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7.1.1 Introduction to FSM

* Finite State Machine (FSM)

— A design component that demonstrates behavior
characterized by a finite set of states

« Combinational circuits: next state and the output

« Sequential circuit: registers to 1) memorize the status/states; 2)
isolate cur_state from the nxt_state for timing control

« Template for coding a Finite State Machine (FSM)
— Sequential circuit: register
— Combinational circuit of the nxt_state: always block
— Combinational circuit of the output: assign/always blocks
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FIGURE 7.1
Finite State Machine Model



7.

« State register

— Encoding: 4 states so 2-bit width of the parameter SIZE
— One-hot encoding: S0=4'00001, S1=4'b0010, S2=4'b0100,
and S3=4'p1000.
« Advantage: Only one state bit ON at a time.
« Downside: Takes more flip flops.

1 module FSM_template (input

3

B

1.2 FSM Template with Verilog HDL

s parameter SIZE = 2;

a

parameter S0 =
reg [ ]
reg [ ]

rst
input clk
input X ,
output reg y )
2'b0O0, S1 = 2'BO1, 52 = 2'b10, S53=2'b11;
cur_state; Sequential part of the FSM
nxt_state; Combinational part of the FSM

if ("rst) begin

cur_state

<= 30;

end else begin

cur_state
end
end

<= nxt_state;
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7.1.2 FSM Template with Verilog HDL

« Combinational circuit of the next state

« Combinational circuit of the output y

— The output design could be simplified using assign blocks. In
such a case, the output signal "'y" must be declared as a
wire data type.

always @ (cur_state, x, rst) begin
if ("rst) begin
nxt_state <= 50;
end else begin
case(cur_state)

30 : ss always @ (cur_state, x, rst) begin
31 : a7 if ("rst) begin
g9 a8 ¥y <= 1'b0;
30 end else begin
53
40 case(cur_state)
default: nxt_state <= 50; o, 30
endcase 12 51
end 43 32
end 44 33
45 default: y <= 1'b0;
4 endcase
a7 end
as  end

48 endmodule
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7.2.1 Introduction to Mealy and Moore Machine

* Mealy machine:

— The outputs are associated with both the current state and

the inputs during the transition.
* Moore machine:

— The outputs are solely dependent on the current state and

are not influenced by the inputs.
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7.2.1 Introduction to Mealy and Moore Machine

* Designing and evaluating an FSM

— 1) Constructing a state graph

— 2) Creating the state table and encoding it into a transition table
» Synthesis tools in the IC design process can automate the K-map
optimization, thus removing the necessity for manual K-map
optimization by RTL designers)
— 3) Designing the FSM using Verilog HDL
— 4) Analyzing the simulation and synthesis results using Karnaugh
maps (commonly known as K-maps).
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7.2.2.1 State Graph of Mealy Machine

« State graph

— Three current states, represented by

circles labeled as "'S0", "'S1", and ""S2°.
* When the circuit is reset, the state machine
initializes to the initial state, *"S0°.

— The arcs connecting the current states to
the next states represent the state
transitions that occur over clock cycles.

* In every clock cycle, one of the arcs will be

executed to transition the machine state
into the next state. FIGURE 7.3

— Each arc also includes the input "~'x" and State Graph of Mealy FSM
its corresponding output "y”.

* The output "'y" is determined based on the
current states (in the circle) and the input
“x" (on the arc).




7.2.2.2 State and Transition Tables of Mealy
Machine

« State table and Transition table
— The transition table is presented by encoding the state table.

— As there are three states being represented, a 2-bit register is
required.

 The ""g1" and ""q0" bits refer to the Most Significant Bit (MSB) and Least
Significant Bit (LSB) of the current state, respectively. On the other hand,
q1+" and "'q0+" represent the MSB and LSB of the next state.

« The next state ("'g1+g0+") serves as the input to the state register, while
the current state ("'g190") serves as the output of the state register.

: nxi_ state \ ql+qi+ v
cur_state x=0 | x=1| x=0 | x= alq0 =0 | x=1 [ x=0 | x=
50 50 | sl 0 0 00 00 | 0ol 0 L
51 S2|SL] O ] 01 1| ol 0 L
S2 S0 S1] 0 1 10 o1 | o 1

(a) State Table of the Mealy F5M

FIGURE 7.4

State and Transition Tables of Mealy FSM

S0=1"h00, 51=2"b01, S2=2"b10

{b) Transition Table of the Mealy FSM




7.2.2.3 Verilog HDL Design of Mealy Machine

module mealy_fsm(input rst

input clk

input x ),

output H .

