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" 6.1 Registers
ullE

B Registers
= n-bit datagE A& 0= 7| AKX}

B Load M|O{21Z2 7} Q&= register
= Reset=09 O{0f| 02 A% (HIE7])
= clockQ] positive edge0j| A Load=10|™ = datagE A%

n n Reset | Load i

——D0 Q0|+ Q

DI Ol 0 X 0

o o 1 1 Di

—llLoad i

— [Reset L 0 Qi
T Reset2 H|Z=7| £t active low

Load= E7| S, active high
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e Load IO A1Z 7} Q= register
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module register {qout, data, load, reset, clock);
output [3:8] qout;
input [3:8] data;
input load, reset, clock;
reg [3:8] qout;

always @ (posedge clock or negedge reset) begin

if (™Mreset) qout <= 4'b@; ff reset
else if (load) gqout <= data; f7 load
/¢ _LtHA = hold
end
endmodule
ps BD.Q ns IBD.ID ns 24D.ID ns SZD.ID ns |
MNarme
o ek | T L LT LT LT L L1
E reset
[ load
E data ¥ T W 0afT b Tooa w000
@ qout 000 b4 010 ) QIR 1000
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wyp Shift Register
ulll
B 4-bit shift register
= clockQ] positive edgeO| A PtXIE|2! shift (right)

= reset=0% Mi0)l 02 X% (HIS7I) sin = [ T [ b sout

>
A U= qout[3:0]
module shiftreg{sout, sin, reset, clock);

output sout; f7 serial out

input sin, reset, clock; /# serial in -

reg [3: B8] qout;

assign sout = qout[@];
always @ (negedge reset or posedge clock) begin
if {reset == 1'b@)

qout <= 4'b@; F/ reset
else begin
qout[3] <= sin; /4 shift right

qout[2] <= qout[3];
qout[1] <= qout[2];
qout[8] <= qout[1];
end
end
endmodule
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e Shift Register (Al£) || QFHISF Shift Register
mlll sl
B L2 BY - vector XIE2Y 0|2 m =%
B & Joad, YHEYF shift 7|15 . i
module shiftreg{sout, sin, reset, clock); o= 1 oec I° _S[l_O-l_O%tIOI’I
output sout; /f serial out (ﬂE_,HﬂEZ S[lZO]E 7|%ﬂ5_,ﬂ) 00 h0|d(ﬁ§|'g'}g%
input sin, reset, clock; ff serial in - =1 a1 o1 01 shift right
reg [3: 8] qout; » AE/EE UEH 10 hift|%t
= E7] reset (active low) S €
assign sout = qout[8]; 11 load
always @ (negedge reset or posedge clock) begin
if (reset == 1'b@) qout <{= 4'b8; f/ reset
else qout <= { sin, qout[3:1] }; ff shift left
end
endmodule data
MSBin LSBin
MSBout LSBout
gout
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mm J'¢ Shift Register (AI£) "y 6.2 Counters
] sl
module bishiftreg{qout, MSBout, LSBout, data, MSBin, LSBin, sel, reset, clock); H counter
output [3: 8] qout; // parallel out
output MSBout, LSBout; // serial out « OJg go“ﬂ E=AME 1€>"Eﬂ7|' QUI'E 'i‘xl'y-li
input [3:8] data; // parallel in INEINEE A &K Eg
input HSBin, LSBin; // serial in = CHH < f = o= f
input [1:8] sel; // function select H 4H|E %7]&! 2X1712H
i t clock, t;
ron [896] qouts » enable=191 SOt O clockOICt LIS & A2 HI}
_ 0000 - 0001 - 0010 > ... > 1110 > 1111 - 0000
assign MSBout = qout[3];
assign LSBout = qout[@]; = H|ZS7] reset
always @{posedge clock) begin
if (reset==8) qout <= 8;
else begin
case {sel) E%!Q' 4 out
[ 8: qout <= qout; // hold enable — nter Eads
1: qout <- {NMSBin, qout[3:1]}; // Shift right counte
2: qout <= {qout[2:8], LSBin}; // shift left reset —»
3: qout {= data; /f parallel Load
endcase
end
end clock
endmodule
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module counter{qout, enable, reset, clock);
output [3:8] qout;
input enable, reset, clock;
reg [3:8] qout;

always B{negedge reset or posedge clock) begin
if (“reset) qout <= @;
else if {(enable) qout <= qout + 1;

mp 714 2% FI2EH (&)

