Module 3

Logic Circuits With Memory



ELEMENTARY FEEDBACK

Consider the following circuit:

Do

0—
E

Unlike combinational logic circuits that we' ve seen thus far,
notice that this circuit has a FEEDBACK line connected from
the output back to the input.

This givesthe circuit an interesting behaviour as can be seen
from the timing diagram bel ow:

E U
O [ I B

When signal E = 0, the NAND gate isforced to 1, so the output
O isheld constant at 1. However when E = 1, the NAND acts
as an inverter.

We observe from the simulation that the circuit oscillates with a
fixed period. The output isno longer strictly afunction of the
INpuUL.



THE STATE TRANSITION TABLE

In describing circuits such as the ssimple oscillator we need to
describe the output as atime-varying function, e.g. O(t).

We call O(t) the PRESENT STATE and O(t+At) the NEXT
STATE.

We can summarize the behaviour of this ssmple circuit by noting
that
O(t+At) = f(E,O(t)).

This behaviour can be described using afunction similar in
appearance to atruth table, the STATE TRANSITION TABLE.

E O(t) | O(t+At)
0 0 1
0 1 1
1 0 1
1 1 0

The state transition can describe the behaviour of alogic circuit
with feedback much in the same way that a truth table describes
the behaviour of combinational logic.

The feedback line servesasaMEMORY. O(t) isreferredto asa
STATE VARIABLE.

The NEXT STATE, O(t+At), isafunction of the PRESENT
STATE, O(t), and the INPUT E. Thisisexactly the relation-ship
described by the state transition table.



THE STATE TRANSITION TABLE cont.

Let’ stake acloser look at the oscillator we built earlier. How do
we go about analyzing it?

Do

0—
E

Assume for the moment that O(t) =0 and E = 1, and that all
gates have adelay of 1 Tg (gate delay).

If O(t=0) = 1, then theinitial state of the NAND gateis 1.
Att=1Tg, the output of the NAND changes from 1 to O.
Att=2Tg, the output of the first inverter changes from 0 to 1.
Att=3Tg, the output O changes from 1to O.

Att=4Tg, the NAND responds by changing from O to 1.
Att=6Tg, the O changesfrom O to 1.

At for thiscircuit = 3tg. The period of oscillation is 2 x At.

11
2At 6Tg

Hence the oscillator frequency is



THE SR LATCH

Consider the following circuit:

S

Do

Thiscircuit is considerably more complex than the ssmple
oscillator considered earlier.

S R X (t) YO | X(t+At) | Y(t+AY)
0 0 0 0 1 1
0 0 0 1 0 1
0 0 1 0 1 0
0 0 1 1 0 0
0 1 0 0 0 1
0 1 0 1 0 1
0 1 1 0 0 1
0 1 1 1 0 1
1 0 0 0 1 0
1 0 0 1 1 0
1 0 1 0 1 0
1 0 1 1 1 0
1 1 0 0 1 1
1 1 0 1 1 1
1 1 1 0 1 1
1 1 1 1 1 1




THE SR LATCH cont.

Several observations can be made from a direct observation of
the state trangition table:

e If S=1 and R=0, then X=1 and Y =0 unconditionally. In
other words, the output depends only on the input (asin the
case of combinational logic).

 If S=0and R=1, then X=0 and Y =1 unconditionally.

e If S=0 and R=0, then X(t+At) = X(t) and Y (t+At)=Y (1),
provided that X (t) = Y (t).

 If S=0 and R=0and X(t) = Y (t), the circuit acts as an
oscillator, i.e. X(t+At) and Y (t+At) are UNSTABLE states.

If the circuit could be operated such that X = Y, then one can
observe 3 distinct states:

S=1, R=0 SET mode, X(t+At) = 1 unconditionally
S=0, R=1 RESET mode, X(t+At) = 0 unconditionally
S=0, R=0 MEMORY mode X(t+At) = X(t)

whereY = X

Thiscircuit is called aLATCH and forms a basic memory
element (the building block of static rams).

We next have to consider the conditions under which we can
guaranteethat Y = X.



ANALYSISOF THE SR LATCH
R
Do ]

We will use the variable Q to denote the primary output of the
latch. The second output, labelled Z in the diagram, is usually

understood to correspond to Q when the circuit is operating as a
latch.

S

The equations for Q and z are respectively:

Q- (52)
Z=(RQ)

Applying de Morgan’s law we derive an alternate form

S+7Z

Z
R+Q

N| O]
Il



ANALYSISOF THE SR LATCH cont.

Now if we substitute Z for Q and Q for Z we obtain an
alternate realization for the S-R latch:

Z=S+Q
Q=R+Z

This should not be surprising given the Duality principle.
R % >
[ %Q

i A

SH—"

In the analysis that follows, we will use the NOR version of
the latch to derive a set of operating conditions that guarantees

Z=Q.
We begin by writing the circuit equations:

Q(t+Tg) = [R(t) + Z(t)
Z(t+Tg)=[S(t) + Q(t) |

Notice that this takes circuit propagation delay into account.




ANALYSISOF THE SR LATCH cont.

Applying De Morgan:
Q(t+Tg) = R(t) « Z(t)

Q(t+2Tg)=R(t+TQg) * Z(t+TQ)
Substituting:

Q(t+2Tg) = R(t+Tg) [ S(t) + Q(t) |
Z(t+2Tg) = S(t+Tg) *[R(t) + Z(1)]

Tg units later:

WhenisZ = Q?

