LATCHES: DIGITAL STORAGE ELEMENTS

— D Qf— —D Q——
—G —O|G
Positive latch Negative latch

Latches are a alie'rl-al 'memor'y', they 'remember" one-bit while
their ‘gate’, G, is closed When open, their output Follows the inpurt
D. The last value of D is remembered when the gote is closed.
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ONE GATE IS NOT ENOVGH

it is difficut to control T 3T
Pr'ecisely how Iong a H

gate should be opened ?‘% o

to dlow exac-l'ly ohe
data value to get
+hr'ouah
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TWO GATES PROVIDE PRECISE CONTROL |||

The Solution:
With two gates, where p :
only one is open at any
time, we can adlow adlow
only the desired data

+hr'ou9h
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EDGE-TRIGGERED FLIP FLOP

LOGICAL "ESCAPEMENT”

W
D——D Q D Q—Q D—D Q—Q
master slave —
—O G G — CLK—>
CLK
Observations:

° only ohe latch's ga+e is open at any time
netants nok master closed when slave is open (CLK is high)
/ infervals slave closed when master is open (CLK is low)
ho combinational path through fip Fop
Q only changes shorty after O—l +ransition
of CLK so a *Hip Hop' appears to be '+r'igger'ed' by
rising edge ofF CLK

Transitions mark

-
\
e o o

®
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FLIP-FLOP TIMING

W
D—|D Q D Q—Q D—D
maste slave —
—OG" G — CLK—}>
CLK
The output of a D |_|
flipflop only
changes after
'H'\e rising edge CLK - —
of its clock * |_| —
i Q,/
L J Q__ |
| } | }
master closed e . slave closed
slave open master open
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Two IsSves .
D

—/D Q D Q—aQ

master slave

—0O G G

CLK

- Must dllow time for the input's value to propagate to the
Master's output whie CLK is LOW.

. This is called 'SET-UP" time (How long a D input must
valid before the clock rises)

- Must keep the input stable, just after CLK transitions to HiGH.
This is insurance in case the SLAVE's gate opens just before the
MASTER’s 3a+e closes.

.. . . (How long a D input must ‘remain"
- This is called *HOLD-TIME valid a-PI-aer' the IZT.ock rises)
. Can be zero (or even neaaﬁve!)

- Assuring ‘set-up' and ‘hold' times is what limits a computer’s
PerFormance
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FLIP-FLOP TIMING SPECS

<top
D—D Q—Q
Q K
CLK —>
CLK
D
>tseruel >towo

t,,: maximum propagation delay, CLK —-Q

toeryp: Setup time
guarantee that D has propagated through feedback path before master closes

t : hold time

HOLD"
guarantee master is closed and data is stable before allowing D to change
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SUMMARY

e Regular Arrays can be used to implement arbitrary logic
Functions
® ROMs decode every input combination (Fixed-AND array)
and compute the output for it (customized-OR array)
® Memories
o ROMs are HARDWIRED memories
o RAMs include storage elements at each WORD-line and BIT-line
intersection
n dyr\amic memory: compact, only reliable short-term
m static memory: controled use of positive feedback
e Level-sensitive D-latches for static storage
e Dynamic discipline (setup and hold times)
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SYNCcHrONOVS Losic

),
2)
3)
4)
5)
G)
7)

—

L]

C%)/O /29
| o~
Sequential Logic /

Synchr'onous Design

These must be the
Synchronous Timing Analysis v d e
Single Clock. Design
Finte State Machines
Mealy and Moore
State Transition Diagr'ams
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RAAD TRAVELED S50 FAR...

L o> — A, | Seguential
il S S EIel, duierk

Logic gates
Combinational
FETs & VOHages logic circuits
Combinational contract:  Acyclic connections Storage L state
- Voltage-based ‘bits"* Composalale blocks Dynamic aﬁscipline
- Ibit per wire Desigh: Finite-state
- Generate quadlity outputs, . futh tables mochines
tolerate infFerior inputs | sum-of-products Throughput &
- Combinational contract . MUXes Ia+ency
- Complete in/out/timing . ROMs Pipelinin 4

spec

Our motto: Sweat the details once, and then put a box around it
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SOMETHING WE CAN'T BUILD

What if you were given the Pollowing system alesign speciﬁcaﬁon?

When the button is pushed:
1) Turn on the light if
it is off
2) Turn off the light if
it is on

button

The light should change
state within a second
of the button press

light
ig .

10/30/2.017 Comp 41 - Fall 2017

What mokes this System so different
From those we've discussed before?

. ‘State’ - ie. the circuit has memory

2. The output was chanaed by a input
‘event” ( pushing a button) rather
than an input “value'



"'SEQUENTIAL"Y = STATEFVL

New
/\ State
Memor'y y
. Current
Pevice | “siate [ Combinational
Inputs Outputs
Plan: Build a Sequential Circuit with stored di9i+a| STATE -
Didn't we develop
e MEMORY stores CURRENT state some memory
e Combinational Loa'lc compu-l'es devices last ime?
O the NEXT state (Based on inputs & current state) >/

o0 the ouTPUTs (Based on inputs and/or current state)
O State changes on LOAD control inpu+
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"SYNCHRONOVS” SINGLE-CLOCK Loaic |||

CLK - Does it help to 3uar'an+ee a
minimum +CD? How ‘bout
] t, L designing registers so that
2 + 2+ 2
CLK CDreq HOLD,r'eg
X X_ - What happens it CLK sighal

doesn't arrive at the two
reais+er9 at exacﬂy Hhe
t = tenregt T ten 2 tHoLp reg2 same time (a phenomenon

t =t Ft <t ¢ knowh as ‘clock. skew")?
2 PD,reg1 PD,L = CLK - SETUP,reg2

- = = . >
Minimum Clock Period : t. 2 tonregt * teoL * tsETuR reg2

10/30/2.017 Comp 41 - Fall 2017

Questions for reais+er-ba9ed designs-

D Q L X 15 o - How much time For useful work
_reg? _reg2 (ie. for combinational logic delay)?



