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Finite State Machine in RTL Design

1 Sequential circuits works on a clock cycle which may be synchronous or asynchronous.

= Sequential circuits use current inputs and stored past information (typically in form of previous states or
outputs) feeding it back to the circuit next clock cycle

External Inputs External Outputs
Combinational Logic ’
4‘ Circuit
Current State Next State
Memory ‘7
Devices
Flip-Flops
Internal Inputs (Flip Ps) Internal Qutputs

O Finite State Machine (FSM) is a computational model used to design sequential logic

= |t can be conceived as an abstract machine that stores the current state of a system and transitions
between states based on input signals and clock cycles

= These state transitions produce outputs that reflect the system’s behavior in response to changing
conditions

= |deal for designing control logic, protocol handling, and state-based decision making in hardware
= FSM based system modeling, enables predictable and verifiable RTL design
= |t can be implemented using models like Mealy and Moore machine.



Finite State Machine in RTL Design

1 Core Components and Characteristics of an FSM
= States: Represents distinct configurations the system can be in
* An FSM Can only have finite number of pre-defined states
* An FSM exists only in one specific state at any given moment.
o Think of a traffic light: it can be in the "Red," "Yellow," or "Green" state

* An FSM typically has a designated start state (example idle or reset), and may also have one or more
end (or accepting) states.

= Transitions: Represents rules for moving between states.
* An FSM changes state based on inputs (events, conditions) and pre-defined rules.
o For example, the traffic light transitions from "Red" to "Green" when a timer expires
* DFAs (Deterministic Finite Automata) : always transition to the same state for a given input

= |nputs/Outputs: Signals that drive transitions and reflect system behavior.
* The input triggers the state transition. It could be a button press, a sensor reading, or a timeout.
* Some FSMs also have outputs associated with states or transitions.
o Forinstance, a vending machine might output a drink after a successful money transaction

= Clock: Synchronizes state updates.



Moore and Mealy Finite State Machine (FSM)

(J Moore FSM

INPUT

Output is solely based on present state of FSM
Output is associated with a state
Generally, more states than mealy (more hardware)

More logic required to decode the outputs resulting
in more circuit delays.

Output react slower to input (one clock cycle later)
Synchronous output and state generation

INPUT

/_\ NPUT
STATE STATE
OUTPUT OUTPUT

\_EF'L/

d Mealy FSM

= Qutput based on present state and input(s)
= Qutput changes during transition of states
= Generally, less states than moore

= Reacts faster to inputs and generally reacts in
same cycle

= Asynchronous output generation
= Typically, more complex to design than moore

INPUT/OUTPUT

INPUT/OUTPUT /—\ INPUT/OUTPUT

INPUT/QUTPUT

ian,IIS (Mealy State Machine Only)

combinational
logic

combinational
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sequential
logic

inputs
combinational sequential combinational
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clock
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Moore and Mealy Finite State Machine

(J Example : Sequence Detector can be developed using Finite State Machine
= Design a circuit to detect consecutive series of three or more ‘1’s in serial input bit stream

= Qutput will become ‘1’ when three or more consecutive ones are detected

= 4 states required to such sequence detector state machine :

@)
O
O

©)

State IDLE: reset sate (zero 1s detected)

State S1: one 1 detected
State S2: two 1s detected
State S3: three 1s detected

= Let’s consider below mentioned input bit stream and observe output (out) behavior

in

out

after three consecutive
1’s, out signal is set to 1

Overlap condition should be
considered as three consecutive 1’s

. and out signal is setto 1
after three consecutive
|

1’s, out signalissetto 1 r \

A
[ 1

0 1 1 1 1 0
0 0 0 1 1




Moore and Mealy Finite State Machine (FSM)

J FSM can be represented in form of state table or state transition diagram

Moore FSM State Transition
Diagram for Sequence Detector

in=0

in=0

in=1

Note : In moore FSM, output is
specified as part of present state

State Transition Table for
Sequence Detector

in=0/out=0

inputs outputs
rstn | present_state | in next_state | out
0 - - IDLE 0
1 IDLE 0 IDLE 0
1 IDLE 1 S1 0
1 S1 0 IDLE 0
1 S1 1 S2 0
1 S2 0 IDLE 0
1 52 1 S3 1
1 S3 0 IDLE 0
1 S3 1 S3 1