Negate:

Q(t+2Tg) = LR(t+Tg) *[S(t) + Q1) |
De Morgan:
Q(t+2Tg) =R(t+Tg) + [S(t) + Q(t) |
=R(t+Tg)+ S(t) » Q(t)
=R(t+Tg) [ S(t) + S(t) |+ S(t) » Q(t)
= S(t) [R(t+Tg) + Q(t) |+ S(t) * R(t+ Tg)

If Z=Q Then

S(t+Tg) *[R(t) +Z(t)] = S(t) [R(t+Tg)+ Q(t) |+ S(t) * R(t+Tg)



ANALYSISOF THE SR LATCH cont.

If Z=Q Then

S(t+Tg) «[Rt)+Z(1)] = S(t) [R(t+Tg)+ Qt) |+S(t) * R(t+Tg)
Which means that:

o  S(t+Tg) = (1) Sheld stable for at least Tg units
e R(t+Tg) =R(t) R held stable for at least Tg units
e St)eR(t)=0 S#=landR=1

Furthermore, in order to correctly latch the data in the first place,
R (or S) must be toggled high for at least 2Tg units to be sure
that the latch is correctly reset (or set).

By maintaining the inputs stable for a minimum of 2Tg unitsand
ensuringthat S=1and R= 1,thenY = Q.

S R Q Q(t+At)

0 0 0 0 Under these assumpt-
ions the state trans-

0 0 1 1 ition table for the S-R

0 1 0 0 latch is given at |eft.

0 1 1 0 _ _

1 0 0 1 SinceZ =Q’, it does
not appear in the

1 0 1 1
table.

1 1 0 undef

1 1 1 undef
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APPLICATION - SWITCH DEBOUNCING

A dight variation of the S-R latch using 2 NAND gatesyields an
S R latch. Consider the circuit shown below.

+5V

j_?f S debounced
3 | T
]

J‘j‘ .

=lDe

R

In the state shown, the input to the latch correspondsto S=0
and R =1, which means the output is 1.

When the switch moves off the H contact, S=R =1, s0
the latch maintains its state. On contact withL, S=1, and
R =0, changing the output of the latch from 1 to O.

Successive bounces off the L contact cannot change the state of
the latch since this correspondsto S=R =1.

Falll n]
| 1 1 1 1 ] 1 1 1 1

H B 1 111111111 111111111111
L _'_I_IlIJlllllllJ—I_llllllllllllJ—l_lIJllllllll
debounced I [ | [ |
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THE CLOCKED SR LATCH

Consider the modified version of the S-R latch shown below.

i q}&ﬂ

It looks like the NAND version of the latch, but has an addi-
tional control line labeled C, called the CLOCK. Using stand-
ard methods the state transition table is determined as follows:

C S R Q(t) | Q(t+At)
0 0 0 0 0
0 0 0 1 1
0 0 1 0 0
0 0 1 1 1
0 1 0 0 0
0 1 0 1 1
0 1 1 0 0
0 1 1 1 1
1 0 0 0 0
1 0 0 1 1
1 0 1 0 0
1 0 1 1 0
1 1 0 0 1
1 1 0 1 1
1 1 1 0 undef
1 1 1 1 undef

Notice that when C =
1, the state transition
table isidentical to that
of the non-clocked
|atch.

When C=0, both input
NANDs areforcedto 1
which forces the latch
into the MEMORY
state.

The Clock line thus
determines when the
latch is allowed to
change state.

12



THE CLOCKED SR LATCH cont.

From now on we will refer to the clocked latch as a FLIP-FLOP
provided that we operate it according to the following rules:

 Inputs (S & R) can only change when C islow.

* Inputs must be held stable for the entire interval when the
clock is high.

 Theclock must be held high for at least 2 Tg (to ensure that
the data gets latched properly).

In this mode of operation the role of the clock isto synchronize
state changes. Rather than defining the next state of Q(t) as

Q(t+At), we instead use the notation Q(t+Tc), or Q to indicate
that the state change is determined by external synchronization
(i.e. aclock).

This aso smplifies the state transition table:

S R Q @)
0 0 0 0
0 0 1 1
0 1 0 0
0 1 1 0
1 0 0 1
1 0 1 1
1 1 O | undef
1 1 1 | undef

13



THE CLOCKED SR LATCH cont.

The timing behaviour of the clocked S-R latch is shown in the
following LogicWorks smulation.

I D

| |
[ I
|

Q0 T »m O

Unfortunately the clocked latch has a major limitation which
makes it very difficult to use (i.e. asaflip-flop) in practice.

Aslong asthe clock is high, the output will always follow the
input (i.e. state changes are not completely governed by the

clock).

Some control is afforded by creating asymmetric clock pulses
(i.e. short HIGH intervals), but this can make design using these
devices VERY complicated as we shall see shortly.
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THE J-K FLIP-FLOP

The JK flip-flop isadight variation on the S-R where the S=1
R=1 state is given adistinct behaviour.

K Q

Notice that we ve renamed S
and R with Jand K to
Indicate this new bahaviour.

When J=K=1, the next state
of Q isits complement.

We call this behaviour
TOGGLING.

