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Sequential Switching Networks Sequential Logic
X1 — 71
2| costehing P 22
- switching | - Circuits with Feedback:
MNebwork | . Some outputs are also inputs
Xn-p-| —=7m
e‘ﬁ‘?ﬁi’ﬁﬁfﬁ
Combinational
Logic L .
Traffic Light Controller is a complex
e sequential logic network
© Sequential logic forms basis for building
L] "memory" into circuits
Combinational These memory elements are primitive
Logic sequential circuits
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/ Sequential Switching Networks Sequential Logic
Simple Circuits with Feedback \

Primitive memory elements created from cascaded gates
Simplest gate component: inverter
Basis for commercial static RAM designs

Cross-coupled NOR gates and NAND gates also possible

ny
{>c..0.. o[> Cascaded Inverters: Static Memory Cell
LD
\LD \LD Selectively break feedback path to load new
N value into cell
o—— z

\\\LD
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Sequential Switching Networks
Inverter Chains

Contemporary Logic Design
Sequential Logic
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Timing Waveform:

Odd # of stages leads to ring oscillator
Snapshot taken just before last inverter changes

Output high
propagating
thru this stage

|(— Period of Repeating Waveform ( tp )H|

—~ . > |« Gate Delay (td)
7 X - D : : : : f
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/ Seguential Switching Networks
Inverter Chains
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Propagation of Signals through the Inverter Chain

-
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Cross-Coupled NOR Gates
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Timing Waveform
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Just like cascaded inverters,
with capability to force output

to O (reset) or 1 (set)

Reset  Hold Set | Reset Set 100 Race
R | \ ™M
s L
v v
Q
\Q
Forbidden Forbidden
State State
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/ Sequential Switching Networks
State Behavior of R-S Latch
hold

0
1
unstable

RFROO|WN
RrOoORro|O

Truth Table Summary
of R-S Latch Behavior

o©
o Q|

\_

1 © R.H. Katz Transparency No. 6-8




. . Contemporary Logic Design
Sequential Logic Networks Sequential Logic
Theoretical R-S Latch State Diagram

SR =00, 10

\
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/ Sequential Logic Networks Sequential Logic
Observed R-S Latch Behavior

SR =00, 01 SR =00, 10

Very difficult to observe R-S Latch in the 1-1 state

Ambiguously returns to state 0-1 or 1-0

K A so-called "race condition"
1 © R.H. Katz Transparency No. 6-10
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Definition of Terms

/ Tsu Th \

Input

Clock:
Periodic Event, causes state of memory
element to change

rising edge, falling edge, high level, low level

Setup Time (Tsu)

Clock Minimum time before the clocking event by
which the input must be stable

There is a timing
"window" around the
clocking event
during which the input
must remain stable
and unchanged
in order
to be recognized

Hold Time (Th)

Minimum time after the clocking event during
which the input must remain stable
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Level-Sensitive Latch aka Gated R-S Latch
Schematic: \S

Timing Diagram:

WS
YR
“enb
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Seqguential Switching Networks
Latches vs. Flipflops

Type When Inputs are Sampled
unclocked always

latch

level clock high
sensitive (Tsu, Th around

latch falling clock edge)

positive edge  clock lo-to-hi transition
flipflop (Tsu, Th around
rising clock edge)

negative edge clock hi-to-lo transition
flipflop (Tsu, Th around
falling clock edge)

master/slave clock hi-to-lo transition
flipflop (Tsu, Th around

\\ falling clock edge)

Contemporary Logic Design
Sequential Logic

Input/Output Behavior of Latches and Flipflops

When Outputs are Valid
propagation delay from

input change
propagation delay from
input change

propagation delay from
rising edge of clock

propagation delay from
falling edge of clock

propagation delay from
falling edge of clock

> 4
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Behavior the same unless input changes
while the clock is high

/ Sequential Switching Networks Sequential Logic
\
7474
—|D L . . .
Q Edge triggered device sample inputs on the event
A edge
I
/E”‘ Transparent latches sample inputs as long as the
Positive edge-triggered clock is asserted
flip-flop
7476 Timing Diagram:
—ID Qi— -
c D I 1 M m
T
Ck ok ML L L m
Level-sensitive
latch
Q7474
Bubble here
for negative
edge triggered Q7476
device
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74L.S74 Positive

Edge Triggered Teu [Th
D Flipflop 20 | 5
D ns ns
" Setup time T

" Hold time /| 2."5\’

" Minimum clock width

Sequential Switching Elements
Typical Timing Specifications: Flipflops vs. Latches

Contemporary Logic Design
Sequential Logic

K
20

Su

ns

\_

" Propagation delays Clk ns
(low to high, high to low, Toih
max and typical) - 53 22

All measurements are made from the clocking event
that is, the rising edge of the clock
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74LS76
Transparent
Latch

" Setup time
" Hold time
" Minimum Clock Width
" Propagation Delays:
high to low, low to high,
maximum, typical
data to output
clock to output

\_

Clk

/ Sequential Switching Networks
Typical Timing Specifications: Flipflops vs. Latches

Contemporary Logic Design
Sequential Logic

Measurements from falling clock edge
or rising or falling data edge

T oni
D»0
16 ns
7ns
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Sequential Switching Elements
R-S Latch Revisited

Truth Table:
Next State = F(S, R, Current State)
Sgt) Fllgt} Oi{]t} qtgé]
o o 1| 1 HOLD
g } 1“ g RESET
1 0 o0 1
1 0 1] 1 SET
} } 1“ ihlotﬁ.llomd
S—>

R-S >
R™  Latch Q+
?—>

\-

Sequential Logic

Contemporary Logic Design

Derived K-Map:
S

SR ———
Q(t)

00 01 11 10

o] O 0 X 1

L

1 0 X 1

R

Characteristic Equation:

Q+=S+RQ

Idea: use output feedback to
guarantee that R and S are
never both one

J, K both one yields toggle

/ Seguential Switching Networks
J-K Flipflop

How to eliminate the forbidden state?

Contemporary Logic Design
Sequential Logic

-
-
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J:f]t] Kl(]t] G!l(]t) qtl;ﬁ]

o o 1| 1 HOLD
A I
P oo a4 sE
V1Y) TocaLe

Characteristic Equation:

Q+=Q

K+ QJ
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/ Sequential Switching Networks

J-K Latch: Race Condition

Sequential Logic

Contemporary Logic Design

100 Toggle

1 1 1 1

Race Condition

Toggle Correctness: Single State change per clocking event

Solution: Master/Slave Flipflop

rnnnnnninire
innonnn.

/ Sequential Switching Network

Master/Slave J-K Flipflop
Master Stage

Slave Stage

Contemporary Logic Design
Sequential Logic
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L — \
— R-S R-S
— Latch Latch
D = -
Clk {>°-
Sample inputs while clock high Sample inputs while clock low
Uses time to break feedback path from outputs to inputs! '
1's
Set Reset Catch  Toggle 100
1 1 1 1 1 1 1
J B | |
K | | I
Ck | _F—m . /. /e 1 Correct Toggle
P \ | . 1 Master Operation
P 1\ %ﬂ —— | ——outputs
X
Q \\ I_J? T 1 T L Slave
\ \Q ¢ | ¥ 1 I | I~ outputs
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Sequential Switching Networks
Edge-Triggered Flipflops
1's Catching: a 0-1-0 glitch on the J or K inputs leads to a state change!
forces designer to use hazard-free logic

Solution: edge-triggered logic

-~ Negative Edge-Triggered

D D _ D flipflop
Holds D when
| F clock goes low 4-5 gate delays
L3 - Q setup, hold times
gt | necessary to successfully

latch the input

0

; \ Holds D when
clock goes low

D —

D———\_I>‘ D

Negative edge-triggered FF
\\ when clock is high

Characteristic Equation:
Q+=D
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Clk=0
o

SRR

/ Sequential Switching Network
Edge-triggered Flipflops

Step-by-step analysis

ol

ol
[2]

Negative edge-triggered FF
when clock goes high-to-low

K data is latched

Contemporary Logic Design
Sequential Logic

b. -Q
B -S - Q

Negative edge-triggered FF
when clock is low

data is held
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Positive vs. Negative Edge Triggered Devices
100

1 1 1 1 | 1 1 1 1 1 1 1
D | [ 1 |
Clk 4I\_\_r — L
Qpos d \ L Positive edge-
\Qpos 1 I triggered FF

)

Qneg ] I" Negative edge-
\ Qneg 1 | L triggered FF

Positive Edge Triggered Negative Edge Triggered

Inputs sampled on rising edge

Inputs sampled on falling edge
Outputs change after rising edge

Outputs change after falling edge

Toggle Flipflop
Formed from J-K with both inputs wired together
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/Timing Methodology

Overview

" Set of rules for interconnecting components and clocks

" When followed, guarantee proper operation of system

" Approach depends on building blocks used for memory elements
For systems with latches:
Narrow Width Clocking

Multiphase Clocking (e.g., Two Phase Non-Overlapping)

For systems with edge-triggered flipflops:
Single Phase Clocking

" Correct Timing:

Contemporary Logic Design
Sequential Logic

(1) correct inputs, with respect to time, are provided to the FFs
(2) no FF changes more than once pmtw—/
{ ©R.H. Katz Transparency No. 6-24




Shift Register
S,R are preset, preclear

New value to first stage
while second stage
obtains current value
of first stage

Timing Methodologies
Cascaded Flipflops and Setup/Hold/Propagation Delays

Qo0

Sequential Logic

Contemporary Logic Design

In
Correct Operation, %
assuming positive
edge triggered FF Q
Clk

\

.. _ Contemporary Logic Design
/ Timing Methodologies Sequential Logic
Cascaded Flipflops and Setup/Hold/Propagation Delays \

Why this works:

" Propagation delays far exceed hold times;
Clock width constraint exceeds setup time

" This guarantees following stage will latch current value
before it is replaced by new value

" Assumes infinitely fast distribution of the clock

[
In _]
T. T
20s 20s _ _
Qo Timing constraints
. guarantee proper
Thin T bin operation of
Q 19ns 13nsp———— cascaded components
Clk —» | ] — | 1
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Th Th
K 5ns 5ns
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/Timing Methodologies

\Clk2

\(LD * Clk1)
A

LD-Clk1

\_

z 8 transistors to implement memory function

but requires two clock signals constrained
to be non-overlapping

Sequential Logic

Contemporary Logic Design

Narrow Width Clocking versus Multiphase Clocking
Level Sensitive Latches vs. Edge Triggered Flipflops

" Latches use fewer gates to implement a memory function

" Less complex clocking with edge triggered devices

CMOS Dynamic Storage Element

Feedback path broken by two
phases of the clock
(just like master/slave idea!)

Edge-triggered D-FF: 6 gates (5 x 2-input, 1 x 3-input) = 26 transistors!

. . Contemporary Logic Design
/ Timing Methodologies Sequential Logic
Narrow Width Clocking for Systems with Latches for State \

Generic Block Diagram
for Clocked Sequential
System

Combinational

state implemented by logic

latches or edge-triggered FFs

D~ ~

Clock

Two-sided Constraints:
must be careful of very fast signals as well as very slow signals!

[ [

Clock Width < fastest propagation through comb. logic
plus latch prop delay

Clock Period > slowest propagation through comb. logic
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\\ (rising edge to rising edge)
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L N Contemporary Logic Design . - Contemporary Logic Design
Timing Methodologies Sequential Logic / Timing Methodologies Sequential Logic
Two Phase Non-Overlapped Clocking \ Generating Two-Phase Non-Overlapping Clocks \

pl
Clock Waveforms: | r| ( ek phasel Single reference clock (or crystal)
must never overlap! = || .- — . . .
- - v Phase 1 high while clock is low
only worry about slow signals | | [ Phase 2 high while clock is high
— — ﬁ Do— Phase X cannot go high until
1yl 92 g2 , phase2 phase Y goeg Iow!g
Embedding CMOS storage
element into Clocked Sequential
R 7 N ] Logic
o 100
COTz'gﬁtfnal Note that Combinational Logic 4 4 4 4 | 4 4 4 4
= = can be patrtitioned into two Clk
i I: o N I: pieces 1 I | I | I | I |
C/L1: inputs latched and stable Phase 1 || [ \| ' ' ' ' ' ' ' I
by end of phase 1; compute
Combinational between phases, latch outputs Phase 2 1 e L
Logic 2 E— by end of phase 2
I —— ¢/L2: just the reverse Non-overlap time can be increased by increasing the delay on
' the feedback path
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Timing Methodologies Sequential Logic / Timing Methodologies Sequential Logic
The Problem of Clock Skew \ Design Strategies for Minimizing Clock Skew \
Correct behavior assumes next state of all storage elements Typical propagation delays for LS FFs: 13 ns

determined by all storage elements  at the same time
Need substantial clock delay (on the order of 13 ns) for skew to

Not possible in real systems! ) o be a problem in this relatively slow technology
" logical clock driven from more than one physical circuit with
timing behavior Nevertheless, the following are good design practices:

different wire delay to different points in the circuit " distribute clock signals in general direction of data flows

Effect of Skew on Cascaded Flipflops: " wire carrying the clock between two communicating components
FFO samples IN FF1 samples Q, should be as short as possible

\ / 100

— EE— " for multiphase clocked systems, distribute all clocks in similar

In . wire paths; this minimizes the possibility of overla
CLK2 is a delayed P P y P
Q version of CLK1 " for the non-overlap clock generate, use the phase feedback
Q signals from the furthest point in the circuit to which the clock
CIkL — ., — is distributed; this guarantees that the phase is seen as low
S everywhere before it allows the next phase to go high
Clk2 (
~—

Original State: Q0=1,Q1=1,In=0
Because of skew, next state becomes: Q0 =0, Q1 =0,
notQ0=0,Q1=1 ‘
{ ©R.H. Katz Transparency No. 6-32
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Realing Circuits with Different Kinds of FFs
Choosing a Flipflop

R-S Clocked Latch:
used as storage element in narrow width clocked systems
its use is not recommended!
however, fundamental building block of other flipflop types

J-K Flipflop:
versatile building block
can be used to implement D and T FFs
usually requires least amount of logic to implement f(In,Q,Q+)
but has two inputs with increased wiring complexity

because of 1's catching, never use master/slave J-K FFs
edge-triggered varieties exist

D Flipflop:
minimizes wires, much preferred in VLSI technologies
simplest design technique
best choice for storage registers

T Flipflops:
don't really exist, constructed from J-K FFs
usually best choice for implementing counters

Preset and Clear inputs highly desirable!!
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Flipflops | sequential Logic

Contemporary Logic Design

/ Realizing Circuits with Different Kinds of
Characteristic Equations

R-S: Q+=S + R Q Derived from the K-maps

for Q+ = f(Inputs, Q)

D: Q+=D
- = E.g., J=K=0, then Q+ =Q
J-K: Q+=JQ + KQ J=1, K=0, then Q+=1
- = J=0, K=1, then Q+ = Q-
T: Q+=TQ +TQ J=1, K=1, then Q+=Q

Implementing One FF in Terms of Another

L
519 KI>
C D
: S G e—
T
JuL |_

D implemented with J-K J-K implemented with D

-
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Realizing Circuits with Different Kinds of Flipflops | sequential Logic

Design Procedure

Excitation Tables: What are the necessary inputs to cause a
particular kind of change in state?

/ Contemporary Logic Design

Q| Rs|JkK|T|D
0 O X 0| 0 X| O0|O
0 1 0 1|1 X| 1)1
1 0 1 0| X 1|1 1|0
11 0 X| X 0| 0]1 D
N 0 1
Implementing D FF with a J-K FF: 0 1
1) Start with K-map of Q+ = f(D, Q) 1 1
2) Create K-maps for J and K with same inputs (D, Q) o -D

3) Fill in K-maps with appropriate values for J and K
to cause the same state changes as in the original K-map

D D
E.g.,.D=Q=0,Q+=0 Q ! O NI
thenJ=0,K=X 0 |T| 0|X_| X
1] X |X_| 1 |i| 0
K J=D K=D

1 © R.H. Katz Transparency No. 6-35

Flipflops | sequential Logic

Contemporary Logic Design

\

Realizing Circuits with Different Kinds of
Design Procedure (Continued)
Implementing J-K FF with a D FF:

1) K-Map of Q+ = F(J, K, Q)

2,3) Revised K-map using D's excitation table
its the same! that is why design procedure with D FF is simple!

JK J
O\ 00 01711 10°

ofo o [[T]1]

1]1]]o o (1]
K

Q* =D =JQ+KQ

Resulting equation is the combinational logic input to D
to cause same behavior as J-K FF. Of course it is identical

to the characteristic equation for a J-K FF.

1 © R.H. Katz Transparency No. 6-36
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/ Metastability and Asynchronous Inputs Sequential Logic

Terms and Definitions
Clocked synchronous circuits

" common reference signal called the clock
" state of the circuit changes in relation to this clock signal

Asynchronous circuits
" inputs, state, and outputs sampled or changed independent
of a common reference signal

R-S latch is asynchronous, J-K master/slave FF is synchronous

Synchronous inputs
" active only when the clock edge or level is active

Asynchronous inputs
" take effect immediately, without consideration of the clock

Compare R, S inputs of clocked transparent latch vs. plain latch

1 © R.H. Katz Transparency No. 6-37

L. Contemporary Logic Design
/ Metastability and Asynchronous Inputs Sequential Logic

Asynchronous Inputs Are Dangerous!
Since they take effect immediately, glitches can be disastrous

Synchronous inputs are greatly preferred!

But sometimes, asynchronous inputs cannot be avoided
e.g., reset signal, memory wait signal

1 © R.H. Katz Transparency No. 6-38

Metastability and Asynchronous Outputs Sequential Logic

/ Contemporary Logic Design

Handling Asynchronous Inputs

Clocked
Synchronous
System

Synchronizer

s

Async Qo0
Input b Q D Q
/|\ / |\ Clock
D Q;Q_l
/\ Clock

Never allow asynchronous inputs to be fanned out to more than
one FF within the synchronous system

K 1 ©R.H. Katz Transparency No. 6-39

. Contemporary Logic Design
/ Metastability and Asynchronous Inputs Sequential Logic

What Can Go Wrong

| 4 Setup time violation!
A

In is asynchronous
Q Fans out to DO and D1
0 I <+—— One FF catches the

signal, one does not
Q N

impossible state might
be reached!

Cli I e I S

Single FF that receives the asynchronous signal is a synchronizer

\\\ 1 ©R.H. Katz Transparency No. 6-40
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Metastability and Asynchronous Inputs Sequential Logic
Synchronizer Failure
In D 0 ?  When FF input changes close to clock edge, the FF may
enter the metastable state: neither a logic 0 nor a logic 1
A\ It may stay in this state an indefinate amount of time,
I although this is not likely in real circuits

'—Loglic 1

T

/

%

N

® VRN
L Log£ s\

N—

Logic O Logic 1

Time —»
Oscilloscope Traces Demonstrating

Synchronizer Failure and Eventual
Decay to Steady State

Small, but non-zero probability
that the FF output will get stuck
in an in-between state

1 © R.H. Katz Transparency No. 6-41
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/ Metastability and Asynchronous Inputs
Solutions to Synchronizer Failure \

" the probability of failure can never be reduced to 0, but it can be reduced

" slow down the system clock
this gives the synchronizer more time to decay into a steady state

synchronizer failure becomes a big problem for very high speed
systems

" use fastest possible logic in the synchronizer
this makes for a very sharp "peak" upon which to balance
S or AS TTL D-FFs are recommended

" cascade two synchronizers

Asynchronous
Input

Synchronized

—
Input

@)
Q
A\ 4
O
Q

Clk

Synchronous System
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Self-Timed and Speed Independent Circuits
Limits of Synchronous Systems
Fully synchronous not possible for very large systems
because of problems of clock skew

Partition system into components that are locally clocked

These communicate using "speed independent” protocols

Communications
Signals

Clocked
Subsystem

Clocked
Subsystem

Request/Acknowledgement Signaling

Request
s1 " s2
requester Data Flow provider
client server
K master Acknowledgement slave

1 © R.H. Katz Transparency No. 6-43
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/Self-Timed and Speed Independent Circuits

Sequential Logic
Synchronous Signaling \
|
Req | | l
Data <———>—
Ack [ 1
Ck | 1 1

Master issues read request; Slave produces data and acks back
4

Req | 1

Data < ___>—
Wait 1
Clk 1 1 1

Alternative Synchronous Scheme:
Slave issues WAIT signal if it cannot satisfy request in one

\\\ clock cycle
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Self-Timed and Speed Independent Circuits Sequential Logic

Asynchronous/Speed Independent Signaling

Communicate information by signal levels rather than edges!