B SUIAREE AFSOIR] b2 A7

wi- =

module counter2{qout, enable, reset, clock);
output [3:8] qout;
input epable, reset, clock;
reg [3:8] qout;

always B{negedge reset or posedge clock) begin
if (“reset) qout <= @;
else if {enable) begin

end qout[8] <= “qout[8];
endmodule if {qout[8] == 1'b1) qout[1] <= ™gout[1];
if (qout[1:8] == 2'b11) qout[2] <= ™qout[2];
j if {qout[2:8] == 3'b111) qout[3] <= ™qout[3];
end
= adder 2IO|EZ{Z|E AI20I0] THE £ Qe end
= counter 2f0|H 22§ AIEOI YL +& AZ endmodule
v
= Of2fAI2| E0] 25 1 O SA[2| 7} Y
s AR OE BHE
% HAMICHSE 3 AMICHSE
S EREZEEN UHIC| E0LEYI01 E A 9 # ATHZEEN UHIC|E0FEI0]HA| 10
o - o
mp 3714 2% 712H (A1S) wyg Up-Down 7H2E
ulll ulll
B Timingk B 4H|E up-down 7}2H
« E7EE YA SE MY s
ps 80.0 ns 1600 ns 2400 ns 3200r
MNarne kTl -
2 4 reset up_dn | operation
m clock up dn -~ > qout
= B p_ T 0 xx | reset (clear)
| reset | | reset — 1 01 | up (increment)
2| @ aout UL GO S S AR 10 SEL 1 10 | down(decrement)
clock 1 00,11 | hold (no change)
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mm Up-Down 72l (%)
]

module wupdown_counter{qout, up_dn, reset, clock);
output [3:8] gqout;
input [1:8] up_dn;
input reset, clock;
req [3:8] qout;

always @ (negedge clock or negedge reset) begin
if {reset == B8) qout <= 4'bB;
else if {up_dn == 2'b81) qout <= qout + 1;
else if (up_dn == 2'b18) qout <= qout - 1;
end
endmodule

/f reset
/7 up
// doun

e H3E =2 C Up-Down 712K
1

B 4H|E ®ZEZC up-down 7} 2Ef

reset

load —
up —
enable —

data —»

counter

4
L+ qout

clock

reset load enable up

operation

1 X X
parallel

o o oo
o o o P
O r P X
X O R, X X

reset (clear)

load

up (increment)
down(decrement)
hold (no change)

> H|S7]|
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e 22 2L Up-Down 7}2H (AlS) "y Modulo-N 7I2H
] sl
® modulo-N 7}2H
module updown_counter2{qout, data, load, up, enable, reset, clock); = N7HQ| AEfE HI=E010] HOl= 712 E (CH7H OB E{ N-17tA])
output [3:8] qout;
input load, up, enable, reset, clock; B modulo-10 7} 2E (%7]5! reset)
input [3:8] data; ™ A7
reg [3:8] qout; " auE =
always B{posedge reset or posedge clock) begin module counteri@8{qout, enable, reset, clock);
if (reset) gqout <= 4'b@; f/ reset output [3:8] qout;
else if (load) qout <= data; /7 load input enable, reset, clock;
else if {(enable) begin // enable reg [3:8] qout;
if {up) gout <= gout + 1; /7 up
else qout <= qout - 1; £/ down always B{posedge clock) begin
end if {™reset) qout <= 8;
end else if (enable) begin
endmodule if {qout==9) qout <{= B8;
else qout <= qout + 1;
end
end
endmodule
(3 Mot
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modulo-N 7} &E