In fact, the 3K flip-flop can
be derived from the S-R as
follows.

O R R RFRPROOR OO

PR P PP O O OO G

R RO Ok F OO0
R O O, O Fr O

All we need to do is to figure out

what to feed the S and R inputs of the S-R flip-flop when we
encounter thecaseof J=K=1withQ=1and Q=0
respectively.

Rk R R OOOC|O|W
R R OO RIRIOOIA
R OoO|lR| O O|FR|O|O

O r| QrOoO0C Qo
R OO0, O QD
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THE J-K FLIP-FLOP cont.

From the truth table for Sand R vs. J, K, and Q, we obtain the
following Karnaugh maps.

KQ KQ
00 01 11 10 00 01 11 10

o |0 |d 0 O Odofl\d
-
13d0€_ 100W0

From the maps we obtain the following functionsfor Sand R as
functions of J, K, and Q:

S=JQ R = KQ

Which resultsin the following circuit:

’ ':—[3—[ | 'Q
K ,__:DD__IZ Q

Note that the ANDs associated with the expressionsfor Sand R
fold into the NAND gates as shown above.

According to the theory, this should implement the state
transition table for the JK flip-flop. But doesit?

16



THE J-K FLIP-FLOP cont.

Some modification of the circuit will be required before
proceeding with the simulation.

Because of the additional feedback lines, it isimpossible to force
the flip-flop into aninitia state, e.g. by setting J= 1,
K=0.

Practical flip-flops have PRESET and CLEAR lineswhich allow
the flip-flop to be forced into an initial state, regardless of the
clock.

Pr

:
L— |

“Clr'

When Pr =0 and CIr =1, the top right and bottom left NANDs
are forced to 1, which forces the bottom right NAND to 0. We
say that this PRESETS the flip-flop to 1.

17



THE J-K FLIP-FLOP cont.

When Pr =1 and CIr =0, the top left and bottom right NANDs
are forced to 1, which forces the top right NAND
to 0. We say that this CLEARS the flip-flop to O.

With this modification, we can guarantee the initial state of the
flip-flop (especially important in asimulation!).

We're now ready to run the simulation:

| 100 | 200
Pr'
cirr ||
C S A Iy A A A e A M N o O I N
J I [ I
K [ L | L
(OJN || I | e
Q 1 [ [/ rr—ru

Theresult? Almost, but not quite. Thetoggle (J= K = 1) mode
does not work properly. The flip-flop oscillates while the clock
ishigh. Why?

The problem isreferred to as a RACE condition. Because of the
feedback linesfrom Q to Jand Q to K, the signal has the
opportunity to work its way back to the input BEFORE the
clock is pulled low.

To operate properly asa JK flip-flop, the clock must be adjusted
so that only ONE state change occurs.

18



THE J-K FLIP-FLOP cont.
From examination of the circuit, it takes 2 Tg for the latch to
change state + an additional 1 Tg for the signal to propagate
through the input NAND gates.
If the clock ishigh for = 3 Tg, arace condition will occur.

If the clock ishigh for < 2 Tg, the latch will not operate
correctly.

So, for thiscircuit to operate properly, the clock high period
must be exactly 2 Tg.

Let’ stest the theory through simulation:

100

| |
Pr'
Cir' | |
C I I I I I I I I I I I
J I [ |
K | ] | | I
Q [ L LTI 1
Q | L | L |

This time everything works, but the circuit is clearly impractical
because of its dependence on precise clock timing.

We need adifferent flip-flop design that is less dependent on the
clock signal.

19



THE MASTER-SLAVE FLIP-FLOP

Consider the following circuit:
Master Save
=D o ) - {}—}%Q
G 5 ¥
NS - SV R W N
D

activewhenC=1 |  activewhenC=0

Itiscaled aMASTER-SLAVE flip-flop and is designed to make
timing less dependent on the clock.

Notice that it isformed from two clocked latches, the first
(master) operates when C = 1, and the second (slave) operates
when C = 0.

When C = 1, the master changes state according to S and R; the
daveisforced to memory mode.

When C = 0, the master is forced into memory mode, and the
daveis activated, changing state according to the master’s
outputs X and Y.

Aslong as C = C there cannot be more than a single state
change for agiven clock pulse, i.e. races are eliminated.

20



THE MASTER-SLAVE FLIP-FLOP cont.

We can compare the behaviour of the clocked latch and master-
daveflip flopsin the following ssimulation.

S
C

R

Xms | [ [ 11 [
Yms | LIl |
Qlatch | I | 1 |
oms | [T T 711
Qms [ [ [T
Q' lateh | L___ ] |

Notice that the master-dave and clocked latch flip-flops have
identical responses (as one would expect) except for when the
outputs change state.

Theclocked latch changes state when C goesfrom 0 -> 1
The master save changes when C goesfrom1->0

This simulation only confirms that the master slave and clocked
latch have the same state transition table.

In order to verify that race conditions are prevented, we need to
consider a master-dave implementation of the J-K flip-flop.

21



THE J-K MASTER-SLAVE FLIP-FLOP

We can construct the master-dave version of the J-K from the
clocked latch version shown earlier by cascading the additional

slave stage as shown below.

Pr'

L

D
oL =

T

—

F}D

L > e

>

Clr'

Let’srepeat the earlier smulation where Tc =10 Tg.