Mealy FSM State Transition
Diagram For Sequence Detector

in=0/out=0
in=0/out=0

in=1/out=0

in=0/out=0

L\: :
53 in=1/out=1 \\\\i::::>

in=1/out=1
Note : In mealy FSM, output is
specified as part of present state



Sequence Detector (Moore FSM - 2 always block approach)

module sequence_detector_moore(
input logic clk, rstn,

input logic in,

output logic out);

// Parameters to define FSM state encodings

localparam [1:0] IDLE=2'b00, |  state encodings are _inputs
Sl:zlbo:l_’ L declared as Iocalparam Ccm?g;?(t;ional se?ggiztial com?;r;?(t;ional
$2=2'b10, so that these cannot be
$3=2'b11; modified from outside > 1) o 1) 1)
— Next next_ -1 Present state Output | Outputs
State A State - Logic
// Current state and next state variables stats Logic ¢+~ L FFs
logic[1:0] present_state, next_state; = R
PR - clock
// Sequential Logic for present state ot ~
always_ff@(posedge clk) begin 27
01 — e
if(!rstn) Synthesis will <
present_state <= IDLE; generate d-flipflop
else ~ for present_state
present_state <= next_state;
end — For sequential logic
Non-blocking

(continued on next page....) assighments used



Sequence Detector (Moore FSM - 2 always block approach)

// Combination Logic for Next State and Output
always@(present_state,in) begin B
case(present_state)
IDLE: begin
out =0;
if(in==1) next_state = S1;
else next_state = IDLE;

both present_state and _
input “in” variable should
be listed in sensitivity list

end
S1: begin
out =0;

For next state and
output combination
logic, blocking

if(in==1) next_state = S2;
else next_state = IDLE;

end
S2: begin assignments should
out = 0 be used

if(in==1) next_state = S3;
else next_state = IDLE;
end
S3: begin

out=1;, «—

For Moore FSM, output is set without
influence of input “in” signal and
purely based on present_state
if(in==1) next_state = S3;

\~~
-~

else next_state = IDLE;
end
(continued on next page....)

inputs

combinational

sequential

combinational

Y

logic logic logic

Next Present Qutput
State 3 State Logic 3
Logic FF's

N — L~V
_
L ”’
”
clock | _---7

-
-
-
-

"4
-

o
-
-

- code in same always block !!!

in=0

in=1



Sequence Detector (Moore FSM -

default: begin '\ default is specified
out =0; in case a bad state
next_state = IDLE;
end
endcase
end

endmodule: sequence_detector_moore

is reached

Sequence Detector State machine diagram generated by Synthesizer

2 always block approach)

present_state

clk[ >—clk
in Diin S3
rstn :>7r5tn

> out

Sequence Detector RTL Netlist View
generated from Synthesizer

Source State Destination State Condition
1 IDLE IDLE (lin) + (in).['rstn)
2 IDLE 51 (in).(rstn)
3 51 IDLE (lin) + (in).['rstn)
4 51 52 (in).(rstn)
5 52 IDLE (lin) + (in).['rstn)
6 52 53 (in).(rstn)
7 53 IDLE (lin) + (in).['rstn)
8 53 53 (in).(rstn)

State machine Transition Table



Sequence Detector (Moore FSM — 3 always block approach)

module sequence_detector_moore(
input logic clk, rstn,

input logic in,

output logic out);

// Parameters to define FSM state encodings

localparam [1:0] IDLE=2'b00, |  <tate s e _inputs
51=2 b01, | declared as |0ca|param comtljcijr;eil(t:ional secllggiztial com?:)r::(t}icnal
$2=2'b10, so that these cannot be
$3=2'b11; modified from outside > 1) v ﬂ 1)
— Next next_ -1 Present state Output | Outputs
State P State > Logic
// Current state and next state variables state Logic _+7 [ FFe
logic[1:0] present_state, next_state; . ad
PR - clock
// Sequential Logic for present state ot ~
always_ff@(posedge clk) begin 27
£ —_— P
if(!rstn) 15t always block for ©

present_state <= IDLE; present state

else [ sequential logic
present_state <= next_state;

end —

(continued on next page....)



