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Finite State Machines (FSMs)

e OTTOI00NTTOTE KUKAWMA PE MVAUN MTTOPEI VO
avatrapaoTafei w¢ Finite State Machine

e H 2xediaon FSMs TrepiAapfavel
 OpPIOUOC KATAOTACEWV
e OpPIOUOC HETABACEWV PETACU KATAOTACEWV
o BeATioToTtroinon / eAaxiotoTroinon

 Above Approach Is Practical for Small
FSMs Only
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Moore FSM

 H €¢odoc cival ouvapTtnon POvo TNG TTapoUca¢ KATAoTaong

Inputs Next State
function

Next State Present State

clock — Y- RS Il
reset — R EIN ]

Output Outputs
function
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Mealy FSM

e H £€000C¢ €ival ouvapTnon TNS TTAPOUCOC
KOTAOTOONG KAl TWV £I000WV

Inputs Next State
function

Next State l Present State

ol[o]e @8N Drosent State
Register

Output Outputs
function
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Moore Machine

transition
condition 1
state 1/ /\ state 2 /
output 1 - output 2
transition

“~__ condition 2/
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Mealy Machine

transition condition 1/
output 1

/\

transition condition 2/

“~__ Output?2
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Moore vs. Mealy FSM (1)

 Moore and Mealy FSMs ptropei va €ivai
AEITOUPYIKA I00OUVAMEC

 Mia i1coduvaun Mealy FSM pTtropei va
TapaxBei arrd pyia Moore FSM kal avTioTpogpa

 H tutTOU Mealy FSM ouvnBwc atraitei
AYOTEPO APIOUO KATAOTACEWV
e To KUKAWHO aTTaITEl AlYyOTEPO XWPO
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Moore vs. Mealy FSM (2)

« Mealy FSM Computes Outputs as soon as
Inputs Change

 Mealy FSM responds one clock cycle sooner
than equivalent Moore FSM

e Moore FSM Has No Combinational Path
Between Inputs and Outputs

 Moore FSM iIs more likely to have a shorter
critical path
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Moore FSM - Example 1

o 2xedlaoTe pia Moore FSM va avayvwpilel Tnv akoAouBia

HlO”
0 1
S0/0—2s1/0
/ \/
reset 0
Epunveia  SO: kavéEva S1: 417 S2: %107
Twv states: yn@io NG Avayvwpion Avayvwpion !!

akoAouBiag dev  TOU «1»
AVAYVWPIOTNKE
aKOua
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Mealy FSM - Example 1

 Mealy FSM that Recognizes Sequence “10”

0/0 1/0 1/0
reset 0/1
S0: No S1:41”
Meaning elements observed
of states:  of the
sequence
observed
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Moore & Mealy FSMs — Example 1
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FSMs og VHDL

e OI UNXAVEC TTETTEPATUEVWYV KATAOTACEWVY
TTEPIYPAQPOVTAIl JUE TNV [FoNO¢eia processes.

 Ta gpyaAcia Synthesis kataAaaivouv Jia
meplypagn FSM av akoAouBouvTal KATToIOI
KAVOVEC:
o O1 yeTaaoccic KATAOTAOEWY TTPETTEI VA

TTEQIYPAPOVTAI HECQ OE EVA Process sensitive
oT1o clock and asynchronous reset signals only

o O1 £codol TTEPIYPAPOVTAl WE TTAPAAANAEC
EVTOAEC (Statements) €Cw aT1TO €va process
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Moore FSM

process(clock, reset)

|

Inputs : Next State
I function

|

: Next State

|
clock ———RHGEERESIEIE Present State
Register

|

COnCurI‘ent I Output
|

statements I function
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Mealy FSM

process(clock, reset)

Inputs ! Next State
function

Next Statel

Present State

Output Outputs

concurrent function l
statements @~~~ """~ ~—~—~—-—-
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Moore FSM - Example 1

Moore FSM that Recognizes Sequence “10”

0 1

0
q > 1 (?\ ‘
S0/ 0 s1/00 1 (S2/1
/ \/

reset

0
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Moore FSM in VHDL (1)

TYPE state IS (SO, S1, S2);
SIGNAL Moore_state: state;

U_Moore: PROCESS (clock, reset)
BEGIN
IF(reset =*‘1") THEN
Moore_state <= SO;
ELSIF (clock = ‘1" AND clock’event) THEN
CASE Moore_state IS
WHEN SO =>
IF input = ‘1’ THEN
Moore state <= S1,
ELSE
Moore_ state <= S0;
END IF;
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Moore FSM in VHDL (2)