1(I)O

Pr'

Clr'

J 1 [ 1T 1 H

[T —

I —

N R S I

L 7 T
T T Tl

QOO0 < X 0 X

[ I N SR
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THE J-K MASTER-SLAVE FLIP-FLOP

The JK master-dave flip-flop gets around the earlier depend-
ency on the clock pulse width (to avoid race conditions).

AslongasTc = 2 Tg, the circuit will function correctly.

Unfortunately, the master-dave still has one liability whichis
illustrated in the following ssimulation.

Pr'
Clr'

| [ | L
[ | [ T

QOO0 < X 0 =~

Normally the flip-flop “remembers’ the state of J-K just prior to
the 1 -> 0 clock transition.

TheJ=1, K =1 state poses problems because the master will
latch J= K =1, regardlessif either changesto O before the clock
trangition.

Thisiscalled 1'sand O's catching where the 1 refers to the flip-

flop changing from 0O to 1, and the O to the flip-flop changing
from 1to O.

23



EDGE-TRIGGERED FLIP-FLOP

Consder the circuit shown below.

C_

> >, L.
0 _
D, 1 °
D, 1 - °
L
R} {>o E} |

=

Asyou might guess from the labels, thisis another S-R flip-flop
(which can be converted to a JK in the usual way).

In terms of complexity, it is about the same order as the master-
dave version we considered earlier. This architectureisrefer-red
to as EDGE-TRIGGERED for reasons that will hopefully
become clear shortly.

24



EDGE-TRIGGERED FLIP-FLOP cont.

An analysis of the edge-triggered flip-flop (which is quite
complex) leads to the following state transition table.

C(t) | C(t+T) = S(t) R(t) Q(t) [ Q(t+T)
0 0 don’'t care 0 0
0 0 don’'t care 1 1
0 1 0 0 0 0
0 1 0 0 1 1
0 1 0 1 0 0
0 1 0 1 1 0
0 1 1 0 0 1
0 1 1 0 1 1
0 1 1 1 undef | undef
0 1 1 1 undef | under
1 0 don’'t care 0 0
1 0 don’'t care 1 1
1 1 don’'t care 0 0
1 1 don’'t care 1 1

Notice that the table explicitly represents transitions of the clock,

l.e. C(t) and C(t+T).

The essentia property of the edge-triggered flip-flop isthat it

no cl _o_ck
trangtion

rising
rising
rising
rising
rsing
rising
rsing
rising
fdling
edge

no cl _o_ck
trangition

samplesitsinputs ON THE RISING EDGE of the clock.

Input changes at any other time are ignored. The transition table

above corresponds to a RISING edge-triggered flip-flop.



EDGE-TRIGGERED FLIP-FLOP cont.

It isalso possible to design FALLING edge-triggered flip-flops
which have asimilar state transition table except that inputs are
sampled on the falling edge of the clock.

In both cases the flip-flops change after an interval marked by
the active edge of the clock, the propagation delay, Tpd.

Circuit properties impose certain constraints on how these flip-
flops are operated. These are summarized below.

There are 3 important par-
ameters, all measured with
| : : respect to the active edge of
clock | ; ; the clock:

— ; « Tsu:  Set-uptime
S A ; «Th:  Holdtime
B *Tpd:  Propagation delay

R Tsu definesthe interval prior
: to the active edge when
—>TSU<7 . INPUTSMUST BE HELD
0 ——) Th(— STABLE.

R Th defines the interval
<—~ —’
~Tpd following the active edge

of thecl ock durl ng wh| ch mputs
must be held stable.

Tpd defines the maximum interval following the active edge
when the flip-flop outputs change in response to the input.

26



EDGE-TRIGGERED FLIP-FLOP cont.

Tsu + Th definesa WINDOW during which inputs must be held
stable.

In fact, we can use this terminology to define the operating
constraints for all the flip-flops we have encountered thus far.

Clocked Latch;

e Tsu=0and Thistheinterval during which theclock is
high. Tpdis3 Tg for the circuit shown earlier.

Master-Slave:

e For JK or SR, Tsu=interva during which clock is high.
For D, Tsu= 3 Tg, thetime required for the master to
latch prior to the 1 -> O clock transition. Th =0, and
Tpd = 3 Tg, the same for the clocked latch.

Edge-Triggered.

These parameters have no dependency on the clock, i.e.,
they are CIRCUIT DEPENDENT. Thisiswhy edge-
triggered flip-flops have such widespread use in design.

For D implementations, it’ s virtually impossible to tell master-
slave and edge-triggered flip-flops apart. They both can be made
to sample and change states on either the rising or falling edges
of the clock.

27



EDGE-TRIGGERED FLIP-FLOP cont.

Recall that the edge-triggered flip-flop grew out of alimitation of
the JK master-slave, the problem with 1's and O’ s catching.

Let’s repeat the earlier smulation, but this time we' [l compare
the outputs of the two different flip-flops.

A JK edge-triggered flip-flop is fabricated in the usual way:
(we'll use afalling-edge triggered version in the experiment)

Pr
I
Pr
J— >— S " Q Q
G Clk
Khb—m .
( |
Clr'

| ! cl) 0 |
Pr'
cir |1
J A S I I I
K [ 1 ] ]
C | | | | (| | | (I (|
Qet | |
Qms [ l [ | I I

The ET version is not susceptible to 1's and O’ s catching.
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OTHER FLIP-FLOP TYPES

D FLIP-FLOP A subset of the S-R (JK) flip-flop
where R = S'. It produces a delay of
exactly 1 clock period.