Sequence Detector (Moore FSM — 3 always block approach)

// Combination Logic for Next State and Output

always@(present_state,in) begin B

case(present_state)
IDLE: begin
if(in==1) next_state = S1;
else next_state = IDLE;
end
S1: begin
if(in==1) next_state = S2;
else next_state = IDLE;
end
S2: begin
if(in==1) next_state = S3;
else next_state = IDLE;
end
S3: begin
if(in==1) next_state = S3;
else next_state = IDLE;
end
default: next_state = IDLE;
endcase
end
(continued....)

both present_state and
input “in” variable should
be listed in sensitivity list

always@(present_stavte) begin
case(present_state) ~~_ _ Output is dependent

S3:out=1; « - _ _ ______ ~Only on present state
default: Ol’"i: 0; in moore
endcase AN

end AN

\
endmodule: sequence_detector_moore
N

N\
N\

AN 34 always block

d . .
2" always block for N separate combinational

separate combinational \\ block for output

\block for next state logic > logic
S inputs AN
N — \
S N combinational sequential S N combinational
N logic logic \ logic
\
N
=~ 1 1] 1)
\
W Next next Present state | Output outputs
State > State Logic
state Logic FF's
—> >
«
4
’
clock /
’

15t always block for present

state FF (see previous slide)
11



module sequence_detector_mealy(
input logic clk, rstn,

input logic in,

output logic out);

Sequence Detector (Mealy FSM)

// Parameters to define FSM state encodings

combinational
logic

1)

Next

9 i Mealy S Machine Onl
State encodings are . (el St e o)

/
State 7>

Logi

\

7

[
7’
- =
7
Cd
7
clock

sequential

logic
T |-
B4
Present state
State >
FF's

localparam [1:0] IDLE=2'b00, inputs
$1=2'b01, declared as localparam
$2=2'b10, so that these cannot be
$3=2'b11; modified from outside >
// Current state and next state variables state 5
logic[1:0] present_state, next_state;
// Sequential Logic for present state P

always_ff@(posedge clk) begin

if(Irstn)

present_state <= IDLE;

else

present_state <= next_state;

end

(continued on next page....)

—

Synthesis will <
generate d-flipflop
for present_state

For sequential logic
Non-blocking
assignments used

combinational
logic

1)

QOutput
Logic

outputs

12



Sequence Detector (Mealy FSM)

// Combination Logic for Next State and Output
always@(present_state, in) begin
case(present_state)
IDLE: begin
if(in==1) begin
next_state =S1;

both present_state and _
input “in” variable should ~
be listed in sensitivity list -

~

out =0; For next state and
end . output combination
else begin logic, blocking
next_state = IDLE; assignments should
out =0; be used
end
end
S1: begin

For Mealy FSM, output is set
based on influence of both

input “in” signal and present_state
Note : out = 0; statement is

if(in==1) begin
next_state = S2;

out=0;, «——

inputs (Mealy State Machine Only)
e :
combinational sequential I' combinational
- logic logic | logic
S~ -~ I
=~ :
- D 0 ].-D
P Next next Present state > Output | Outputs
S State 2 State Logic
* state Logic FF's >

end specified within if(in == 1) condition
else begin in mealy. And in moore, out = 0; is
next_state = IDLE; specified outside if(in == 1) condition
out =0;
end e
end

(continued on next page....)

in=1/out=1

Melay FSM Diagram .

in=1/out=1



$2: begin
if(in==1) begin
next_state = S3;
out=1;
end
else begin
next_state = IDLE;

out=0; <
end
end
S3: begin
if(in==1) begin
next_state =S3;
out=1;
end
else begin
next_state = IDLE;
out =0;
end

Sequence Detector (Mealy FSM)

