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Finite-State Machines (FSMs)—Sequential Behavior

Finite-state machine (FSM) is a common 
model of sequential behavior

Example: Laser Timer
If B=1, hold X=1 for 3 clock cycles
Remember, transitions implicitly ANDed
with rising clock edge

Implementation model has two parts:
State register
Combinational logic

HDL model will reflect those two parts
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Finite-State Machines (FSMs)—Sequential Behavior

Modules has two procedures
One procedure for 
combinational logic
One procedure for state 
register
But it's still a behavioral 
description 

`timescale 1 ns/1 ns

module LaserTimer(B, X, Clk, Rst);

input B;
output reg X;
input Clk, Rst;

parameter S_Off = 0, S_On1 = 1,
S_On2 = 2, S_On3 = 3;

reg [1:0] State, StateNext;

// CombLogic
always @(State, B) begin

...
end

// StateReg
always @(posedge Clk) begin

...
end

endmodule
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`timescale 1 ns/1 ns

module LaserTimer(B, X, Clk, Rst);

input B;
output reg X;
input Clk, Rst;

parameter S_Off = 0, S_On1 = 1,
S_On2 = 2, S_On3 = 3;

reg [1:0] State, StateNext;

// CombLogic
always @(State, B) begin

...
end

// StateReg
always @(posedge Clk) begin

...
end

endmodule

Finite-State Machines (FSMs)—Sequential Behavior
Parameters

parameter declaration
Not a variable or net, but rather a 
constant
A constant is a value that must be 
initialized, and that cannot be 
changed within the module’s 
definition

Four parameters defined
S_Off, S_On1, S_On2, S_On3
Correspond to FSM’s states
Should be initialized to unique values
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Finite-State Machines (FSMs)—Sequential Behavior

Module declares two reg variables, 
State and StateNext

Each is 2-bit vector to represent four 
unique states (values 0 to 3)
Variables are shared between 
CombLogic and StateReg procedures

CombLogic procedure
Event control sensitive to State and B
Will output StateNext and X

StateReg procedure
Sensitive to Clk input
Will output State, which it stores

`timescale 1 ns/1 ns

module LaserTimer(B, X, Clk, Rst);

input B;
output reg X;
input Clk, Rst;

parameter S_Off = 0, S_On1 = 1,
S_On2 = 2, S_On3 = 3;

reg [1:0] State, StateNext;

// CombLogic
always @(State, B) begin

...
end

// StateReg
always @(posedge Clk) begin

...
end

endmodule
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Finite-State Machines (FSMs)—Sequential Behavior
Procedures with Case Statements

CombLogic Procedure may use case
statement

case (expression)
case item expression : statement

Preferred over if-else-if when just one 
expression determines which statement to 
execute
First case item expression that matches 
executes; remaining case items ignored
If no item matches, nothing executes

Last item may be "default : statement" 
Statement executes if none of the previous 
items matched

reg [1:0] State, StateNext;

// CombLogic
always @(State, B) begin

case (State) 
S_Off: begin

X <= 0;
if (B == 0) 

StateNext <= S_Off;
else

StateNext <= S_On1;
end
S_On1: begin

X <= 1;
StateNext <= S_On2;

end
S_On2: begin

X <= 1;
StateNext <= S_On3;

end
S_On3: begin

X <= 1;
StateNext <= S_Off;

end
endcase

end
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Finite-State Machines (FSMs)—Sequential Behavior
Procedures with Case Statements

FSM’s CombLogic procedure
Case statement describes states
A state's statements consist of

Actions of the state
Setting of next state (transitions)

Ex: State is S_On1 
Executes statements for state On1, 
jumps to endcase
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reg [1:0] State, StateNext;

// CombLogic
always @(State, B) begin

case (State) 
S_Off: begin

X <= 0;
if (B == 0) 

StateNext <= S_Off;
else

StateNext <= S_On1;
end
S_On1: begin

X <= 1;
StateNext <= S_On2;

end
S_On2: begin

X <= 1;
StateNext <= S_On3;

end
S_On3: begin

X <= 1;
StateNext <= S_Off;

end
endcase

end
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Finite-State Machines (FSMs)—Sequential Behavior

FSM StateReg Procedure
Procedure's event control involves 
Clk input

Not the StateNext input. Thus, 
synchronous
posedge Clk

Change on 0 to 1 edge of Clk
(positive edge)
negedge also possible

Process has synchronous reset
Resets output Q only on rising 
edge of Clk
Resets State to FSM’s initial state, 
S_Off

Process writes output Q
Q declared as reg variable, thus 
stores value too

...

parameter S_Off = 0, S_On1 = 1,
S_On2 = 2, S_On3 = 3;

reg [1:0] State, StateNext;

...