D S QY D) Q)  Qt+T)
\—[} R 0 0 0

Clock A 0 1 0
1 o) 1
1 1 1

D flip-flops are used to build registers. The edge-triggered
variety has a particularly ssmple circuit (as compared to the S-R
implementation shown earlier).

T FLIP-FLOP
Thisis another subset of the J-K flip-
flopinwhich J=K. Itisthebasic
T J Qr—  building block used to fab-ricate
COUNTERS.
K
Clock A T(t) Q(t) Q(t+T)
0 0 0
0 1 1
1 0 1
1 1 0

29



ANALYSIS OF SEQUENTIAL CIRCUITS

Flip-flops are the ssmplest forms of the more general class of
SEQUENTIAL CIRCUITS. The general model for such a
circuit is shown below.

5
5| QO
C Q
o
L= & >/
| > | QL
N Q
A
T
I
O
N
A
L
—>> >>ID
L S| Qn
O Q
10 > |G Q5.
C
Inputs Il—.)> . o1 >> Outputs

Thelogical description of such acircuit is given by its corr-
esponding state transition table. We will now consider is how to
determine the state transition table given the circuit diagram.
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The state transition table will have the following form:

ANALYSIS OF SEQUENTIAL CIRCUITS cont.

11 12 1] Qn Q1 QO0{dn A1 Qo OO0 O1 Ok
O 0O/ 0 O 0 O

O 0O O 0 o0 1

11 1/1 1 1

The left side is composed of the INPUTS, 10, 11, ..., |j and

STATE VARIABLESQO, Q1, ...,

Qn. Each flip-flop (memory
element) is associated with a unigque state variable.

Theright side is composed of the NEXT STATES of each state

variable, i.e,, Q0, Q1, ..

., Qn, and the OUTPUTS, 00, O1, .

.., QK.

The outputs are easy to determine as they are just combinational

logic functions, i.e.,, O =f(I1, 12, ...,

lj; QO, QL, ...,

Qn).

The next states of the Qi are determined in ssimilar fashion, but
an additional step isrequired.

First, determine the functions associated with each flip-flop
control input. Inthe case of D flip-flops, one would have a
single expression for each D input where Di = (11, 12, .

Q0, Q1, ..

A

., Qn). For JK flip-flops, one would have two
equatlons i e., for J and Ki.
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ANALYSIS OF SEQUENTIAL CIRCUITS cont.

*  Oncetheflip-flop equations are determined, the state
transition table for the particular flip-flop isused to
determine the next state.

Thisis quite straightforward for the case of D flip-flops, as

Q(t+T) = D(1).

Example 1.
1. Outputs
I o In this case the circuit has no
jD_ g e s ] Qo formal outputs. Sometimes
e ngo—| | Heqde—  the“output” consists of the
? = state variables themselves.
=0
2. Flip-Flop Equations
g

D1 = XOR(QL1, Q0)
DO = (QO)’

We now compute Q1(t+T) and QO(t+T) by substituting the
expressions for D1 and DO respectively, i.e.,

Q1(t+T) = XOR(Q1(t), QO(t))
QO(t+T) = QO(Y)

It is now easy to fill inthe right hand side of the state transition
table and predict the behaviour of the circuit.
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ANALYSIS OF SEQUENTIAL CIRCUITS cont.

State Transition Table:
QLY | QO |QL(+T) QIL(t+T)
0 0 0 1
0 1 1 0
1 0 1 1
1 1 0 0

According to the table, this circuit corresponds to a Modulo-2
counter. Let's check this prediciton against the state transition
table.

LI LI LTI LI LI i LI
@t [T 7 L1 L

Which is exactly the case. (By the way, the notations Q(t+T)

and Q are used interchangably in these notes, so don’t be
confused).

Sequential circuits with D flip-flops are particularly easy to
anayze, because the D flip-flop equation (which summarizesits
state transition table) amounts to an identity operator.

Analyzing circuits with JK flip-flopsis abit more complicated.
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ANALYSIS OF SEQUENTIAL CIRCUITS cont.

Let’s start off by deriving the equation for Q(t+T) as afunction
of J(t), K(t), and Q(t).

Qt+T) JK
00 01 11 10

The state transition table for the
ay °_ 2 ° “ _ JK flip-flopisrepresented at left in
11D 0 o Q7 Karnaugh map form.

From the map we determine that Q(t+T) = JQ() + K Q(t).

For analyzing sequential circuits, it's much easier to work with
so-called FLIP-FL OP eqguations because they allow usto derive
total expressions for Q(t+T) via substitution.

Another Example: o _
Thiscircuit hasasingle

- input E.
0~ 1
S| L o From the schematic at left
1 rptoa s @ wefind:
Kr Qe —KRr QP
[ ]
J=K1=E-QO

Thus QL(t+T) = EQO(t) Q1(t) + E QO(t) QL(t)

QO(t+T) = E QO(t) + E QO(t)
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ANALYSIS OF SEQUENTIAL CIRCUITS cont.