For each state, under
else condition if
“out=0" is not present
then Synthesis
compiler will create
latch for the output
“out” signal

default is specified
in case a bad state
is reached

default: begin out = 0; next_state = IDLE; end

endcase
end

endmodule: sequence_detector_mealy

present_state

ck [ >—clk
in[ >—s—in
rsin D rstn

53

Sequence Detector State machine diagram generated by Synthesizer

out

Sequence Detector RTL Netlist view generated by Synthesizer

14



Sequence Detector Simulation Snapshot(Moore FSM vs Mealy FSM)

Sequence Detector Moore FSM Simulation Snapshot
(Note : simulation result for 2 always vs 3 always block approach is same)

@ for oo [ Jor T joi— Joor — for Jmo ] Jeo [ Jor Yoo o1 fm i/ [/]
o T TJoo  T¥0 Yo [ Yoo [ YT ¥A Joo T ¥Yoo [ )30 [31 7 Yoo

input immediately in moore
Sequence Detector Mealy FSM Simulation Snapshot

00 1 Y00 L ) Jii Yo 1 ¥ i Joo | ¥ Yoo L 1 Jai ¥e0 | ¥ X Yoo Y Yoo 1 1 Jdi Yoo
(00 00 D Yaa Jee 7 yaifoe 0oo J0 T3i fo6 0 Ya1 Yo 06 I/ 131 [ )0

Output reacted to change in input

After three 1’ detected out goes to ‘1 immediately in mealy



Sequence Detector (One always block approach)

module sequence_detector_one_always_block(
input logic clk, rstn,

input logic in,

output logic out);

// Parameters to define FSM state encodings
localparam [1:0] IDLE=2'b00,
S1=2'b01, S2=2'b10, S3=2'b11;

// Current state and next state variables
logic[1:0] state; // Does not need two separate state variable

// Use of same clocked always block
always_ff@(posedge clk) begin

if(Irstn)
state <= IDLE; Inputs are no longer
out <=0; asynchronously sampled.
else Change in input is captured with
case(state) respect to clock edge event
IDLE: begin
out <= 0; Use of non-blocking assignment
if(in==1) state <=S1;  statement in case encoding
else state <= IDLE; branches

end

// Combination Logic for Next State and Output
S1: begin
out <=0;
if(in==1) state <= S2;
else state <= IDLE;
end
S2: begin
out <=0;
if(in==1) state <=S3;

else state <= IDLE; Output will stay asserted longer

even when state has transitioned

:;db . to another state where output
- Degin should have gone back to reset or
out<=1;

some other value
if(in==1) state <= S3;

else state <= IDLE;
end
default: begin
out <=0;
state <= IDLE;
end
endcase
end
endmodule: sequence_detector_one_always_block



Sequence Detector Simulation Snapshot (One block vs Two block approach)

Sequence Detector Moore FSM Simulation Snapshot
(Note : simulation result for 2 always vs 3 always block approach is same)

m| Wave - Default

St1
5l 1 L1 N I
+ out 0 . . . | . . ' | . . '
3“4 present_state |00 (oo Joi Yoo | Yor Yio [ii— Yoo  TJoi Yao/Yai Yoo [ Yoir Yool _ Yoi Tio Yii | Yoo
B4 nextstate |00 (00 1 100 [ 10 _Vai— {00 (10 G Joo [ ¥ ¥ 700 )10
In case of 1 always block
additional one additional clock cycle of 1 always block approach compared to
2 or 3 always block implementation

then 2 or 3 always block approach \

M Wave - Default

Sequence Detector FSM Simulation Snapshot

(Note : simulation result for 1 always block




One Always Block Approach For FSM Modeling

J One always block state machine is slightly more simulation time efficient than the two
always block state machine :

= Since the inputs are only examined on clock changes (less work for simulator)

(J There some dis-advantages of one always block approach :
= RTL simulation does not model accurate gate level implementation
* At the gate level combinational logic output updates when any input changes

* In one process RTL simulation, combinational logic mixed with sequential logic, it is only
evaluated at the clock edge

= State machine can be more difficult to modify and debug since all sequential and combinational
logic is mixed in one always block

= Placing output assignments inside of the always block will infer output flip-flops.
* This might lead to late availability of output. Sometimes not desirable in some applications.

d Output assignments inside of a sequential always block cannot be Mealy outputs
= Hence cannot model Mealy FSM using one always block approach !



