

Further reading

-4y -

The FEEDBACK INTIKIT
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LAB 1

AIM: Familiarisation with the MATSBS(EOBS microprocessor-8 bit)

The communication between the microprocessor and “you’is 5
controlled by a “monitor-program which is provided on the MAT385
permanently ina ROM(locations 0000-07FF).and is started by the
‘reset” key. e i

The monitor understands certain commands embodied in the KEYS on
the 'key-pad'of the MAT385 such as:

— KEY ACTION PERFORMED Bog e |
RESET Pressing this key allows the monitor program to |
start-off from the same address and the monttor |
displays '-80 &5.The monitor is now ready Lo accept |
your commands.When starting off always press this i
1

key.
SUBST MEM Allows you to examine and/or change the values in
memory locations. The monitor responds by
displaying a decimal point.It is then ready toaccep!
the 4-digil hex address.

NEXT " To move lo the next subsequent location.
EX AM REG Allows you ta examine and/or change values in CPU ¢
i | registers(A-F).stack pointer and Program counter. E
GO After entering the program it is desired to run itThe !

‘GO’ command does this. After pressing this key the |
monitor expects a 4-digit hex address from where the!
|
|

program should start running.
SINGLE STEP Once a program has been entered using the subst- .
mem command,it is run using the o command.{f |
by . errors occur then the single-step cormmand is used to!
bt facilitate debugging.This runs one prograf line at a |
| ¢ time and thus the processor status ie registers and !
il memory locations maybe examined after each |
5 instruction. — ]
EXEC . Executes the previous command.Hence it is used after
“all the zbove commands. o
«+++please look at the front panel of the MAT389 for a schematic description
of how to use the commands staled above.

EXPT 1:
h - Fill in memory locations §{_}7[J_Df_8004 with hexa-decimal values 60.
Il A3.5C,BF.2E.Check to se€ {f the locations actually contain the values you have
: input.Use ‘subst-mem'key.

| Try loading the same data In focations 0000-0004.What happens?
‘\lExplaln._ 'S

[




LNLT2: - ‘

Fill the program-counter (PC)with 2010.the stack-pointer{sP)with 20C2 and the
C-repister with 6B.Then check the result ie.if the reg's actually contain the
Values you iﬁB‘uTUse"exw‘;r-eg‘kqx.

LXPT@Now enter the following program.

- 2000 31, LXISP20C2 ~ :INITIALISE
2001 c2 STACK

2002 20 e POINTER

2003 06 MVIB.13 {(B)e-- 13

2004 13: - . ' .

2005 3E MVI A.40 H(A)--40

2006 40— .

2007 80 ADDB - ((A)<-=(A)+(B)

2008 47 MOV B.A 1iB)<--(A)

2009 CF RST | . :RETURN CONTROL
! TO MONITOR

Hun this program.

Check the contents of register B.

You may single step through the program lo see if the program is doing what
¥ou expect it to do. !
lput different values in locations 2004 and 2006.Run this orogram and see if
the result you expect is found in register B.

Ei. 15 36+15=317If not.why not?

cren EAD ASSIGNMENT 0- 1 OF MAT385 MANUAL VOL LIF TIME ALLOWS,

' THIS IS AN IMPORTANT LAB .GET TO KNOW HOW TO USE THE
KEYS.FUTURE LABS WILL BUILD ON THIS.




LER2

AIM: Introduction to programming.To use and appreciate the “data-
transfer"and “data-manipulation”instructions.

~ microprocessor maybe thought of as a device which accepts binary coded
information from its ‘input-ports .manipufates this information according
to a program in its memory and outputs the results to its ‘output-ports’.

The instructions which constitute the program are some or all of those from
the ‘instruction-set’ of the particular microprocesor.required (o perform a
particular task.

Instructions: ¥
Instructions of any microprocessor may in general be divided into five
groups.

a)Data Transfer.

b)Data Manipulation.

¢)Transfer of Control.

d)Input/Output.

e)Machine Control.

In this lab. we shatl look at the Data-Transfer and Da:a—Manipulaiion group,

Data-Transfer:
This involves data transfer between the various processor registers or
between a processor register and memory location.
eg.
MVI A.data ((A)¢--data
MOV A.B ((A)--(B)
LX[ H.802D .. - & ) (L) ¢--802D(hex)
B :So H contdins 80 and L 2D.
MOV AM + (A)e==((H)(L))

This means that the contents of the memory location whose
address is given by the contents of H and L registers is sent ]

to A.