? ’ * Verilog code to

parameter SIZE = 2; .
parameter S0 = 2°b00, S1 = 2'b01i, S2 = 2'bi0; deSCHbe the mealy
reg [ ] cur_state; 1
reg [ ] nxt_state; rT]Ea(:r]lr]Ea

always @ (posedge clk, negedge rst) begin
if ("rst) begin

cur_state

end else begin

cur_state
end
end

always @ (cur_state, x, rst) begin
if ("rst) begin

nxt_state

— The missing else in each
case statement
represents the scenario
where the next state
stays the same as the
current state.

— The computation of the

<= 80;

<= nxt_state; -

= 80;

end else begin o output 'y" is described
S0 : if(x) nxt_state=S51; using a concurrent
51 : if("x) nxt_state=52; . . .
32 : if(x) nxt_state=51; else nxt_state=50,; aSSIgn bIOCk N |IneS 35'
pTamini mamostate = 500 36. Therefore, the output
L ond “y"is declared in line 4
in a default wire data
assign y = (cur_state==52) & x; type

endmodule



7.2.2.4 Simulation and Synthesis Analysis of
Mealx Machine

* A. Synthesized Circuit
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FIGURE 7.6
Timing Diagram of Mealy FSM
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(a) State Table of the Mealy FSM

S50=2'b00), S1=2"h1, 52=2"h10
{b) Transition Table of the Mealy FSM
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7.2.3.1 State Graph of Moore Machine

« State graph

— The current states (""S0", ""S1", " S2", and
" S3") and the output “"y" are all
represented within the four circles.

« Because in a Moore machine the output

“y" depends solely on the current state and
remains constant within each state.

« Consequently, it takes an additional state,
83", to represent the output “y=1"
compared to a Mealy machine.

— The arcs connecting the current states to
the next states represent the transitions
that happen over clock cycles.

FIGURE 7.7
State Graph of Moore FSM



7.2.3.2 State and Transition Tables of Moore
Machine

o State table

— The output "'y" is solely determined by the current state.
Therefore, the last column displays the output ""y" without
considering the input " x".

 Transition table

— The transition of the next state (""'q1+q0+") is determined by
the combination of the current state ("'g1q0") and the input

X
nxt state ql+qi+
cur_state 1=“' o v qlgt s ¥
S S0 | S1| 0 00 D0 | 01 |
Sl S2 | S1| 0 01 0| or | o
—> 2 [ S0 s3]0 T O T
53 S2 | St | | T 10| o1 | 1

SU=2"hiM), S1=2"hi1,
52=2"'b10, S3=2'bl11

(a) State Table of the Moore FSM (b)) Transition Table of the Moore FSM

FIGURE 7.8
State and Transition Tables of Moore FSM
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7.2.3.3 Verilog HDL Design of Moore Machine

modul e moore_fsm{input rst .

input clk )

input X .

output v );
parameter SIZE = 2;
parameter 50 = 2'b00, 51 = 2'b0O1, S2 = 2'b10, S3 = 2'bl1;
reg [ ] cur_state; Sequential part of the F3MN
reg [ ] nxt_state; Combinational part of the FSHM

it lobel —-——-——m—-—————————————
always @ (posedge clk, negedge rst) begin
if ("rst) begin
cur_state <= 30;
end else begin
cur_state <= nxt_state;
end

end

________ Je=xt+ State Combinat e 11 F o o o o

always @ (cur_state, x, rst) begin
if ("rst) begin
nxt_state = 850;
end else begin
case{cur_state)

S0 : if{x) nzt_state=51;
51 : if("=z) nzt_state=52;
52 : if(x) nxt_state=53; else nxt_state=50;
53 : if(x) nxt_state=51; else nxt_state=82;
default: nxt_state = §S0;
endcase
end
end
assign y = (cur_state==§3);

endmodule

* Verilog code to describe
the mealy machine

— The output "'y" is set to
binary one only when the
current state is *"S3". The
output computation does
not depend on the input




7.2.2 Simulation and Synthesis Analysis of
Moore Machine

« A. Synthesized Circuit « B. Timing Diagram
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7.3.1 Introduction to Sequence Detector

* |ntroduction to Sequence Detector

— Asserts an output signal “'y=1" when a specified pattern of
consecutive bits is received in the serial input stream " "x".

— The input stream is fed into the detector from left to right, with
only one bit digit per clock cycle.

rst clk

x =010 10 1o 1]0 10 0 0
£ 4

vy
ﬁ* ¢ Mealy Machine y=000101000010101000
X Sequence y R v ¢+
Detector Moore Machine y=0000101000010101000
FIGURE 7.11 FIGURE 7.12
A Sequence Detector Digit String of 0101 Sequence Detector with Mealy and Moore FSM

— The digits in the input can be overlapping between two
consecutive occurrences of the desired 0101 string.



7.3.1 Introduction to Sequence Detector

 Introduction to Sequence Detector
— The asynchronous reset is utilized for initializing the register,
— The clock is employed to sample each digit input.