// StateReg
always @(posedge Clk) begin

if (Rst == 1 ) 
State <= S_Off;

else
State <= StateNext;

end
...
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Finite-State Machines (FSMs)—Sequential Behavior
Modules with Multiple Procedures and Shared Variables

`timescale 1 ns/1 ns

module LaserTimer(B, X, Clk, Rst);

input B;
output reg X;
input Clk, Rst;

parameter S_Off = 0, S_On1 = 1,
S_On2 = 2, S_On3 = 3;

reg [1:0] State, StateNext;

// CombLogic
always @(State, B) begin

case (State) 
S_Off: begin

X <= 0;
if (B == 0) 

StateNext <= S_Off;
else

StateNext <= S_On1;
end
...

...
S_On1: begin

X <= 1;
StateNext <= S_On2;

end
S_On2: begin

X <= 1;
StateNext <= S_On3;

end
S_On3: begin

X <= 1;
StateNext <= S_Off;

end
endcase

end

// StateReg
always @(posedge Clk) begin

if (Rst == 1 ) 
State <= S_Off;

else
State <= StateNext;

end
endmodule
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Finite-State Machines (FSMs)—Sequential Behavior
Testbench

FSM Testbench
reg/wire declarations and module instantiation 
similar to previous testbenches
Module uses two procedures

Clock Procedure
One generates 20 ns clock

0 for 10 ns, 1 for 10 ns
Remember, always procedure repeats

Vector Procedure
Provides values for inputs (Rst and B) 
initial procedure executes just once, does not 
repeat

...
// Clock Procedure
always begin

Clk_s <= 0;
#10;
Clk_s <= 1;
#10;

end

// Vector Procedure
initial begin

Rst_s <= 1;
B_s <= 0;
@(posedge Clk_s);
#5 Rst_s <= 0;
@(posedge Clk_s);
#5 B_s <= 1;
@(posedge Clk_s);
#5 B_s <= 0;
@(posedge Clk_s);
@(posedge Clk_s);
@(posedge Clk_s);

end
endmodule
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Finite-State Machines (FSMs)—Sequential Behavior
Testbench

Variables/nets can be shared between 
procedures

Only one procedure should write to variable 
(can be read by many procedures)

Clock procedure writes to Clk_s
Vector procedures reads Clk_s

Event control "@(posedge Clk_s)"
May be prepended to statement to 
synchronize execution with event occurrence 

Statement may be just ";" as in example
Test vectors thus don't include the clock's 
period hard coded

Care taken to change input values away 
from clock edges 

...
// Clock Procedure
always begin

Clk_s <= 0;
#10;
Clk_s <= 1;
#10;

end

// Vector Procedure
initial begin

Rst_s <= 1;
B_s <= 0;
@(posedge Clk_s);
#5 Rst_s <= 0;
@(posedge Clk_s);
#5 B_s <= 1;
@(posedge Clk_s);
#5 B_s <= 0;
@(posedge Clk_s);
@(posedge Clk_s);
@(posedge Clk_s);

end
endmodule
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Finite-State Machines (FSMs)—Sequential Behavior
Self-Checking Testbenches

// Vector Procedure
initial begin

Rst_s <= 1;
B_s <= 0;
@(posedge Clk_s);
#5 if (X_s != 0) 

$display("%t: Reset failed", $time);
Rst_s <= 0;
@(posedge Clk_s);
#5 B_s <= 1;
@(posedge Clk_s);
#5 B_s <= 0;
if (X_s != 1) 

$display("%t: First X=1 failed", $time);
@(posedge Clk_s);
#5 if (X_s != 1) 

$display("%t: Second X=1 failed", $time);
@(posedge Clk_s);
#5 if (X_s != 1) 

$display("%t: Third X=1 failed", $time);
@(posedge Clk_s);
#5 if (X_s != 0) 

$display("%t: Final X=0 failed", $time);
end

Reading waveforms is error-prone
Create self-checking testbench

Use if statements to check for 
expected values
If a check fails, print error message
Example: if X_s fell to 0 one cycle 
too early, simulation might output 
95: Third X=1 failed

%t specifies time expression, $time 
prints present simulation time

Clk_s

Rst_s

B_s

X_s

time (ns)
10 20 30 40 50 7060 80 90 110100
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Common Pitfalls

Using "always" instead of "initial" procedure
Causes repeated procedure execution

Not including any delay control or event 
control in an always procedure

May cause infinite loop in the simulator
Simulator executes those statements over and 
over, never executing statements of another 
procedure
Simulation time can never advance

Symptom – Simulator appears to just hang, 
generating no waveforms

Not initializing all module inputs
May cause undefined outputs
Or simulator may initialize to default value. 
Switching simulators may cause design to fail. 