Data-Manipulation:

Instructions in this group carry oul arithmetic and logical operations on data in

registers or memory locations.
-

eg.
ADD B S(A)e--(A)+(B) 3
SUB C (A)e--(A)-(C) }
ADI data logical "AND"(A)and data.
DCR M SCHLY) == (L)) |
ADC B ((A)e-- (A)+(B)+(CY)
3

o




EXPT i ’
Write a program thal reads three,

8-bit numbers from memory.adds the first two
and suhtracts the third one from

the sum of the first two and ther stores the result
in memory. f S s STE Ry .
Run this program for several values, “t oAt
EXPT2:

5 ) i i R L i : *5 :
Write a program that adds 2 numbers in double. precision ﬁrithmetlc(lhi,s__maans
that 16-bits are used for numerical values instead of 8).The numbers are contained
in register pairs BC and DE.Check your result for several values. ‘ ‘

Would you get the correct answer if the first tWo'va'l;iés were E6 and 2A'.E'xplain.

.

****Take care of the car

Ty that résults,since only 8-bit addition is carried out in
the accumulatar. :

Follow the format below to code your program.

MEMORY ASSEMBLY
Address Data Label: Mnemonic| Operands| i :Comments
Mol x

"*"You are encouraged to choose any appropriate instruction from the -
Instruction set and experiment with them.

For queries consult Assignment 3-6.0of the MAT385 VOL1 .




LAB 3

AlIM: Further programming.To understand the concept of transfer of csutou
ritiin 2 program and LS use.

The flexibility and versatilily of computers rests on the ability to transfer
program control to an instruction that is not in sequential order.

If some instructions are to be executed, repeatedly then it Is necessary to
jump to the first instruction once those instructions have been executed
. dnd so on.Obviously the address of the first instruction is not sequential to

“the last one.and hence a branch must occur.

A hr._a..nch maybe conditional or non-conditional.

Non-Conditional Branch: In this case program control is transferred to
another location without any pre-conditions.This is done by leading the
address of the next desired instruction Into the pregram-counter.

eg.

JMP 20FE :Tran_sﬁq'gﬁlgcntro[ of program to location 20FE.

JMP START: :Transfers control to symbolic address START.

ADDRESS  LABEL: INSTRUCTION

2010 START:

. JMP 20FE
20FE
JMP ST ART:

sees A label Is a symbolic address. i

Conditionzl-Branch:

This transfer takes place only if a certain condition is satisfied else the
program continues sequentially

There exists a flag-register in the microprocessor. This register is an
indication of the state of the microprocessor.You can use this register for
conditional branching.This results in the flag register being examined (o
see if the branch should be executed.

7 0
[s [z [x[aclx Tp [x]c |
Flag-Register

S=Sign bit, Z=Zero. AC=Auxillary Carry. P=Parity. C=Carry

Aa

Ve E




CONDITION

INZ - Not Zero* Z=0- -
LIz

Zero:  Tzerm ] e 1
LINC _~ INoCarry g - 7 - '
K Carry = |g-1 - h
PO Parity 0dd | p-g

[PE, - [Parity Even|pat =
P Plus im [ Se.
‘[M [Minus  [§~1 ]

***Be careful when using the flag register.Some instructions cause the
flags to changel See programming manual of MAT 385 Vol 4, .

ety iR T LT RS T R T P S L, - S
SUBROUTINES: e
If it is necessary to execute a certain part of the cod

different locations in the program then subroutines
Saves the task of writing the same

thus saves on memory.It also allow

¢ several times bver ag
should be used.This -
code repeatedly at different locations and

In order for the sub-r

outine to be available to the program, |t must be
possible to transfer ¢

ontrol from any qes_lred,p,qint,_i,n; the program to the
beginning of the subroutine and once the subroutine is flnlshed to return
control to the next sequential lnstruction in the main program
The two instructions for inputting a subroutine are: Hopbpsg
CALL XXXX  :where XXXX is a 4-bit hex address
of the start of the subroutine.

and RET

The structure of the routine is as shown below. .

CALLSUBLGILY W5 s o

-3, }




Subroutines can also be nested.le.A subroutine within a subroutine.

®** Since the program has.to know where to return to after executing
the subroutine it stores.the value of the address next to the CALL
instructlon on the “stack”.On encountering the RET instruction it

.loads.the address into the program ¢suiis zud thul returns Lo the
instruction following the CALL.

| EXCERCISES

EXPT I: .
Use single-step execution to see the action of the unconditional
Jump instruction below.

* ADDRESS INSTRUCTIO
© e 2800 JMP 2810
25'10 JMP ‘2800

What do vou think is changing?

EXpPT2:
Write a routlne that inputs values O1............. 10 into the memory
tocations 8020 to 8029.