— A state register is a crucial component in this design,
responsible for storing and updating the status of the digit
string input.

|t ensures that the state can be updated on every active clock

cycle, enabling the sequence detector to effectively track and
detect the desired digit pattern.

TABLE 7.1
Sequence Detector I0s Description

Name | Direction | Bit Width | Description

clk Input 1 Clock, rising edge trigger

rst Input 1 Asynchronous reset, 0 valid

X Input 1 Digit string input

y Output 1 Output 1 when 0101 string detected




7.3.2.1 Mealy State Graph of 0101 Sequence
Detector

« State graph
— S0: initial state

« From initial state, if O input remains to SO; if 1
input goes to S1

— S1: the first desired O is received

&) inifial atate * From S1, if O input remains in S1; if 1 input

goes to S2
Ll — S2: the two desired sequence 01 is received
* « From S2, if 0 input goes to S3; if 1 input goes
52: received digit to SO
e — S3: the three desired sequence 010 is
53: received digit received
o e « From S3, if 0 input goes to S1; if 1 input goes
to S2

FIGURE 7.13
State Graph of 0101 Sequence Detector Design with Mealy FSM



7.3.2.2 Mealy State and Transition Tables of

0101 Seguence Detector

o State table

 Transition table
— q1+q0+: next state

— g1q0: current state
— y: output dependent on the input x and the current state q19q0

nxt state y 1+q 0+ ¥
cur_state [—— - 0T qlq0 xiﬂ qle == =]
S0 SL| S0 | o0 0 00 0L 00| 0| O
s1 S1 | 82 0 0 01 01 10| 0 0
S0: initial state s2 S3|so] o] o 10 ijoo| ofo
53 SL|S2 | 0 1 11 or | 10| 0 I
50=2"h00, S1=2"'b01, 52=2'b10, 53=2"bl1
S1: received digit
{a) State Table of the 0101 Sequence {b) Transition Table of the 0101 Sequence

sequence 0
Detector Design with Mealy FSM Detector Design with Mealy FSM

52: received digit
sequence 01

FIGURE 7.14

State and Transition Tables of 0101 Sequence Detector Design with Mealy
S3: received digit FSM

sequence 010
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7.3.2.3 Verilog HDL Design of 0101 Mealy

module seq_det_0101_mealy (input rst,
input clk,
input =x ,
output y )3

parameter SIZE = 2;

parameter S0 = 2°b00, S1 = 2°b01, S2 = 2°b10, 53 = 2°bi1l;
reg [ ] cur_state;
reg [ ] nxt_state;

alwvays @ (posedge clk, negedge rst) begin
if ("rst) begin
cur_state <= S50;

SO initial state

end else begin

cur_state <= nxt_state;

S1: received digit

end sequence 0

end

S2: received digit

always @ (cur_state, x, rst) begin sequence 01

if ("rst) begin
nxt_state = 2?b00;

end else begin

53: received digit

case(cur_state) sequence 010
50: if("x) nxt_state = S1;
S1: if(zx) nxt_state = 852;
52: if("xz) nzt_state = S3; else nxt_state = S50;
S53: if("xz) nxt_state = S1; else nxt_state = 852;
default: nxt_state = 50;

endcase

end
end

assign = (cur_state==S3) & =x:
En y 5

endmodule

Seguence Detector

« \erilog code to
describe the mealy
machine

The state register is
described in lines
12-19, and the next
state transitions is
designed in lines 21-
34.

In line 37, the output
signal " 'y" is
asserted when the
current state is ="S3"
and the subsequent
input ~"x" is one,
completing the
desired digit string
0101.
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7.3.2.4 Simulation and Synthesis Analysis of

0101 Mealx Seguence Detector

Mealy FSM
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{a) State Table of the 0101 Sequence

{b) Circuit of the 0101 Sequence
Detector Design with Mealy FSM

* A. Synthesized
Circuit

nxt state /
R DL x=0 | x=1 | x=0 | x=
S0 SL | SO | 0 0
S1 SL|S2 | 0 0
52 83| S0 0 0
53 S1L|S2 ] 0 1

Detector Design with Mealy FSM

\
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]| 1] 10 1] 1]
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11 01 10 0 |

(b) Transition Table of the 0101 Sequence

S50=1"h00, 51=2"h01, 82=1"bh10, 83=1"b11

Detector Design with Mealy FSM



7.3.2.4 Simulation and Synthesis Analysis of
0101 Mealx Seguence Detector

« B. Timing Diagram
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FIGURE 7.16
Timing Diagram of the 0101 Sequence Detector Design with Mealy F5M
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S50=1"h00, 51=2"h01, 82=1"bh10, 83=1"b11