WHEN S1 =>
IF input ='0" THEN
Moore_state <= S2;
ELSE
Moore_state <= S1,
END IF;
WHEN S2 =>
IF input = ‘0’ THEN
Moore_state <= S0;
ELSE
Moore_state <= S1,
END IF;
END CASE;
END IF;
END PROCESS;

Output <='1" WHEN Moore_state = S2 ELSE ‘0’
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Mealy FSM - Example 1

« Mealy FSM that Recognizes Sequence “10”

0/0 1/0 1/0
/ ]
reset 0/1
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Mealy FSM in VHDL (1)

TYPE state IS (SO, S1);
SIGNAL Mealy_state: state;

U Mealy: PROCESS(clock, reset)
BEGIN
IF(reset =‘1’) THEN
Mealy state <= S0;
ELSIF (clock = ‘1" AND clock’event) THEN
CASE Mealy_state IS
WHEN SO =>
IF input = ‘1’ THEN
Mealy state <= S1;
ELSE

Mealy state <= SO;
END IF;
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Mealy FSM in VHDL (2)

WHEN S1 =>

IF input = ‘0’ THEN
Mealy state <= SO;

ELSE
Mealy state <= S1,;

END IF;

END CASE;
END IF;
END PROCESS;

Output <= ‘1" WHEN (Mealy_state = S1 AND input ='0") ELSE ‘0’;
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Moore FSM — Example 2: State diagram
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Moore FSM — Example 2: State table

Present| _ Nextstate | oyinyt
Sstate w=0 w=1 Z
A A B 0
B A C 0
C A C 1
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Moore FSM

process(clock, reset)

Input: w Next State
function

Present State: y

|
COnCurI‘ent : Output
statements I function
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Moore FSM — Example 2: VHDL code (1)

USE ieee.std logic _1164.all ;

ENTITY simple IS
PORT ( clock :INSTD LOGIC,;
resetn : IN STD_LOGIC;
W . INSTD_LOGIC;

z : OUT STD_LOGIC) ;

END simple ;

ARCHITECTURE Behavior OF simple IS
TYPE State type IS (A, B, C);
SIGNAL y : State _type;

BEGIN
PROCESS (resetn, clock )

BEGIN
IF resetn ='0' THEN
y <=A;

ELSIF (Clock'EVENT AND Clock ='1") THEN
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Moore FSM — Example 2: VHDL code (2)

CASEy IS
WHEN A =>
IF w ="0' THEN
y <=A;
ELSE
y<=B;
END IF ;
WHEN B =>
IF w ="0' THEN
y <=A;
ELSE
y<=C;
END IF ;
WHEN C =>
IF w ="0' THEN
y <=A;
ELSE
y<=C;
END IF ;
END CASE ;

END IF ;
END PROCESS ;

z<="1"WHENyY =C ELSE '0’;

END Behavior ;



Moore FSM

process F----------
(w, Input: w1 Next State | !

—— _
y_present) ! function
process | Tt ==
(clock, ' Present State:
resetn) resetn y_present

|_ ___________ 1

concurrent ! Output I Output: z
statements . function
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Alternative VHDL code (1)

ARCHITECTURE Behavior OF simple IS
TYPE State _type IS (A, B, C) ;
SIGNAL y_present, y _next : State _type;

BEGIN
PROCESS (w, y present)

BEGIN
CASE Yy present IS
WHEN A =>
IFw ="'0"THEN
y _next <=A;
ELSE
y next<=B;
END IF ;
WHEN B =>
IFw ="'0"THEN
y _next <=A;
ELSE
y next<=C;
END IF ;
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Alternative VHDL code (2)

WHEN C =>
IFw ="0" THEN
y _next<=Aj;
ELSE
y next<=C;
END IF ;
END CASE ;
END PROCESS ;

PROCESS (clock, resetn)
BEGIN
IF resetn ='0' THEN
y_present <=A;
ELSIF (clock'EVENT AND clock ='1") THEN
y _present <=y next;
END IF ;
END PROCESS ;

z<="1"WHENY present=CELSE'0Q';
END Behavior :
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Mealy FSM — Example 2: State diagram

resetn
w=1/z=0

W:O/Z:O e’ =1/z=1

w=0/2=0
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Mealy FSM — Example 2: State table

Present
State

Next state

Output z

w=0 w=1

w=0 w=1

A
B

A B
A B

0 0
0 1
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Mealy FSM

process(clock, reset)

-
Input: w Next State
function

Next Statel

Present State: y

clock:—» Present State
CRClhrmny Register

Output Output: z

concurrent function
statements

Eiocaywyn orn VHDL

32



Mealy FSM — Example 2: VHDL code (1)