£/ modulo-18 counter

module counter_18{qout, enable, reset, clock);
output [3:8] gqout;
input epable, reset, clock;
wire rst;

OIZI7IRHE
AT AA
(S7]%lreset 0] 8)
counter_s ul {qout, enahle,, clock};

assign rst = ~reset || {qout == 9);

endmodule

#/ counter with synchronous reset

module counter_s{qout, enable, reset, clock};
output [3:8] gqout;
input epable, reset, clock;
req [3:8] gout;

always @(posedge clock) begin
if (“reset) qout <= @;
else if (enable) qout <= qout + 1;

g 72 £2S 2H= 4HIE 01F FH2H
ullE

B carry output (EE&= terminal count)
= 7I2E9] 0|2} JEH0f| A (enableO] 1 mHofl) 10] &

- JI2EE M AZFOI0| 2 IH2ES FHY I 49 FH2E{Q enable

MO 2 A2E

module counter4{qout, tc, enable, reset, clock);
output [3:8] qout;
output tc;
input enable, reset, clock;
reqg [3:8] gqout;

always @{posedge clock) begin
if {™reset) gout <{= B8;
else if {(enable) qout <= qout + 1;
end
assign tc = {gout == 4'b1111) & enable;
endmodule

end
endmodule
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o = o e (®,
[ ] 4H|E O|ZI7I2EHE AE%t 16H|E 7I2H - 6.3 & A2 2ot S THAEH 7| A (FSM)
ulll ulll
q0-g3 q4-q7 g8-q11 q12-q15 B SARIEQ AX
| | | |
enable q0-g3 q0-g3 q0-g3 q0-g3
—en tcen tc—en tcen tc—tc Inputs , Outputs
reset reset reset reset EQEIE Next
clock l ! 1 ! l . I ! State, | memory— State
reset ’—' —‘
[
module counter1é6{qout, tc, enable, reset, clock); CLK
output [15:8] qout;
output tc;  SARIR BO: B SLAE AR
input enable, reset, clock; - i+ HPR —
vire enablel. enable2. enabled: state transition function: Next State = f(Inputs, State)
= output function: Output = g(Inputs, State)
countersd ul (gqout[3:8],enable1, enable, reset, clock); Ly
countersd u2 (qout[7:4],enable2,enable1, reset, clock); = Next State7r EI‘% %%!0" State2 X-l;g%l - state transition
counterd u3 {qout[11:8],enable3,enable?, reset, clock);
counter4d ul (qout[15:12],tc,enable3, reset, clock);
endmodule
A MICHS & MICHSF ul
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"y mMing
=13
B Setup & Hold Time

= Clocko]l 571%|0] SZH0H= Y=210] Clocke] edge T/ 0l Q||
UBE|0{OF OH= Z| & AIZE
B Propagation Delay & Clock-to-Output Delay
» D|20| YOl T L{OHA =2{0] M= Z|CH ATt

= Clock0l S7|E10] HOt= &2 2 Clock edgeOil A =27FX|Q] Z|TH
| A7t 2 LIERH

™ AP 2 delay} Clock F7]

B A2 Y SHE AMME ZY QU2 delay(ZEHES
R A|ZE, MQAIZH L) = clock Z 7| L} ZHOFOF 3.

TCLK = 1:p + tcomb + Tsu

TCLK

Lk 1]

CLK
— 1. setup time

Dataln _>| 2 hold ime Dataln C
' 3. clock-to-output dela T

DataOut 12 f P Y DataOut tp (

.—.I L]
3 teomb sy
HIS7| &3 _4$: 4. progation delay
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T Mealy machineid} Moore machine g State Diagram
allE sl
B Mealy machine: Output = f(Inputs, States) B Mealy Machine Moore Machine

Next L
Inputs Al—> output

State
L=

i State

CLK

B Moore machine: Output = f(States) ... CLKOj| S7|¥}= =3
(States7r CLKO|| 7|85 2132l