{a) State Table of the 0101 Sequence (b) Transition Table of the 0101 Sequence
Detector Design with Mealy FSM Detector Design with Mealy FSM



7.3.3.1 Moore State Graph of 0101 Sequence
Detector

« State graph
— S0: initial state, y=0
« From initial state, if O input goes to S1; if 1 input

S0: initial state remains to SO

— S1: the 1st desired O is received, y=0
S1: received  From S1, if 0 input remains in S1; if 1 input goes to
digit sequence 0 S2

— S2: the 2 desired sequence 01 is received, y=0

| e eor e « From S2, if 0 input goes to S3; if 1 input goes to
' S0
$3: received digit — S3: the 3 desired sequence 010 is received, y=0
sequence 010 « From S3, if 0 input goes to S1; if 1 input goes to
S4

S4: received
desired digit

sequence 0101 — S4: the 4 desired sequence 010 is received, y=0

« From S3, if 0 input goes to S3; if 1 input goes to

FIGURE 7.17 SO
State Graph of 0101 Sequence Detector Design with Moore FSM




7.3.3.2 Moore State and Transition Tables of

0101 Seguence Detector
o State table

 Transition table

— In this design, a 3-bit register is required to encode the four states.

— Furthermore, the last column of both tables indicates that the output "'y"
is solely determined by the current state, regardless of the input ~"x".

nxt state - q2+ql+q0+ |
cur_state = ¥ q2qlql ——=r—— ¥
S0: initial state ~ =0 ix=1] - =0 | x=1
SO S1 | S0 | 0 000 001 | 000 | 0
S1 St S22 |0 001 001 | 010 | O
) . S2 s3|sol o 010 011 | 000 | 0
S1: received '
digit sequence 0 ‘ 53 Sl 54 0 011 001 100 0
S4 S3 | SO 1 100 011 | 000 | 1
S0=3'b000, S1=3'b001, S2=3'b010,
| S2: received digit §3=3'b011, 54=3"b100
sequence 01 (a) State Table of the 0101 Sequence {b) Transition Table of the 0101 Sequence
Detector Design with Moore FSM Detector Design with Moore FSM

53: received digit

sequence 010 FIGURE 7.18

S4: received State and Transition Tables of 0101 Sequence Detector Design with Moore
;irs;irr.tl digit FSM

sequence 0101




7.3.3.3 Verilog HDL Design of 0101 Moore

module seq_det_0101_moore (input rst,
input clk,
input x
output y )3

parameter SIZE = 3;

parameter SO0 = 3?b000, S1 = 3?b001, S2 = 3°b010,
S3 = 3°b011, S4 = 3°b100;

reg [ ] cur_state;

reg [ ] nxt_state;

always @ (posedge clk, negedge rst) begin
if ("rst) begin
cur_state <= 850;
end else begin
cur_state <= nxt_state;

end “....

end

always @ (cur_state, x, rst) begin
if ("rst) begin
nxt_state <= 50;
end else begin
case(cur_state)

S0: if("x) nxt_state = 81
S1: if(x) mnxt_state = 82;
52: if(zx) mnzt_state = 80; else nxt_state
33: if(x) mnzt_state = S4; else nxt_state
54 : if(zx) mnzxt_state = 8S0; else nxt_state
default: nxt_state = S0;
endcase
end
end
assign y = (cur_state==54) ;

endmodule

Seguence Detector

* Verilog code to

S0: initial state

S1: received
digit sequence 0

S2: received digit
sequence 01

83: received digit
sequence 010

S4: received
desired digit
sequence 0101

describe the Moore
machine

— The state reqister is
defined in lines 13-
20, while the next
state transitions are
specified in lines 22-
36.

— Inline 39, the output
“y" is activated
exclusively when the
current state is
S4". This illustrates
the input
independence
characteristic of a
Moore machine.



7.3.3.4 Simulation and Synthesis Analysis of
0101 Moore Sequence Detector

» * A. Synthesized
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{a) K-Map of the 0101 Sequence Detector Design with Moore FSM - S0 S1 | S0 0 000 001 | 000 | 0
51 s1 | s2 0 001 001 | 010 | O
AEEE S2 83 | S0 1] 010 011 | MMy 0
Combinational pomesmesennesnnien 5 S : 011 001 100 0
gl o I i Register %y ~, 53 51| 5S4 0
L0 —— it i ¥ s 5 S3 | S 100 | 011 | 000 | 1
Py —» q+i i Smtf Qi E S4 S3 | S0 1
| g ——> R AL B B i S0=3'b000, S1=3'b001, $2=3'b010,
: i | DFF iCombinational} §3=3' P
[ll_’[)"_’ ! ___.,> { circuit output } §3=3'b011, 54=3'b100
i l'I""; Trasesesssssnier 4 {a) State Table of the 0101 Sequence (b} Transition Table of the 0101 Sequence
Q2 g% _'D'_: D Q al > Detector Design with Moore FSM Detector Design with Moore FSM
Al iy > i | DFF
W0 o b
\ —— 4l = g0+
i X _’D_’ | : » D Q '[l >
LY . DFF M Moore FSM
clk N => {Olul Se{lllente
b e A Detection)