No clock signal

4 Cycle Signaling/Return to Zero Signaling
/
Req

Data
Ack

(1) master raises request
slave performs request

(3) master latches data
acks by lowering request

(2) slave "done" by raising
acknowledge

(4) slave resets self by lowing
acknowledge signal

1 © R.H. Katz Transparency No. 6-45

/ Self-Timed and Speed Independent Circuits 22321?227?3;59": pesian
Alternative: 2 cycle signaling \
Non-Return-to-Zero
\
Req /Fl
Data .
Ack N I

(1) master raises request
slave services request

(2) slave indicates that it is
done by raising acknowledge

Next request indicated by low level of request

Requires additional state in master and slave
to remember previous setting or request/acknowledge

4 Cycle Signaling is more foolproof

K 1 © R.H. Katz Transparency No. 6-46 /
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Self-Timed and Speed Independent Circuits

Self-Timed Circuits
Determine on their own when a given request has been serviced

No internal clocks

Usually accomplished by modeling worse case delay within
self-timed component

Input s Output
» ,Comblngtlonal 1 -
logic
Req Ack
w [ Doy H—=

Models worst case delay
e.g., if combinational logic is 5 gate levels deep,
delay line between request in and ack out is
also 5 levels deep
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/Chapter Summary
" Fundamental Building Block of Circuits with State: latch and flipflop

" R-S Latch, J-K master/slave Flipflop, Edge-triggered D Flipflop
" Clocking Methodologies:
For latches: Narrow width clocking vs. Multiphase Non-overlapped
Narrow width clocking and two sided timing constraints
Two phase clocking and single sided timing constraints
For FFs: Single phase clocking with edge triggered flipflops
Cascaded FFs work because propagation delays exceed hold times
Beware of Clock Skew
" Asynchronous Inputs and Their Dangers

Synchronizer Failure: What it is and how to minimize its impact

" Speed Independent Circuits

Asynchronous Signaling Conventions: 4 and 2 Cycle Handshakes

\\\ Self-Timed Circuits
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Chapter #7: Sequential Logic Case Studies

Contemporary Logic Design

Randy H. Katz
University of California, Berkeley

June 1993
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Contemporary Logic Design
Sequential Case Studies

/ Motivation
\

" Flipflops: most primitive "packaged" sequential circuits

" More complex sequential building blocks:
Storage registers, Shift registers, Counters
Available as components in the TTL Catalog

" How to represent and design simple sequential circuits: counters

" Problems and pitfalls when working with counters:

Start-up States
Asynchronous vs. Synchronous logic

K ‘ © R.H. Katz Transparency No. 7-2 /
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Sequential Case Studies

N[O
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- Contemporary Logic Design
/ Chapter Overview Sequential Case Studies
Examine Real Sequential Logic Circuits Available as Components
" Registers for storage and shifting
" Random Access Memories

" Counters

Counter Design Procedure
" Simple but useful finite state machine

" State Diagram, State Transition Table, Next State Functions

" Excitation Tables for implementation with alternative flipflop types
Synchronous vs. Asynchronous Counters

" Ripple vs. Synchronous Counters

" Asynchronous vs. Synchronous Clears and Loads

\\\ ! © R.H. Katz Transparency No. 7-4 /




Kinds of Registers and Counters
Storage Register

+
SCIr é

Contemporary Logic Design
Sequential Case Studies

Group of storage elements read/written as a unit

/ Kinds of Registers and Counters
Input/Output Variations

377
Uncik
—EN

18|p7 Q7|19
17lpe Q616
14|p5 Q515
13|p4 Q4[12
8|D3 Q3|9
_7|D2 Q2|16
4lp1 Q1[5
_3|Do Q0|2

74377 Octal D-type FFs
with input enable

elective Load Capability
Tri-state or Open Collector Outputs
True and Complementary Outputs

Contemporary Logic Design
Sequential Case Studies

11

184 QHLd
11 QGH6
Ulr  QF|d
B QelL2
8p opp2
Zc qcle
Al QBlS
3Bla QAR

OE

1 /

74374 Octal D-type FFs
with output enable

4-bit register constructed from 4 D FFs
b3 L - Shared clock and clear lines
[ b F g—
B ? - Schematic Shape
o2 - é i 171 .
125 ek 82 o
I~ 15 ko 129 CLR 52kl
Q212
1 Ups Q1%
o 5 U Sip2 Q1P
P b1 QoL
=P O 14po QOp®
f
. L 0 TTL 74171 Quad D-type FF with Clear
> b % g—3 (Small numbers represent pin #s on package)
— R Qpo—
I

} © R.H. Katz Transparency No. 7-5

EN enabled low and OE asserted low
lo-to-hi clock transition presents FF state to
to load new data into output pins; otherwise
register high impedence
} © R.H. Katz Transparency No. 7-6

/Kinds of Registers and Counters

Register Files

Two dimensional array of flipflops
Address used as index to a particular word
Word contents read or written

670

[=

Contemporary Logic Design
Sequential Case Studies

K . Contemporary Logic Design
/ Kinds of Registers and Counters Sequential Case Studies
Shift Registers \
Storage + ability to circulate data among storage elements

Separate Read and Write Enables
Separate Read and Write Address
Data Input, Q Outputs

=

Bl ok (BB lE
s=
om

3
i
SloRb

74670 4x4 Register File with
Tri-state Outputs

Contains 16 D-ffs, organized as
four rows (words) of four elements (bits)

\_

! © R.H. Katz Transparency No. 7-7

+
Reset é Shift Direction ——————3 Q1 Q2 Qs Qa
| shift ——s OO 0
LS e o8 e e gpes 5] oa \‘ko \1 \0 ‘uo
CLK rqCLK rqCLK —qCLK Shlft ~_
o ) o e ] o ] o o ) oy ¢ ‘O \0 \1 \0
i i i i -
Shift
- % — \Reset ‘ 0 ‘. 0 \. 0 ‘l
+
. 100
Shift from left storage S S S P
element to right neighbor shift . 1 T 1 1 I
on every lo-to-hi transition ) —
on shift signal ] —
. uz .
Wrap around from rightmost g I

element to leftmost element
Master Slave FFs: sample inputs while

clock is high; change outputs on
falling edge

! © R.H. Katz Transparency No. 7-8
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Shift Register I/0O

Serial vs. Parallel Inputs
Serial vs. Parallel Outputs
Shift Direction: Left vs. Right

. . Contemporary Logic Design
/ Kinds of Registers and Counters Sequential Case Studies

0 =y Serial Inputs: LSI, RSI
s0194 Parallel Inputs: D, C, B, A
- L5 Parallel Outputs: QD, QC, QB, QA
- 12 Clear Signal
-3 ¢ e Positive Edge Triggered Devices
3 15
o B S1,50 determine the shift function
" RS S1=1,S0=1: Load on rising clk edge
=P CLK synchronous load
o LR S1=1,S0=0: shift left on rising clk edge

LSl replaces element D
74194 4-bit Universal S1=0, SO = 1: shift right on rising clk edge
Shift Register RSI replaces element A

S1=0, S0 =0: hold state

Multiplexing logic on input to each FF!

Shifters well suited for serial-to-parallel conversions,
such as terminal to computer co icati

{ ©R.H. Katz Transparency No. 7-9

N 5 Contemporary Logic Design
/ Kinds of Registers and Counters Sequential Case Studies
Shift Register Application: Parallel to Serial Conversion

Sender Receiver

1
S0 194
LS|

l=fE
[

S1
S0 194

b olelap
w

Q
is}
O
=
"
=
=
Q
o]
=

b
0
Pyl

Parallel
Inputs

Parallel
Outputs

SISle]
orN
[ *u*&t' = [

=

I |
(-}

O

0

Pl

L...

@]

-

Pyl

Serial
transmission

K ‘ © R.H. Katz Transparency No. 7-10

Contemporary Logic Design
Sequential Case Studies

Kinds of Registers and Counters

Counters

Proceed through a well-defined sequence of states in response to
count signal

N/

3 Bit Up-counter: 000, 001, 010, 011, 100, 101, 110, 111, 000, ...
3 Bit Down-counter: 111, 110, 101, 100, 011, 010, 001, 000, 111, ...

Binary vs. BCD vs. Gray Code Counters

A counter is a "degenerate" finite state machine/sequential circuit
where the state s the only output

K ! © R.H. Katz Transparency No. 7-11

K . Contemporary Logic Design
/ Kinds of Registers and Counters Sequential Case Studies
Johnson (Mobius) Counter

nfg——N— +
olo——An— +

1 — \Reset
0 _/_.__J,
L Sl S o TS ol 7S5 o End-Around
CLK —OICLK CLK —olcLK
—K g QP KpQ Kr Qp—T—]KRg QP
1*3 i~ 1*] 1*]
Shift
nn ]— 3 = .
L L

100
1 1 1 1 ] 1 1 1 1 1 1 1 1 ] 1

shit | /@ r—m  r—1 1 1 1 1 I
Ql 1 1 1 1 1 0 0 0 0 Y
Q, .—Ol : : : ! L 0 0 0
Q3 0 0 1 1 1 1 0 0

- T N
Q4 0 0 0 I 1 1 1 1 0]

\\\Spossible states, single bit change per state, useful for avoiding glitches
! © R.H. Katz Transparency No. 7-12




- - Contemporary Logic Design
Kinds of Registers and Counters Sequential Case Studies

Catalog Counter

7

o7 163

2l cix RCOH®  Synchronous Load and Clear Inputs

11 i .
:g g 88 1 Positive Edge Triggered FFs
4 13

BN 8?14 Parallel Load Data from D, C, B, A
94| LOAD P, T Enable Inputs: both must be asserted to
Lo CLR enable counting

RCO: asserted when counter enters its highest
state 1111, used for cascading counters
"Ripple Carry Output”

74163 Synchronous
4-Bit Upcounter

74161: similar in function, asynchronous load and reset

\\ ‘ © R.H. Katz Transparency No. 7-13

. X Contemporary Logic Design
/ Kinds of Registers and Counters Sequential Case Studies
74163 Detailed Timing Diagram \
o= i
o5 L

A

B

C

N
o UL U UL L LT LT L LT
i : L
s B el

Qc |
|

Qo

RCO
12 13 14 15 0 1 2
Clear Load Count Inhibit
} © R.H. Katz Transparency No. 7-14

Contemporary Logic Design
Sequential Case Studies

Counter Design Procedure

Introduction

This procedure can be generalized to implement ANY finite state
machine

Counters are a very simple way to start:
no decisions on what state to advance to next
current state is the output

Example: 3-bit Binary Upcounter

Present Next Flipflop

O State State Inputs Decide to implement with
C B A|C+B+A+ | TCTBTA Toggle Flipflops
o 0O0|0OD0OA1

@D J1® oo01|010 What inputs must be
010011 presented to the T FFs

@ @ 011100 to get them to change
100|101 to the desired state bit?
101|110

@D (o 110111 This is called
1111000 "Remapping the Next

Trasrtg:ion State Transition Flipflop State Function
Table Input Table

! © R.H. Katz Transparency No. 7-15

N Contemporary Logic Design
/ Counter Design Procedure Sequential Case Studies
Introduction \

This procedure can be generalized to implement ANY finite state
machine

Counters are a very simple way to start:

no decisions on what state to advance to next
current state is the output

Example: 3-bit Binary Upcounter

Present Next Flipflop
O State State Inputs Decide to implement with
0 00| 0ODA1 o001
@D @10 oo01/010[01 1 What inputs must be
010[{011|001 presented to the T FFs
@0 G0 011100111 to get them to change
1 00(1 01001 to the desired state bit?
101110011
Go) 110111001 This is called
111000111 "Remapping the Next

State Function"

:

Transtion State Transition Flipflop

Table Input Table

\\ Diagram
\ ! © R.H. Katz Transparency No. 7-16




Step 1: Derive the State Transition Diagram
Count sequence: 000, 010, 011, 101, 110 @ @

@

Present Next
State State
'g B|] '; C+BrA+ Step 2: State Transition Table
D D1
D10
D 11
1 00
1 01
110
111

K ! © R.H. Katz Transparency No. 7-19

N Contemporary Logic Design N Contemporary Logic Design
Counter Design Procedure Sequential Case Studies / Counter Design Procedure Sequential Case Studies
Example Continued \ Example Continued \
K-maps for Toggle Resulting Logic Circuit: K-maps for Toggle Resulting Logic Circuit:
Inputs: Inputs: +
CB cB ,—|C
A 00 01 11 10 A 00 o1 11 10
0 0 1 1 1 1
L ! 5 J L 5
1 1|1 1 1 1 T S QA T S g QB T S Q_QC
B —o|CLK Qjo— —9|CLK Qjo— —o|CLK Qo—
TA= TA=1 R R R
\Reset
CB . c — i it f
A 00 01 11 10 A o0 o1 o @ Count
0 ol o0 0 0 0 . . .
Timing Diagram:
1 1|1 1 1 1 100
B 1 1 1 1 I 1 1 1 1
™= TB=A \Reset [
CB c Qc I |
CB —
AN_00 01 11 10 N T
Qs I p— I S I
0 of| o 0 0 0
Qa [ 1 [ 1 [ 1 [ 1 —
1 1] 0 |1 T | 0
Count
TC = TC —BA- B
} © R.H. Katz Transparency No. 7-17 = ‘ © R.H. Katz Transparency No. 7-18
N Contemporary Logic Design N Contemporary Logic Design
Counter Design Procedure Sequential Case Studies / Counter Design Procedure Sequential Case Studies
More Complex Count Sequence \ More Complex Count Sequence \

Step 1: Derive the State Transition Diagram
Count sequence: 000, 010, 011, 101, 110 @ @

@

Present Next
State State
C B A |C+tBr+A+ . e
o 00l 010 Step 2: State Transition Table
D D1|X X X
0D 10(0 11
D111 01
1 0 D[ X X X
1 01[110 \
11 0(0 00D
1 1 1 [ X X X

/ Note the Don't Care conditions
\\\ ! © R.H. Katz Transparency No. 7-20 /




Step 4: Choose Flipflop Type for Implementation
Use Excitation Table to Remap Next State Functions

Present Toggle
State Inputs
C B A|TCTBTA
0 00
0 o1
0 1 0
o011
1 0 0
Toggle Excitation 1 01
Table 110
1 11
Remapped Next State
Functions

K ! © R.H. Katz Transparency No. 7-23

N Contemporary Logic Design N Contemporary Logic Design
Counter Design Procedure Sequential Case Studies / Counter Design Procedure Sequential Case Studies
More Complex Count Sequence More Complex Count Sequence \
Step 3: K-Maps for Next State Functions Step 3: K-Maps for Next State Functions
C C
CB CB CB a2 2o CcB T an!
AN 00 01 11 10 Ao 01 11 10 AN D00 01711 10 AN D0 01711 1C
Djo| 0| OfX oj1 (1| 0|X
0 0
1 1 1| %[ 1| %1 1) %| 0| X[ 1
B B
C+= B+ = c
CcB —_—
AN 00 0711 10
CB
AN 00 01 11 10 ojoj1jo|%
0 1| X 1| x| 0
1 B
A+ =
\\ ‘ © R.H. Katz Transparency No. 7-21 K ‘ ©R.H. Katz Transparency No. 7-22 /
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Counter Design Procedure Sequential Case Studies / Counter Design Procedure Sequential Case Studies

More Complex Counter Sequencing More Complex Counter Sequencing \

Step 4: Choose Flipflop Type for Implementation
Use Excitation Table to Remap Next State Functions

Present Toggle

State Inputs
C B A|TCTBTA

0O 0o0(01a0

001X X X

01 0001

01 1(1 10

1 0 0 X X X

Toggle Excitation 1 01011
Table 11 0(1 10
1 1 1[X X X
Remapped Next State

Functions

\\\ ! © R.H. Katz Transparency No. 7-24 /




Counter Design Procedure
More Complex CounterSequencing

Contemporary Logic Design
Sequential Case Studies

\_

Remapped K-Maps
CB CB
AN 00 01 11 10 AN 00 01 11 10
0 0
1 1
TC TB
CB
AN 00 01 11 10
0
1
TA
TC=
B =

} © R.H. Katz Transparency No. 7-25
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Sequential Case Studies

/ Counter Design Procedure
More Complex CounterSequencing
Remapped K-Maps

c c
cB T2 a0} CB el
AN D001 11 10 AN 00 01711 10
0| o([1]X o 1| o|[1]]X

[:l
(x| 1]| x| o 1| [x] 1 [ [x][1]]

=

=Y

B B
c
CB —L
ANDD 0111 10’
0| 0 0 |[X
[} 0 4Py
11 x| o] x[[1]
B

TC=AC + AC=AxorC
TB=A +E + C

TA=ABC + BC

-

} © R.H. Katz Transparency No. 7-26

Counter Design Procedure
More Complex Counter Sequencing

Sequential Case Studies

Contemporary Logic Design

KA 0 0 0 1

Resulting Logic: + A
5 Gates c[ l l
13 Input Literals + JC [[Sqlc B _FSgE A _FSqgA
Flipflop connections olcLK Olo— olCLK Qo CLK Qo
rR |\C R |'B R A
Count T T
’—'_j,_‘ n 1
\Reset ~ O
Do
C
‘e Té
&
. C
Timing Waveform:
100
1 1 1 1 | 1 1 1 1 1 1 1 1
Count ] 1 ] 1 ] 1 ] 1 ] ] 1 ] 1
\Reset [
c 0 0 0 0 1 1 0
I | S
B 0 0 T 1 1 | 0 1 0
1 0 0
-

! © R.H. Katz Transparency No. 7-27

Contemporary Logic Design
Sequential Case Studies

/ Self-Starting Counters
Start-Up States
At power-up, counter may be in possible state

Designer must guarantee that it (eventually) enters a valid state

Especially a problem for counters that validly use a subset of states

Self-Starting Solution:

Design counter so that even the invalid states
eventually transition to valid state

Implementation
in Previous
Slide!