Next
—
—zwez | 1T syne Outputs
! States
CLK
13 A AICHO i
S UREIEREY UHICI EHW A7 z

npUt/OUtpU. |nput

01,10

00,11 ('_:’ ::;@j) 00,11

01,10
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™ State Transition Table

SEH = 9] Verilog AAI(1)

ulll i
W HitH] -
Present State Input Next State Output = 220]| 57]|%|0] next state7} state2 X k| register 2 7|&
S = next stateQ} output =2 M2 XUV 2 E L2 caseR 0 A 71&
A B X A B Y
0 0 0 0 0 0
0 0 1 0 1 0 module mealyi{out, state, in, reset, clock);
U I (] U (] 1 ........................ output OUE; )
0 1 ! 1 ! 0 output [1:8] state;
i 0 0 0 0 1 ........................ j_nput in, reset, cluck;
I 0 I 1 0 0 reg out; ]
i i 0 0 5 i reg [1:0] state, nextstate;
1 1 1 1 0 0 -
always @{posedge clock or negedge reset) begin
if (™~reset) state <= 2'b@8;
else state <= nextstate;
end
% HAMICHSE S HMICHS
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mm SHIE=2| Verilog 2A((1) - Al& i SEIE2| Verilog EAHI(2)
il il
always @{state or in) begin W HFEHD - 1-bit output0]] CHOHA]
out = 8; default outputZ} o = AHE] = £ (" =0l
case (state) » 220)| S7|E|0] next state7} state2 AHEE|E= 2 7|&(HHLL YY)
2'b@0: if {in==8) nextstate = 2'b@8; = next state ¥|2 E caseR 2 &, output ¥|2 E assign 222 7|&
else nextstate = 2°b91; ; )
2'bB1: if (in==8) begin nextstate - 2'bB8; out = 1; end al“*‘g:gf‘?;i;i;" in) begin
. else nextstate = 2°b11; . 2'bB0: if (in==0) nextstate = 2'b00;
2°b18: 1{ (1n==E)thigln ;?::Etate 2°bBa; out = 1; end else nextstate = 2°b@1;
else nextstate = H f . P = g .
. - . . ’ . 2'b@1: if (in==8) nextstate = 2'b86;
2'b11: if (in==8) begin nllextstate 2°bBd; out = 1; end else nextstate = 2°'bi1;
else nextstate = 2°'b18; 2°b18: if (in==8) nextstate = 2'b@ad;
default: nextstate = 2'bxx; else nextstate = 2°b18;
endcase 2'b11: if (in==8) nextstate = 2'b@06;
end else nextstate = 2°b18;
endmodule default: nextstate = 2°bxx;
endcase
end
assign out = (state==2"b@1)&&{in==8) || (state==2'b11) && (in==8) ||
{state==2"b18)&&(in==8);
endmodule
G MICHS W pale (o fedgmi
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e SEEQ| Verilog 27(3)

B HiH3
= nextstate ZYUVZE HE 2 JNVOLX| g1l CLKO| S7|k]0] SXH0H=
state 2|X|AE] 220 ZB0I0] case2 S A0 AA|
= output Z3 ZBY| 2 Z case E &= assigh B2 AF2010] A

reg [1:8] state; nextstate @S

always R(posedge clock or negedge reset) begin
if {™reset) state <{= 2'b@8;
else begin
case (state)
2'b@8: if (in==1) state@z'hm; stateH 97} Q=

2'b81: if (in==B) state <= 2'b88; O 7| S O}X|
=
else state <= 2°'bi1; e
2'b18: if (in=-8) state <= 2'b08; ©e

2'b11: if (in==8) state <= 2'b00;
else state <= 2'b18;
default: state <= 2'b08;

endcase
end
end
% HAMICHSE
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w64 (Cl) A AE{AE W7
ulll
B Line code formats
= NRZ (non-return-to-zero) : H|E Z}2 02 A&
= NRZI (non-return-to-zero invert-on-ones)
= RZ (return-to-zero)
= Manchester: 0>1 for 0, 10 for 1