(b)Y Circuit of the 0101 Sequence Detector Design with Moore FSM

FIGURE 7.19
K-Map Optimization and Circuit of 0101 Sequence Detector Design with
Moore FSM



7.3.3.4 Simulation and Synthesis Analysis of
0101 Moore Seguence Detector

« B. Timing Diagram
» The sequence detection commences in the second clock cycle, following the
reset phase.

* From clock cycles 3 to 5, the input digits ~"010" are sequentially received,
leading to the machine transitioning to the ~"S3" state by clock cycle 6.

» During clock cycle 6, upon receiving the final digit one, the computation of
the next state results in ~"S4°.

* In clock cycle 7, the current state reflects the transition to *"S4", indicating the
successful acquisition of the entire digit string ~"0101".

| | | : : : : r | 2+q1+gl+
_I_I_'_I_’_I_I_I_I_I_I_I_’_[—I_I—I_I— cur_state bl q2qlq0 4-"q° "4

x=0 [x=1] * =0 | x=1 | ¥
; : : : : : : : S0 st|so| o 000 001 | 000 ) 0
ISl —t— - : : : : : : 2
: : : . H L : : i s St [s2] 0 0o1 001 [ 010 | O
. : | | | ¢ | | _ ) S3| S0 0 010 o1 [ooo] o
: : ; - - ) g S3 SLI sS4 o0 011 001 [ 100 [ O
cur_state (: (S0 ) E&D €D €D & € €D S4 S3|SD| 1 100 011 | 000 | 1
nxt_state (S ) €D €& € & I S3 I Sl I 52) S0=3'h000, S1=3'b001, $2=3'b010,
: : : : I_l S3=3'b011, S4=3"'b100
¥ 1 .
- : : : {a) State Table of the 0101 Sequence b} Transition Table of the 0101 Sequence
Detector Design with Moore FSM Detector Design with Moore FSM

FIGURE 7.20
Timing Diagram of 0101 Sequence Detector Design with Moore FSM
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7.4.1 Introduction to Odd/Even Number of 1's

Checker

« Odd/Even Number of 1's Checker

— Adigital circuit that determines whether a given binary
sequence contains an odd or even number of 1’s.
— This type of circuit is commonly used in
« Error detection, parity checking, and data transmission.

— ltis a fundamental components in digital circuit that provides
important parity information and is essential for ensuring

data integrity

rst clk

4

in various circuits and systems.

x=010101001010101000

X — Odd/Even
en —— 1's Checker

'R TR T TR T
— Y Moore Machine Y=001100111001100111

R S S U (b) An Example of Checking 1's with

FIGURE 7.21

(dd/Even 1's Checker

Odd/Even Number of 1's Checker



7.4.2 State Graph of Odd/Even 1's Checker

« State Graph of Odd/Even 1's Checker

— It starts in the initial state "' INI”

— Inthe "ODD" state,

* The next state remains in "ODD" if the
input is zero, as the odd count of 1's
continues. If the input is one, the graph
transitions to the state "EVEN", indicating st
that an even number of 1's is received.

— Inthe "EVEN" state,

» The next state stays in "EVEN" if the input
is zero, while it transitions back to the
“ODD" state if the input is one.

INI: initial state

ODD: an odd
number of 1's is
received

EVYEM: an even
number of 1's is
received

_ - _ FIGURE 7.22
— If the enable signal “"en" is OFF, the state State Graph of Odd/Even 1's Checker

remains unchanged meaning that the
circuit is temporarily inactive.

— |If a reset occurs, the state returns to the
initial state "'INI", since the FSM is
initiated.



7.4.3 State and Transition Tables of Odd/Even
1's Checker

o State and Transition Tables of Odd/Even 1's Checker

— Next state transitions:

« If the circuit is disabled, the state remains unchanged in its
current state.

» As the input zero doesn't alter the ODD or EVEN state, the
state also remains identical to the current state

* The state only updates when both the enable ""en" and " "x"
inputs are set to ones.

— The Boolean sum of all the inputs should evaluate to one, as
represented by ‘en’+ x +en-x=1".