5

Two Self-Starting State Transition Diagrams
for the Example Counter
! © R.H. Katz Transparency No. 7-28




- Contemporary Logic Design - - N - Contemporary Logic Design
Self-Starting Counters Sequential Case Studies / Implementation with Different Kinds of FEs Sequential Case Studies
Deriving State Transition Table from Don't Care Assignment \ R-S Flipflops \
Continuing with the 000, 010, 011, 101, 110, 000, ... counter example
Inputs to Toggle Flip-flops State Changes
C C Present Next
o001 71 1T AT State | | State | | Remapped NextSate |
ojo| 0|11 ojo| 0 nm N Q Qg+ R 5 C B A | C+B+rA+ | BCSC BB SB BA S5A
TC C+ State Transition Table
111 0]| 0 111 1]1 0 0 )X 0 0 00jD 10
- = Present Next o 1 o1 001X X X
- 5 CStEa;teA CsltaateA 1 0 1 0 010 o1 1
+ B+ A+
CE _c CE _c oo olTo 1 0 1 1[0 X 011|101
ANDD 01711 10 AND0 01711 10 00 1l1 1 1 1 0D 0D|X X X
oj1]|0|1|1 o[ 1] 1] 0[] 0100 11 — 101110
T B T ToTols B+ 001 1|1 0 1 RS Exitation Table 110|000
1 1 1 0 offo_1 1 1 1 1] X X X
: 1 0 1| 1R1NO
B B 11 0/]01\0)\0 .
cB C cB C 11 1011001 Remapped Next State Functions
AN00 01711 10 AN00 01711 10
ojof{1| 0|1 ojo|(1|0|[1
—{TA A+
1lo|of0|1 1f1]1]1]|0
B B

} © R.H. Katz Transparency No. 7-30 /
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N - - N Contemporary Logic Design - - N - Contemporary Logic Design
/ Implementation with Different Kinds of FFs Sequential Case Studies / Implementation with Different Kinds of FFs Sequential Case Studies

R-S Flipflops \ RS FFs Continued \
Continuing with the 000, 010, 011, 101, 110, 000, ... counter example cB CB
—— Next AN 00 01 11 10 AN 00 01 11 10
State State Remapped Next State ‘ 0 0
Q Qg+ | R S C B A[C+B+A+ | BCSC RB SB BA SA 1 1
0 0o(X 0 0 0DD|D1TDOD| X D|OD 1 X 0
o0 1|0 1 0 01X X X | X X | X X|X X RC =
1 0|1 0 o1 o011 X 0|0 X 0 1 RC s¢
VT X A S IS IR R U ACBoo 01 11 10 ACBoo 01 11 10 Sc=
1 00X X X | X X | X X|X X _
1 01 1 1 0 0 X0 1 1 0 0 0 RB =
RS Exitation Table 1 10/{000|1 0|1 0[X 0
111X XX | X XIX xIx X ! 1 SB =
Remapped Next State Functions RB SB RA =
CB CB SA =
AN 00 01 11 10 AN 00 01 11 10
0 0
1 1
RA SA

K ! © R.H. Katz Transparency No. 7-31 \\\ ! © R.H. Katz Transparency No. 7-32 /




Contemporary Logic Design

Contemporary Logic Design

\_

Remapped Next State Functions

Implementation with Different Kinds of _ FFs Sequential Case Studies / Implementation With Different Kinds of _FFs Sequential Case Studies
RS FFs Continued RS FFs Continued \
C C
cB T an cB e A
A0l 01711 10 AN 00 01711 10 \A—Ir Q£ re—rR ol c—r oF
o| (x| x| 1] ¥| ojo|ofo0X CLK CLK LK
1| %| 0| x| 0 1|E[1 [ X x| A—s Q \B—s Q SA—s Q
_ \C \B \A
B — RC=A Count
JuL
cB —C cB c_ SC=A Ed
AND0 01711 10 AN D0 01711 10
ojo|of[1] X o 1|| X[ o||x =
—|n _| x|1 RBéBJrBC A:D_ B —
1% i ﬂ 1_jl 0 1] sB-B c - _D_RB \c _:>_SA
B B
RA=C ] ) ]
cB —c cB —c - Resulting Logic Level Implementation:
AN 00 01711 10 AN 00 01711 10 SA=BC 3 Gates, 11 Input Literals + Flipflop connections
o x| o|[xX]x ol o |T| 0| x
RA SA
1 x| o|[x][2 (R 1 x|[x]| x| o EN
" "
\\ }©R.H. Katz Transparency No. 7-33 K }@R.H. Katz Transparency No. 7-34 /
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Implementation with Different FF Types Sequential Case Studies / Implementation with Different FF Types Sequential Case Studies
J-K FFs J-K FFs \
Pg;?: t SN&(; Remapped Next State ‘ Pg;?: t gg[(é Remapped Next State ‘
Q Q+| J K C B A[C+rB+A+| JCKC JB KB JA KA Q Q+| J K C B A|C+rB+A+ | JCKC JBKB JA KA
0 0|0 X 000D O1OD0 0 0|0 X 0 0D|0O1T 0|0 X (1 X |0 X
0 1 (1 X 0 01X X X 0 1 (1 X 0 01X X X | X X[X X | X X
1 0¥ 1 010|011 1 0¥ 1 0100110 X|[X 0|1 X
1 1 |¥ 0 o111 01 1 1 1¥ 0 011|101 (1 X|X 1% 0
1 00| X X X 1 00| X XX | X XX X|X X
\Q+:JQ+KQ\ 1 01/l1 10 \Q+:JQ+KQ\ 1 0111 0|%X 0|1 % |x% 1
J-K Excitation Table 110/ 000 J-K Excitation Table 11071000 X 1]X 1 0 X
111X X X 1 11X XX | X XIX XX X

Remapped Next State Functions

! © R.H. Katz Transparency No. 7-35
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Implementation with Different FF Types
J-K FFs Continued

cB CB
AN 00 01 11 10 AN 00 01 11 10
0 0
1 1
JC KC
cB cB
AN 00 01 11 10 AN 00 01 11 10
0 0
1 1
JB KB
cB cB

00 01 11 10 A 00 01 11 10

Contemporary Logic Design
Sequential Case Studies

JC=
KC =

KB

JA

KA

} © R.H. Katz Transparency No. 7-37
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Implementation with Different FF Types

J-K FFs Continued

Contemporary Logic Design
Sequential Case Studies

CcB —< CB —
AND0 01711 10 ANDD 01711 10
olo|o| x| x of[x] %] 1]x]
[KC]
1[x] 1] x[ ¥ 1 x| %] x|0 JC=A
B B -
C C KC=A
CB —c CB —c
AN D0 01711 10 AN D00 01711 10 B=1
ol | x| x| x ofX| o1 B
_
X X[ X[1 X1 [X[¥] KB=A+C
B B JA=BC
c
CB , , CB , , _
AN00 11711 10 AN00 01711 10 kKA=C
oo ([1]| o 0| X | x|[x
"
1| x|[[x] x| x 1 x| of[x]1
B B
} © R.H. Katz Transparency No. 7-38

Implementation with Different FF Types
J-K FFs Continued

A
0
1
\\ JA KA

CLK CLK

\A—K Qp—[kB—K Q

lo

\B

Count

Contemporary Logic Design
Sequential Case Studies

Q
CLK

A

Resulting Logic Level Implementation:

B —
\ C—

\A

_>4A

2 Gates, 10 Input Literals + Flipflop Connections

! © R.H. Katz Transparency No. 7-39
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Implementation with Different FF Types

Contemporary Logic Design
Sequential Case Studies

Simplest Design Procedure: No remapping needed!

~ DB—D OQ

DC=A
DB=AC + B
DA=BC

A—b o
CLKQ
Count

B pa—b o}2
1B LKQPTA

o rCLKQ

\C —
VA — B
\B

Resulting Logic Level Implementation:
3 Gates, 8 Input Literals + Flipflop connections

B —
T Do

! © R.H. Katz Transparency No. 7-40




Implementation with Different FF Types
Comparison

Contemporary Logic Design
Sequential Case Studies

Contemporary Logic Design
/ Asynchronous _vs. Synchronous Counters Sequential Case Studies

\ Ripple Counters
" T FFs well suited for straightforward binary counters Deceptively attractive alternative to synchronous design style
But yielded worst gate and literal count for this example! + VW L L L
" No reason to choose R-S over J-K FFs: it is a proper subset of J-K T Q _IA T Q— B T Q _C
R-S FFs don't really exist anyway m—o CLKQo- —9|CLKQ o~ CLKQ[o-
J-K FFs yielded lowest gate count Count . . .
y g Count signal ripples from left to right
Tend to yield best choice for packaged logic where gate count is key -
L L L L | L L L L L L L L | L L L
. . . Count L/ 11—
" D FFs yield simplest design procedure Reset
Best literal count c f L
E S I
D storage devices very transistor efficient in VLSI & — . .
Best choice where areal/literal count is the key State transitions are not sharp!
Can lead to "spiked outputs” from combinational logic
\\ K decoding the counter's state
} © R.H. Katz Transparency No. 7-41 ‘ © R.H. Katz Transparency No. 7-42
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Asynchronous vs. Synchronous Counters Sequential Case Studies / Asynchronous vs. Synchronous Counters Sequential Case Studies
Cascaded Synchronous Counters with Ripple Carry Outputs \ The Power of Synchronous Clear and Load

F163 oo w F163
ok REO[S 2 REo [
Count
11 2] 11
o Q0 | o] 20 ] ] H
C ey = =— + Sc oo
E EHE—E AE QE [
o 14 b 14
A QAT 3 = h Q04 E
o LiAD 2ol LOAD
CLR o cLR
“Reset |—o

¥

(2) RCO goes high

(3) High order 4-bits
are incremented

)
(1) Low order 4-bits = 1111

First stage RCO
enables second stage
for counting

RCO asserted
soon after stage
enters state 1111

also a function
of the T Enable

Downstream stages
lag in their 1111 to
0000 transitions

Affects Count period
and decoding logic

! © R.H. Katz Transparency No. 7-43

Starting Offset Counters:
e.g., 0110, 0111, 1000, 1001, 1010, 1011, 1100, 1101, 1111, 0110, ...

100
L L L L | L L L L L L
DEBA Cock | A rrimm
< J J J load | 7 Wl
15 H1131314
R QQQQ D T I
1 ¢c bceAa | c
6 ocC oc
3 :2 AL B | I
PT DCBA D R -
T 5.54|3 911 A g S ey IS sy I oy I oy SN oy oy N
SN
+ + Load| O 1
0110 Use RCO signal to trigger Load of a new state
11
is the state Since 74163 Load is synchronous, state changes
to be loaded only on the next rising clock edge

\\\ ! © R.H. Katz Transparency No. 7-44




Asynchronous vs. Synchronous Counters
Offset Counters Continued

Contemporary Logic Design
Sequential Case Studies

/ Random Access Memories
Static RAM

Contemporary Logic Design
Sequential Case Studies

! © R.H. Katz Transparency No. 7-47

WE——————>

\ \
Ending Offset Counter: Transistor efficient methods for implementing storage elements
e.g., 0000, 0001, 0010, ..., 1100, 1101, 0000
100 200 Small RAM: 256 words by 4-bit
L 1 L 1 | L 1 L L L L 1
CLR - .
Cot Lirh i rh i Large RAM: 4 million words by 1-bit
CLE LT
o ; We will discuss a 1024 x 4 organization
C 1 1
Data . Data ;
B T 1 T 1 1 J J
plc| IB |A P I —! — o/ 1 Word Enable . ’ I
R|15 QiQié é“ Clear signal takes effect on the rising count edge —|—'_‘— _
1 DCBA L Words = Rows Static RAM Cell
6 C¢ 100 1 % é \
3 0f ocC L o L L~
AL Count | M M M MMM rirrirrrro
PT K pcBA DR oLp A
TI10|2 |6]|5]|4|5 U
[ ol T ' [
. S A — 1 Static RAM Cell Static RAM Cell
+ B /1 T 1 T 1
1+ 1 1 1 [ 1:
Decode State to A
determine when to Replace '163 with '161, Counter with Async Clear
reset to 0000 Clear takes effect immediately! Columns = Bits (Double Rail Encoded)
} © R.H. Katz Transparency No. 7-45 ‘ © R.H. Katz Transparency No. 7-46
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Static RAM Organization \ RAM Organization \
Long thin layouts are not the best organization for a RAM
1024 x 4 SRAM A9 > Address
—o| CS A8 —> Buffers
Chip Select Line (active l0) —o| WE Storage Matrix
—| A9 Some Addr A7 —> g4 x 64
i i i —|{ A8 bits select —> quare
Write Enable Line (active lo) I (o8 o 26 > Array
10 Address Lines _ ﬁg :8?: A5 —>>] 64x16 | 64x16 64x16 | 64x16
Row
— A4 100f—
4 Bidirectional Data Lines —{A3 Ad —>| Decoders
—| A2 A A A A
] ﬁé A3 | Address
Buffers Y Y Y Y
S.Ome Addr 2> —)| Sense Amplifiers | Amp”fers &
bits select AL—> Mux/Demux
within row Column A A A
A0 —>»| Decoders
_ Y Y Y Y
cs — >
Data Buffers |

_ !

i

/01

1102 1103
! © R.H. Katz Transparency No. 7-48
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Random Access Memories Sequential Case Studies / Random Access Memories Sequential Case Studies
RAM Timing \ Dynamic RAMs
WE
1 Transistor (+ capacitor) memory element
N - cs I Word Line L Read: Assert Word Line, Sense Bit Line
Simplified Read Timing
Write: Drive Bit Line, Assert Word Line
Address Valid Address >C
Access Time Destructive Read-Out
1
Data Out q  Daaout > ‘ 1 ‘ Need for Refresh Cycles: storage decay in ms
= Bit Line
Internal circuits read word and write back
WE
cs
Simplified Write Timing )
emory Cycle T ime
Address Valid Address
Data In H Input Data K
} © R.H. Katz Transparency No. 7-49 ‘ © R.H. Katz Transparency No. 7-50
. Contemporary Logic Design Contemporary Logic Design
Random Access Memories Sequential Case Studies / Random Access Memory Sequential Case Studies
DRAM Organization \ RAS, CAS Addressing
Even to read 1 bit, an entire 64-bit row is read!
Long rows to simplify refresh L
Separate addressing into two cycles: Row Address, Column Address
Two new signals: RAS, CAS Row Storage Matrix Saves on package pins, speeds RAM access for sequential bits!
Decoders > 64 x 64
Row Address Strobe
Address —XX Row Address XX Col Address X }————
Column Address Strobe
replace Chip Select 7y RAS I I
Row Address Column Address & Read Cycle
Control Signals c
All > Column Latches,
> Multiplexers/Demultiplexers
_AO —>| Control -
RAS—>»(Q Logic Dout Valid
CAS—>»(Q Read Row
WE —>»Q Row Address Latched
bout DIN Read Bit Within Row Tri-state
Column Address Latched Outputs

! © R.H. Katz Transparency No. 7-51
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Contemporary Logic Design Contemporary Logic Design
/ Random Access Memory Sequential Case Studies / Random Access Memory Sequential Case Studies

Write Cycle Timing \ RAM Refresh \
Address —XX Row Address XX Col Address X )}———— Refresh Frequency:
. 4096 word RAM -- refresh each word once every 4 ms
RAS
Assume 120ns memory access cycle
(1) Latch Row Addre CAS This is one refresh cycle every 976 ns (1 in 8 DRAM accesses)!

Read Row
But RAM is really organized into 64 rows

WE I
(2) WE low , * This is one refresh cycle every 62.5 ps (1 in 500 DRAM accesses)

Din —<W>

Large capacity DRAMs have 256 rows, refresh once every 16 s

(3) CAS low: replace data bit RAS-only Refresh (RAS cycling, no CAS cycling)

External controller remembers last refreshed row
(4) RAS high: write back the modified row
Some memory chips maintain refresh row pointer

\;5) CAS high to complete the memory cycle K CAS before RAS refresh: if CAS goes low before RAS, then refresh
} © R.H. Katz Transparency No. 7-53 ‘ © R.H. Katz Transparency No. 7-54
Contemporary Logic Design Contemporary Logic Design
Random Access Memory Sequential Case Studies / Chapter Summary Sequential Case Studies
DRAM Variations \ " The Variety of Sequential Circuit Packages \

Page Mode DRAM: Registers, Shifters, Counters, RAMs

read/write bit within last accessed row without RAS cycle " : . :
Counters as Simple Finite State Machines

RAS, CAS, CAS, ..., CAS, RAS, CAS, ... .
" Counter Design Procedure

New column address for each CAS cycle 1. Derive State Diagram

2. Derive State Transition Table

3. Determine Next State Functions

Static Column DRAM: 4. Remap Next State Functions for Target FF Types

like page mode, except address bit changes signal new cycles Using Excitation Tables; Implement Logic

rather than CAS cycling " Different FF Types in Counters

. . . . . J-K best for reducing gate count in packaged logic
on writes, deselect chip or CAS while address lines are changing D is easiest design plus best for reducing wiring and area in VLSI
Nibble Mode DRAM: " Asynchronous vs. Synchronous Counters

Avoid Ripple Counters! State transitions are not sharp

like page mode, except that CAS cycling implies next column Beware of potential problems when cascading synchronous counters

address in sequence -- no need to specify column address after

first CAS Offset counters: easy to design with synchronous load and clear

. . . Never use counters with asynchronous clear for this kind of application
Works for 4 bits at a time (hence "nibble") y PP

K RAS, CAS, CAS, CAS, CAS, RAS, CAS, CAS, CAS, CAS, . .. \\
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/ Finite State Machine Design

Chapter #8: Finite State Machine Design

Contemporary Logic Design

Randy H. Katz
University of California, Berkeley

June 1993

\\ ‘ © R.H. Katz Transparency No. 8-1

Contemporary Logic Design
Finite State Machine Design

/ Motivation

" Counters: Sequential Circuits where State = Output

" Generalizes to Finite State Machines:
Outputs are Function of State (and Inputs)
Next States are Functions of State and Inputs
Used to implement circuits that control other circuits
"Decision Making" logic

' Application of Sequential Logic Design Techniques
Word Problems
Mapping into formal representations of FSM behavior
Case Studies

K ‘ © R.H. Katz Transparency No. 8-2 /

. Contemporary Logic Design
Chapter Overview Finite State Machine Design
Concept of the State Machine \

" Partitioning into Datapath and Control

" When Inputs are Sampled and Outputs Asserted

Basic Design Approach

" Six Step Design Process

Alternative State Machine Representations

" State Diagram, ASM Notation, VHDL, ABEL Description Language

Moore and Mealy Machines

" Definitions, Implementation Examples

Word Problems

K " Case Studies

! © R.H. Katz Transparency No. 8-3

. Contemporary Logic Design
/ Concept of the State Machine Finite State Machine Design

Computer Hardware = Datapath + Control

Registers ) FSM generating sequences
Combinational Functional of control signals

Units (e.g., ALU) Instructs datapath what to
Busses < do next
Control

Control "Puppeteer who pulls the

strings"

Qualifiers Control
and Signal
Inputs Outputs

I |

"Puppet” Datapath

\\\ ! © R.H. Katz Transparency No. 8-4 /




Contemporary Logic Design
Finite State Machine Design

Concept of the State Machine
Example: Odd Parity Checker

Assert output whenever input bit stream has odd # of 1's

Present State _Input | Next State  Output
Even 0 Even 0
Even 1 Odd 0
Odd 0 Odd 1
Odd 1 Even 1

Symbolic State Transition Table

Present State Input | Next State Output
0 0 0 0
0 1 1 0
1 0 1 1
State 1 1 0 1
Diagram

Encoded State Transition Table

\

} © R.H. Katz Transparency No. 8-5

NS = PS xor P,

el % |

_11_11'—> R QP—

\Reset T

D FF Implementation
b

/ Concept of the State Machine
Example: Odd Parity Checker

Next State/Output Functions
OUT =PS

CLK PS/Output

Contemporary Logic Design
Finite State Machine Design

Input T Output
CLK

i e i
\Reset f

T FF Implementation

Input 110 0 1

UL

1 0 110 |1 1 1 0

UL

Output 1 1 1 0

1 1 0 0 1 0o|]1 1

Timing Behavior:

Input100110101110
} © R.H. Katz Transparency No. 8-6

Contemporary Logic Design
Finite State Machine Design

Concept of State Machine
Timing:
When are inputs sampled, next state computed, outputs asserted?

State Time: Time between clocking events
" Clocking event causes state/outputs to transition, based on inputs

" For set-up/hold time considerations:

Inputs should be stable before clocking event
" After propagation delay, Next State entered, Outputs are stable

NOTE: Asynchronous signals take effect immediately
Synchronous signals take effect at the next clocking event

E.g., tri-state enable: effective immediately
sync. counter clear: effective at next clock event

\_

! © R.H. Katz Transparency No. 8-7

\

I— State Time —| On

Outputs

\_

/Conce t of State Machine
Example: Positive Edge Triggered Synchronous System

After propagation delay, outputs and

Immediate Outputs:

Delayed Outputs:

Contemporary Logic Design
Finite State Machine Design

\

rising edge, inputs sampled
outputs, next state computed

next state are stable

affect datapath immediately
could cause inputs from datapath to change

take effect on next clock edge
propagation delays must exceed hold times

! © R.H. Katz Transparency No. 8-8 /
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N Contemporary Logic Design
Concept of the State Machine Finite State Machine Design

Communicating State Machines
One machine's output is another machine's input

FSM 1 g FSM 2 CLK Jmmmr\_
L

N - Contemporary Logic Design
/ Basic Design Approach Finite State Machine Design
Six Step Process \
1. Understand the statement of the Specification
2. Obtain an abstract specification of the FSM
3. Perform a state mininimization

4. Perform state assignment

5. Choose FF types to implement FSM state register

General Machine Concept:
deliver package of gum after 15 cents deposited

single coin slot for dimes, nickels
no change

Step 1. Understand the problem:
Draw a picture!

