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Clock driven circuits

by B. Holdsworth* and D. Zissost

* Chelsea College, University of London t Dept of Computing Science, University of Calgary, Canada

A four-step algorithm for the design
of clock-driven (synchronous)
sequential circuits is described. Rea-
listic circuit constraints are automati-
cally taken into account by the design
process.

The main features to be considered in
the design of clock-driven circuits are
reliably correct functioning, observa-
tion of gate fan-in and fan-out
restrictions and ease of maintenance. It
is desirable that maintenance engineers
should understand the circuit even
though it has undergone simplification
— a process which can obscure its
function. In general the circuits
obtained do not use a minimum
number of gates, but the design effort is
minimal. The design steps are easy to
apply and do not require any specialist
knowledge.

Functionally the essential character-
istic of synchronous sequential circuits
is that their operation is synchronised
with- clock pulses between which no
changes of state can occur.

Clocked flip-flops

. Clock driven circuits depend on the use
of clocked flip-flops, the principal types
of which are described in this section. A
clocked flip-flop is a bistable element in
which the change of the output signal Q
is coincident with either the leading or
trailing edge of a pulse signal, com-
monly referred to as the clock pulse.
There are four basic types of flip-flop.
Toggle or T flip-flop (TFF); SR flip-flop
(SRFF); JK flip-flop (JKFF); D flip-flop
(DFF).
Toggle flip-flop. The flip-flop is repre-
sented symbolically by the diagram in
Fig. 1(a). It has no data input terminals
and physically its output “toggles” or
changes state with every clock pulse.
The logical behaviour of this flip-flop is
described by the truth table shown in
Fig. 1(b). If the T flip-flop is a modified
master/slave JK flip-flop it will turn-on
when Q=0 and C is changing from | to
0, that is on the trailing edge of the
C-pulse. Similarly it will turn-off when
Q=1and C is changing from 1 to 0. The
terminal behaviour of this flip-flop' is
described by the state diagram shown in
Fig. 1(c).
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Fig. 1. Symbol (a), truth table (b) and
state diagram for a toggle or T-type

flip-flop.

‘SR flip-flop. The sequential equation,

Q=S+RQ, for the SR flip-flop, shown
symbolically in Fig. 2(a), was developed
in Part 3 of this series. An implementa-
tion of an unclocked SR flip-flop, using
NAND gates, is shown in Fig. 2(¢), and

‘this is frequently drawn in the form

shown in Fig. 2(d). A condensed form of
the truth table for this flip-flop, called
the steering table, is shown in Fig. 2(b)
where the entry ¢ in the S and R
columns means that the input can be
either O or 1.

By means of the simple modification
shown in Fig. 2(e) the SR flip-flop can be
clocked. An examination of this dia-
gram shows that if C =0 the outputs of
g, and g, will always be logical 1
irrespective of the present values of S
and R, or of any changes in these two

inputs. The flip-flop can only change its

output during a clock pulse transition
and, assuming zero gate delay, the
output Q will change state on the
leading edge of a clock pulse, when C is
changing from 0 to 1.

Examination of the steering table or
the circuit shows that a clocked SR
flip-flop is turned on when S=1, R=0,
and C changes from 0to 1. Conversely it
is turned off when S=0,R=1, and C is
changing from 0 to 1. Herce the
terminal behaviour of the flip-flop can
be described with the aid of the state
diagram shown in Fig. 2(g).

Besides the S, R and C inputs, a
clocked SR flip-flop may have one or
two additional controls which allow it
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to assume one of its two states irres-
pective of whether C=0 or C=1. These
controls are frequently called Clear and
Preset. Most commercially-available
flip-flops are provided with a clear
control, whereas the preset control is
not nearly as common. The operation of
these controls is described by the table
shown in Fig. 2(h) and it should be
observed that in the circuit of Fig. 2(f)
these signals are active when low.

* With both controls at logical 1 the
flip-flop is enabled and operates in the
normal way. If R=0 and P=1 the
output Q of g, in Fig. 2(f) becomes
‘Q=1. Hence Q=0, and the flip-flop is
unconditionally reset. If R=1 and P=0
the output Q of g; becomes Q=1, and
the flip-flop is now preset. The inclusion
of these controls leads to a modified
_state diagram as shown in Fig. 2(i).

The reader should note that if a preset
facility is required when the P terminal
is not provided it is possible to inter-
change the Q and Q terminals and the
input terminals. The clear terminal can
then be used as a preset control.

Turn-off

JK flip-flop. The symbolic representa-
tion of the JK flip-flop is shown in Fig.
3(a) and the truth table describing its
logical operation in Fig. 3(b). The
operation of this flip-flop differs in one
respect from that of the SR flip-flop in
that it is allowable for J and K to be
simultaneously equal to 1. If J=K=1
the flip-flop “toggles”, that is, in row 7
the flip-flop changes state from 0 to 1,
whilst in row 8 the converse action.
takesplace. Inrows 4 and 5 normal reset
and set operations take place as
described for the SR flip-ilop in the last.
article.