LIBRARY ieee ;
USE ieee.std logic_1164.all ;

ENTITY Mealy IS
PORT ( clock :IN STD_LOGIC;

resetn :IN STD _LOGIC;
W - IN STD _LOGIC;
Z :OUT STD_LOGIC);

END Mealy ;

ARCHITECTURE Behavior OF Mealy IS
TYPE State_type IS (A, B) ;
SIGNAL y : State _type;

BEGIN
PROCESS (resetn, clock)
BEGIN
IF resetn ='0' THEN

y<=A;
ELSIF (clock'EVENT AND clock = '1) THEN
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Mealy FSM — Example 2: VHDL code (2)

CASEYy IS
WHEN A =>
IFw ="'0' THEN
y<=A;
ELSE
y<=B;
END IF ;
WHEN B =>
IFw ="'0' THEN
y<=A;
ELSE
y<=B;
END IF ;
END CASE ;
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Mealy FSM — Example 2: VHDL code (3)

END IF ;
END PROCESS ;

WITHYy SELECT
z <=w WHEN B,
z <='0" WHEN others:

END Behavior :
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State Encoding

Eiocaywyn orn VHDL
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State Encoding Problem

e State Encoding Can Have a Big Influence
on Optimality of the FSM Implementation

 No methods other than chec
encodings are known to prod

King all possible
uce optimal circuit

e Feasible for small circuits on

y

e Using Enumerated Types for States In
VHDL Leaves Encoding Problem for

Synthesis Tool
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Types of State Encodings (1)

 Binary (Sequential) — States Encoded as
Consecutive Binary Numbers
 Small number of used flip-flops
» Potentially complex transition functions leading
to slow implementations
 One-Hot — Only One Bit Is Active

 Number of used flip-flops as big as number of
states

e Simple and fast transition functions
* Preferable coding technique in FPGAs
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Types of State Encodings (2)

State | Binary Code | One-Hot Code
SO 000 10000000
S1 001 01000000
S2 010 00100000
S3 011 00010000
S4 100 00001000
S5 101 00000100
S6 110 00000010
S7 111 00000001
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A user-defined attribute for manual

state assignment

(ENTITY declaration not shown)

ARCHITECTURE Behavior OF simple IS
TYPE State type IS (A, B, C) ;

ATTRIBUTE ENUM_ENCODING . STRING ;
ATTRIBUTE ENUM_ENCODING OF State type : TYPE IS "00O01 11" ;
SIGNAL Y present, y next: State_type ;

BEGIN

con't ...
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Using constants for manual state assignment (1)

ARCHITECTURE Behavior OF simple IS
SUBTYPE ABC _STATE is STD LOGIC VECTOR(1 DOWNTO 0);

CONSTANT A : ABC_STATE :="00" ;
CONSTANT B : ABC_STATE :="01";
CONSTANT C : ABC_STATE :="11";

SIGNAL y present,y next: ABC _STATE;
BEGIN
PROCESS (w, y_present)
BEGIN
CASE y present IS
WHEN A =>
IFw="0"THEN Y next<=A;
ELSEyY next<=B;
END IF ;
... con’'t
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Clock Process Example

BEGIN circuit with clock
My process_1 : process (clk)
Begin | - A)~+—
IF (clk'event and clk = ‘1) THEN XOr o)
C <= Axor B; BOT—™ \El\ An
Z<=XorY; XOr _D_> S0
Ans <= C xor Z; X()
END IF; T Bor /Erzv()
End My _process_1; YO
END, Clk_’P?uq guq A s G 7
[ N e b
&l clk 1 L [ ] l l [ L 1
C==Axorb ==
B 04 abe
olla 0 | _
&l b 1
gllc 1 :
Z==XorY =
B oz |
&l x 0
ol 1 l—f
allz 1
Ans<=CuxorZ :
Illans 0 P
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Clock Process Example (Answer)

BEGIN circuit with clock
My process_1 : process (clk)
Begin | s A()- )
IF (clk’'event and clk = ‘1") THEN XOr 0
C <= A xor B; B0~ \El\‘ Ans
L<=Xory; XOr —El--» 0
Ans <= C xor Z, X()
END IF; T | or /ErZ'()
End My _process_1; YOT—
END; clk——p
fime:7us IR NI AT IS ANEN IR AN ININ A AT AN I AT AN A A |j
LT 1 l I . L L1 [ _
% o -
olla o | ] _
o/lb 1 B
Z[Ic 1 ¥ | | i
Za=XorY
& e _
o/l 0 | | _
olly U | _
allz 1 X | [ | B
Eioaywyr] é‘;!ans : i - [ . | | - 43
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