Block Diagram N
SCoin D - Vending Open Gum
ensor >| Machine > Release
Reset FSM Mechanism
Clk A

K ! © R.H. Katz Transparency No. 8-11

Y=1

6. Implement the FSM

w0 (©)

¥ 1, 2 covered now; 3, 4, 5 covered later;
4, 5 generalized from the counter design procedure
Machines advance in lock step
\\ Initial inputs/outputs: X =0,Y =0 K
} © R.H. Katz Transparency No. 8-9 ‘ © R.H. Katz Transparency No. 8-10
. - Contemporary Logic Design 3 . Contemporary Logic Design
Basic Design Approach Finite State Machine Design / Vending Machine Example Finite State Machine Design
Example: Vending Machine FSM \ Step 2. Map into more suitable abstract representation \

Tabulate typical input sequences:
three nickels
nickel, dime
dime, nickel NN
two dimes
two nickels, dime

Draw state diagram:

Inputs: N, D, reset

Output: open

D

S4
open] 0

N

V D
S8
[open]
\\\ ! © R.H. Katz Transparency No. 8-12




Vending Machine Example
Step 3: State Minimization

Contemporary Logic Design
Finite State Machine Design

Present Inputs Next Output
Reset\l\ State

O

State Open

0¢

o¢
5¢

10¢
X

5¢

5¢

10¢

15¢
X

10¢

10¢

15¢

15¢
X

15¢
reuse states
whenever
possible

XlkrrooOkRrookroo
XrOropRorofpkorol|2z2
RrIXoooXoooXooo

15¢

Symbolic State Table

} © R.H. Katz Transparency No. 8-13

/Vendinq Machine Example
Step 4: State Encoding

Present State Inputs

Contemporary Logic Design
Finite State Machine Design

Next State ~ Output

Q1 Qo D N D1 Do Open
0 O 0 0 0 O 0
0 1 0 1 0
1 0 1 0 0
1 1 X X X
0 1 0 0 0 1 0
0 1 1 0 0
1 0 1 1 0
1 1 X X X
1 0 0 0 1 0 0
0 1 1 1 0
1 0 1 1 0
1 1 X X X
1 1 0 0 1 1 1
0 1 1 1 1
1 0 1 1 1
1 1 X X X

} © R.H. Katz Transparency No. 8-14

Parity Checker Example
Step 5. Choose FFs for implementation

D FF easiest to use
Q1

Contemporary Logic Design
Finite State Machine Design

DN Su 011 10 DN N 01 11, u' DN ﬁu 0111 10’
00 o |[[T]1 00 |_j 0 00 oMo
o| o|[T ][] 1 | 1|| o |[[T][T] o1l o| o|[1]| o
11| XTI 1% N A xR N x X [[x N
D X D| +== 2 | D * ]
IFRERIEEE 10 o [T ][] 1 10 o| o|[1]| 0
| 1]
0 1 | I | O 1 [} 0 1
K-map(?or D1 K-mapror DO K-ma,z? for Open
D1=Q1+D+QON
\ Qp ] :DQPEN DO=NQO + QON + Q1IN + Q1D
N OPEN = Q1 Q0
N
Q] \reset |
. 8 Gates

! © R.H. Katz Transparency No. 8-15

\

/ Parity Checker Example

Step 5. Choosing FF for Implementation

Contemporary Logic Design
Finite State Machine Design

J-K FF

Present State Inputs Next State J; K; % Ko

Q1 Qo D N D; Dy
0 O 0 O 0O 0 O X 0 X
0 1 0O 1 o X 1 X
1 0 1 0 1 X 0 X
1 1 X X X X X X
0 1 0 O 0 1 0 X X 0
0 1 1 0 1 X X 1
1 0 1 1 1 X X 0
1 1 X X X X X X
1 0 0 O 1 0 X 0 0 X
0 1 1 1 X 0 1 X
1 0 1 1 X 0 1 X
1 1 X X X X X X
1 1 0 O 1 1 X 0O X O
0 1 1 1 X 0 X O
1 0 1 1 X 0o X 0
1 1 X X X X X X

\\\ Remapped encoded state transition table
! © R.H. Katz Transparency No. 8-16
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Vending Machine Example
Implementation:

Contemporary Logic Design
Finite State Machine Design

Q1 Q1
1Q0 ; , 100 ; :
D,\? & 01717 10 D,\? & 01711 10 J1=D + QON
00l 0| 0| X| X 00| X[ X| 0|0
M| o|[M[X| x M| X|X| oo K1=0
- N - N
oM T =[] % oML X X %[ %
]ﬂ 1 1 | % ]U X| X 1} 1} JOZQON +Q1D
Q0 Q0 —
K-map for J1 K-map for K1 KO = Ql N
Qoo L Qo QL
DA 00 01711 10 DANUOD 01711 10
0ol 0| X| x| 0 00| X[ o] o| X
o 1| x| x|[1] o|[X[ 1] o] x N
- N - N
1| X[ x| K= 1| x| x| [ x @D 7 o2
Dl = D kX ol '@
10| o x| x| 1 10| x| 0| 0| X \ Qo ROP—
Q0 Q0 i |
K-map for JO K-map for KO o
D (%))
L7 1
\ Q1 CLKT 35 Q \ O
L T

\reset

7 Gates

} © R.H. Katz Transparency No. 8-17
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Finite State Machine Design

/ Alternative State Machine Representations
Why State Diagrams Are Not Enough
Not flexible enough for describing very complex finite state machines

Not suitable for gradual refinement of finite state machine

Do not obviously describe an  algorithm: that is, well specified
sequence of actions based on input data
algorithm = sequencing + data manipulation

separation of control and data

Gradual shift towards program-like representations:
" Algorithmic State Machine (ASM) Notation

" Hardware Description Languages (e.g., VHDL)

} © R.H. Katz Transparency No. 8-18

Algorithmic State Machine (ASM) Notation

/ Alternative State Machine Representations

Three Primitive Elements:
" State Box
" Decision Box

" Output Box

State Machine in one state
block per state time

Single Entry Point

Unambiguous Exit Path
for each combination
of inputs

Outputs asserted high (.H)

orlow (.L); Immediate (I)

or delayed til next clock

State
Entry Path

o LK

State
Name
State
Output List

Condition
Box

Conditional
Output List

Contemporary Logic Design
Finite State Machine Design

State Code

| <€——State Box

ASM
Block

Output
Box

\ EXxits to

other ASM Blocks

! © R.H. Katz Transparency No. 8-19
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Contemporary Logic Design

Alternative State Machine Representations Finite State Machine Design

ASM Notation

Condition Boxes:
Ordering has no effect on final outcome

N/

Equivalent ASM charts:
A exits to B on (10 " 11) else exit to C

J 010 ® l 010

<

F

Y

® ©

! © R.H. Katz Transparency No. 8-20
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Alternative State Machine Representations Finite State Machine Design

Example: Parity Checker

Input X, Output Z

Even 0
—] — Nothing in output list implies Z not asserted

|

Z asserted in State Odd

Symbolic State Table:

T Present | Next
g / Inpuf State State nllf'nlll’
Odd F Even | Even —
H.Z T Even Odd —
F Odd Odd A
T Odd Even A
)
F X T
_<D_ Encoded State Table:
Present | Next
Inpur State State nllf'nllf
Trace paths to derive 0 0 0 0
state transition tables 1 0 1 0
0 1 1 1
1 1 0 1

} © R.H. Katz Transparency No. 8-21

/ Alternative State Machine Representations
ASM Chart for Vending Machine

Contemporary Logic Design
Finite State Machine Design

o¢ L 00
T
D
3
F A
— >
T
— y
5¢ L 01

} © R.H. Katz Transparency No. 8-22
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Alternative State Machine Representations Finite State Machine Design

Hardware Description Languages: VHDL
ENTITY parity_checker IS
PORT (

X, clk: IN BIT;
z: OUT BIT);
END parity_checker;

+«——Interface Description

/ Architectural Body

ARCHITECTURE behavioral OF parity_checker IS
BEGIN
main: BLOCK (dlk = ‘1’ and not clk'STABLE) |

TYPE state IS (Even, Odd); .
SIGNAL state_register: state := Even; Guard Expression
BEGIN state_even:
BLOCK ((state_register = Even) AND GUARD)
BEGIN
state_register <= Odd WHEN x = ‘1’
ELSE Even \
END BLOCK state_even; Determine New State
BEGIN state_odd:
BLOCK ((state_register = Odd) AND GUARD)
BEGIN
state_register <= Even WHEN x = ‘1’
ELSE Odd;
END BLOCK state_odd;
z <='0" WHEN state_register = Even ELSE ——— Determine Outputs
‘1’ WHEN state_register = Odd;
END BLOCK main;
END behavioral;

! © R.H. Katz Transparency No. 8-23
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/ Alternative State Machine Representations
ABEL Hardware Description Language

module parity

title ‘'odd parity checker state machine’ [0,1,.X.] -> [SO];

ul device 'p22v10; [.C.,0,1] -> [S1];
) [.C.,0,1] -> [SO];

"Input Pins ) [.C.,0,1] -> [S1];

clk, X, RESET pin 1, 2, 3; [.C.,0,0] -> [S1];

: [.C..0,1] ->[SQ];

"Output Elns [.C.,0,1] -> [S1];

Q,Z pin 21, 22; [.C..0,0] -> [S1]:
) [.C.,0,0] -> [S1];

Q. Z istype 'pos,reg’; [.C.,0,0] > [S1];

"State registers end parity:

SREG = [Q, Z];

SO0 = [0, 0]; " even number of 0's

S1 = [1,1]; "odd number of 0's

equations

[Q.ar, Z.ar] = RESET; "Reset to state SO

state_diagram SREG

state SO:

if X then S1

else SO;

state S1:

if X then SO

else S1;

Contemporary Logic Design
Finite State Machine Design

test_vectors ([clk, RESET, X] -> [SREG])

N

! © R.H. Katz Transparency No. 8-24
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Contemporary Logic Design

Moore and Mealy Machine Design Procedure Finite State Machine Design

N Contemporary Logic Design
/ Moore and Mealy Machines Finite State Machine Design

Definitions State Diagram Equivalents
Moore Machine -
—_—> Moore \\l\ (ND + Reset)/0 \I\ N D + Reset Meal
M Z . ; Reset/0 Reset y
inpuls 2| combinational > Outputs Outputs are function Machine Machine
—3>| Logicfor solely of the current
> | Outputs and > State
> | Next State > Reset/0
> > O Outputs change
[ g State i
synchronously with
State Register /Clock | Feedback V! state chanées Do
State ND/0
Register .
—> > > o > Mealy Machine
Xi  —>| combinational > > Loaicior
nputs —3 | ggic for > e e Outputs depend on
3| nextsiae > > — state AND inputs ReserL
kg (Flip-flop Zy
< Inputs) Outputs
; Input change causes . .
| Clock an immediate output Outputs are associated Outputs are associated
change with State with Transitions
state .
teadback Asynchronous signals
} © R.H. Katz Transparency No. 8-25 ‘ © R.H. Katz Transparency No. 8-26
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Moore and Mealy Machines Finite State Machine Design / Moore and Mealy Machines Finite State Machine Design
States vs. Transitions \ Timing Behavior of Moore Machines \

Mealy Machine typically has fewer states than Moore Machine

for same OUtpUt sequence
’ 0/0

1 0/0 1/0

0

Same |/O behavior 0

Different # of states

SO l 0
L]
<N >
1 1 .
] Equivalent
ASM Charts
<>

@oud

! © R.H. Katz Transparency No. 8-27

Reverse engineer the following:

X —J QF A Input X
X— —qC Output Z
\B —Kgr Qp— W State A,B=Z

FFa T\Reset

[
J o— z

X —
X —qC
) I LT ol

FFb T\Reset

Two Techniques for Reverse Engineering:

" Ad Hoc: Try input combinations to derive transition table

\ " Formal: Derive transition by analyzing the circuit

! © R.H. Katz Transparency No. 8-28
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Moore and Mealy Machines Finite State Machine Design

Ad Hoc Reverse Engineering
Behavior in response to input sequence 1010 1 O:

\

100
A A ] A A A A
X
Clk | | — I T T | p— —1
A I 1
Z I 1 I —
\Reset —
Reset X =1\, X =0y X=1 X= X =1y X=0%y X=0
AB =00 AB =OO\'AB =1}AB =1\1‘AB =ci?)‘AB =10AB =01 AB =00
A B X A+ B+ Z
00 O ? 2 0
1 1 1 0
Partially Derived 01 2 g 2 i
State Transition S
10 0 1 0 0
Table 1 0 1 0
11 o0 1 1 1
1 1 0 1

} © R.H. Katz Transparency No. 8-29
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Moore and Mealy Machines Finite State Machine Design

Formal Reverse Engineering

Derive transition table from next state and output combinational
functions presented to the flipflops!

Ja=X Ka=X"B _ Z=8B
Jb=X Kb = X xor A

FF excitation equations for J-K flipflop:
A+=Ja"A + Ka"A = X"A + (X +B)"A
B+=Jb"B + Kb"B = X"B + (X"A + X"A)"B

Next State K-Maps:

B
oo/ 11 10
u@u 1] 1

ORI
. 00,/01 11 1¢

0
AT

State 00, Input 0 -> State 00
tate 01, Input 1 -> State 01

} © R.H. Katz Transparency No. 8-30

Moore and Meal
Complete ASM Chart for the Mystery Moore Machine

\_

Contemporary Logic Design
Finite State Machine Design

Machines

S l 00 S l, 1
H.Z
0 1 0
< o <>
s
s, ¢ o1 s, ¢ 10
H.Z
1 1 0
0 X X

Note: All Outputs Associated With State Boxes
No Separate Output Boxes — Intrinsic in Moore Machines

! © R.H. Katz Transparency No. 8-31
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/ Moore and Meal
Reverse Engineering a Mealy Machine

\_

Contemporary Logic Design
Finite State Machine Design

Machines

Clk
[nnh \/Q:)D—L
A B
| D Q J QF—
CRQ \X_KRQ
\Reset \Reset

Q DA \ X —
B —]

8—4, 4
—| So—\ X X —
A —]

Input X, Output Z, State A, B
State register consists of D FF and J-K FF

! © R.H. Katz Transparency No. 8-32
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Moore and Mealy Machine

Contemporary Logic Design
Finite State Machine Design

Ad Hoc Method
Signal Trace of Input Sequence 101011:
100
1 1 I 1 1 1
X | —| | | I § " Note glitches
inZ!
Clk [ [ I I [ [
A I L Outputs valid at
following falling
B —
: — clock edge
Z || ] u L
\Reset I
Reset X=1 X=0 X=1 X=0 X=1 X=1
AB=00 AB:OO\ AB:OO\ AB:Ol\ AB:ll\'“ AB:lo\‘ AB=01
Z=0 Z=0 Z=0 Z=0 Z=1 Z=1 Z=0
A B X A+ B+ Z
00 O 0 1 O
; 1 0 0 O
Partially completed
state transition table 10 277
based on the signal 1 11 0
trace 1 0 O ? ? ?
1 0o 1 1
11 0 1 0 1
1 ?2 2?2 2
{ ©R.H. Katz Transparency No. 8-33

/Moore and Mealy Machines

Formal Method

Contemporary Logic Design
Finite State Machine Design

A+=B"(A + X) = A"B+B"X

B+=Jb"B + Kb"B = (AxorX)"B + X"B

L AYBUX 4+ ABUX 4+ BX

Z =A"X +B"X

Missing Transitions and Outputs:
10 ——State 01, Input 0 -> State 01, Output 1

xBuumn
INORIIO
0| 1[(1)| o
}{{Buum 10
o/ 1@ 0|@
1] 0 1@/{
}{{Buumnm
ol o |3 1@
1| 0 u@#

tate 10, Input O -> State 00, Output O
tate 11, Input 1 -> State 11, Output 1

} © R.H. Katz Transparency No. 8-34 /

Moore and Meal
ASM Chart for Mystery Mealy Machine

Machines

Contemporary Logic Design
Finite State Machine Design

S0=00,S1=01,S2=10,S3=11

&
<
8
NG

1
al

-

I
N

NOTE: Some Outputs in Output Boxes as well as State Boxes

This is intrinsic in Mealy Machine implementation

! © R.H. Katz Transparency No. 8-35

\

oore and Meal

Machines

/M

\_

—>

Xi —>
Inputs —>
—>
ﬁ
—>>
—>
>

Synchronous Mealy Machine

Combinational
Logic for
Outputs and
Next State

Contemporary Logic Design
Finite State Machine Design

State Register

Clock
I
V
; E Zy
; )Outputs
>
>
>
> N\
ClOICk | State
feedback

latched state AND outputs

avoids glitchy outputs!

\
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Contemporary Logic Design

Four Case Studies:
" Finite String Pattern Recognizer
" Complex Counter with Decision Making
" Traffic Light Controller

" Digital Combination Lock

We will use state diagrams and ASM Charts

} © R.H. Katz Transparency No. 8-37

Finite State Machine Word Problems Finite State Machine Design
Mapping English Language Description to Formal Specifications \

Contemporary Logic Design
Finite State Machine Design

/ Finite State Machine Word Problems
Finite String Pattern Recognizer

A finite string recognizer has one input (X) and one output (Z).

The output is asserted whenever the input sequence &010&

has been observed, as long as the sequence 100 has never been
seen.

Step 1. Understanding the problem statement

Sample input/output behavior:

X: 00101010010&
Z: 00010101000&

X: 11011010010&
Z: 00000001000&

} © R.H. Katz Transparency No. 8-38 /
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/Finite State Machine Word Problems

Finite String Recognizer

Step 2. Draw State Diagrams/ASM Charts for the strings that must be
recognized. l.e., 010 and 100.