State Encoding

(] States in FSM are represented by encoded value. There are multiple choices:
= Binary encoding, One-hot encoding, Gray encoding, Johnson encoding and more.
" Binary encoding and one-hot encoding are two commonly choices.

 Binary encoding of states

" binary encoding For N states, use ceil(log, N) bits to encode the state with each state
represented by a unique combination of the bits.

= Tradeoffs:

o Most efficient use of state registers (less number of Flipflops are required)
o Slower and more complicated combinational logic to detect when in a particular state.

= Example :

o In case of 4 states, 2 Flipflops are required to represent each state
o enum logic [1:0] {RESET = 2’b00, WAIT = 2’b01, LOAD = 2’b10, DONE = 2’b11} next_state



State Encoding

(J One-hot encoding of states :
= For N states, use N bits to encode the state
o bit corresponding to the current state is 1, all the others 0.

= Tradeoffs:
o Leads to simpler and Faster design. Much less combinational logic for state decoding
* Good alternative when trying to optimize speed or to reduce power dissipation.
o Can be costly in terms of FFs for FSMs with large number of states

o FPGAs have larger number for Flipflops. Therefore one-hot state machine encoding is often
a very appropriate with most FPGA targets

= Example : In case of 4 states, 4 Flipflops are required for state encoding (one FF per state)
o STATE S1 : 4’b0001
o STATE S2 : 4’b0010
o STATE S3 : 4’'b0100
o STATE S4 : 4’'b1000

[T\

FF1 FF2 FF3 FF4



One-Hot FSM Implementation Example

module fsm cc4 fp
(output reg gnt,

Index into the state register,
not state encodinas

input dly, done, req, clk, rst_n);

parameter [3:0] IDLE = 0,

BBUSY = 1,

Onehot requires larger BWAIT = 2,
declarations BFREE = 3;

r;;"[_".:ﬂ] state, next;

always @(posedge clk or negedge rst n)

if (!'rst_n) begin

state <= 4'b0;
state[IDLE] <= 1'bl; w4
end

Reset modification

else state <= next;

always (@ (state or dly or done or req) begin

next = 4'b0; 4—

Must make all-0's assignment

gnt = 1'b0;
case (1'b1) - case (1'bl) // ambit synthesis case = full,
state [IDLE] if (req) next [BEUSY]
else next[IDLE]
state [BBUSY]: begin
gnt = 1'bl;
if ('done) next [BBUSY]
state[current state] else if ( dly) next[BWAIT]
case items else next [BFREE]
end
state [BWAIT]: begin
gnt = 1'bl;
if ('dly) next [BFREE]
else next [BWAIT]
end
state [BFREE] : begin
if (req) next [BEUSY]
else next[IDLE]
end
endcase
end

endmodule

parallel <4 Add"full" & "parallel” case

v
= 1'b1; &

!rst_nl

1'b1;
1'b1;

1'bl;
1'kl;
1'k1l;

Only update the
next[next state] bit

Credit to : Clifford E. Cummings, Sunburst Designs

21



One Hot State Encoding

[ In case of one-hot encoding style FSM, Quartus Prime will not auto-generate FSM state
diagrams !

= Example: if sequence detector state machine state encoding is changed from binary
counting to one hot encoding style as described below, no state machine diagram
generated however it will still work as an FSM

parameter[3:0] IDLE=4’b0001, S1=4"b0010, S2=4"b0100, S3=1000;
logic[3:0] present_state, next_state;

Sequence Detector State machine diagram will not be generated by Quartus Synthesizer
Functionally logic will still behave as a correct FSM !

