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Sequential Circuit Design

I
= Typical design procedure

1. Obtain either the state diagram or the state table
from the statement of the problem

2. Reduce the number of states if necessary
3. Assign binary codes to the states

4. Obtain the binary coded state table

5. Choose the type of flip-flop to be used

6. Derive the simplified flip-flop input equations and
output equations from the state table

7. Draw the logic diagram with D flip-flops and

combinational gates according to those equations
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Build the State Diagram

I
= Example 4-1:

Implement a circuit that recognizes the occurrence
of the sequence of bits 1101 on X by making Z
equal to 1 when the previous three inputs to the
circuit were 110 and current input is a 1.

= Build the state diagram:

OO OO0 HomyFo

(b}
= (3.
(e)
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‘ Obtain the State Table

| o0 o

O TABLE 4.5
State Table for State Diagram in Figure 4-21
Next State Output Z
Present
State X=0 |X=1 X=0|X=1
A A B (0] 0
B A C 0 0
C D C 0 0
D A B 0 1

Table 4-5 State Table for State Diagram in Figure 4-21
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Derive the Equations

[] TABLE 4-8
State Table for Design Example

Present State Input Next State Output
A B X A B Y
0 0 0 0 0 0
0 0 1 0 1 1
0 1 0 1 0 0
0 1 1 0 i 0
1 0 0 1 0 0
1 0 1 1 1 1
| 1 0 1 1 0
1 1 1 0 0 0
BX B BX B BX B
k 00 O 11 10 h 00 01 11 10 \A\ 00 Of 11 10
0 1 0 q I 1 0 1
A [1 1] | 1 A[‘I ] A [1 1
X X X
Dp =AB+BX Dg =AX +BX + ABX Y =BX 5.5
) D A
—==C -
x> b+ &
D =D f [
> C B
),
Clock
Y

Fig. 4-25 Logic Diagram for Sequential Circuit with D Flip-Flops




Designing with Unused States

[] TABLE 4-9 \cz( -
State Table for Second Design Example AR Ii L _ |
00 || x b4 X X 1
Present State Input Next State _i___ |
o 11 1
A B C X A B C B — 1z
1] |i ¥ Ky
A L
0o 0 1 0 0 0 1 10 | ]
0 0 1 1 0o 1 0
0 1 0 0 0 1 1 X
0 1 0 1 1 0 0
0 1 1 0 00 1 Dp=AX+BX+BC Dg=ACX + ABX
0 1 1 1 1 0 0
1 0 0 0 1 0 1 -y T
1 0 0 1 1 0 0
1 0 1 0 0o 0 1 1 1
1 0] 1 1 1 0 0

Only 5 states are used !! / hl EN

Unused states are treated as don't cares.
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State Assignment

State assignment: determine the binary representations
of the states in a circuit

For a circuit with 77 state registers, there are 2”7 possible
state assignments

State assignments have large impacts on the resultant
circuit area, performance, ...

Many coding methods exist

= One-hot: n bits for n states (one-to-one mapping)

= Gray code: change only one bit between adjacent states

= Minimum length encoding: require (n¥2 + 1) registers

= Ad-hoc: determine by experience

Some general guidelines can be referenced

5-8




Guidelines for State Assignment

Assignments for two states are adjacent

if they differ in only one variable Q Q
» 010 and 011 are adjacent N X
= 010 and 001 are not adjacent O

Guideline 1: states which have the

same next state for a given input
could be given adjacent assignments O

TN
Guideline 2: states which are the next Q Q
States of the same state could be

given adjacent assignments Guideline 3

Guideline 3: states which have the
same outputfor a given input could X1y X1y

be given adjacent assignments Q Q
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State Assignment Example

Guideline 1: (S0,5S1,S3,S5) (S3,S5) (S4,S6) (S0,S2,54,S6)
Guideline 2: (S1, S2) (S2,S3) (S1,54) (S2,S5)X2 (S1,S6)X2
Try to fulfill as many of these adjacency conditions as possible
» It's hard to satisfy all those conditions
= The conditions that appear more times have higher priority
= K-map can help us to check those conditions
Two possible state assignments are demonstrated

ABC {X=0 110 1 A A

000 S, S, S,{0 0 BC 0 1 BC 0 i

110 s, s; 5,0 0

001 s, s, s.|o o 001 S, W1 5

111§, ss S, |0 0

o011 s, S, S¢|o o Ot} S | Ss o1l Sy | S¢

101 S Ss S, |1 0

010 S s, Sslo 1 1) s, | s | s3] s,
10| 56| 54 10] S| s,




Effects of the Guidelines

| xA
BON 00 0l i1 10

ol x| x| s,

Adjacent because Sy, S35,

A~ S have adjacent
ot ils, @ S|l 84 assignments
5 Adjacent because S, and
10115, . U S¢ have adjacent
1 S;s\ \22)| e )
Adjacent because S, 5;.54. 5, Adjacent because S; and S
have adjacent assignments have adjacent assignments