Reset

Moore State Diagram
Reset signal places
FSM in SO

Outputs 1 Loops in State

1]
1
1]

\_
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/ Finite State Machine Word Problems
Finite String Recognizer \
Exit conditions from state S3: have recognized &010

if next input is 0 then have &0100!
if next input is 1 then have &0101 = &01 (state S2)

! © R.H. Katz Transparency No. 8-40 /




Finite State Machine Word Problems

Contemporary Logic Design
Finite State Machine Design

/ Finite State Machine Word Problems

Contemporary Logic Design
Finite State Machine Design

Finite String Recognizer \ Finite String Recognizer
Exit conditions from S1: recognizes strings of form &0 (no 1 seen) S2, S5 with incomplete transitions
loop back to S1if inputis 0 S2 = &01; If next input is 1, then string could be prefix of (01)1(00)
Exit conditions from S4: recognizes strings of form &1 (no 0 seen) S4 handles just this case!
loop back to S4 if inputis 1 S5 = &10; If next input is 1, then string could be prefix of (10)1(0)
S2 handles just this case!
Final State Diagram
} © R.H. Katz Transparency No. 8-41 ‘ © R.H. Katz Transparency No. 8-42
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Finite String Recognizer \ Finite String Recognizer \

module string

title '010/100 string recognizer state machine
Josephine Engineer, Itty Bity Machines, Inc.'

ul device 'p22v10%;

"Input Pins
clk, X, RESET pini,?2,3;

"Output Pins
Q0,Q1,Q2,Z pin 19, 20, 21, 22;

QO0, Q1, Q2, Z istype 'pos,reg’;

"State registers

SREG = [QO0, Q1, Q2, Z];

S0 [0,0,0,0]; " Reset state

S1 [0,0,1,0]; " strings of the form ...0
S2 =[0,1,0,0]; " strings of the form ...01

S3=[0,1,1,1]; " strings of the form ...010
S4 =[1,0,0,0]; " strings of the form ...1
S5 =11,0,1,0]; " strings of the form ...10
S6 =[1,1,0,0]; " strings of the form ...100
equations

[Q0.ar, Ql.ar, Q2.ar, Z.ar] = RESET; "Reset to SO

state_diagram SREG

state SO: if X then S4 else S1;
state S1: if X then S2 else S1;
state S2: if X then S4 else S3;
state S3: if X then S2 else S6;
state S4: if X then S4 else S5;
state S5: if X then S2 else S6;
state S6: goto S6;

test_vi

(%]
1]

ctors ([clk, RESET, X] -> [Z]
.J->[0];
->
->
->
->
->
->
->
->
->
->
->

ng;

S
e
x

OO0OO0OFROFROFROOOO

O0000000000
[eY=JeYeXoRoNRoNoRoRok
okRrookrokrRrokROO

(1]
52"
o )L
[%2]
=

ABEL Description
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Review of Process:

to be recognized

like the specification

" Write down sample inputs and outputs to understand specification

" Write down sequences of states and transitions for the sequences

" Add missing transitions; reuse states as much as possible

" Verify 1/0 behavior of your state diagram to insure it functions
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Complex Counter Complex Counter
A sync. 3 bit counter has a mode control M. When M = 0, the counter One state for each output combination
counts up in the binary sequence. When M = 1, the counter advances Add appropriate arcs for the mode control S
through the Gray code sequence. [
Binary: 000, 001, 010, 011, 100, 101, 110, 111 S b o001
Gray: 000, 001, 011, 010, 110, 111, 101, 100 0
0 1
M
Valid I/O behavior:
S, 010
Mode Input M Current State Next State (Z2 Z1 Z0) ik
0 000 001 0
0 001 010 T
1 010 110 . o
1 110 111 .
1 111 101 HZ,
0 101 110
0 110 111 S v W
HZ,
\\ ‘ © R.H. Katz Transparency No. 8-45 K ‘ © R.H. Katz Transparency No. 8-46 /
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Complex Counter \ Traffic Light Controller \
m@d‘éf;gﬂg‘t‘fgn binarv/aray code Uncounter A busy highway is intersected by a little used farmroad. Detectors
Josephine Engineer. Ity Bty Machines, Inc. C sense the presence of cars waiting on the farmroad. With no car
ul device 'p22v10"; on farmroad, light remain green in highway direction. If vehicle on
ot s:a:e_sd(i)agratm sisEG farmroad, highway lights go from Green to Yellow to Red, allowing
"Input Pins ) _ state SU: goto S, ) the farmroad lights to become green. These stay green only as long
ck M. RESET pin1,2.3 State ST if M then S3 else 52 as a farmroad car is detected but never longer than a set interval.
"Output Pins state S3: if M then S2 else S4: When these are met, farm lights transition from Green to Yellow to
Z0,271,72 pin 19, 20, 21; state S4: if M then SO else S5; Red, allowing highway to return to green. Even if farmroad vehicles
_ state S5: if M then S4 else S6; are waiting, highway gets at least a set interval as green.
Z0, Z1, Z2 istype 'pos,reg’; state S6: goto S7,
state S7: if M then S5 else SO; . . .
"State registers Assume you have an interval timer that generates a short time pulse
SREG = [20, Z1, Z2]; test_vectors ([clk, RESET, M] -> [Z0, Z1, Z2] ) (TS) and a long time pulse (TL) in response to a set (ST) signal. TS
S0 = [0,0,0; [0,1,.X.] ->[0,0,0]; is to be used for timing yellow lights and TL for green lights.
S1 =[0,0,1] [.C.,0,0] -> [0,0,1];
S$2=10,1,0]; [.C.,0,0] -> [0,1,0];
S3=[0,1,1]; [.C.,0,1] ->[1,1,0];
S4=1[1,0,0]; [.C.0,1] -> [1,1,1];
S5 =1[1,0,1]; [.C.,0,1] -> [1,0,1];
S6=[1,1,0]; [.C.,0,0] -> [1,1,0];
S7=[1,11]; [.C.,0,0] -> [1,1,1];
. end counter;
equations
[Z20.ar, Z1.ar, Z2.ar] = RESET; "Reset to state SO
K ABEL Description \\\
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\

Traffic Light Controller
Picture of Highway/Farmroad Intersection:

Farmroad

Bl N s
«

<
J I

»
Highway —>

@¢ @EIFL

Highway

HL

Farmroad
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/ Finite State Machine Word Problems
Traffic Light Controller

" Tabulation of Inputs and Outputs:

Input Signal Description

reset place FSM in initial state

C detect vehicle on farmroad

TS short time interval expired

TL long time interval expired

Output Signal Description

HG, HY, HR assert green/yellow/red highway lights
FG, FY, FR assert green/yellow/red farmroad lights
ST start timing a short or long interval

" Tabulation of Unique States: Some light configuration imply others

State Description

SO Highway green (farmroad red)

S1 Highway yellow (farmroad red)
S2 Farmroad green (highway red)
S3 Farmroad yellow (highway red)

} © R.H. Katz Transparency No. 8-50 /
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Finite State Machine Word Problems

Traffic Light Controller
Refinement of ASM Chart:
Start with basic sequencing and outputs:

o & P

So ¥ S; ¢
H.HG H.HR
H.FR H.FY

! © R.H. Katz Transparency No. 8-51

\

Contemporary Logic Design
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Traffic Light Controller \

Determine Exit Conditions for SO:
Car waiting and Long Time Interval Expired- C " TL

H.HY
H.FR

! © R.H. Katz Transparency No. 8-52 /
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Finite State Machine Word Problems
Traffic Light Controller

S1 to S2 Transition:
Set ST on exit from SO
Stay in S1 until TS asserted
Similar situation for S3 to S4 transition

511 S ¥
H.HY G@ H.HR
H.FR H.FG
v \

0 1
— s >

Contemporary Logic Design
Finite State Machine Design

} © R.H. Katz Transparency No. 8-53
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Traffic Light Controller

Contemporary Logic Design
Finite State Machine Design

S2 Exit Condition: no car waiting OR long time interval expired

Complete ASM Chart for Traffic Light Controller

} © R.H. Katz Transparency No. 8-54
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Traffic Light Controller
Compare with state diagram:

TL +C
‘ Reset

(o]
TLeC/ST TSIST
TS
TSIST TS
TL + TIST
TLeC

Advantages of State Charts:

Contemporary Logic Design
Finite State Machine Design

S0: HG
S1: HY
S2: FG
S3: FY

" Concentrates on paths and conditions for exiting a state

" Exit conditions built up incrementally, later combined into

single Boolean condition for exit

" Easier to understand the design as an algorithm

! © R.H. Katz Transparency No. 8-55
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module traffic
title 'traffic light FSM'
ul device 'p22v10';

"Input Pins
clk, C, RESET, TS, TL
pin 1,2, 3, 4, 5

"Output Pins

QO0, Q1, HG, HY, HR,

FG, FY,FR, ST

pin 14, 15, 16, 17, 18,
19, 20, 21, 22;

QO0, Q1 istype 'pos,reg’;
ST, HG, HY, HR,
FG, FY, FR istype 'pos,com’;

"State registers
SREG = [QO, Q1];
SO0 = [0, Of;

S1 ;
S2=[1, 0];
S3=1[1, 1j;

i
o
=

=

equations

[Q0.ar, Ql.ar] = RESET;
\&i:!Qo &1Q1;

Traffic Light Controller

HY =1Q0 & Q1;

HR = (Q0 & !Q1) # (QO0 & Q1);
FG = Q0 & IQ1;

FY = Q0 & Q1;

FR = (1Q0 & 'Q1) # (\Q0 & Q1);

state_diagram SREG

state SO: if (TL & C) then S1with ST=1
else SO with ST=0

state S1: if TS then S2 with ST =1
else S1 with ST=0

state S2: if (TL # !IC) then S3 with ST=1
else S2 with ST=0

state S3: if TS then SO with ST=1
else S3 with ST=0

test_vectors
(Iclk,RESET, C, TS, TL]->[SREG,H
[X. 1,.X..X..X]->[S0,1,0,0,0,

@

HY,

I

R,FG,FY,FR,ST])

o
L
=2

0
[C., 0, 0,0, 0->[S0,1,0,0,0,0,1,0];
[C., 0, 1,0, 1]->[S1,0,1,0,0,0, 1, 0];
[C., O, 1, 0, 0]->[S1,0,1,0,0,0, 1, 0];
[C., 0,1, 1, 0->[S2,0,0,1,1,0,0,0];
[C., O, 1, 0, 0]->[S2,0,0,1,1,0,0,0];
[C., O, 1, 0, 1]->[S3,0,0,1,0, 1,0, 0];
[C., O, 1, 1, 0]->[S0,1,0,0,0,0, 1, 0];
end traffic;

ABEL DeSCFIptIOﬂ ! © R.H. Katz Transparency No. 8-56
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Finite State Machine Word Problems
Digital Combination Lock
"3 bit serial lock controls entry to locked room. Inputs are RESET,
ENTER, 2 position switch for bit of key data. Locks generates an
UNLOCK signal when key matches internal combination. ERROR
light iluminated if key does not match combination. Sequence is:

(1) Press RESET, (2) enter key bit, (3) Press ENTER, (4) repeat (2) &
(3) two more times."

Problem specification is incomplete:
" how do you set the internal combination?

" exactly when is the ERROR light asserted?

Make reasonable assumptions:
" hardwired into next state logic vs. stored in internal register

" assert as soon as error is detected vs. wait until full combination
has been entered

/ Finite State Machine Word Problems
Digital Combination Lock

Contemporary Logic Design
Finite State Machine Design

Our design: registered combination plus error after full combination

} © R.H. Katz Transparency No. 8-57

Understanding the problem: draw a block diagram &

RESET

—
Operator Data ENTER UNLOCK

—

KEY-IN

— Combination

Lock FSM ERROR
Lo -
Internal
Combination Ly [—»

Lo |—r
Inputs: Outputs:
Reset Unlock
Enter Error
Key-In
LO, L1, L2

} © R.H. Katz Transparency No. 8-58
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Digital Combination Lock \

N/

Enumeration of states:

what sequences lead to opening the door?
error conditions on a second pass &

START state plus three key COMParison states

START l

START entered on RESET

Exit START when ENTER is pressed

Continue on if Key-In matches LO

! © R.H. Katz Transparency No. 8-59
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Digital Combination Lock
COMPO
Path to unlock:
N
Kl =L,
Y |le
IDLEO ¢

Wait for
Enter Key press

COMP1

HE
z o

Compare Key-IN Ki=L,

\

IDLEL ¢*

Enter >
COMP2 .

N
Ki=L,

Y
DONE

H.Unlock

0

1
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Digital Combination Lock

Now consider error paths

Should follow a similar sequence as UNLOCK path, except
asserting ERROR at the end:

IDLEO' L‘

]
(Ener

ERROR1 !

[

IDLE1" ERROR3

CEnter >
ERROR2 | 1

g

COMPO error exits to IDLEO'
COMP1 error exits to IDLE1'

COMP?2 error exits to ERROR3

} © R.H. Katz Transparency No. 8-61
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Reset + Enter

/ Finite State Machine Word Problems
Digital Combination Lock

Reset « Enter

Enter

Enter

l Enter

Equivalent State Diagram

@. Reset

Reset

} © R.H. Katz Transparency No. 8-62
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Combination Lock

module lock
title ‘comb. lock FSM'
ul device 'p22v10';

"Input Pins
clk, RESET, ENTER, LO, L1, L2, KI
pin 1,2,3,4,5,6,7;

"Output Pins
Q0, Q1, Q2, Q3, UNLOCK, ERROR
pin 16, 17, 18, 19, 14, 15;

QO, Q1, Q2, Q3 istype 'pos,reg’;
UNLOCK, ERROR istype 'pos,com’;

"State registers
SREG = [QO0, Q1, Q2, Q3];
START = [0, 0, O, O];
COMPO = [0, O, O, 1];
IDLEO =[O0, O, 1, O];
COMP1 =[O0, O, 1, 1J;
IDLE1 =[O0, 1, 0, O];
COMP2 =[O0, 1, O, 1J;
DONE =[O0, 1, 1, O],
IDLEOp =0, 1, 1, 1J;
ERROR1 =[1, 0, O, Of;
IDLE1p =[1, O, O, 1J;
ERROR2 =[1, 0, 1, 0];
RROR3 =[1, 0, 1, 1J;

equations

[Q0.ar, Ql.ar, Q2.ar, Q3.ar] = RESET;

UNLOCK =1Q0 & Q1 & Q2 & !Q3;"asserted in DONE
ERROR = Q0 & 'Q1 & Q2 & Q3; "asserted in ERROR3

state_diagram SREG
state START: if (RESET # |[ENTER)

then START else COMPO;
state COMPO: if (KI == LO) then IDLEO else IDLEOp;
state IDLEOQ: if {ENTER) then IDLEO else COMP1;
state COMP1.: if (KI == L1) then IDLE1 else IDLE1p;
state IDLE1L: if (ENTER) then IDLE1 else COMP2;
state COMP2: if (KI == L2) then DONE else ERRORS;
state DONE: if ((RESET) then DONE else START;
state IDLEOp:if ('(ENTER) then IDLEOp else ERROR1;
state ERROR1:goto IDLE1p;
state IDLE1p:if ((ENTER) then IDLE1p else ERRORZ2;
state ERROR2:goto ERRORS3;
state ERRORS3:if ((RESET) then ERRORS3 else START;

test_vectors

end lock;

! © R.H. Katz Transparency No. 8-63
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Chapter Review

Basic Timing Behavior an FSM

when are inputs sampled, next state/outputs transition and stabilize

" Moore and Mealy (Async and Sync) machine organizations
outputs = F(state) vs. outputs = F(state, inputs)

First Two Steps of the Six Step Procedure for FSM Design

understanding the problem

abstract representation of the FSM

Abstract Representations of an FSM

" ASM Charts, Hardware Description Languages

Word Problems

understand 1/O behavior; draw diagrams

enumerate states for the "goal"; expand with error conditions

reuse states whenever possible

! © R.H. Katz Transparency No. 8-64
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Chapter #9: Finite State
Machine Optimization

Contemporary Logic Design

Randy H. Katz
University of California, Berkeley

Contemporary Logic Design
FSM Optimization

/Chaoter Outline
\

" Procedures for optimizing implementation of an FSM

State Reduction

State Assignment

" Computer Tools for State Assignment: Nova, Mustang, Jedi

" Choice of Flipflops

" FSM Partitioning

(1) Understand the problem

(2) Obtain a formal description

(3) Minimize number of states \
This

(4) Encode the states Chapter!
(5) Choose FFs to implement state register

(6) Implement the FSM Next Chapter

July 1993
\\ [ © R.H. Katz Transparency No. 9-1 / K ‘ © R.H. Katz Transparency No. 9-2 /
T Contemporary Logic Design . Contemporary Logic Design
/ Motivation FSM Optimization / Motivation FSM Optimization
Basic FSM Design Procedure: State Reduction

K ‘ © R.H. Katz Transparency No. 9-3
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S
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5, D
@ 169!
0

0
Odd Parity Checker: two alternative state diagrams

" ldentical output behavior on all input strings
" FSMs are equivalent , but require different implementations

" Design state diagram without concern for # of states,

\\\ Reduce later
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State Reduction (continued)

Implement FSM with fewest possible states
" Least number of flipflops
" Boundaries are power of two nhumber of states
" Fewest states usually leads to more opportunities for don't cares

" Reduce the number of gates needed for implementation

| © R.H. Katz Transparency No. 9-5
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Goal \

Identify and combine states that have equivalent behavior

Equivalent States: for all input combinations, states transition
to the same or equivalent states

6 efail t e gncker: S0, S2 are equivalent states

Both output a 0
Both transition to S1 on a 1 and self-loop on a 0

Algorithmic Approach

" Start with state transition table

" ldentify states with same output behavior

" If such states transition to the same next state, they are equivalent
" Combine into a single new renamed state

" Repeat until no new states are combined

| © R.H. Katz Transparency No. 9-6 /
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Row Matching Method
Example FSM Specification:

N[

Single input X, output Z
Taking inputs grouped four at a time, output 1 if last four inputs
were the string 1010 or 0110
Example 1/0 Behavior:
X =0010 0110 1100 1010 0011 ...
Z = 0000 0001 0000 0001 0000 ...
Upper bound on FSM complexity:
Fifteen states (1 +2 + 4 + 8)
Thirty transitions (2 + 4 + 8 + 16)

sufficient to recognize any binary string of length four!

K ‘ © R.H. Katz Transparency No. 9-7
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Row Matching Method \
State Diagram for Example FSM:

)OK Reset

0/0 1/0

N

0/0 1/0 0/0

1/0 0/0 1/0 0/0 1 0/0 1/0

/0
00K o1 O/ORL/O %‘0/0 1/0 1/0
1/0/ \1/0 /0 o1 \1/0 0/0

\\\ ‘ © R.H. Katz Transparency No. 9-8 %
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Row Matching Method
Initial State Transition Table:
Next State  Output
Input Sequence |Present State | X=0 X=1] X=0 X=1
Reset So ST S 0 0
0 S S3 Sy 0 0
1 S S Sg 0 0
00 S3 S7  Sg 0 0
01 Sa Se  Sio 0 0
10 S5 Si11 Sio 0 0
11 Sg Si13 Sis 0 0
000 Sy So  So 0 0
001 Sg So  So 0 0
010 So So  So 0 0
011 S10 Sy So 1 0
100 Sni1 So So 0 0
101 Si2 So  So 1 0
110 Si3 Sy So 0 0
111 Si4 So  So 0 0

| © R.H. Katz Transparency No. 9-9
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Initial State Transition Table:

FSM Optimization

Contemporary Logic Design

Next State  Output
Input Sequence |Present State | X=0 X=1] X=0 X=1
Reset Sh S, S, 0 0
0 S; S; S, 0 0
1 S, S Sg 0 0
00 S; S; Sg 0 0
01 S, Sy S 0 0
10 Ss Si1 S 0 0
11 Se S, S, 0 0
000 S, Sy Sp 0 0
001 Sg Sy Sp 0 0
010 Sq Sy S 0 0
D11 Sig Se S, | 1 0]
100 Sy Sy S 0 0
101 S Sy Sy 1 0]
110 Si3 Sy Sp 0 0
111 Sia So S 0 0

| © R.H. Katz Transparency No. 9-10
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Row Matching Method
Next State  Output
Input Sequence |Present State | X=0 X=1]X=0 X=1
Reset So ST S 0 O
0 S1 S;3 Sy 0 0
1 S S5 Se 0 0
00 S3 S Ss 0 0
01 Sy Sy Sio 0 0
10 S5 S11 Sio 0 0
11 Sg Si13 Sz 0 0
000 Sy So So 0 0
001 Sg So So 0 0
010 So So So 0 0
011 or 101 Sho So So 1 0
100 S11 So So 0 0
110 Si3 So So 0 0
111 Si1a So So 0 0

[ © R.H. Katz Transparency No. 9-11 %
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Next State  Output
Input Sequence [Present State | X=0 X=1| X=0 X=1
Reset So S S, 0 0
0 S S3 Sa 0 0
1 S Sg Se 0 0
00 S3 S7 Sg 0 0
01 Sy Sy Sio 0 0
10 S5 S11 Sio 0 0
11 Sg S13 Sz 0 0
000 S7 So So 0 0
001 Sg So So 0 0
010 So So So 0 0
011 or 101 S10 So So 1 0
100 St So So 0 0
110 Si3 So So 0 0
111 S1a So So 0 0
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Next State  Output

Input Sequence |Present State |[X=0 X=1|X=0 X=1
Reset Sy S, S, 0 0
0 S; S; S 0 0
1 S, Sc S 0 0
00 S, S; Sy 0 0
01 Sy S; Sio| O 0
10 S S; Sip] O 0
11 Sq S, Sy 0 0
not (011 or 101) Sy Sy S |0 0
011 or 101 Sio Sy S 1 0
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Row Matching Method
Next State  Output

Input Sequence |Present State |[X=0 X=1|X=0 X=1
Reset Sy S, S, 0 0
0 S; S; S 0 0
1 S, Sc S 0 0
00 S, S; S 10 0
01 Sy S; Sio| O 0
10 Se S; Sip| O 0
11 Sq S, S5 1 0 0
not (011 or 101) Sy Sy S 0 0
011 or 101 10 Sy S 1 0

‘ © R.H. Katz Transparency No. 9-14 /
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Corresponding State
Diagram

Row Matching Method \
Next State Output
Input Sequence | Present State | X=0 X=1 | X=0 X=1
Reset | S0 [ s1 s2 ] o 0
Final Reduced o| s1 | s3 s4' | 0 0
State Transition Table 1 52 sS4 s¥ 0 0
00 or 11 s3' s7 ST 0 0
01or10 | s4' | S7 S10° | 0 0
not (011 or 101) | ST | SO SO | 0 0
011 or 101 S10' S0 SO 1 0

@

0/0 1/0

0/1 /0

\_
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" Straightforward to understand and easy to implement

Contemporary Logic Design
FSM Optimization

" Problem: does not allows yield the most reduced state table!