From these equations we can fill in the state transition table as
follows:

E QLY  QO() |QI(H+T) QO(t+T)
0 0 0 0 0
0 0 1 0 1
0 1 0 1 0
0 1 1 1 1
1 0 0 0 1
1 0 1 1 0
1 1 0 1 1
1 1 1 0 0

This behaviour is similar to the circuit we encountered earlier as
long asthe E = 1.

However, when E = 0, the counter doesn’t count - it simply
holdsits current state. The E stands for ENABLE.

Again, let’ s verify the prediction of the state transition table
against the circuit ssimulation. It works!

Q1 [ | I
Q0 [ 11 | I R A N
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TIMING ANALYSIS OF SEQUENTIAL CIRCUITS

The subject of timing analysis comprises an entire field of study
within Digital Systems Design.

For now we'll consider one particular model of timing behaviour
based on edge-triggered flip-flops. The reasons for this model
will become apparent in more advanced courses.

Edge-Triggered Timing Mode!:

 All registers are composed of edge-triggered flip-flops.

« All registers are synchronized by a single clock on the same
clock edge.

« Theclock isconnected to all registersat al times (i.e. the
clock may NOT be gated using combinational logic).

e  All inputs must respect Tsu and Th requirements imposed
by the maximum values over al registersin the circuit.

Theclock must respect any timing constraints imposed by
registers. For edge-triggered flip-flops this usually
corresponds to a minimum clock pulse width, Tw.

Both of the circuits that we have encountered thus far meet
these requirements.

Timing analysis (for the purposes of this course) will involve
determining the maximum operating frequency of the circuit.
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TIMING ANALY SIS cont.

Consider the counter circuit analyzed earlier:

0 o Assume that register
—° L O Q1 has parameters
_ 1Sg—a S Qo

K g Qo K e Tsu =5nS
T L 1 Th - 5nS
— 0 Tpd = 20nS
Tw = 20nS

and that QO has parameters Tsu = OnS, Th=10nS, Tpd=25nS
and Tw=25nS.

Assume (for the sake of argument) that the single gate in the
circuit has a propagation delay of 100nS. In general we're
interested in the LONGEST combinal logic delay from output
back to input over the entire circuit. We call this parameter Tcl.
In this case Tcl issimply the propagation delay of the gate, i.e.
Tcl =100nS.

Determine the maximum operating frequency for this circuit.

The maximum (worst case) delays for each parameter are
Tsu=5nS, Th=10nS, Tpd = 25nS, Tw = 25nS, Tcl = 100nS.

To determine maximum operating frequency, we need to trace
through one cycle of the clock:
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TIMING ANALY SIS cont.

25— 1 i<—

20—>> <—
25—)> <(— 100 —>>

—>><<—5

‘<130 NS—>~

We begin at the rising edge of the clock (assuming flip-flops are
rising edge triggered).

20nS after the clock edge, flip-flop Q1 changes in response.
5nS later, at Tc + 25, flip-flop Q2 changes in response.

The inputs to the gate are now stable. 100nS later the
output changes in response to these inputs.

Thus after atotal of 125nS, the inputs to the flip-flops are

stable. However, before clocking again, an additional 5nS
(set-up time for Q0) must be waited.
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TIMING ANALYSIS cont.
The minimum time between clock edges thus totals 130nS,
which means the maximum frequency is

1
1300 - 7.69 Mhz.

From this analysis we may infer the following formula:

fooo 1
mx " Tsu + Tcl + Tpd’

where Tsu, Tcl, and Tpd correspond to the maximum delays
over the entire circuit.

What happened to Th?

Nothing. Because Tpd is generally greater than Th, the inputsto
each flip-flop are guaranteed to be stable provided that any
external inputs are held stable as well.

One of the biggest problemsin designing these systemsis
controlling when external inputs change relative to the clock.

The reason why this clocking strategy is used is because it

greatly ssmplifies the circuit timing requirements (and the
subsequent analysis).
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SEQUENTIAL CIRCUIT BUILDING BLOCKS

As was the case with combinational logic, system designers
often specify systemsin terms of common building blocks such

as counters and registers.

REGISTERS

The function of aregister isto hold data. Making oneiseasy -
an n-bit register is composed of n D flip-flops.

—>>Q0

Ol O

- >01

Ol O

- >0n

Ql O

|0——>p
|1—+—>p
In—+—>>b

Write

L

Clock :)_

Unfortunately the
simple scheme at | eft
violates our timing
rules!

The only way in
which data can be
selectively held or
written isto gate the
clock as shown.

We could use a more complex flip-flop that incorporates a
memory state, but using an edge-triggered flip-flip is attractive
because it can be made from only 6 NAND gates.
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SEQUENTIAL CIRCUIT BUILDING BLOCKS cont.

An adternative strategy, is to fabricate registers using D flip-flops
and multiplexers as shown below.

|O————=>=[A .
B X D
S > QO
Q
11 >[A
B X D >Q1
S >
Q
In >[A
B X D >0n
S > _
Load —— Q
Clock

By using multiplexers as shown, the flip-flop inputs can select
from either the current output, in which case the register will
HOLD its current contents, or from the external inputs, in which
case the register will LOAD new values.

This scheme is sometimes referred to as a SY NCHRONOUS
register.

In fact, one can generalize the scheme by using larger
multiplexers to select from a number of different inputs.