22



State Encoding Constants and Variables Declaration

1 There are multiple ways to declare FSM state encoding constants and variables :
= Using enumeration :
* enum logic[1:0] {WAIT=2'b00, EDGE=2'b01} present_state, next_state;

= Using Parameter :
e parameter logic [1:0] RESET = 2’b00, WAIT = 2’b01, LOAD = 2’b10, DONE = 2’b11;
logic [1:0] present_state, next_state;

= Using Local Parameter :
* localparam logic [1:0] RESET = 2’b00, WAIT = 2’b01, LOAD = 2’b10, DONE = 2’b11;
logic [1:0] present_state, next_state;

= Using Using typedef : (Introduced in SystemVerilog. Not supported in Verilog)
* typedef enum logic [1:0] {WAIT=2'b00, EDGE=2'b01} e_states;
e_states present_state, next_state;



Final Note on Moore vs Mealy FSM Modeling

J A given state machine can have both Moore and Mealy style outputs.
= Nothing wrong with either implementation, but one has to be aware of the timing differences

between the two types.

= The output timing behavior of the Moore machine can be achieved in a Mealy machine by
“registering” the Mealy output values

= Note : registering output or registered output means having flipflop at the output signal

Mealy Machine

IN

next-state,
output logic

out

Output Register

REG

L

REG

— OUTr

Clkr

L

IN

ouT

|

OuUTr

—

Registered Output of Mealy matches
the output timing behavior of Moore

machine
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FSM Design Steps Using SystemVerilog

O Specify circuit function

(J Draw state transition diagram

J Minimize number of States using techniques (example : implication chart or row matching)
O Derive state transition table

J Determine next state and output function

 Assign encodings (bit patterns) to symbolic states

1 Implement State Machine using SystemVerilog :
= Use either of the parameters/enum/localparam/typedef to represent encoded states.
= Use separate always blocks for next state register assignment and combinational logic blocks
= Use always_comb for all combinational block specification

= Use case within combinational block (including default case item expression).

* Within each case section assign all outputs and next state value based on inputs.
* Ensure default case item is specified to avoid latches

] Note:

= For Moore style machine make outputs dependent only on state not dependent on inputs.
* Try not to mix up combinational logic and sequential logic inside same always block



Level to Pulse Converter

A level-to-pulse converter produces a single cycle pulse each time its input goes high
" |tis also known as synchronous rising edge detector
= Usage: Pushing a button of a signal traffic light controller at pedestrian crossing

* Pressing button for arbitrary period of time by pedestrian should generate single-cycle

enable signals for counters in traffic light controller system

Level to
Pulse
—> Converter

Whenever input L goes |

P

—__[\

Output P produces single

from Low to High
CLK

pulse which is one clock
period wide
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Level to Pulse Converter : Moore and Mealy State Diagrams

Moore State Transition Diagram

OutputPissettol |_4

If L=1 at the clock edge, then | =1
only in Edge State

state jumps to EDGE While in State=LEVEL, and

input L is high, then output P is
ato

LEVEL /

WAIT / EDGE /
L=0 P=0 P=1 P=0 L=1
Waiting for Oto 1rise ng‘hllnput,
Rise on L detected Waiting for
fall on L

Binary State Encoding

If L=0 at the clock edge, then

state stays in WAIT state for L
to become 1 O WAIT (2’b00) : Input is ‘0’, wait for ‘1’
Mealy State Transition Diagram 0 EDGE (2’b01) : ‘0’ to ‘1’ edge detected on Input
When L=1 and State=WAIT, output L=1/P=1 O LEVEL (2’b11): Input is stable at ‘1’

P is asserted and until state
transition to EDGE occurs

Mealy FSM has 1 less state
than Moore FSM !!

EDGE

WAIT

o 1to Orise
L=0/P=0 U eI e detected & L=1/P=0
Rise on "
Waiting for

While in State=EDGE, and input

input L
L is high, then output P is at 0

fall on L




Level to Pulse Converter (Moore FSM)

module level to pulse_converter_moore(
input logic clk, rstn,

input logic L,

output logic P);

// FSM state encodings and state registers declaration
enum logic[1:0] {WAIT=2'b00,

EDGE=2'b01,

LEVEL=2'b11} present_state, next_state;

State variables are declared as enumerated encoded logic

// Sequential Logic for present state
always_ff@(posedge clk) begin

if(!rstn) N Synthesis will
present_state <= WAIT; generate d-flipflop

else ~ for present_state
present_state <= next_state;

end .