Example: 3 State Odd Parity Checker

Next State
Present State | X=0 X=1 | Output
Sy S S 0
S; S, S, 1
S, S, S 0

No way to combine states SO and S2
based on Next State Criterion!
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Implication Chart Method
New example FSM:

Single input X, Single output Z

Output a 1 whenever the serial sequence 010 or 110 has been
observed at the inputs

State transition table:

Next State Output

Input Sequence | Present State | X=0 X=1| X=0 X=1

Reset Sy S, S, 0 0

0 S; S, S, 0 0

1 S, Sy S 0 0

00 S, So Sy 0 0

01 S, So Sy 1 0

10 Ss So Sy 0 0

11 S Sy Sy 1 0

K | © R.H. Katz Transparency No. 9-17
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Implication Chart Method \
Enumerate all possible combinations of states taken two at a time
S0
s1 > S1
Next States 7
Under all s2 S2
InpUt \
Combinations 3 S3
S4 > ™ sS4
S5 A S5
S6 S6

SO S1 S2 S3 S4 S5 S6 SO S1 82 S3 S4 S5
Naive Data Structure:

Xij will be the same as Xji

Also, can eliminate the diagonal

Implication Chart

| © R.H. Katz Transparency No. 9-18 /
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Implication Chart
Filling in the Implication Chart
Entry Xij — Row is Si, Column is Sj

Si is equivalent to Sj if outputs are the same and
next states are equivalent

Xij contains the next states of Si, Sj which must be equivalent if
Si and Sj are equivalent

If Si, Sj have different output behavior, then Xij is crossed out

Example:
SO0 transitions to S1 on 0, S2 on 1;
S1 transitions to S3 on 0, S4 on 1;

So square X<0,1> contains entries S1-S3 (transition on zero)
S2-S4 (transition on one)

S0 S1-S3

S2-S4
S1

‘ © R.H. Katz Transparency No. 9-19

. Contemporary Logic Design
/ State Reduction FSM Optimization

Implication Chart Method \

s1 sts3|, > S2 and S4

S2-S4 have different
S1-S5|S3-S5 1/0 behavior
S2 [s2-s6|s4-s6

$1-S0|$3-50|S5-50 This implies that
S3 |s2-50|$4-50|S6-S0 S1 and SO cannot
Ve be combined

s4

$1-50|S3-50|$5-50[S0-S0
S5 [s2-s0[s4-s0[s6-s0|s0-50

S0-S0
S6 S0-S0

SO S1 S2 S3 S4 S5

Starting Implication Chart

\\\ ‘ © R.H. Katz Transparency No. 9-20 %




N Contemporary Logic Design N Contemporary Logic Design
State Reduction FSM Optimization / State Reduction FSM Optimization
Implication Chart Method \ Multiple Input State Diagram Example \

S1
Results of First Marking Pass S2 gjgg Present Next State Output
. State 00 01 10 11
Second Pass Adds No New Information
_ s3 Sy Sy S S, Sy 1
S3 and S5 are equivalent SH Se S3 S Ss 0
S4 and S6 are equivalent s4 S, S S3 S Sy 1
This implies that S1 and S2 are too! > & go 2 (1)
S0-S0 4 o S1 D2 S5
S5 S0-50 Ss S; S84 S S5 O
s6 S0-S0
S0-S0 Symbolic State Diagram

SO S1 S2 S3 S4 S5

Next State  Output
Input Sequence |Present State | X=0 X=1|] X=0 X=1
Reset Sy S Si 0 0

Reduced State Oor1l s si s;| o o State Diagram
Transition Table 00 or 10 S; Sy Sy 0 0
\\ 0loril1l S: Sy Spl 1 o0
| © R.H. Katz Transparency No. 9-21 | © R.H. Katz Transparency No. 9-22

. Contemporary Logic Design . Contemporary Logic Design
State Reduction FSM Optimization / State Reduction FSM Optimization
Multiple Input Example \ Implication Chart Method \

s1 Does the method solve the problem with the odd parity checker?
Present Next State | Output
e~ State 00 01 10 11
31:53 SE) SO' Sl SZ SS' 1
S2-S2 Sl SO' SS' Sl S3I 0 . .
o394 S, S S3S, S| 1 Implication Chart I
S3 S0-S1 S3 St S Sy Sl o
$3-S0
S1-54 L
S5-S5 Minimized State Table
s4 | so0-s0 S1-S0
s1-s1 $3-S1
S2-52 S2-S2 . .
$3-S5 S4-5 _ SOis equivalentto S2
S5 S0-S1 S1-51 since nothing contradicts this assertion!
S3-54 S0-S4
S1-S0 S4-S0
S5-S5 S5-S5
S0 s1 s2 s3 S4
Implication Chart
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State Reduction FSM Optimization

Implication Chart Method
The detailed algorithm:

1. Construct implication chart, one square for each combination of
states taken two at a time

2. Square labeled Si, Sj, if outputs differ than square gets "X".
Otherwise write down implied state pairs for all input
combinations

3. Advance through chart top-to-bottom and left-to-right. If square
Si, Sj contains next state pair Sm, Sn and that pair labels a square
already labeled "X", then Si, Sj is labeled "X".

4. Continue executing Step 3 until no new squares are marked with
e

5. For each remaining unmarked square Si, Sj, then Si and Sj are
equivalent.

K Contemporary Logic Design
State Assignment FSM Optimization

When FSM implemented with gate logic, number of gates will depend on
mapping between symbolic state names and binary encodings

4 states = 4 choices for first state, 3 for second, 2 for third, 1 for last
= 24 different encodings (4!)

Example for State Assignment: Traffic Light Controller

HG HY FG FY HG HY FG FY Inputs Present State | Next State Outputs
00 01 10 11 10 00 01 11 C TL TS Q1 Qo P; Pg ST H; Ho F;3 Fo
00 01 11 10 10 00 11 o1 0 X X HG HG 0 00 10
00 10 01 1 10 01 00 11 X 0 X HG HG 0 00 10
00 10 11 01 10 01 11 00 1 1 X HG HY 1 00 10
00 11 01 10 10 11 00 o1 X X 0 HY HY 0 01 10
00 11 10 01 10 11 01 00 X X 1 HY G 1 o1 10
01 00 10 11 1 00 01 10 FG
01 00 11 10 11 00 10 O1 10X Fe o 10 00
0 X X FG FY 1 10 00
01 10 00 11 11 01 00 10
X 1 X FG FY 1 10 00
01 10 11 00 11 01 10 00 X x o Fy Py 0 10 o1
01 11 00 10 11 10 00 O1 Fy
01 11 10 00 11 10 01 00 X X 1 HG 1 10 01

24 state assignments

for the traffic light Symbolic State Names: HG, HY, FG, FY

controller
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State Assignment FSM Optimization / State Assignment FSM Optimization
Some Sample Assignments for the Traffic Light Controller Random Assignments Evaluated with Espresso
Espresso input format: .1357 is
h 07
ilbctltsql g0 ;
ibctltsglgo
i5 'gbgpl pOsthlh0flfo ‘ob p1 p0sthl hof1fo
07 11-00 0110000 b8
ilbctits g1qo 10-11 1101000 11-0. 1010000
.ob p1 p0 st h1 ho f1 f0 101 1010000 --010 1000100
p 10 010 1001001 0--01 1010000
0-- HG HG 00010 —01 0100100 --110 0110100
-0- HG HG 00010 7110 0011001 --1%)1 %%%%%2(1)
11- HG HY 10010 e
0- 0000010 01 0101000

-0 HY HY 00110
-1 HY FG 10110
10- FG FG 01000
0-- FG FY 11000
-1- FG FY 11000
-0 HY FY 01001
-1 HY HG 11001
.e

Two assignments: HG = 00, HY =01, FG = 11, FY =10
HG =00,HY =10,FG =01, Fy =11

‘ © R.H. Katz Transparency No. 9-27

0--11 1011000
-1-11 1011000
.e

--011 1101001
.e

26 literals 21 literals
9 unique terms 8 unique terms
several 5 and 4 no 5 input gates, 2 4 input gates

input gates 14 gates total
13 gates total
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N Contemporary Logic Design N Contemporary Logic Design
State Assignment FSM Optimization / State Assignment FSM Optimization
Pencil & Paper Heuristic Methods \ Paper and Pencil Methods \

State Maps: similar in concept to K-maps Minimum Bit Distance Criterion
If state X transitions to state Y, then assign "close" assignments
to Xand Y . . )
First Assignment Second Assignment
Transition Bit Changes Bit Changes
Assignment AsSi t 010 St 2 1
S ssighmen .
’ State Name| Q, Q; Qg State Name |Q, Q; Q, gg :8 g% g 1
Sy 0 0 O Sy 0O 0 O S2t0 S 3: 5 1
0 1 S, 1 0 1 S, 0 0 1 :
—>, S, 1 1 1 S, 0 1 0 S3 to S4: 1 1
Sy L S, S, 0 1 0 Ss 0 1 1 S4 to S1: 2 2
I | I S4 01 1 Sy 11 1 - —7

‘—l [—' . 13
S, Assignment Assignment

Q,Q, Q1 Qo

00 01 11 10
£] Qz\~ 00 01 11 10 Q2 ~ Traffic light controller: HG = 00, HY = 01, FG = 11, FY = 10

0]s, S, S 0 f\o S ’SIS ?2 yields minimum distance encoding but not best assignment!
NV v |V

o s s 1 S4

\\ State Map State Map K
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State Assignment FSM Optimization / State Assignment FSM Optimization
Paper & Pencil Methods \ Pencil and Paper Methods \

Alternative heuristics based on input and output behavior as well Example: 3-bit Sequence Detector

as transitions:

Reset

Adjacent assignments to:

states that share a common next state

(group 1's in next state map) Highest Priority: (S3', S4")

Highest Priority Medium Priority: (S3', S4%)
Lowest Priority:
0,1/0 0/1, 0/0: (SO, S1', S3)
states that share a common ancestor state ' 10 1/0° (SO, S1', S3', 54
@ (group 1's in next state map) T

Medium Priority

: )\ iy Y states that have common output behavior
O (group 1's in output map)
K Lowest Priority \\\
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State Assignment
Paper and Pencil Methods

Qo
M 1] 1

0f 50| 51

Qo

M 0 1
0| 507(| 53
1] 517 || 54

Contemporary Logic Design
FSM Optimization

Reset State = 00

Highest Priority Adjacency

Not much difference in these two I

assignments
_

‘ © R.H. Katz Transparency No. 9-33

00 “—
S1
1/0
0/0
0,1/0

0,1/0

0/0

/ State Assignment
Paper & Pencil Methods

Another Example: 4 bit String Recognizer

—— (&Y<

1/0
1/

}/@)

@

Reset

1/0

b 9

1/0

FSM Optimization

Contemporary Logic Design

Highest Priority: (S3', S4"), (S7', S10"

Medium Priority:
(S1, S2), 2x(S3', sS4, (S7', S10Y)

Lowest Priority:
0/0: (SO, S1, S2, S3, S4, S7)
1/0: (SO, S1, S2, S3', S4', S7')

| © R.H. Katz Transparency No. 9-34

State Assignment
Paper & Pencil Methods

State Map
Q1 Q0 Q1 Q0

ON 00 01 11 10 O\ 00 01 11 10
0| so 0| SO
1 1
Q1 Q0 Q1 QO

QN _00 01 11 10 QXN 00 01 11 10
o0 |so s3 o | so
1 sS4 1| s7 s10°
Q1 QO Q1 Q0

QXN _00 01 11 10 QN _00 01 11 10
0] so s3'| s7 ol so s3'
1 s4' | s10 1| s7 s4' | s10
Q1 Q0 Q1 Q0

ON 00 01 11 10 ON 00 01 11 10
0o|so|st]|s3]|s7 ofsofs1]s3
1 s2 | sa | s100 1| s7| s2 | sa|sio

(2)

(b)

Contemporary Logic Design
FSM Optimization

00 = Reset = SO

(S1, S2), (S3', s4Y), (S7', S10Y
placed adjacently

‘ © R.H. Katz Transparency No. 9-35

/ State Assignment

Current
State
(o) 000
(S;) oo1
(S;) 101
(S;) 011
(S4) 111
(S7) 010
(S0 110

Current
State
(Sp) 000
(Sy) 001
(Sy 010
(S3) 011
(Sy) 100
(S7) 101

(10110

S

Next State
X=0 X=1
001 101
011 111
111 on
010 010
010 110
000 000
000 000
Next State
X = X=1
001 010
011 100
100 on
101 101
101 110
000 000
000 000

Q. Q
QXN 00 01 11 4o
oo[of oo [x
orfrfofo]x
ulldl o [m]o
w[fofo]o |T|
PZ
Q Q
QXN 00 01 11 10
00| O |i| 0 |T|
ool oo |1_|
[ x o
10| o |T| x | o
Py

Effect of Adjacencies on Next State Map

Contemporary Logic Design

FSM Optimization
Q,Q; Q2 Q
QXN 00 11 10 QX\_00 01 11 10
oofo oo | x oo 1]/ o | o [[X
orfofo]o | x o1 1f] o] o [|x
11| T T T T 11 1 0 0 1
Ol ]1]1 0f 1/] oo ||
Pl PCI
Q; Q Q2 Q
Qu X\ 00 01 11 10 Qo X\_00 01 11 10
oolof[o]o] o 00 Zl oo [T
01 [T o |2 o1f o |1_ of|o
ulofo 0 1| o [[1] 0
10 El 0 0 10 |1__1| 0
Py Py

First encoding exhibits a better clustering of 1's in the next state map
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\

One Hot Encodings

/ State Assignment

n states encoded in n flipflops

HG = 0001
HY = 0010
FG =0100
FY = 1000
i7
.09

ilbctltsq3g2qlq0

.0b p3 p2 pl1 p0 st hl ho f1 fO

.p 10

0-- 0001 0001 00010
-0- 0001 0001 00010
11- 0001 0010 10010
--0 0010 0010 00110
--1 0010 0100 10110
10- 0100 0100 01000
0-- 0100 1000 11000
-1- 0100 1000 11000

Contemporary Logic Design
FSM Optimization

Complex logic for

discrete gate implementation

a7
.09
dibctltsg3g2qlqo

.0b p3 p2 pl1 p0 st hl ho f1 fO
p8

10-0100 010001000
11-0001 001010010
-0-0001 000100010
0--0001 000100010
0--0100 100011000
-1-0100 100011000
--00010 101001111
--10010 010111111

IS
_—

Contemporary Logic Design
FSM Optimization

/ State Assignment
Computer-Based Methods

NOVA Input File for the Traffic Light Controller

NOVA: State Assignment for 2-Level Circuit Networks
Input Constraints: states with same i/o mapped to same next state

Output Constraints: states which are successors of same predecessor

inputs current_state next_state outputs

0-- HG HG 00010
-0- HG HG 00010
11- HG HY 10010
--0 HY HY 00110
-1 HY FG 10110
10- FG FG 01000
0-- FG FY 11000
-1- FG FY 11000
-0 FY FY 01001

--0 0010 1000 01001 e
--1 0010 0001 11001
.e

Espresso Inputs Espresso Outputs
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-1 FY HG 11001

K nova -e <encoding strategy> -t <nova input file>
| © RH. Katz Transparency No. 9-38 /

/ State Assignment

Contemporary Logic Design
FSM Optimization

Computer-Based Methods

Greedy: satisfy as many input constraints as possible

Hybrid: satisfy input constraints, more sophisticated improvement
strategy

I/0 Hybrid: satisfy both input and output constraints

Exact: satisfy ALL input conditions

Input Annealing: like hybrid, but uses an even improvement strategy
1-Hot: uses a 1-hot encoding

Random: uses a randomly generated encoding

‘ © R.H. Katz Transparency No. 9-39

N Contemporary Logic Design
/ State Assignment FSM Optimization
Computer-Based Methods \
o HG HY FEG EY #of Product Terms
Greedy (-e ig): 00 11 01 10 9
Hybrid (-e ih): 00 11 10 01 9
Exact (-e ie): 11 10 01 00 10
10 Hybrid (-e ioh): 00 01 11 10 9
I Annealing (-e ia): 01 10 11 10 9
Random (-e r): 11 00 01 10 9

-Z HG on the command line forces NOVA to assign 00 to state HG
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Contemporary Logic Design

Contemporary Logic Design

Input Format:

s2

0-- HG HG 00010
-0- HG HG 00010
11- HG HY 10010
--0 HY HY 00110
--1 HY FG 10110
10- FG FG 01000
0-- FG FY 11000
-1- FG FY 11000
--0 FY FY 01001
--1 FY HG 11001

Oriented towards multi-level logic implementation

Goal is to reduce literal count, rather than product terms

# inputs
# outputs
# of state bits

[o

R.H. Katz Transparency No. 9-43

Encoding Strategies:

Random

Sequential

One-Hot

assignment

Goal: maximum common subexpressions in next state function

Fan-in: states with common predecessors given adjacent

Fan-out: state with common next state and outputs given adjacent
assignments

State Assignment FSM Optimization / State Assignment FSM Optimization
Computer Based Methods Computer Based Methods \
More NOVA Examples: More NOVA Examples:
3-bit Recognizer 4-bit Recognizer Q Qo
-S0S10 SO S1' S3' S4' terms 0S0S10 Q. % o i 10
051530 Greedy: 00 01 11 10 4 150 52 0 ol s:llfs S1!
1S1S40 Hybrid: 00 01 10 11 4 0S1S30 7 2 10
-S3S00 Exactt 00 01 10 11 4 151540
054501 IOHyb: 00 10 01 11 4 052540 1] so|lsilll ss| s
1S4S00 IAnn: 00 01 11 10 4 1S2S30 0 1 Sl
Random:00 11 10 01 4 - S3 S70
0S4S70
1S4S70 Same adjacencies as
-S7S00 the heuristic method
0 S10S0 1
1S10S0 0
SO0 S1 S2 S3' S4' S7'S10'terms
Greedy: 100 110010 011 111 000 001 7
Hybrid: 101 110111 001011000 010 7
Exact: 101 110111001011 000010 7
I0 Hyb: 110 011 001 100 101 000 010 7
I Ann: 100 101 001 111 110 000 010 6
K Rand: 011 100 101 110 111 000 001 7
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State Assignment FSM Optimization / State Assignment FSM Optimization
Mustang Mustang \
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/ State Assignment FSM Optimization

Traffic Light:
HG HY FG FY # product terms

Random: 01 10 11 o0 9
Sequential: 01 10 11 00 9
Fan-in: 00 01 10 11 8
Fan-out: 10 11 00 01 8

3 Bit String Recognizer:
SO0 S1 S3' S4' # product terms

Random: 01 10 11 o0 5
Sequential: 01 10 11 00 5
Fan-in: 10 11 00 01 4
Fan-out: 10 11 00 01 4

4 Bit String Recognizer:
SO0 S1 S2 S3 S4' S7' S10' # product terms

Random: 101 010 011 110 111 001 000 8
Sequential: 001 010 011 100 101 110 111 8
Fan-in: 100 010 011 OO0 001 101 110 8
Fan-out: 110 010 011 100 101 000 001 6

Mustang \

\\ To obtain multilevel implementations, must run misl|
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Contemporary Logic Design
FSM Optimization

/ State Assignment
JEDI # of states; encoding bit length \
Input Format: i4 //g

.04

/ .enum Sta}tes 42 HG HY FG FY

. .enum Colors 3 2 GREEN RED YELLOW

Kinds of states / 0 - - HG HG 0 GREEN RED

- -0 - HG HG 0 GREEN RED

Kinds of outputs 11-HG HY 1 GREEN RED
~-0HY HY 0 YELLOW RED
--1HY FG 1 YELLOW RED
10-FG FG 0 RED GREEN
0--FG FY 1 RED GREEN
-1-FG FY 1 RED GREEN
-Z0FY FY 0 RED YELLOW
--1FY HG 1 RED YELLOW

General encoding problems: best encodings for states and outputs

Encoding Strategies:

Random

Straightforward

One Hot

Input Dominant
Output Dominant
Modified Output Dominate
I/O Combination
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/ State Assignment FSM Optimization