41



SEQUENTIAL CIRCUIT BUILDING BLOCKS cont.

We can take the synchronous register idea further to construct
SHIFT REGISTERS.

Consider the circuit below.

L

.

Clr'

n jo—

Jo——D > Q&8

n |o—

Jo D~ Q— QA

SI

W % Y %y




SEQUENTIAL CIRCUIT BUILDING BLOCKS cont.

From the circuit diagram one can identify two modes of
behaviour:

« S=0: the contents of the register do not change since each
output is re-circulated via the multiplexer.

« S=1: Eachflip flop getsitsinput from the one preceeding.
QA getsitsinput from the Sl input.

In other words, each bit is shifted to the RIGHT from QA to
QD. The Sl input feedsinto the leftmost bit.

Pr'

Clr |

S
C
SI

QA [ | I |
® [ 1 —
x [l - |
@ 1

In the simulation, the pattern 1011 is SERIALLY snifted into the
register.

After 4 clock pulsesthe pattern appears in PARALLEL at
outputs QD to QA respectively.



SEQUENTIAL CIRCUIT BUILDING BLOCKS cont.

Shift registers are commonly used for parallel to serial and serial
to parallel data conversion.

One can use a multiplexer with additional inputsto fabricate a
UNIVERSAL shift register with 4 modes:

HOLD register contents preserved.
LOAD register contents replaced by data at external inputs.

L EFT data shifted from QA to QD with new data entering
SHIFT ontheleft at QA.

RIGHT datashifted from QD to QA with new data entering
SHIFT ontheright at QD.

The resulting module might look something like the following:

19 51
2 50194
S0 Inputs Next State

1 s

3 p @z Function SIS0  QA~QB~QC~QD-~
2 ¢ Xy

=3 B B HOLD 0 0 QA QB QC QD
A @A S.LEFT 0 1 RSIQA QB QC
— RSl SRIGHT 1 0 QB QC QD LS
L ok LOAD 11 A B C D
9 cr




SEQUENTIAL CIRCUIT BUILDING BLOCKS cont.
COUNTERS

Consider the following binary count sequence;

Q31 Q2 Q1 QO |s there any pattern to when the outputs
ol ol ol o change state?
0 0 0 1 QO: Alwaystoggles
O O 1 O
o o 1 1 Q1: Toggles whenever Q0 =1
0O 1 0 O Q2: Toggleswhenever Q0 Q1 =1
O 1 0|1
0 1 1 o0 Q3: Toggles whenever Q0+ Q1 Q0=1
O 1 1 1 Recall the state transition tablefor aT
1. 0 0 0 (toggle) flip-flop:
1/0]0 1 T QM  Q+T)
1 0 1 O
1 0 1 1 8 (i) 2
1 1 0 O 1 O 1
1 1 0 1 11 0
11 1 0 The Q'sin our counter correspond to
111 1 1 T flip-flops.
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SEQUENTIAL CIRCUIT BUILDING BLOCKS cont.
Assume that Ti corresponds to thei’th bit of an n-bit counter.

From observation of the counting sequence, we want Qi to
toggle whenever Q0 Qle ...« Q(i-1) = 1.

Thus
Ti=Q0¢Qle..Q(i-1)

corresponds to the input equation for each of the n flip-flops.

Let’s test the theory by constructing a circuit

(03] o
(03] o

Q O

Q0

2]
|
Q
¥

L
)

Q1

0O«
O«

ol
QO
?
[
ol
-0l
Y9

[anf-c

and performing a simulation.

c Juuuuruorryrererd
Qo Y s Y I Y Iy A |
oI N S D S e E—
Q2 I [ [

Thisisthe expected result (notice that the J-K flip-flop isfalling-
edge triggered; also recall that T = J = K).
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SEQUENTIAL CIRCUIT BUILDING BLOCKS cont.
COUNTING BACKWARDS

Q
w
Q
N
Q
=
Q
o

At left isthe binary sequence correspon-
ding to a4-bit DOWN counter.

What istherule for state changes?

QO: Alwaystoggles.

Q1: Toggleswhen QO = 0.

Q2. Toggleswhen Q0 =Q1 =0.

Q3: Toggleswhen Q0 =Q1 =QO0 = 0.

If Ti istheinput to thei’th toggle flip-
flop, then

Ti=Q0 * QL e ... Q(i-1)

OO0 00000 OoOr PR R PRFRRPRREPR
OO0 0O R PR PR POOCOOR PR REREPR
O OFrR PFr OOPrRPFrRoOORrRPEFrROOR PR
O OPFr oOororor or or orr

As before we can test the theory by building and simulating the
corresponding circuit.
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SEQUENTIAL CIRCUIT BUILDING BLOCKS cont.

3-Bit Down Counter

L L 0

=0

oS @ 35 g—Q1] 15 g2
179 170 I_ ) 179

Q 9 ? 1

=0

c Uy e

Qo N e N e N ey Y e N ey N e N
e [ I I 1 I L
Q2 | [ |

The ssmulation confirms what we expected.

Transformation of the up counter to a down counter involved a
relatively minor change.

This suggest the use of a multiplexer to build a counter that can
selectively count up or down.

In fact we can push thisidea further to construct a UNIVERSAL

counter that can count up, count down, hold its current state, or
load a new value from external inputs.
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SEQUENTIAL CIRCUIT BUILDING BLOCKS cont.