EXAMPLE: SYNCHRONOVS TIMING

t.. =72
cD ]
op = 5NS Questions:
?
“start” button —i 1. t., for the ROM?
“0” button — ——p unlock tCD,REG + tCD,ROM > tH,REG
“t"putton__,| ROM tns +t. ., >2nS
64x4 teproy > 1 NS
_> 3
Current state Next state 2_ Min_ C|0Ck period?
N N tCLK > tPD,REG + tPD,ROM + tS,REG
N3 ~3 t.,>3ns+5ns+2nS
Q D+ t.x> 10 nS
t., = 1ns N 3. Constraints on inputs?
tPD - 3nS 4 Just how do I .
_ assure that? “start” , “0”, and “1” must be valid
t.=2ns  clock ~ _>
S t +t =5+2=7ns
t =2ns PD,ROM = 'S,REG
H before the clock and held
tiree ~toprom=2-1=1ns
after it.
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SYNCHROMNOVS SINGLE-CLOCK DESIGN
5equen+ia| F Synchronous

However, Synchronous = A recipe for robust sequential circuits:

l - No combinational cvycles
(other than those already inside the regi9+er9)
@ : Only cares about values of

combinational circuits juer
before rising edae of clock
v - Clock Periocl greater thon
C\) every combinational delay

- Changes state afFter all logic.
transitions have dopped!
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DESIGNING SEAVENTIAL LoGIC

Sequential logic is used when the solution to some cleeign
problem involves a sequence of steps:

How to open di3i+al combination lock. w/ 3 buttons (‘start’, ‘0" and )

Step | press ‘start' button
Step 2: press
Step 3: press
Step 4 press
Step 5: press

‘0" button

InFormation

"  button

/ remembered between

"  button

steps is called state.

Mi9h+ be just what

‘0" button

I0/30/2.017

step we're on, or
might include results
from earlier steps
we'll need to complete
a later step.

Comp 41 - Fall 2017
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IMPLEMENTING A "STATE MACKHINE"

Current State “start” “1” “0” | Next State unlock
This Navor of --- 1 = - start 0 000
“Yuth-table' is start 000 0 0 1 |digit1 0 001
caled a start 000 0 1 O |error 0 101
'state-transition  start 000 0 0 0 |start 0 000
table digitt 001 0 1 0 |digit2 0 010
digit1 001 0 O 1 |Jerror 0 101
digit1 001 0 O 0 |digit1 0 001
S digit2 010 0 1 0 |digit3 0 011
mkM"ke"\ digit3 011 0 0 1 |unlock 0 100
unlock 100 0 1 0 |Jerror 1 101
unlock 100 0 0 1 Jerror 1 101
unlock 100 0 0 O Junlock 1 100
error 101 0 --—- ---lerror 0 101

6 different states — encode using 3 bits
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Now, WEe Do IT WITH HARDWARE!

6 inputs —2° locations

“start” button —»

“0” button —¥

“1” button —

>

Current state

ROM

64x4

each location supplies 4 bits

—» unlock

Next state

3

QD |

Trigger update periodically (“clock”)

I0/30/2.017

Comp 41 - Fall 2017
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ABSTRACTION DV TOVR:

A FINITE STATE MACHINE

I0/30/2.017

m

—4* Clocked 0
— > FSM

/A Finite State Machine has:

e m inputs I1, I2, Im

e noutputs O,, 0, ... O

e Transition Rules, S'(S,1., 1, ... | )
for each state and input comblnatlon

! Output Rules, O(S)) for each state

e kStates S,,S,,... S, (oneis the “initial” state)

~

W

Comp 41 - Fall 2017
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DISCRETE STATE, DISCRETE TIME

K While a ROM is shown here

@ in the feedback path any
form of combinational logic
inputs — —>outputs :meuseﬂ-}oconsi'mda
\ machine.
ROM Two desigh choices:
() outputs *onlyt depend on state (Moore)
STATE NEXT (1) outputs depend on inputs + state (Mealy)
S S
I \
A s state bits — 2° possible states
Clock )V \_V _V _V _V _V
STAT ¥ X X X X X
E
NEXT  XXXO00COUXXXXX 0NN 000N X
Clock Clock Clock Clock Clock
Period Period Period Period Period
1 2 3 4 5
I0/30/2.017
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STATE TRANSITION DIAGRAMS

A state transition aﬁagram is
g /an dbstract 'graph'
representation of a ‘state
+ransition table’, where each
state is represented as a
hode and each transition is
represented as a as an arc.
i+ r'epr'e«;en+9 the machine’s
behavior not its
implementation]

Heavy circle means

INITIAL state
0,15v NAME /
of
state
% = no buttons 0
ressed \
P OUTPUT when INPUT
) ) or INPUTs
in this state in
(Moore) causing
transition
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EXAMPLE STATE DIAGRAMS

1 0
MOOCRE Machine:
@ 1 @ 0 @ 1 Cutputs on States
11 0/0
@ @ /\ MEALY Machine:
@ 110 e
1/0 0/0 OU+PU+§ oh Tranhsttions

Arcs leaving a state must be:
() mutually exclusive
can only have one choice for any given input value
(2) collectively exhaustive

every state must speciPy what happens For each possible
input combination ‘No-lhlhg happens" means arc back to iteelf
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NEXT TIME

CounJring state machines

10/30/2.017 Comp 41 - Fall 2017
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