Using subst-mem key fill locations 2000-2004 with five arbitrary
values.Now write a program that compares the values in the five
locations and puts the largest of them in register C.

Hint: Use Compare instructions.

***For queries look at Assignments 7-8 of MAT 385 Manual VOLI.
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[M:

To reaiiss LPULGLiputon e 604y MICTOPI 0CESSEr ~the most Important
feature from the USErs viewpoing, ‘

A program resident in memory may re

the user more often than not wishes to

operation.tlence the need (o be able to i

quire data 1pUt lo process,and
see the resuly of Such an
nput and output datg

Input/Quiput maybe analag or digital .For analog laput/output the input
has 1o be convertey to digttal form hefore i €an be processed by the
microprocessor(a digital device)and then the digiial O0utput has to be
converted to analog form.No such problems exist for digi*a] data,

L]
Input/Quiput may* be implemented in one of two ways ;-

1 Memory Mapped 10: ,
Here a part of the memory is used for input/ouu-tI.Hence.each

Input/output operation s similar to a Memory-access and af| the
instructions used for memory-access can be used tor j

ADDRESS
64K I
170 DEVICES

SYSTEM
|
| MEMORY

Programmed [/0

In this case input/output is achieved by speciaﬂnstrucliuns eXecuted by
the processor( "IN ang OUT" for the 8085).

The processor outpuis a request for 1/0 de
them that the address on the address-bus i
the system does not tie-up memory.and a |
programs.However this prevents us using

vices on the bus.indicating to
s for an 1/0 device.In this way
arger space is available for
the memory instructions.

-.?I-‘




The system memory is then as shown below,

ADDRESS
64K
SYSTEM- }
MEMORY
ADDRESS
256
< 256=28
0 0

The 8085 uses the latter option -programmed [/0,although it is passibie to
configure it for memory-mapped 1/0.

Port Initialisatign: s,
1/0 on the MAT is organised as several 8-bit ports. A maximum of 256 ports

is possibte (we don't need that manyl).This assignment (s concerned
mainly with twu of them.

T e

PORT 21: & Input switches on the front panel of the MAT, °
PORT 22: 8 "Led's” acting as outputs on the front panel.

These ports are programmable as “Input” or "Output” ports and are
incorporated into an 10/TIMER memory chip(intet 8155),

To configure these ports in a desired manner(ie. which shall be input
and which shal! be output).a 8-bit command is sent to the comimand
register (addr 20)which resides in the 8155.Each of the 8-bits has a
particular significance.

command byte

LT ] IL_I_III[T_

port A O=input
.L— —— port B [=output

port C  00-input

11 =output
port A interrupt ‘_! l=¢nable
L port B interrupt 2adisahle
2 timer command
" (00=does not affect timer}
-.i
9

- 72 -




The command i transferred to 8155 using the 'OUT'inslrucHon as
demonstrateq below, ) 7

MVI A 0E™ :0E= 0000 1119
OUT 20  ; .seng to commangd register.
Pt L By azc.,.‘_’w.‘ws.:art B a_s;g-loutpuls.purl C to be anvup i
Portand doesn't affecy the timer. i ; o

b R -
hirsgio n

Can you see how thjs happens? W

Some common addresses:
ADDRESS(hex) USE ]
20 command rpg |

| 21 ort:A dats |
ort B daga |
port € Coniro| |

Tips_: -

-The accumulator js always invalved jn IN and OQ-’I"‘ir-.s'.ruclion.

-To be able 14 single-step in an input/output progr“'afm sSdve Lhe
acCumulator jpn location 20FF.since the monitor rou;ine Changes the
value of the command byte when sjngle»step is used

EXCERCISES
_%_‘_;-¥____H__‘__ﬁ——-—__._,__ e
EXPT |; "

Do exercise 9, | of Assignment 9 jp MAT 385 manual VUL 1.
EXPT2:

Write a Program that reaqs the input from-the SWiltches | logically "gR's-
it with 1010 1010(or any other value)and outputs the "esull to the

LED's, Write it such that You can contlnuously change dara using the
SWitches,

Write a Program that expects IWo |-hyie numbers from the Switches.adds
them and displays the result on the LED's. Write it such that You can
continuously input daty,

Extend the program to inciude g Section so that what is shown on the
LED's is also shown in Data -Tield of the display.

Hint:  Use 5 monitor sub-routjne UPDDT(address 0328 ang take care tp
save the status of Your processor before entering the Sub-routine.

"*'*  Por queries consulr Assignment 9 gf MAT 385.\"0L I

10
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