An examination of the truth table
shows that the flip-flop is turned oh in
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Fig. 2. (a) Symbol for the SR flip-flop, whose steering table is at (b), where ® indicates either O or 1. The SR can be realized,
in unclocked form, by NAND gates, as in (c) shown rearranged in a more familiar form at (d). A clocked type of SR is seen at
(e) and, with preset and clear, at (f). State diagram for the clocked SR is at (g) and the truth table for P and C can be seen at
(h). At (i) is the state diagram for a clocked SR with P and C controls.
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Q Fig. 3. The JK flip-flop is shown
< 4 symbolically at (a), with its truth table
= at (b). That a JK is simply an SR with
Q . two NAND:s at the inputs is shown by
(c). State diagram for a clocked JK is

shown at (d) and the steering table at
} (e). Clocked JK realised in NAND form
is at (f), in which the single-input gates
are redundant and can be replaced by a
wire.
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rows 5 and 7, whilst it is turned off in
rows 4 and 8.

The turn-on set of Q: S=JKQ+JKQ

=JQ

The turn-off set of Q:R =TKQ +JKQ

=KQ
These two equations indicate that a JK
flip-flop is in practice an SR flip-flop
preceded by two AND gates which
implement the functions JQ and KQ
respectively, as shown in Fig. 3(c).

The state diagram describing the
terminal behaviour of the flip-flop is
shown in Fig. 3(d). If the flip-flop is in
the state Q=0 with J=1 and C changes
from 0 to 1, it makes a transition to the
state Q= 1. Similarly if in the state Q=1
with K=1 and C changes from 0 to 1, it
makes a transition to Q=0.

A steering table for the JK flip-flop is
shown in Fig. 3(e). Comparing the
steering tables of the SR and JK
flip-flops shown in Figs. 2(b) and 3(e)
respectively, it will be observed that the
JK flip-flop has more ¢ or optional input
conditions and consequently this type
of flip-flop leads to simpler logic when
used in the design of clock-driven
circuits.

A JK flip-flop can be implemented by
connecting the output of the two AND
gates in Fig. 3(¢) to the S and R inputs of
the SR flip-flop of Fig. 2(f). Simultan-
eously the Q and Q outputs of this
flip-flop and its clock connections are
fed to the inputs of the two AND gates,
in conjunction with the J and K lines, as
shown in Fig. 3(f). Notice that the AND
gates are formed from two pairs of
NAND gates in cascade, namely g5 and
g7 and gg and g, Clearly gates g, and g,
and gates g, and g, provide a double
inversion. These four gates are there-
fore redundant and can be omitted from
the implementation.

The race-around condition. Unfortun-
ately, satisfactory flip-flop operation is
not possible with the ecircuit shown in

Fig. 3(f), for the following reason. If the
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Fig. 4. Illustration of a “race-around”,

where the output oscillates during the
duration of the trigger pulse, t

outputs of the flip-flop, Q and y, in Fig.
3(f), change before the termination of
the clock pulse the input conditions at
gates g- and gq will also change. For
example if J=K =1 and Q=0, when the
clock pulse is first applied Q changes to
a 1. This change takes place at t= A\t
after the start of the clock pulse, as
shown in Fig. 4, where At is equal to the
propagation delay through two NAND
gates. Att=1At, J=K=1,Q=1landC=1,
consequently there will now be a
further change in the output to Q=0 at
t =2At. The conclusion is that the output
of Q oscillates between 0 and 1 for the
duration of the clock pulse. Further, at
the end of the clock pulse the value of Q
is indeterminate.

This phenomenon is called the
“race-around’” condition. It can be
avoided if t.<At<T. Unfortunately,
with modern integrated circuits
t.>>=At and the inequality is not
satisfied. This has led to the develop-
ment of the master/slave ‘or double-
rank flip-flop.

Master/slave flip-flop. This consists of
two flip-flops in cascade. The leading
one, called the master, is connected as a
JK flip-flop, whilst the second one, the
slave, is connected as an SR flip-flop.
Clock pulses are used to enable the
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master whilst inverted clock pulses are
used to enable the slave.

A NAND implementation of a mas-
ter/slave flip-flop is shown in Fig. 5.
Examination of this diagram shows that
the master flip-flop changes its state on
the leading edge of a clock pulse. For
example if J=1, Q=0 and C is chang-
ing from 0 to 1, then the output state of
the flip-flop changes to Q= 1. Since Q,,
is also the set input of the slave flip-flop,
S=1

The slave flip-flop is enabled when C
is changing from 0 to 1, that is on the
trailing edge of the clock pulse. If Q,=0,
S=1 and C is changing from 0 to 1 the
output state of the slave changes to
Q.=1. The change which occurred at
the output of the master on the leading
edge of the clock pulse is transferred to
the output of the slave on the trailing
edge of the same clock pulse.