JEDI \

Traffic Light:
HG HY FG FY Grn Yel Red # product terms

Input: 00 10 11 01 11 01 OO0 9
Output: 00 01 11 10 10 11 01 9

Comb: 00 10 11 01 10 00 01 9
Output" 01 00 10 11 10 00 01 10

3 Bit String Recognizer:
SO0 S1 S3' S4' # product terms

Input: 01 10 11 00 4
Output: 01 10 11 o0 4
Comb.: 10 11 00 01 4
Output'” 10 11 00 01 4

4 Bit String Recognizer:
SO S1 S2 S3 S4' S7' S10' # product terms

Input: 111 101 100 010 110 011 OO1 7
Output: 101 110 100 010 000 111 011 7
Comb.: 100 011 111 110 010 000 101 7
Output” 001 100 101 010 011 000 111 8

K To obtain multilevel implementations, must run misl|
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/ State Assignment FSM Optimization
Mustang vs. Jedi \

Traffic Light Controller

QL=HLO"TS+FLO" TS + FLO'" P1
Q0=QL"C'"P1+C"TL"P0 + TS " PO
ST=Q0" PO’ + Q0" PO

Mustang  HL1="FLO + P1" PO

Fewer wires
HLO = P1'" PO
FL1=P1
FLO = HLO'" PO

QL=HL1"C"TL+HLO+FL1"C"TL'
Q0 =HLO" TS +FL1 + FLO" TS'
ST=Q1"HL1+Q1"FLO+HL1 "FL1'"TS
. HL1=P1'" PO’
Jedi HLO = P1 " PO’
FL1 = HLO'" P1
FLO = HL1'" P1'

Fewer literals

\\\ ‘ © R.H. Katz Transparency No. 9-48 %




Contemporary Logic Design

Choice of Flipflops FSM Optimization
J-K FFs: reduce gate count, increase # of connections \

Contemporary Logic Design
FSM Optimization

/ Choice of Flipflops
Examples \

QQ N\ 00 01 11 10
oo O 0 X X

01 |l 1 111

DQ2+ =Q2"Q1 + QO ulola 1.
0fofo||1]1
A~ Q2
D :Ql"QOlll+Q2nQ0u|+Q2nQ1
Q1+ Qo!
@O\ 00 01 11 10
- 00 |T 1 [ x [x
D =Q2"Q1 + Q2" o f[ 1] o |[L]] ©
goe =201+ Q
1] o ofz 0
0o oo 0
Q"
6 product terms Q!
15 literals QN 01 1 10
00 (1 o | X X
01 Il 1 1 1|
1o 0 0 0

D FFs: simplify implementation process, decrease # of connections 4 bit Sequence Detector using NOVA derived state assignment

Next State Output

Present State 1=0 1=1 1=0 =1

Procedure: 000 (Sg) 011 (S;) 010 () 0 0

Encoded Stakt)le 011 (Sy) 101 (S3) 111 (S) 0 0

1. Given state assignments, derive the next state maps from the Transition Table 010 (Sp) 111(Sy) 101 (S3) 00

state transition table 101 (Sy) 100 100 (S7) 0 0

111 (Sy) (S 110 0 0

100 (Sy) 100 (S10) 0 0

2. Remap the next state maps given excitation tables for a given FF 110 (S10) (S9) 000 1 0
3. Minimize the remapped next state function Next State
Present State =0 1=1
000 011 010
Encoded Next 001 XXX XXX
State Map 010 111 101
011 101 111
100 000 000
101 100 100
110 000 000
\\ K 111 100 110
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- . Contemporary Logic Design - - Contemporary Logic Design
Choice of Flipflops FSM Optimization / Choice of Flipflops FSM Optimization
D FF /mp[ementation Qo! \ J-K Implementation \

0o o |o 0
Qo*
‘ © R.H. Katz Transparency No. 9-51

Remapped Next State

Next State J K J K
Present State | =0 1=1 1=0 1=0 =1 I=1
000 011 010 011 XXX 010 XXX
001 XXX XXX | XXX XXX | XXX XXX
010 111 101 1X1 XOX 1X1 XiX
011 101 111 IXX X10 | 1XX X00
100 000 000 X00 1XX X00 1XX
101 100 100 XO0OX 0X1 | XOX OX1
110 000 000 XX0 11X | XXO0 11X
111 100 110 | XXX 011 XXX 001

Remapped Next State Table
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Contemporary Logic Design

Contemporary Logic Design

FSM Optimization / Finite State Machine Partitioning FSM Optimization
J-K Implementation (continued) Q! Q! \ Why Partition?
Q2Q1 00 01 1 10 QQ1 00 01 11 10
0 0 X . .
* X oo || XXX | X mapping FSMs onto programmable logic components:
orff1 |1 1|1 or|f x| x X | x limited b fi toutout pi
= imited number of input/output pins
J Q2+ Ql 1| X | X X X m|l 1|1 0 0 L p p p
L 0 x| x| x |x w2121 1o limited number of product terms or other programmable
resources
KQa+ =Q0 & Ka;
Qol Qol | 15 5
QQ1\ 00 01 11 10 QQi\_00 01 11 10 First Partition +,
3 _ oo|[1] 1] x | x oo x [ [x]] x |[x] ) Next-State and
Q1+ = Q2 20 inputs Output Functions 10 outputs 20 10
oL |X] x| X X o1| 0 1 o |1 —7 (—»
. . W nlx|x [ x| x w1 [Tz o ||2 — 5 Second 5
KQ1+ =Q0"I + Q0"I + Q2" Q0 wlol ol ol o o T T Partition
By Ko,
J 0 =02" 1 + 2..|_ Qo Qo S S
Q + = Q Q Q Q2 Q1 00 01 11 i_ Q2 Q1 00 01 1 10 ; ta
o 1|0 | x|[x oo x | x| x]x t ] t
e e
KQO+ - Q2 01 |1 1 X x| 01| x X 0 0
wpojox|x I EIENE Example of Input/Output Partitioning:
9 unique terms 10 o |o|x|x x| x |1 |12 5 outputs depend on 15 inputs
14 literals Y Ko, 5 outputs depend on different overlapping set of 15 inputs
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Finite State Machine Partitionin FSM Optimization / Finite State Machine Patrtitionin FSM Optimization
Introduction of Idle States \ Introduction of Idle States

Before Partitioning
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After Partitioning

C1eS1 + C3S2 + C4+S3 + C5-S2

C5-S2
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Finite State Machine Partitioning FSM Optimization
Rules for Partitioning

Rule #1: Source State Transformation; SA is the Idle State

Ot a®) > DD

Rule #2: Destination State Transformation

. c2 ‘ —> ( ) C2+56
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.. N .. Contemporary Logic Design
/ Finite State Machine Patrtitioning FSM Optimization
Rules for Patrtitioning \

Rule #3: Multiple Transitions with Same Source or Destination

c3
LN e C3+C5 C3-52 + e
C4+S3 l
c4 cs ca K
C5eS2

Rule #4: Hold Condition for Idle State

C2+S6

(=)
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Finite State Machine Partitionin FSM Optimization

/ Contemporary Logic Design

Another Example

6 state up/down counter

building block has 2 FFs + combinational logic

K ‘ © R.H. Katz Transparency No. 9-59

.. K . . Contemporary Logic Design
/ Finite State Machine Patrtitionin FSM Optimization

6 State Up/Down Counter \

D+S0+U*S2

Introduction of the two idle state SA, SB
Count sequence SO, S1, S2, S3, S4, S5:
S2 goes to SA and holds, leaves after S5
S5 goes to SB and holds, leaves after S2

Down sequence is similar

\\\ ‘ © R.H. Katz Transparency No. 9-60 %
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/ Chapter Summary FSM Optimization
" Optimization of FSM

State Reduction Methods: Row Matching, Implication Chart

State Assignment Methods: Heuristics and Computer Tools

" Implementation Issues
Choice of Flipflops

Finite State Machine Partitioning
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Chapter #10: Finite State

Machine Implementation

Contemporary Logic Design

Randy H. Katz

University of California, Berkeley

July 1993
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/Chaoter Outline

" Implementation Strategies
discrete logic
design with counters, ROMs
programmable logic
PALs

FGPAs: Altera, Actel, Xilinx

-

Contemporary Logic Design
FSM Implementation

1 © R.H. Katz Transparency No. 10-2 /

Implementation Strategies

" Discrete Gate Logic
Emphasis so far

" MSI Logic (e.g., Counters)

" Structured Logic (e.g., PLA/PAL, ROM)

" Field Programmable Gate Arrays (FPGAS)
Function can be configured "on the fly" or

Flipflops/Registers plus discrete gates on

Contemporary Logic Design
FSM Implementation

in the field

the same chip

1 © R.H. Katz Transparency No. 10-3

/ Implementation Strategies
FSM Design with Structured Logic

Combinational

Contemporary Logic Design
FSM Implementation

Block Diagram for
Synchronous Mealy Machine

Logic Registers
—> Ny, )
Output -
Inputs Function Outputs
—> > >
> Next State > >
Function
e L
State
ROM Registers
—>|A0 DO—> —>
Inputs Outputs
—>An-1 Dk-1 > —>
> An Dk > >
|—> An+m-1 Dk+m-1 [ —)l

ROM-based Realization '

" Inputs & Current State
form the address

" ROM data bits form the
Outputs & Next State

1 © R.H. Katz Transparency No. 10-4 /




Implementation Strategies
ROM:-based Design

Conversion Process

\

Bits are presented in bit serial fashion
starting with the least significant bit

Single input X, single output Z

FSM Implementation

Contemporary Logic Design

Example: BCD to Excess 3 Serial Converter

__BCD| Fxcess 3 Cade
0000 0011
0001 0100
0010 0101
0011 0110
0100 0111
0101 1000
0110 1001
0111 1010
1000 1011
1001 1100

1 © R.H. Katz Transparency No. 10-5

/ Implementation Strategies
BCD to Excess-3 Converter

Next State Output

Present State | x=0 x=1 | x=0 Xx=1
SO S1 S2 1 0
S1 S3 S4 1 0
S2 S4 S4 0 1
S3 S5 S5 0 1
S4 S5 S6 1 0
S5 S0 SO 0 1
S6 SO - 1

0/1

0/0,
1/1

0/0,
1/1

FSM Implementation

Contemporary Logic Design

State Transition Table

Derived State Diagram

1 © R.H. Katz Transparency No. 10-6

Implementation Strategies
BCD to Excess 3 Converter

ROM Address ROM Outputs

D2 D1 DO

P<
N
=
=]

XXPRPORPPOOXPFRPOROOR RN

PRPRRPRRPRPRRPRPRPOOOOOOOO
PRPRRPOOOORRRLRRLOOOO
PP OORRFROORROORREROO
PORORORORORORORO
XXORRPRRPPOXOORRRLROO
XXOFROOORXOOOOORO
XXOOROOOXOORRORR

Truth Table/ROM 1I/Os

\_

ROM-based Implementation

FSM Implementation

Contemporary Logic Design

CLk 9RCIK |15
175 52
1. X Xconverter ROMZ 13|D QD19
0" ] — 121C QCm
— Q2 D2 12 ot
—{ o1 D1|— i B o817
— DO |— A 6
Q0 o1 L
oafs
I~ Ljcr ZB
0~ \Reset QA

Circuit Level Realization
74175 = 4 x positive edge triggered D FFs

In ROM-based designs, no need to consider state assignment

1 © R.H. Katz Transparency No. 10-7

/ Implementation Strategies
BCD to Excess-3 Converter

LSB

FSM Implementation

Contemporary Logic Design

MSB

Timing Behavior for input strings 0000 (0)and 111 0 (7)

| 100 |
0 0 0 0 1 1 1 0
A -
1 1 0 0 1 0 1
c I | 1 | —

CLKE L I 11 I LTI

“Reset

0000~ *1100
LSB

1110 ———*>0101

LSB
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Contemporary Logic Design
FSM Implementation

/ Implementation Strategies
BCD to Excess 3 Converter

Contemporary Logic Design
FSM Implementation

BCD to Excess 3 Converter \
PLA-based Design
. . i4 Espresso Inputs A4
State Assignment with NOVA 04 04
ilbxg2q9lqo0 ilbxg2qlqo0
.0bd2d1doz .obd2d1doz
0S0S11 S0 =000 .p 16 p9
1S0S20 S1 =001 00000011 0001 0100
0S1S31 S2 =011 10000110 10-0 0100
1S1S40 S3 =110 00011101 01-0 0100
0S2S40 S4 =100 10011000 1-1- 0001
1S2s41 S5=111 00111000 -0-1 1000
0S3S50 S6 =101 10111001 0-0- 0001
1S8S3S51 01101110 -1-0 1000
0S4S51 . 11101111 --10 0100
154560 NOVA derived 01001111 -0 0010
0S5S00 state assignment 1100 101 O Espresso Outputs e
1S5S01 01110000
11110001
056501 9 plroduct term 0101 000 1
NOVA input file implementation 1101 --- -
0010 --- -
1010 --- -

\\ K.e
1 © R.H. Katz Transparency No. 10-9 1 © R.H. Katz Transparency No. 10-10
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/ Implementation Strategies FSM Implementation
BCD to Excess 3 Serial Converter \

10H8 PAL: 10 inputs, 8 outputs, 2 product terms per OR gate

. . Contemporary Logic Design
Implementation Strategies FSM Implementation
BCD to Excess 3 Converter \

D2=Q2"Q0 + Q2" Q0
D1= X"Q2"Q1"Q0 +X"Q2"Q0 + X"Q2"Q0 + Q1" Q0
DO = Q0

D1 =D11 + D12

DI1=X"02"Q1"Q0 + X" Q2" Q0
DI12=X"Q2"Q0 + Q1" Q0

0123 45 89 1213 1617 2021 2425 28293031

Z=X"Q1l + X"Q1

i3
ClK 9fcik ool — 1 B> o2
converter PLA 175 Qb & z 0. Q2" " Qa @ I:"_—
1. X z 13D 10 1. Q2"Q0___ 5 O ou
—x - == QCE= " " " i
0~ o2 D2l 2|c oo [l 8. X"Q2"Q1" Q0 a3
] Dl — 25 sk 2 X"Q2" Q0 7 B> 0w
— Qo DO AlA 38 [ 16. X" Q2" Q0 203
) 17. Q1" QO % o o
1 1 QAT 24. D11 =
0 Rl QA 25. D12 13
32. QO 33 B)}- DO
33. not used DH{&
40. X" Q1 a1 B> -
K \\\41. X" Q1
1 © R.H. Katz Transparency No. 10-11 1 © R.H. Katz Transparency No. 10-12




Contemporary Logic Design
FSM Implementation

Implementation Strategies
BCD to Excess 3 Serial Converter
0123 45 89 1213 1617 2021 2425 28293031

0
B))-Dz

PAL10H8 Q2—|\1?.
X 1 e 2
Q2 —2H B —~fio— b2 g ED)D D11
QL —{3HH F_—>—fig— Ql%
Q0 —7H B >-fi— o
514 AND B —>[1d— D1 17 BD— D12
5] Er?; {5 oo Qo0
7H R —>-4— z g
8 = —>—fi3 5 B))— D1
oH T = -2 D11
o ] 4
= §§ BD— DO
DIZ% >

[*]
40
41 z

\

1 © R.H. Katz Transparency No. 10-13

Q2+

/ Implementation Strategies
More Advanced PAL Architectures

Registered PAL Architecture

Contemporary Logic Design
FSM Implementation

Buffered Input
or product term

CLK OE

Q2+Q0+Q2+Q0

AN

Q2-Q0

H— D2 &+ _| Q2+

Dol A
o Q2+ §

1
M

Q2

DO = QO
Z=X"Q1 + X" Q1

Q2 Q0 Q0

D2=02"Q0 + Q2" Q0

=N Q2+Q0+Q2+Q0

Negative Logic
Feedback

E:)_("QZ"QI"QO + X"Q2+ X"Q0 + Q2"Q0 + Q1" Q0

1 © R.H. Katz Transparency No. 10-14
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Implementation Strategies
Advanced PAL Architectures
Programmable Output Polarity/XOR PALs
CLK OE

Buried Registers: decouple
FF from the output pin

_—D_ I)D P '—I_%—
:?_{

Advantage of XOR PALs: Parity and Arithmetic Operations

ABCD
ABCD -
A8CO ADBOCOD Af 3] > Adsocoo
ABCD — [ = l_)§>—
2 CD [
ABCD ¢B
ABCD
ABCD ——M [

1 © R.H. Katz Transparency No. 10-15

/Im lementation Strategies

Example of XOR PAL

N St
. S
. Soin]
) Sty
. Eoi]
. S0l
3 Soin]

Bl

LTy rry

Contemporary Logic Design
FSM Implementation

Example of Registered PAL

. b
B o
ot AE
N gylﬁ
i e
o by
= g

1 © R.H. Katz Transparency No. 10-16




Implementation Strategies

Specifying PALs with ABEL

P10H8 PAL

Explicit equations
for partitioned
output functions

module bcd2excess3

Contemporary Logic Design
FSM Implementation

title 'BCD to Excess 3 Code Converter State Machine'

ul device 'p10h8";

"Input Pins

X,02,Q1,Q0,D011i,D12i pin 1,2,3,4,5,6;

"Output Pins

D2,D110,D120,D1,D0,Z pin 19,18,17,16,15,14;

INSTATE [Q2, Q1, QO];

=[0, 0, 0];
Sl [0, 0, 1];
S2=10, 1, 1];
S3=11,1,0]
S4=11,0,0];
S5=11, 1, 1];
S6 =11, 0, 1];
equations

D2 = (1Q2 & QO) # (Q2 & !Q0);

D1 = D11i # D12i;

D110 = (X & !Q2 & IQ1 & QO) # (X & !Q2 & !QO);
D120 = (!X & Q2 & !Q0) # (Q1 & !QO);

DO = 1Q0;

Z=(X & Q1) # (X & IQ1);

end bcd2excess3;

1 © R.H. Katz Transparency No. 10-17
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Specifying PALs with ABEL
P12H6 PAL module bcd2excess3

ul device 'p12h6';

"Input Pins
X,Q2,Q1, Q0 pin 1,2,3, 4

"Output Pins

I;

Slin =0, 0, 1]; Slout=]0, 0, 1];
S2in =0, 1, 1]; S2out=10, 1, 1J;
S3in=[1, 1, 0]; S3out=11, 1, 0];
S4in=[1, 0, 0]; S4out=11, 0, 0];
S5in =1, 1, 1]; S5out =11, 1, 1J;
S6in =[1, 0, 1]; S6out =[1, 0, 1J;
equations

D2 = (1Q2 & QO) # (Q2 & !QO);

(IX & Q2 & 1QO) # (Q1 & !QO);
DO = 1QO;
Z=(X & Q1) # (X & 1Q1);

Simpler equations

end bcd2excess3;

D2, D1, DO, Z pin 17, 18, 16, 15;

Contemporary Logic Design
FSM Implementation

title 'BCD to Excess 3 Code Converter State Machine'

INSTATE =[Q2, Q1, QOJ; OUTSTATE = [D2, D1, DO];

D1=(IX & !1Q2 & IQ1 & QO) # (X & !Q2 & !QO) #

1 © R.H. Katz Transparency No. 10-18

Implementation Strategies

Specifying PALs with ABEL

P16R4 PAL

module bcd2excess3

title 'BCD to Excess 3 Code Converter'

ul device 'p16r4’;

"Input Pins

CIk, Reset, X, |OE

"Output Pins

D2, D1, DO, Z
SREG = [D2, D1, DO];

o:[o, 0,0];
=[o, 0, 1;
=0, 1, 1];

53 [1, 1, O];

S4=1[1,0,0]

S5=[1,1,1];

S6=[1,0, 1];

pin 1,2, 3,11;

pin 14, 15, 16, 13;

Contemporary Logic Design
FSM Implementation

state_diagram SREG

state SO: if Reset then SO
else if X then S2 with Z=0
else S1withz=1

state S1: if Reset then SO
else if X then S4 withZ=0
else S3withz=1

state S2: if Reset then SO
else if X then S4 withZ =1
else S4withz=0

state S3: if Reset then SO
else if X then S5 withZ=1
else S5withZz=0

state S4: if Reset then SO
else if X then S6 with Z=0
else S5withz=1

state S5: if Reset then SO
else if X then SOwithZ=1
else SOwithZz=0

state S6: if Reset then SO
else if IX then SOwithZ =1

end bcd2excess3;