For sequential logic
Non-blocking

(continued....) assignments used

// Combination Logic for Next State and Output

always_comb begin for next state combinational logic
case(present_state)\ always_comb specified to
WAIT: begin automatically Infer sensitivity list
P=0;
if(L==1) next_state = EDGE;
else next_state = WAIT;
end
EDGE: begin Output P is set to “1’ as soon as rising edge
P=1.«—  onPisdetected
if(L==1) next_state = LEVEL;
else next_state = WAIT;

end Since output P requirement is single cycle
LEVEL: begin pulse, P is set to ‘0 if input stays at level ‘1’
P=0; after rising edge detection
if(L==1) next_state = LEVEL;
else next_state = WAIT;
end
default: begin
P =0; next_state = WAIT;
end
endcase
end
endmodule: level_to_pulse_converter_moore



Level to Pulse Converter Simulation and Synthesis Results (Moore FSM)
Mealy State Transition Table

Post Synthesis RTL Netlist Schematic Moore State Diagram
present_state Source State Destination State Condition
L[ >—1 1 EDGE LEVEL (L){rstn)
clk[ >——(clk EDGEf—— > P 2 EDGE WAIT (L) + (L.{irstn)
rstn[>———rstn 3 LEVEL LEVEL (L){rstn)
A LEVEL WAIT (L) + (L).{irstn)
Resource Usage 5 WAIT WAIT {!L} + I[L]'.I[!FS'[I'I]'
* Estimated ALUTs Used & WAIT EDGE (L).{rstn)

-- Combinational ALUTs
-— Memory ALUTS
- LUT_REGs

Dedicated logic registers

[ I o R o B LW B ¥

/ 2 Flipflops to represent three states WAIT EDGE, LEVEL

Simulation Waveform

| Wave - Defauit
£ dk St
4 rstn St ' '
4 next_state LEVEL [ TEe..jwamr [ ¥ TiE.. Jw..JlEVEL JwAT |  YIEVEL
4 present_state  |LEVEL (E... JWAIT [E... IW... JE... JLE... |WAIT {E... JLEVEL
2L St1 _
—— |

Output P is single cycle pulse, available after
somtime there is rising edge on input L
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Level to Pulse Converter (Mealy FSM with Reduced States)

module level to pulse_converter_mealy(
input logic clk, rstn,

input logic L,

output logic P);

// FSM state encodings and state registers declaration
enum logic[1:0] WAIT=2'b00,
/' EDGE=2'b01} present_state, next_state;

Only two states required for Mealy compared to Moore FSM

// Sequential Logic for present state
always_ff@(posedge clk) begin

if(Irstn)

present_state <= WAIT;
else

present_state <= next_state;
end

(continued....)

// Combination Logic for Next State and Output

always_comb begin,,\ for next state combinational logic
case(present_state) always_comb specified to

WAIT: begin automatically Infer sensitivity list
if(L==1) begin
next_state = EDGE; P =1;
end Output P is set to ‘1’ as soon
else begin as input L is detected as ‘1’ in
next_state = WAIT; P =0; wlligme
end
end
EDGE: begin
if(L==1) begin
next_state = EDGE; P = 0;
end Since output P requirement is
else begin \ single cycle pulse, P is set to ‘0’
next state = WAIT; P = O; if input stays at level ‘1’ after
end - rising edge detection
end
default: begin P = 0; next_state = WAIT; end
endcase
end

endmodule: level_to_pulse_converter_mealy



Level to Pulse Converter Simulation and Synthesis Results (Mealy FSM)

Post Synthesis RTL Netlist Schematic Moore State Diagram Mealy State Transition Table
Source State Destination State Condition
L[ >—
present_state Tho o P 1 EDGE EDGE (L).[rstn)
L

etk [ >—— ek warr ‘ P 2 EDGE WAIT (1L) + (L).(irstn)

rstn il 3 WAIT EDGE (L){rstn)
4 WAIT WAIT (1IL) + (L).{trstn)