-x|~en cur_state TR IR en ¥ qlq0 LR L, v
INI: initial state o a8 (e 51 - .~ 4 s ~en | ~x fen&x| -
INI INI INI |ODD | 0 00 00 00 01 0
‘ ODD | ODD | ODD |EVEN| 1 01 01 01 10 1
: i ' 10 10 10 01 0
ODD: an odd EVEN |EVEN|EVEN| ODD | 0
~X|~en number of 1's is INI=2'b00, ODD=2'b01, EVEN=2"h10
received (a) State Table of Odd Even 1's Checker (b} Transition Table of Odd Even 1's Checker
EVEN: :
eI FIGURE 7.23
~x|~en number of 1's is

received State and Transition Tables of Odd/Even 1's Checker
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7.4.4 Verilog HDL Design of Odd/Even 1's

module odd_even_1s_checker (input rst ,
input clk , CheCker
input en ,
input x s
output y )3
parameter SIZE = 2;
parameter INI = 2°b00, ODD = 2°b01, EVEN = 2°b10;
reg [ ] cur_state; Sequential part of the FSM
reg [ ] nxt_state; Combinational part of the FSM
S State Register ----------—-—-—-—--—-
always @ (pﬁsedge clk or negedge rst) begin
if ("rst) begin Neos q
L A Ne: ate combinational circuit----

cur_state <= INI

L

end else begin
cur_state <= nzt_state:

end

end

INI: initial state

ODD: an odd
number of 1's is
received

EVEN: an even
number of 1's is
received

22

23

24

25

26

aT

28

29

a0

3l

az

a3

a4

a5

a6

a7

always ®@ (cur_ state, en, x, rst) begin
if("rst) begin
nxt_state = INI;

end else begin

case(cur_state)

INI if(x&en) nxt_state = 0DD ;
0oDD if(x&ken) nxt_state = EVEN;
EVEN if(x&en) nxt_state = 0DD ;
default nxt_state = INI;
endcase
end
end

combinational circ

0DD ) ;

//--------=- Output combinational circuit-----
assign y = (cur_state==

endmodule



7.4.5 Simulation and Synthesis Analysis of
Odd/Even 1's Checker

* A. Synthesized Circuit

on X

4

nxt_state (en, x)
cur state y
- ~€n ~X endx y
INI INI INI |ODD | 0
DD ODbD | ODD |EVEN |
EVEN |EVEN|EVEN| ODD | 0

{a) State Table of Odd Even 1's Checker

qlql

00 01 11 10

0o

oJoJoTo

01

nnNI{r
NIEISSlp

10

o]

ql+=q0 = en = x+ql = en'

+ql = x'

en x

qlql

00 01 11 10

X —

0o

0] o]

n

01

11
10

KL
x| x

0
|
x|

njo 0

qU+=ql' = en » x-i-qﬂ = en'

+q0 = x'

clk

e

i'. il hmnim rml ::m:mr |u.=11 siare

L) ———
| gn ———»
P x ——> j

al
g0 14
_..!

ql+

(a) K-Map of Odd Even 1's Checker

FIGURE 7.24
K-Map Optimization and Circuit of Odd/Even 1's Checker

(b} Circuit of Odd Even 1's Checker

ql+q0+ (en, x) ,

qlq0 ~€n ~X |en&x ¥
00 0o 11] 01 0
m ] 01 10 1
10 10 10 01 0

INI=2'h00, ODD=2'b01, EVEN=2'h10
(b} Transition Table of Odd Even 1's Checker

H Remﬂ Moore FSM
: th i (Odd/Even

LR IE 1's Checker)
D Qq—;ﬁ»

© | DFF| i

b

D Q g

"_-__. DFF qﬂ‘ {I.I'I'I'Ihll'ldhﬂl'lﬂl

B ﬂrruli mltplli



7.4.5 Simulation and Synthesis Analysis of

Odd/Even 1's Checker

« B. Timing Diagram

_ nxt_state (en, x)
cur state W
- ~en ~X endx -
INI INI INI | ODD | 0O
QDD ODD | ODD |EVEN |
EVEN |EVEN|EVEN| ODD | 0

(a) State Table of Odd Even 1's Checker

I AN 5 6 7 8
IplipgliplinglnlinlpEelg
ISt e—p—

X —_— i —
en - 8 : ] H 0 :
cur_state { INI t(}lmi EVEN I onn iE\'EN]
nxt_state (. INE ) QD ¢ "EVEN

S Sk A (R S———

FIGURE 7.25
Timing Diagram of Odd/Even 1's Checker

ql+q+ (en, x) r

Ll ~en | ~x |en&x| °
00 00 00 01 0
01 01 01 10 I
10 10 10 01 0

INI=2'h00, ODD=2'b01, EVEN=2'h110
(b} Transition Table of Odd Even 1's Checker
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7.5.1 Introduction to Data Package Receiver

 Introduction to Data Package Receiver

— In the majority of serial bus communications, data is
transmitted in the form of packets, which consist of multiple
data segments.

— Data package header, command, and stop tail through the
output indicators “"header"”, ""'cmd", and "tail", respectively.