1 © R.H. Katz Transparency No. 10-19

/ Implementation Strategies
FSM Design with Counters

Synchronous Counters: CLR, LD, CNT

Four kinds of transitions for each state:
(1) to State 0 (CLR)
(2) to next state in sequence (CNT)
(3) to arbitrary next state (LD)

(4) loop in current state

Contemporary Logic Design
FSM Implementation

no

CLR ‘ signals
° asserted

CNT LD

®» @

of the counter

Careful state assignment is needed to reflect basic sequencing I

\ 1 © R.H. Katz Transparency No. 10-20




Implementation Strategies
FSM Design with Counters
Excess 3 Converter Revisited

Reset

©)

010,
11
Y
()
1/0
Y

©

0/1

\

Contemporary Logic Design
FSM Implementation

Note the sequential nature
of the state assignments

1 © R.H. Katz Transparency No. 10-21

/ Implementation Strategies
FSM Design with Counters
Excess 3 Converter

Inputs/Current Next
State State

<

Q2 Q1 Q0[{Q2+ Q1+ QO+

Contemporary Logic Design
FSM Implementation

Outputs

O
70
—
-
m
Z

0

PR RPRRPRPRPRPPOOOOOOOO
PP RPPRPOOOORRRLRRLROOO

PFRPOORRFRPOORRLROORRLROO
PORORORORORORORO
XXRPPROORRXOOROOOO
XXRPOOROOXOROORRO

-

XXORORRPROXORROROLR

CLR signal dominates LD which dominates Count

XXPRPORPRPRPOOXRPROROOR RN
XXpPrProrrrPrXORrRROoORPrPr|IC
XXPRXPOOXXORXERR

XXPPRPXPXXXXXPRrXPPRPR

XXXXXXPRpRrXXoXXXXX|[0
XXXXXXo00XXpP XXXXX|®m
XXXXXXPOXXoXXXXX[[>
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Implementation Strategies
Implementing FSMs with Counters
Excess 3 Converter

i5 Espresso Input File
07 P putH

dilbresxqg2qlqo
obzclrldencba

S,

00000 1111--
00001 1111---
00010 0111---

00100 0111---
00101 110-011

00111 ----—-
01000 010-100
01001 010-101
01010 1111--

01100 1111---
01101 0111---

Contemporary Logic Design
FSM Implementation

ib

.07
ilbresxqg2ql g0
.Obzclrldencha
.p 10

0-001 0101101
-0-01 1000000
-11-0 1000000
0-0-0 0101100
-000- 1010000
-0--0 0010000
0-10- 0101011
--11- 1000000
-11-- 0010000
-1-1- 1010000

.e

Espresso Output File

1 © R.H. Katz Transparency No. 10-23

Excess 3 Converter Schematic

1= excess 3 PLA
0 e 4
1- x —[Reset \CLRI—
= —x \LDf
0 —lQ2 ENF-
—|o1 o
—|So B
-

/ Implementation Strategies
FSM Implementation with Counters \

[

Contemporary Logic Design
FSM Implementation

7 z

™" 163 —|P Q-
15 —]

ek REO C Qp—
6/ D pli1

(5 c SCLZ
4B 0B 13

3 [12

=1 A QA

94 LoAD

1

—9CLR

Synchronous Output Register

/
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\

Implementation Strategies
FSM Design with More Sophisticated PLDs \

FSM Implementation

Programmable Logic Devices = PLD
PALs, PLAs =10 - 100 Gate Equivalents

Field Programmable Gate Arrays = FPGAs
" Altera MAX Family
" Actel Programmable Gate Array

" Xilinx Logical Cell Array

100 - 1000(s) of Gate Equivalents!

1 © R.H. Katz Transparency No. 10-25

Contemporary Logic Design
FSM Implementation

/ Implementation Strategies
Design with More Sophisticated PLDs \

Altera EPLD (Erasable Programmable Logic Devices)

Historical Perspective:
PALs — same technology as programmed once bipolar PROM
EPLDs — CMOS erasable programmable ROM (EPROM)
erased by UV light

Altera building block = MACROCCIE%L

\

Clk

> > Mux
8 Product Term
AND-OR Array
+ AND [ ) _ pad | /O Pin
Programmable ARRAY [
MUX's Invert
E Control
Seq. Logic

/v Block

K Programmable polarity N Programmable feedback
1 © R.H. Katz Transparency No. 10-26
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Implementation Strategies FSM Implementation

Design with More Sophisticated PLDs \

Altera EPLDs contain 8 to 48 independently programmed macrocells
Personalized by EPROM bits:

Glcoflf ' clk Synchronous Mode
MUX
1
—> .
O > Flipflop controlled
OE/Local CLK by global clock signal
A E'—| local signal computes
EPROM output enable
Cell
Global
CLK Clk Asynchronous Mode
MUX
1—>
D > Flipflop controlled
OFE/Local CLK > by locally generated
- X E|_| clock signal
EPROM

Cell

+ Seq Logic: could be D, T positive or negative edge triggered
+ product term to implement clear function

1 © R.H. Katz Transparency No. 10-27

. . Contemporary Logic Design
/ Implementation Strategies FSM Implementation
Design with More Sophisticated PLDs \

AND-OR structures are relatively limited
Cannot share signals/product terms among macrocells

Altera solution: Multiple Array Matrix (MAX)

= =
= =
Logic B4, <« > —=  Global Routing:
Array =5 WeA LBH 3 _ Programmable
Blocks 54 BB interconnect
Iﬁ
< Array
(similarto S5— € > —=
macrocells) S—| s 41 LABG =3 EPM5128:
= —= )
=l >| P |« — — 8 Fixed Inputs
= | — — 52 1/0 Pins
== €< A > —= 8LABs
55— Wec LABF  —33 16 Macrocells/LAB
=— —= 32 Expanders/LAB
= < > —=
= —=
e LAB D LAB E I:I:I
\\\
= —=
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Implementation Strategies

Design with More Sophisticated PLDs
LAB Architecture

Contemporary Logic Design
FSM Implementation

YY

n4CUoz-—
>

o—
[D— Macrocell

—L1/0 Pad

Macrocell >
ARRAY Vo
Block

—L1/0 Pad

A

Expander |
Product L1

Term
ARRAY

P-Terms

it

<

]

Expander
P-Terms
Y

-

L

Expander Terms shared among alll
macrocells within the LAB
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/ Implementation Strategies
P22V10 PAL

Supports large number of product terms per output
Latches and muxes associated with output pins

Contemporary Logic Design
FSM Implementation

1 © R.H. Katz Transparency No. 10-30

Rows of programmable
logic building blocks

rows of interconnect

Anti-fuse Technology:

Implementation Strategies
Design with More Sophisticated PLDs

Actel Programmable Gate Arrays

Contemporary Logic Design
FSM Implementation

| 1/0 Buffers, Programming and Test Logic |

+

Program Once

Use Anti-fuses to build
up long wiring runs from

1 ]
1 ]
1 ]
:
1 ]
21607 1581 pue Bulwwelbold ‘siayng o/||

| 1/0 Buffers, Programming and Test Logic |

|I/O Buffers, Programming and Test Logic N

short segments Logic Module

Wiring Tracks

8 input, single output combinational logic blocks

FFs constructed from discrete cross coupled gates

1 © R.H. Katz Transparency No. 10-31

Implementation Strategies
Actel Logic Module

N

SOA S0 Ss1

il

D1 —

2:1 MUX —

D2 —

2:1 MUX
D3 —

SOB

Example: - —
Implementation of S-R Latch

Contemporary Logic Design
FSM Implementation

Basic Module is a
Modified 4:1 Multiplexer

|
3

2:1 MUX Q

2:1 MUX
g

2:1 MUX

I
I
S
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Actel Interconnect

Contemporary Logic Design
FSM Implementation

St St =
%/ Logic Module
NN N, N N NN N N Y
PVYVV L A4 A A "A % VY VYV L] e
Do BB -5 F':l L Do A
. VVYVV PVYVV L] WV VVYVV
NP N, LN NN . NN N
Horizontal pPOOOT| PO 0OD JJJJI_.Le_\
Track N NN N, A W N Anti-fuse
VYV VYV FPVYVYYV L] AY 4 VY VVY
=1 S =1 Y =1 b
= = =
E -
b-6-60-010—6-6-0-6 b-6-6-0— 9
D O-O-b bbb To—6bbb
Y Y VYV YV Y YY VY A 4 Y Y YV YV
Vertical _—7
Track

Interconnection Fabric
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/ Implementation Strategies

Actel Routing Example

Contemporary Logic Design
FSM Implementation

Logic Module

¢

Logic Module
Output

I\
Input

Logic Module

/|\

Jogs cross an anti-fuse

K

Input

minimize the # of jobs for speed critical circuits

2 - 3 hops for most interconnections
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Design with More Sophisticated PLDs
Xilinx Logic Cell Arrays

CMOS Static RAM Technology: programmable on the fly!

All personality elements connected into serial shift register

Shift in string of 1's and 0's on power up
[

Contemporary Logic Design
FSM Implementation

[1oB ] [[1oB ] [10B | [ 108 ]
_ TTITT TTITT TTIT OTTTTd
o
General Chip Architecture: =L A -
" Logic Blocks (CLBs) — — — B
" 10 Blocks (IOBs) — B | cLB
" Wiring Channels oy - T - —F
:_ <<—Wiring Channels —>
_|8F L ¢ L
— o — cie

/ Implementation Strategies
Design with More Sophisticated PLDs

Xilinx LCA Architecture

Contemporary Logic Design
FSM Implementation
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A

Clocks

Inpu_ts: Program Controlled Options
TrI-State enable ouT TS OUTPUT SLEW PASSIVE vee
_blt to Outpl’lt INV INV SOURCE RATE PULLUP T
input, output clocks
Enable
Output D
Outputs: 7. |
input bit ]
I— MUX —I\/ PAD
Internal FFs for Out _ﬂ D Q}— output
input & output paths Buffer
—>
Direct In \ ?
Fast/Slow outputs < |
5 30 ns ri < Q D <
nsvs. nsrise Registered In TTL or CMOS
Input Buffer
N
. _/ R
Pull-up used with T !
unused IOBs '

Global Reset
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/ Implementation Strategies
Design with More Sophisticated PLDs
Xilinx LCA Architecture
Configurable Logic Block: CLB

Contemporary Logic Design
FSM Implementation

2 FFs
Reset P
DIN "1 Mux |—[p RD
Any function of —> ce |
5 Variables —[o1 F T Mux - x
A —
B Combinational
Global Reset c Function
D Generator
E I
o2 G RS I Mux Hy
Clock, Clock Enb Mux H-Hpo RDQ —
Clock L,_c Mux > CIE
Independent DIN ~ Clock
Enable
K 1 © R.H. Katz Transparency No. 10-37
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Design with More Sophisticated PLDs
Xilinx LCA Architecture

CLB Function Generator

Q1

A

B —{|Mux F
I- Function

C—{Mux of5 ™

Variables

D G

E

Q2

Any function of 5 variables

-

Contemporary Logic Design
FSM Implementation

Function
ofa —F
Variables

Function
of 4 —G
Variables

Two Independent Functions
of 4 variables each
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Implementation Strategies

Xilinx LCA Architecture

CLB Function Generator

Design with More Sophisticated PLDs

Contemporary Logic Design
FSM Implementation

Q1
A
B —[Mux
I- Function
C—Mux of4 I
Variables
D E
Certain Limited Q2 ‘ F
Functions of 6 Variables
Mux
o
A G
B —[Mux
I- Function
C—1Mux of4 I
Variables
D
Q2
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Xilinx Application Examples

5-Input Parity Generator
Implemented with 1 CLB:

/ Implementation Strategies
Designing with More Sophisticated PLDs

Implemented with 1 CLB:

F = A xor B xor C xor D xor E

(this is a different parity generator than the one in Chapter 8!)

2-bit Comparatorr AB=CDorAB>CD

(GT) F=AC + ABD + BCD

(EQ) G=ABCD + ABCD + ABCD + ABCD

Contemporary Logic Design
FSM Implementation
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Designing with More Sophisticated PLDs \ Designing with More Sophisticated PLDs

Xilinx Application Examples Xilinx Application Examples

n-Input Majority Circuit 4-bit Binary Adder

Assert 1 whenever n/2 or greater inputs are 1
A2 B2 Al B1 A0 BO Cin

5-input Majority Circuit ‘# ‘L‘ ‘l‘ ‘L ¢‘ ¢‘ ¢' ¢‘ ¢‘

>
w
@©
w

9
9 Input Parity Logic ;. ;. . ;. ?ulllAdder, 4tCLB delays to
3 cLB L > Inal carry ou
> —>| cLB Cout | s3 c2| s2 01| lsa co iso
9 _|
7-input Majority Circuit > A3 B3A2B2 _ Al B1A0BOCin
> CLB > ¢ ¢ ¢ +
—> > vYyvy *yYyyv
—>| CLB > > .
—> > :—‘—— T 2 x Two-bit Adders (3 CLBs
——>| cB& > each) yields 2 CLBs to final
> >
—>| CLB > CLB S2 cLB < carry out
—> | |s3 s1
Couti c2

n-input Parity Functions
5input = 1 CLB, 2 Levels of CLBs yield up to 25 inputs!
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Implementation Strategies FSM Implementation Implementation Strategies FSM Implementation
Design with More Sophisticated PLDs \ Design with More Sophisticated PLDs
Xilinx LCA Architecture Xilinx LCA Architecture

Direct Implementing the BCD to Excess 3 FSM
Connections

Interconnect
Q2+=02"Q0 + Q2" QO

Direct Connections _ . — = _ _
QL+=X"Q2"Q1"Q0 + X"Q2"Q0 + X"Q2"Q0 + Q1"QO0

Horizontal

Global Long Line Long Line —+ . —
— T Q0+ =Q0
Horizontal/Vertical %WN':;R';Q _ o
Long Lines _ B _ Z=72"Q1 + X"Q1
Horizontal —_—
Switching Matrix Long Line L | _ _
Connections —JDicEA | —picEA No function more complex than 4 variables
= cuez| | € cies"[ 4 FFs implies 2 CLBs
—IK Y - Y
—_|_|_|E D R —E '|3 T Synchronous Mealy Machine
! | \ Global Reset to be used
Vertic_al Glob_al
tonglines  tongline Place Q2+, QO+ in once CLB

Q1, Z in second CLB
\\\ maximize use of direct & general purpose Interconnections
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Contemporary Logic Design

Implementation Strategies

Design with More Sophisticated PLDs
Xilinx LCA Architecture

Implementing the BCD to Excess 3 FSM

FSM Implementation

Contemporary Logic Design

Design Case Study

/

Traffic Light Controller

" Controller FSM

next state/output functions

Decomposition into primitive subsystems

FSM Implementation

Clk Lrga ;
state register
X
" Short time/long time interval counter
CE
| l I " Car Sensor
CE A CE A
— il _ X —pr X
2—| re [ = Fe H HE
—f8 @ N L 3 [ " Output Decoders and Traffic Lights
—|c —lc
— Y X Y
—K QO: G —|Z-i 0 — K Ql: FG _|Z|__Z
—E - —E -
D RES D RES
| | oz [ a2
T LI
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) Contemporary Logic Design 3 Contemporary Logic Design
Design Case Study FSM Implementation / Design Case Study FSM_Implementation
Traffic Light Controller Traffic Light Controller \
Block Diagram Subsystem Logic
Light
. c Decoders r
n -
—] — -3
Eﬁ"(EI) short time/ Present :‘ ) b e F1
— long time - — RQfo— Ly
— counter = J__
o i \Present :‘3_ T\Reset )
ST
R controller fsm E F +
.
! > 2 Next State 5, Encoded - '3 HO 1]
c c L*:: output | = - Light [ e 4]
(async) ar ~ p 2, Light Decod
> sensor | = Logic Signals eeoders 1xs Sy
C (syne) 9 Car Detector L
CK 2 H 557
2 State +
> Register %
~
o7 163 ﬂjﬂ
LK 2 RCOML
Interval I A
Timer I odm >
4B QB3
A QAHL4
9
Reset —o LOAD
S %DJS
ST
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Contemporary Logic Design

\

Traffic Light Controller \
Next State Logic

/ Design Case Study FSM Implementation

State Assignment: HG = 00, HY =10, FG =01, FY =11
PL=CTLQL + TSQ1Q0 + CQ1 Q0 + TS Q1 Q0
PO=TSQ1Q0 + QL Q0 + TS Q1 Q0

ST=CTLQL + CQ1Q0 + TSQ1Q0 + TS Q1 QO
HL[1]= TS Q1 Q0 + O1 Q0 + TS 01 Q0
HL[O] = TS Q1 Q0 + TS Q1 Q0

FLI1] = Q0

FL[O] =TS Q1 Q0 + TS Q1 QO

PAL/PLA Implementation:

5 inputs, 7 outputs, 8 product terms
PAL 22V10 -- 11 inputs, 10 prog. IOs, 8 to 14 prod terms per OR

ROM Implementation:
32 word by 8-bit ROM (256 bits)
Reset may double ROM size
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/ Design Case Study
Traffic Light Controller

Contemporary Logic Design
FSM Implementation

TS/ST

KST = Count

Next State Logic
Counter-based Implementation > % 21 MUX
X 4:
I—5GA 153 /
TS 3l a3
L= A a2 ST 4
\C — _2 Al YA L 10 _li—_’ 163 g
—{A0 2 RCOH
] UL PCLK
T 13 [ f= 3
— = B3 2D QD}==
1282 9 L ow2c Qct?
We VB e 0B o
1980 w3 A Qa2 Q0
.15 _9
=0/GB 41 g0 LOAD
TL+C /ST = [2 117 \Reset 1| CLR

TTL Implementation with MUX and Counter

Can we reduce package count by using an 8:1 MUX?
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. Contemporary Logic Design
Design Case Study FSM Implementation
Traffic Light Controller \

Next State Logic

Counter-based Implementation
Dispense with direct output functions for the traffic lights

Why not simply decode from the current state?

HG HY HR FG FY FR

3>

ST is a Synchronous Mealy Output

3 e Vi< |

L V2|6
Q1 -~ 9B Y12
Q —4A  vopt

Light Controllers are Moore Outputs
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/ Design Case Study
Traffic Light Controller
LCA-Based Implementation

Discrete Gate Method:
P1, ST are 5 variable (1 CLB each)

FL1 is 1 variable (1/2 CLB)
4 1/2 CLBs total!

None of the functions exceed 5 variables

PO, HL1, HLO, FLO are 3 variable (1/2 CLB each)

Contemporary Logic Design
FSM Implementation
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Design Case Study

Traffic Light Controller

LCA-Based
Implementation

Placement of
functions selected
to maximize the
use of direct
connections

Contemporary Logic Design
FSM Implementation

TS
J (-]

TS

—
[

DICE A
B X

TS|

pa
Qo

- H1

- HO

Q1

<

DR
[
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/ Design Case Study
Traffic Light Controller \

LCA-Based Implementation

Counter/Multiplexer Method:
4:1 MUX, 2 Bit Upcounter
MUX: six variables (4 data, 2 control)
but this is the kind of 6 variable function that can be
implemented in 1 CLB!
2nd CLB to implement TL" Cand TL + C'

But note that ST/Cnt is really a function of TL, C, TS, Q1, Q0
1 CLB to implement this function of 5 variables!

2 Bit Counter: 2 functions of 3 variables (2 bit state + count)
Also implemented in one CLB

Traffic light decoders: functions of 2 variables (Q1, QO)
2 per CLB = 3 CLB for the six lights

Total count =5 CLBs
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Chapter Summary

-

" Optimization and Implementation of FSM

Contemporary Logic Design
FSM Implementation

State Reduction Methods: Row Matching, Implication Chart

State Assignment Methods: Heuristics and Computer Tools

" Implementation Issues

Choice of Flipflops

Structured Logic Methods

ROM based
PLA/PAL based

Jump Counter Methods

Sophisticated PLDs: Altera, Actel, Xilinx
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