// Vector Procedure
always begin

Rst_s <= 1;
I_s <= 4'b0000;
@(posedge Clk_s);
...

end

// Vector Procedure
always begin

Rst_s <= 1;
I_s <= 4'b0000;

end

// Vector Procedure
always begin

Rst_s <= 1;
I_s <= 4'b0000;
@(posedge Clk_s);
...

end
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Common Pitfalls

Forgetting to explicitly declare as a 
wire an identifier used in a port 
connection

Example - Q_s
Verilog implicitly declares identifier 
as a net of the default net type, 
typically a one-bit wire

Works fine if a one-bit wire was 
desired
But may be mismatch – in this 
example, the wire should have been 
four bits, not one bit
Unexpected simulation results

Good practice to explicitly declare 
wires

`timescale 1 ns/1 ns

module Testbench();

reg [3:0] I_s;
reg Clk_s, Rst_s;
wire [3:0] Q_s;

Reg4 CompToTest(I_s, Q_s, Clk_s, Rst_s);

...
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Common Pitfall
Not Assigning Every Output in Every State

FSM outputs should be combinational 
function of current state (for Moore 
FSM)

Not assigning output in given state 
means previous value is remembered
Output has memory, behavior is not an 
FSM

Solution 1
Be sure to assign every output in every 
state

Solution 2
Assign default values before case 
statement
Later assignment in state overwrites 
default
Helps clarify which actions are important 
in which state
Corresponds to simplifying FSM diagram 
notation of implicitly setting unassigned 
outputs to 0

TS
A=0
B=1
C=0

A=0
B=0
C=1

TS
B=1 C=1

case State
S: begin

A <= 0;
B <= 1;
C <= 0;

end
T: begin

A <= 0;
B <= 0;
C <= 1;

end
endcase

A <= 0;
B <= 0;
C <= 0;

case State
S: begin

B <= 1;
end
T: begin

C <= 1;
end

endcase
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Resets

Reset – Behavior of a register when a 
reset input is asserted

Good practice dictates having defined reset 
behavior for every register 
Reset behavior should always have priority 
over normal register behavior

Reset behavior
Usually clears register to 0s
May initialize to other value

e.g., state register of a controller may 
be initialized to encoding of initial state 
of FSM

Reset usually asserted externally at start 
of sequential circuit operation, but also to 
restart due to failure, user request, or 
other reason

`timescale 1 ns/1 ns

module Reg4(I, Q, Clk, Rst);

input [3:0] I;
output [3:0] Q;
reg [3:0] Q;
input Clk, Rst;

always @(posedge Clk) begin
if (Rst == 1 )

Q <= 4'b0000;
else

Q <= I;
end

endmodule

I3 I2 I1 I0

Q3 Q2 Q1Q0

reg(4)
Rst
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Synchronous vs. Asynchronous Reset

Synchronous resets - Rst input only considered during rising clock
Asynchronous reset - Rst input considered independently from clock

Add "posedge Rst" to sensitivity list

always @(posedge Clk, posedge Rst) begin
if (Rst == 1 )

Q <= 4'b0000;
else

Q <= I;
end

endmodule

Rst=1 has almost immediate effectRst=1 has no effect until next rising clock

always @(posedge Clk) begin
if (Rst == 1 )

Q <= 4'b0000;
else

Q <= I;
end

endmodule

Rst
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Describing Safe FSMs

If FSM enters illegal state, transitions to a 
legal state

Example: FSM has only three states
Two-bit encoding has illegal state 
encoding "11"

Also known as "unreachable" state 
Not possible to enter that state under 
normal FSM operation
But actually possible to enter that state due 
to circuit error – e.g., electrical noise that 
causes state register bit to switch

Safe implementation
Transition to appropriate legal state
Even though that undefined state appears 
to be unreachable
Thus, FSM recovers from the error
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Describing Safe FSMs in VHDL

Explicitly describing a safe FSM
Include case(s) to describe illegal 
states
Can use default: case item

Executes if State value equals 
anything other than S_Off, S_On1, or 
S_On2

...     
reg [1:0] State, StateNext;

always @(State, B) begin
case (State)

S_Off: begin
X <= 0;
if (B == 0)

StateNext <= S_Off;
else

StateNext <= S_On1;
end
S_On1: begin

X <= 1;
StateNext <= S_On2;

end
S_On2: begin

X <= 1;
StateNext <= S_Off;

end
default: begin

X <= 0;
StateNext <= S_Off;

end
endcase

end
...