— Furthermore, the extracted data from the data package is
shown through the output “‘rev_data".

cmd
header ¥ data tail
data_in=[010 11j1 00 11 01 0]

";t fik 2232% v

. L+ header header =000 1000000000

{]ﬂtﬂ_ll’l —#| Data Package [ [‘I“:.'jl ¢ Recognized emd=0000 |I|[| 0000000
Receive !

en — ecever _..q..t—p ]‘ﬁ;ﬁ ata e rev_dﬂm ey “m .

tail =0 000000000001

(a) Data Package Receiver (b) An Ex‘ﬂmplc of Receiving Djalu Package
with Data Package Receiver

FIGURE 7.26
Data Package Receiver



7.5.1 Introduction to Data Package Receiver

« Data Package Receiver « Outputs:

Header: a digit string of
0101 represents the
start/head of a data
package

Command: 1 is a write
command and O is a read
command

Received data: copy all
4-bit the data as data
received

Tail: a digit string of 1010
represents an end/tail of
a data package, or a data
package is successfully
received

— Header: header received indicator
— Cmd: command indicator
— Rev_data: received 4-bit data

— Tail: tail received indicator
rst clk

. — header
data_in —| Data Package |—» c¢md

en — Receiver L rev_data
—  tail

cmd
|IE:’I[1EI‘¢ data tail
data_in=[0 1 0 1f1j1 00 jj1 0 1 0]

YYYYVYY v
header =000 1000000000

Recognized emd=0000[100000000
Data Frame rev_data=00000[10010000
tail=0000000000001

FIGURE 7.26

Data Package Receiver



7.5.2 State Graph of Data Package Receiver

« State graph
— HO: initial state HO: initial state
— H1-H3: header received
— CM: command state st desired
— RD: data receiving state et et
— TO: starts detecting tail
— T1-T3: tail received

* Input and output desired header
— d: data_in; serial input e
— h: header; indicator output e oion
— ¢: cmd: indicator output  command state
— r: rev_data; 4-bit output

— t: tail; indicator output FIGURE 7.27
State Graph of Data Package Receiver

receiving state

Ti: starts
detecting tail

H2: received 2
desired header
digits 01

TI: received the
first desired tail
digit 1

T2: received 2
desired tail
digits 10

T3: received 3
desired tail digits
101




7.5.3 State and Transition Table of Data

et nxt state h c t r|3:0]
- ~d | d |&cent|~&ent|~d| d |~d|{d|~d|d | &ent | ~&ent
HO H1 | HO - - ojojof{ojofao - -
H1 HO | H2 - - Olojojojolo - -
H2 H3 | HO - - L L O 1 A1 - -
H3 HO | CM - - Ojl1|10[{0D)0]|O0 - -
CM RD [RD | - - Dlojoaj1{o|0 - -
RD - - T RD |0 f{O|0o|[0]0]0)]d3:0 d
TO HO | T1 - = Oj{oj0oj0o|lo]o0 - -
Ti T2 | HO - - Olojojojo]o - -
T2 T3 | HO - - O(0|0[0]0]0 - -
T3 H( | HO - - Olojol0l1]|0 - -
(a) State Table of Data Package Receiver
e e nxt state h c t r|3:0]
i ~d| d |&ent|~&ent|~d| d [~d| d |~d]| d | &cnt | ~&ent
0 1|0 - - Ojojofojo]|o0 - -
1 0|2 - - oOjofofojolo0 - -
2 310 - - Ofojojojo]o - -
3 0|4 - - 0110 [0D]0O]D - -
4 515 - - Ojojoj1r{o|0 - -
5 -] 6 5 JoJoJoJo|o]o0]ap3:0]] 4
6 0|71 - - O(ojojojo]o - -
7 810 - - gjlojofo|lo|o0 - -
8 210 - - Glojoro]0o|0 - -
9 0o - - 0jojojof1|o0 - -

HO=4'd0, HI=4'd1, H2=4"d2, H3=4"d3; CM=4'd4, RD=4"d5;
To=4'd6, T1=4'd7, T2=4'd8, T3=4'd9;

(b) Transition Table of Data Package Receiver

FIGURE 7.28
State and Transition Tables of Data Package Receiver

N

HO: initial state

H1: received the
first desired
header digit 0

H2: received 2
desired header
digits 01

H3: received 3
desired header
digits 010

CM: received the
header 0101;
starts the
command state;