UNIVERSAL COUNTER

CLK
M1
MO

D3
D2
D1
DO

S

CLR

Q3
Q2
Q1
Q0

We can put together the concepts encountered
thus far to construct a universal counter with the
following functions.

M1 MO Function

O O HOLD current state

0O 1 Count up

1 O Count down

1 1 Q30Q20Q1Q0<--D3D2D1DO0

A Carry Out (CO) linesignalswhenthecount=111 1.

Strategy:

 Design acounter cell that can support each of the required
functions.

 Usemultiplexersto select between inputs and toggle
functions,

 Usemultiplexersto convert aJK aternately toaT and D

flip-flop.

Modularize the design to any counter length.

49



SEQUENTIAL CIRCUIT BUILDING BLOCKS cont.
UNIVERSAL COUNTER CELL

c O
o N
Lin PO———— gé +5V
Din PO | 8123 Z o
uin PO D1 Q 12 ; X>
e o
3
—DO Q@
M1 DO
o m i =——
CIr'Z}

The design uses two multiplexers:

The4-input multiplexer at top is used to select among (00)
re-circulating, (01) UP toggle function, (10) DOWN toggle
function, and (11) LOAD input.

e  The2-input multiplexer at bottom converts the J-K flip-flop

toaT for modes (01) and (10) and a D for modes (00) and
(11)
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SEQUENTIAL CIRCUIT BUILDING BLOCKS cont.
Use the UCC to build the Universal Counter as follows:

p3 PO
D2 PO

p1 > :>_|Z>OO
Do PO—— I__

DX qo
D =D o
L DX @2
ucc uccC uccC uccC
c O C —cC —cC —c
> Lin Lin Lin Lin
'-04—1: Uin | Uin - Uin || Uin
* Din Q Din Q._ Din Q._ Din Q._ z> Q3
Mo DO Mo @ Mo @ Mo @ Mo Q@
X> I M1 —1M1 —1M1 —1 M1
Clvlll Clr' — Clr — Clr' — Clr
r
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SEQUENTIAL CIRCUIT BUILDING BLOCKS cont.
UNIVERSAL COUNTER SIMULATION

The following waveforms illustrate the function of the Universal
Counter in each of its 4 operating modes.

cirr L

D3 [
D2

D1 [
DO

M1 [T
Mo L L__IT1

c JUJJoorrnrrronnrrrrrrrnn
Q3 L e L T
Q@ L L e e | |
Q1
o iEpEpigEpipipEpipgEEEESpEpEpEpEnEpEnEn

Note again that the J-K flip-flop in LogicWorks isfalling-edge
triggered.

Thefirst part of the trace shows UP counting followed by a
HOLD, followed by a LOAD (1010), followed by DOWN
counting.

The ssmulation verifies that the UCC and counter function as
expected.
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SEQUENTIAL CIRCUIT APPLICATIONS
PROGRAMMABLE COUNTER

The universal counter may be combined with a decoder to
provide counters of variable length.

Example: Modulo 10 counter

+5V L ucC Q3 O
i M1

1= Clr
. N R T

C

Cir |

Q3 1 [
Q2 [ | [ L
Qu | [ LI 1 - I L
Qo | | | | | | | | | | | | | | | | | | [
o) [ 1 [

Note: Although it might be tempting to achieve the same effect
with the CIr’ input, thisinput is ASYNCHRONOUS. Usingitin
this way would violate the timing model.
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SEQUENTIAL CIRCUIT APPLICATIONS cont.
PARALLEL-SERIAL <--> SERIAL-PARALLEL

serial data out >
m bits un;\ﬁrtsal seridl datain unisxéefrsal mbits | pardld | m bits
% i It data
ald | register register [ register ——>
paral parale
datain deta
load load out
count=m count = m+1
(modulo m)
modulo modulo
m m
counter counter

The schematic above shows how counters and shift registers can
be combined to build a parallel-to-seria, seria-to-parallel data
converter.

o Dataenterson theleft in parallel the transmit shift register
whereit is clocked out seridly.

Therecelve shift register on the right clocksthisdatain
serialy and presentsit in parallel to aholding register.

« Dataisloaded on both sides every m clock pulses. The
data rate from transmitter to receiver is 1/m times the input
datarate. Modulo-m counters are used for this purpose.



SEQUENTIAL CIRCUIT APPLICATIONS cont.
PARALLEL-SERIAL <--> SERIAL-PARALLEL cont.
 Notethat data entering the receive shift register from the

transmit shift register will arrive one clock pulselater. This
must be accounted for when decoding the modulo-m

counters.

Timing

| 1 1 1 1 2?0 1 1 1 1 |

Clock | "L L LI L L L L L LT LT
Q3X 1 I I T
Q2X | | [ |
Q1X 1 1 —
QOX [ 1 [ 1 [ 1 [
Load X|_[[™ ] [ [ [ 1] [ L
Q3R 1 I
Q2R 1 I L
QIR 1 T I
QOR 1 I L I
Load R I [ [ [ [

The above timing diagram corresponds to m = 4. Thus a new
“packet” is transmitted (and received) every 4 clock pulses.

Note: Be careful with asynchronous inputs (e.g. Preset and

Clear)! These may only be used for initialization purposes.
Any other use requires a more sophisticated timing model.
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