Resource Usage

v Estimated ALUTs Used
-- Combinational ALUTSs
—- Memory ALUTS
— LUT_REGs

Dedicated logic registers

1 Flipflop to represent two states WAIT and EDGE.

/ 1 less D-flipflop required in Mealy compared to Moore FSM

Simulation Waveform

= o O M M

a Wave - Default

£ ok

£ rstn ' ' ' ' '

4  next_state (WALT JEDGE __ JWAIT {EDGE  |W... |EDGE | WAIT {EDGE
4  present_state ~{WAIT [E... [WAIT [E... Jw... JEDGE [ WAIT {EDGE
£ L . .
<P

Output P is available as soon as input L changed from ‘0’ to “1’. However output P pulse is not
stable for 1 cycle. Which does not meet design requirement for P to be 1 cycle pulse !!
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Level to Pulse Converter (Mealy FSM with Reduced States + Registered output)

module level to pulse_converter_mealy(
input logic clk, rstn,

input logic L,

output logic P);

// FSM state encodings and state registers declaration
enum logic[1:0] {WAIT=2'b00,
/' EDGE=2'b01} present_state, next_state;

Only two states required for Mealy compared to Moore FSM

logic r_P; // local variable declaration

// Sequential Logic for present state
always_ff@(posedge clk) begin
if(Irstn) begin

present_state <= WAIT;

P<=0;
end

else begin Synthesizer will create D-
present_state <= next_state; g0 to provide registered
P<=r P, «—  __ outputP.

end Output P is registered to

end ensure P is at least 1 cycle
(continued....) pulse

// Combination Logic for Next State and Output
always_comb begin
case(present_state)
WAIT: begin
if(L==1) begin
next_state =EDGE; r P=1;

end
else begin
next_state = WAIT; r P=0;

Output is assigned to

end .
local variabler_P
end -
EDGE: begin
if(L==1) begin
next_state = EDGE; r_ P =0;
end
else begin
next_state = WAIT; r_P =0;
end
end

default: begin r_P = 0; next_state = WAIT; end
endcase

end

endmodule: level_to_pulse_converter_mealy



Level to Pulse Converter Synthesis Results (Mealy FSM) : With Registered Output

Post Synthesis RTL Netlist Schematic

present_state Synthesizer created D-flipflop
L[ > . L to provide registered output P.

ck[ > » clk  WAIT r P
1T'h0 o
rstn[ > rstn R

Mealy Reduced State

Mealy Reduced State Diagram Transition Table Post Synthesis Resource Utilization
Source State Destination State  Condition Resource Usage
S 1 EDGE WAIT (1IL) + (L).{irstn) v Estimated ALUTs Used 2
reset O) ) > | EDGE EDGE (Lrstn) -- Combinational ALUTs 2
-- Memory ALUTs 0
3 WAIT WAIT (IL) + (L).{Irstn) - LUT_REGs 0
2

\ / 4 WAIT EDGE (L).{rstn) Dedicated logic registers
Only 2 states in Mealy FSM compared 1 Flipflop for registering output P and 1 Flipflop /

to Moore which as 3 States for representing two states WAIT and EDGE 33




Level to Pulse Converter Simulation Result(Mealy FSM) : With Registered Output

Post Synthesis RTL Netlist Schematic

m| Wave - Default i

| WAIT JEOGE  [WAIT (EDGE JW... [EDGE [WAIT [ED

— fWAIT 1E... JWAIT [E... Jw... /EDGE JWAIT I

Unregistered output r_P is available as Registered Output P which is Glitches in Simulation on
soon as input L changed from ‘0’ to ‘1’ single cycle pulse when there unregistered outputr_P
is rising edge on L detected.



References

J For FSM design and synthesis coding guidelines refer to below mentioned white paper :
= http://www.sunburst-design.com/papers/CummingsSNUG1998S) FSM.pdf
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