The reader will observe that the slave
output cannot change state until after
the termination of the clock pulse and
consequently the race-around condition
can never occur with this type of
flip-flop.

D flip-flop. The symbolic representation
of a D flip-flop is shown in Fig. 6(a) and
its logical operation is described by the
truth table in Fig. 6(b).
From the truth

Q1+51= (DG.;. DQ)"

or: Q=D
The interpretation ot this equation is
that the output Q assumes the logical
value of the input at the time of the
clock pulse.

table:

In Fig. 6(c) the terminal behaviour of
the flip-flop is described with the aid of a
state diagram. Assuming that the
flip-flop is of the master/slave type, and
ifQ=0,D=1and C changes from 1 to 0,
it makes a transition to Q= 1. Similarly
if the state is Q=1, D=0 and C changes
from 1 to 0, it makes a transition to

Q=0.

Fig. 5. NAND embodiment of a
master/slave flip-flop.
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JK versatility. A JK flip-flop can be
easily converted to a T type by con-
necting the J and K lines to logical 1, as
shown in Fig. 7(a). The flip-flop then
toggles on the receipt of every clock
pulse.

To convert a JK flip-flop to a D type
the J line, besides being connected to
the J input, is also connected to the K
input through an inverter, as seen in
Fig. 7(b). Referring to the truth table for
the JK flip-flop shown in Fig. 3(b), the
only entries valid for the configuration
of Fig. 7(b) are those in rows 3,4, 5 and 6.
If the column headed J is identified as D
and the column headed K is omitted,
then the entries in these rows are
identical to the entries in the truth table
for the D flip-flop shown in Fig. 6(b).

Design steps
The sequence of four design steps for
clock-driven circuits is as follows:

(1) 170 characteristics. In this step a
block diagram is drawn to show the
available input signals and the required
output signals.

(2) Internal characteristics. In the
second step the designer specifies the
internal performance of the circuit with
the aid of a state diagram. The inexper-
ienced designer should be primarily
concerned that the specification of the
internal circuit operation is complete
and free of ambiguities.

(3) State reduction. This step is optional
and can be omitted. Its main purpose is
to provide the designer with the means
for reducing the number of internal
states used in step 2, if such a reduction
is possible. To avoid redundant states
this step would be used to reduce the
number of states to some power of 2.
For example, whereas it would be used
to reduce five states to four, it would not
be used to reduce four states to three.

(4) Primitive circuits. In contrast to the
situation with event-driven circuits, the
design of clocked circuits does not
require that only one secondary signal
may change during a transition
between two states. This is based on the
assumption that all changes of secon-
dary signals take place on the trailing
(or leading) edge of the clock pulse that
initiates them, and of course before the
next clock pulse.

Having allocated the secondary sig-
nals, the turn-on and turn-off condi-
tions are written down for each of these
signals. For example, in the state
diagram of Fig. 8, _
Turn-onsetof A: S, = §,X + (S,X)
Turn-off set of A: R, = S,X + (S,X)
Turn-onset of B: Sp = S;X + S,X
Turn-off set of B: Ry = $,X + S,;X

Examination of these equations
shows that the turn-on conditions of
secondary signal B, Sy, is the disjunc-
tion (ORing) of the total states which
are necessary for the next clock pulse to
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Fig. 6. D type flip-flop symbol (a), truth
table (b) and state diagram (c).
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Fig. 7. lllustration of the JK used asa T
type flip-flop (a) and as a D type (b)
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Fig. 8. State diagram for a clock-driven
circuit.

‘cause B to change value from 0 to 1.

Similarly the turn-off condition of
secondary signal B, Ry, is the disjunc-
tion of the total states which are
necessary to cause B to change value -
from 1 to 0.

The expressions for the turn-on and
turn-off conditions of the flip-flops can
be reduced using as optional products
those terms which define “don’t care”
circuit conditions or alternatively pro-
ducts which define total states involved
in transitions in which the signal
concerned does not change its value,
For example when moving from S, to S,
in Fig. 8, signal A retains its value of 1
and its turn-on conditions can be
allowed to arise during this transition.
Hence the turn-on equation for A
consists of the disjunction of a genuine
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turn-on condition $;X and an optional
product (S,X). Similarly the turn-off
condition for A consists of the disjunc-
tion of a genuine turn-off condition $,X
and an optional product (S;X).

The turn-on and turn-off conditions
derived by the foregoing process define
directly the set and reset signals
respectively for a pair of SR flip-flops.
However the most readily available and
versatile flip-flop is the JK type. As this
is used extensively it is worthwhile
recalling the relationships derived
earlier in this article between S and J,
and R and K respectively. They are:

Sq = JQand Ry, = KQ
Clearly the expressions for J and K can
be obtained from the expressions for S
and R by dropping Q and Q respectively.
This is a’ very useful result and the
reader is advised to make a note of it.

The design procedure described
above will be illustrated in the next
article with the aid of a series of exam-
oles.
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