Package Receiver

State Table
Transition Table

receiving state

To: starts
detecting tail

T1: received the
first desired tail
digit 1

T2: received 2
desired tail
digits 10

T3: received 3
desired tail digits
101



20

21

22

23

24

26

2T

28

20

a0

31

module data_pack_rec (input
input
input
input

parameter
parameter
parameter
parameter
parameter
parameter
parameter
parameter
parameter
parameter
parameter

reg [
reg [

SIZE

HO
Hi
H2
H3
CM
RD
TO
T1
T2
T3

7.5.4 Verilog HDL Design of Data Package
Receiver

cutput
cutput
cutput
output

= 4;
4°b0000;
4°b0001 ;
4°b0010;
4°b0011 ;
4°b0100;
4°b0101 ;
4°b0110;
4°b0111;
4°b1000;
4°b1001 ;

cur_state;
nxt_state;

if("rst) begin

cur_state <=

HO

end else begin

cur_state <=

end
end

Register

negedge rst)

N

nxt_state;

rst

clk

en
data_in
header
cmd
rev_data
tail

reg [ ]

Sequential part of

Combinational part

begin

-

« Sequential

of the FSM

HO: initial state

HI: received the
first desired
header digit 0

H2: received 2
desired header
digits 01

H3: received 3
desired header
digits 010

CM: received the
header 0101;
starts the
command state;

the FSHM

of

the FSM

part

receiving state

To: starts
detecting tail

T1: received the
first desired tail
digit 1

T2: received 2
desired tail
digits 10

T3: received 3
desired tail digits
101



7.5.4 Verilog HDL Design of Data Package
Receiver

always @ (cur_state,

2°h0;

the FSM

en,

if("rst) begin

nxt_state

= HO:

end else begin

az f/------- Next state combinational circuit
aa reg [ ] cnt;
a5 wire [ ] nzxt_cnt = (cur_state==RD) ? cnt+2’hl
as always @ (posedge clk, negedge rst) begin
a7 if("rst) begin
a8 cnt <= 2°h0 H
an end else begin 14
40 cnt <= nxt_cnt;
41 end 48
42 end 48
47
48
44
50
51
cur_state==RD |« o2
53
2'h0 54
2'hl > ( |nxt_cnt D 55
DFF 4> cnt 56
L ak—b
5T
58
50
FIGURE 7.29 ae

Data Receiver Counter

case(cur_state)

HO
H1i

H2
H3
CM
RD
TO
T1
T2
T3

default
endcase

end

end

if (*data_in & en)
if (data_in )

else

if ("data_in)

else

if (data_in )

else

if (&cnt)

if (data_in)
else
if(*data_in)
else

if (data_in)
else

nxt_state HO;

data_in,

rst,

nxt_state
nxt_state
nxt_state
nxt_state
nxt_state
nxt_state
nxt_state
nxt_state
nxt_state
nxt_state
nxt_state
nxt_state
nxt_state
nxt_state
nxt_state
nxt_state

cnt )

e Combinational part of

begin



7.5.4 Verilog HDL Design of Data Package
Receiver

« Qutput part of the FSM

assign
assign
assign

wire [
assign

always
if (~

----- Output combinational circuit--------------
header = (cur_state==H3) & data_in ;
cmd = (cur_state==CM) & data_in ;
tail = (cur_state==T3) & ~“data_in;

] nxt_rev_data;
nxt _rev_data=(cur_state==RD)7?{rev_datal
rev_data;
@ (posedge clk, negedge rst) begin

rst) begin
rev_data <= 4?h0

Ll

end else begin
rev_data <= nxt_rev_data;

] ,data_in}

rev_data|3|

end
enj dul oy iats==RT) rev_data|0]  rev_data|l] rev_data|2]
endmodule — i ¢ ;
e b1
dﬂtﬂ_l“ DFF l‘:@* DFr DFF DFF

clk —r>

r:»

FIGURE 7.30
Data Receiver Shifter




7.5.4 Simulation and Synthesis Analysis of
Data Package Receiver

PR A TR T R ]

Header: 0101 ;

V1
F + ] £

st

| [Cmd:d :l[ Ih.:*teivr:l ti:nln: Tiim IEI
T T 3

¥

data_in

cur state (. HD:

I H1 I [1H I H3 if'ﬁ-li H:.IJ

I T I Ti I T2 I T3 I HO )

) @EID ¢ 5 (1]

nxt_state (IO N_HI_)_nz _Y_1s

header

cmd

T

) QLD GLTID GV GiED LD @D

m Th3 I IhT }[

rev_data (. Tho
at T ) €11D €D EIED ¢ T
tail : 5 ; 5 5 :

FIGURE 7.31

N\

Timing Diagram of Data Package Receiver

HO: initial state

HI1: received the
first desired
header digit 0

H2: received 2
desired header
digits 01

H3: received 3
desired header
digits 010

CM: received the
header 0101;
starts the
commanid state;

Simulation
Analysis

receiving state

TO: starts
detecting tail

T1: received the
first desired tail
digit 1

T2: received 2
desired tail
digits 10

T3: received 3
desired tail digits
101
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