(a) Next state maps for Fig. 15-14

These pairs are adjacent because S,
and S have adjacent assignments

BCXA W o 1 10 W o 1t 10 00 0l 11 10
i 1 X X 0 00 1 X X L 0! o X X 1
ol t]1]oe]e o] 1|0 o o] o1 | 0l 1
NEREENEE BERICEE) S wjoja e
1 1 0 0 1Q 1 1 1] 1 ny o 1 1 0
At=Dy=X". B*=Dp=X'C' +A'C+A'B C*'=Dg=A+XB

(b) Next state raps for Fig: 15-14 (cont) 5-11

Finite State Machine

I
= FSM: Finite State Machine
» Sequential circuits with “finite” states
= Most sequential circuits can be classified
as FSMs
= TWO primary categories:
= Mealy machine
» Outputs depend on current states and inputs
= Moore machine
» Outputs depend on current states only




FSM Structures (1/3)

Inputq

> » Current Stat
Next State Logic urrent Sate Output Logic Mealy
e Clock Register N Outputs
= (COmbinational) | ~—5| (sequential) (combinational)
Synchronous ‘ Asynchronous?
reset reset i
Mealy
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I
Inputs _
Next State Logic - Curren_t State Output LOQIC el
(combinational) CM(» Register (combinational)
- (sequential) Moore
Synchronous Asynchronous | _ | Outputs
B =1-Y=1 A reset ..o >
Moore




FSM Structures (3/3)

Inputs - Output Logic Mealy
> Next State Lodi » Current State =P (combinational) Outputs
ext State Logic :
o Clock Register —_—
— (combinational) (sequential)
A [y
Synchronous Asynchronous L) Output Logic
Sesel. resel (combinational) Moore
Outputs
Mealy/Moore -
5-15

Coding for FSM
I

= Separate the combination part and the sequential part
= Use parameters to define the state variables

state variable
prameter always@(state) begin
case(state)
stateA: nextstate=stateB;
stateB: nextstate=stateC;
stateC: nextstate=stateD;
always@ (posedge clk) stateD: nextstate=stateA;

in endcase
ﬁet) state<=stateA; end

else state<=nextstate;
end I

stateC=2'b10,
stateD=2'b11;

_ initial state Combinational part
Sequential part
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Blocking v.s Non-Blocking

|

= Use non-blocking assignments for
sequential block
= Store values until the end of the time slice
= Avoid simulation race conditions or ambiguity

of results

m Use blocking assignments for

combinational block

= Blocking assignments occur immediate in
nature

Blocking Assignment

outa

D Q
always @(posedge clk) —>
begin
outb
outa=in; D Q
outb=outa; -~
outc=outb; ,
end mn D 0 outc
clk N




Non-Blocking Assignment

always @(posedge clk)
always @(posedge clk)

always @(posedge clk)

always @(posedge clk)

begin outa=in;

outa<=in; —

outb<=outa; === | outb=outa;

outc<=outb;

end outc=outb;
=D QD QD Q

outc

>
clkr

lllustration of Execution Order

clk
outl
out2

clk

outl
outl
outl
out2
outl
out2

Q0000 e

always@(posedge clk) 0
begin bxx
outl=3; © 0
end $end

always@ (posedge clk)

begin #5
outl =0; © 1
outl<=1; @ b00
outl =2; @ b10

end b1l

1

always@(outl)

begin b01
out2 = ~out2; @ @ 0

end

P [ATime
Unit
blocking i
assignments ilst
r'_'_'.'_'.'_'_'.'_'.'_'.'_'_'.'_'.'_'_':l traversa|
' non- blocking
assignments
§2nd

' traversal
——




Example: Sequence Recognizer

cognizer: Verileg Process Description
4-21 for state diagram)

reg [1:0] state, next state; B: ifiX) next _stat = Cjelse next_state <= A;
parameter A = 2'b00, B = 2'B01, C = 2'B10, D = 2'b11; C: AiE{M) next state <= C;else next stakts <= D;
reg Z; C:  if(X) next state <= B;else next state <= A;

// state regieter: implements positive =dge-triggered endoage

#/ Btate storags with asynchronous reset. end

always @ |posedge LK or posedge RESET) on

begin
if (REEET == 1)

case |(state]
A:r Aif (X == 1)

next_state <= By

elae
next s

£ of X and state
always @(X or statsz)

J/ output function: implements r.utp.'r_% functi

Stata <= B begin H
else case (statel JUST descr"be

state <= next state A: B oe= 105
. g state-by-state !l
// mext state function: implements next stats as function C: B <=0,
J) of X and st D: Z =X 17?1:0;
always &@(X or stats) endcase
begin end

endmodul &

Various Coding Styles for FSM
|
» There are many different coding styles
can be used to describe a FSM
= HDL is a very flexible language
» Typical coding styles:
= 1-process FSM
= 2-process FSM
= 3-process (or more) FSM
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1-Process FSM

I - : ,
= Lump all descriptions into a single process

module counter (clk, rst, load, in, count) ;
input clk, rst, load ;

input [7:0] in;

output [7:0] count ;

reg [7:0] count ;

always @(posedge clk) begin
if (rst) count =0 ;
else if (load) count = in ;
else if (count == 255) count =0 ;
else count = count + 1 ;
end

endmodule 256 states 66047 transitions I
5-23
2-Process FSM (1/5)
I structurally partitioned
functionally partitioned e ~

T ’ I

Current State
» Register
" (sequential)

‘ Z

" | Next State Logic|
P (combinational)

Clock

Asynchronous

\ reset

Inputs

y

Output LOQIC ity Outputs
ke (COMbiNational) ,

— -
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2-Process FSM (2/5)

module FSM_S2 (Clock, Reset, X, Y);
input Clock, Reset, X;

output [2:0]Y;
reg [2:0]Y;
reg [1:0] CS, NS;

2-process,
structurally
partitioned

parameter ST0O=0,ST1=1,ST2=2,ST3=3;
always @ (X or CS) begin : COMB Reset

case (CS)
STO : begin
Y =1;
NS = ST1;
end
ST1 : begin
Y =2;

if (X) NS =ST3;

else NS =ST2;

end

2-Process FSM (3/5)

ST2 : begin
Y =3;
NS = ST3;
end
ST3: begin
Y =4;
NS = STO;
end
default : begin
Y=1;
NS = STO;
end
endcase
end

always @ (posedge Clock or posedge Reset)
begin : SEQ
if (Reset)
CS <= STO;
else
CS<=NS;
end

endmodule
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2-Process FSM (4/5)

= 2-process, functionally partitioning

module FSM_F2 (Clock, Reset, X, Y);
input Clock, Reset, X;
output [2:0]Y;
reg [2:0]Y;
reg [1:0] STATE;
parameter [1:0] STO=0,ST1=1,ST2=2,ST3=3;

always @(posedge Clock or posedge Reset)
begin : NEXT_STATE

if (Reset)
STATE <= STO;
else
5-27
2-Process FSM (5/5)
case (STATE) alwa)kl)s @(S'I(')AL\J'I_'I_E)
egin :

STO: STATE <= ST1; gase (STATE)
ST1: begin STO:Y =1

it (X) STL:Y =2

STATE <=ST3; ST2:Y=3;
else ST3:Y =4;
STATE <= ST2: default: Y =1;
' endcase
end end
ST2 : STATE <= ST3;
ST3: STATE <= STO; endmodule
endcase
end
5-28
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3-Process FSM (1/4)

N

_ Current State
v Register

7| Next State Logic|

- — - - =

-
3

. (sequential)4 (combinational)
Clock N P
Asynchf'onous
N reset !
N e o o - -
Inputs o \‘
1

1
I -

> : 1

: Outpgt Lpglc ——]  OUtPULS
=P (combinational) 1

1

3-Process FSM (2/4)

= 3-process, structurally partitioning

module FSM_S3(Clock, Reset, X, Y);
input Clock, Reset, X;
output [2:0];
reg [2:0]Y;
reg [1:0] CS, NS;
parameter [1:0] STO=0,ST1=1,ST2=2,ST3=3;

always @(X or CS)
begin : COMB
NS = STO;
case (CS)
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3-Process FSM (3/4)

STO : begin
NS = ST1;
end
ST1: begin
if (X)
NS = ST3;
else
NS = ST2;
end

ST2: begin
NS = ST3;
end
ST3: begin
NS = STO;
end
endcase
end

// end process COMB
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3-Process FSM (4/4)
always @ (posedge Clock always @(CS)
or posedge Reset) begin : OUT
begin : SEQ case (CS)
if (Reset) STO:VY =1;
CS <=STO:; ST1:Y =2
else ST2:Y=3;
CS <= NS; ST3:Y =4;
end default: Y = 1;
endcase
end
endmodule
5-32
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