1 1 1
bitsequence| 0 | 1 | 1 | 1 ! 0

NRZ ]

NRZI

o
-
o

RZ

i
CliaTs
Manchester r!—l —l

__|1bit

time

'§ M| CH ot il
S UTEEREY QHIC| EHWA7 30

" \RZ-to-Manchester Code Converter - Mealy
=1
B State Diagram — Mealy machine

1/1 l 0/0
S2 S0 — "~ 8S1
*/0 */1
220|091 ¥=40] 191
oL o2 ZAOL Ol
OT 1= BAO3 O T 1o HAO

ManchesterA E AAMY| 20| CLK £It4 =
NRZA L AHAQ| 20| CLKZI}4 0| 2H{0]0{OF &t

A MICHE! 1
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Verilog Model — output function€ state transition functioni} | 7| &

‘. // HRZ to Hanchester Converter - Healy machine

‘- module Manchesteri{out, in, reset, clock, state);
output out;

output [1:8] state;

input in, reset, clock;

reg [1:8] state, next_state;

reqg out;

parameter 58 = 8, 31 = 1, 52 = 2;

aluways B{posedge clock or negedge reset) begin
if (reset==0) state <= 58; /7 initial state
else state <= next_state;

end

// next state & output combinational logic
aluways B{state or in) begin
out = @; f/ default output
case (state)
S@: if (in == 1'bB) next_state = $1;
else if {in == 1'b1) begin next_state = $2; out = 1; end
else begin next_state = 2'bx; out = 1'bx; end
$1: begin next_state = $8; out = 1; end
$2: begin next_state = $8; end
default: begin next_state = 2'bx; out = 1'bx; end
endcase
end
endmodule

O M| CH ot ul
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Verilog Model — output functiong assighgl & 7|&

=1 // HRZ to HManchester [:onl:ierter - Another HMealy machine ‘=
module Manchester2{out, in, reset, clock, state);
output out; [ | T|m|ng =
output [1:8] state;
input in, reset, clock;
req [1:8] state, next_state;
parameter 58 = 8, 31 =1, §2 = 2;

ps  800ns 160.0ns 2400ns  3200ns  4000ns 480.0ns G600ns B400ns |

MNarme

always B{posedge clock or negedge reset) begin = FlDCk A Y s e I s A O S
if (reset==8) state <= 58; f# initial state L) in
else state <= next_state; Lo out \

end - reset

/7 next state combinational logic 5 atate

always @(state or in) begin

case (state)

S@: if {in == B) next_state = S1;
else if {in == 1) next_state = §2; o4
else next_state = 2'bx; -

31: next_state = 58;

52: next_state = §8;

default: next_state = 2'bx;

rx

oret 22 to]
101l 2|2t glitch 2y

I o
ne
Pas

endcase
end
/7 output combinational logic
assign out = (state==58) && (in==1) || {state==51) && {in==0);
endmodule

O M| CH Ot ul
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Verilog Model — output functiong assigh2 & 7|&
.. NRZ_tO_ManCheSter COde Converter - Moore ‘. module Hanchester_Moore{out, in, reset, clock, state);
=1 3 B output out;

. . tput [1:8 tate;
B State Diagram — Moore Machine gﬁpﬂ: ir[“ rggit"‘: ilnck;
req [1:8] state, next_state;

\\\‘ 0 parameter %8 = 8, 51 =1, 32 = 2, 83 = 3;
© S0 St
0 0 always B(posedge clock or negedge reset) begin
if (reset==0) state <= 50; f# initial state
else state <= next state;
1 1 0 0 end
// next state combinational logic
33 1 S2 always B(state or in) begin
T<7T case (state)
S8, 52: if {in == B) next_state = §$1;
else next_state = S§3;
§1: next_state = 52;
53: next_state = 38;
default: next_state = 2'bx;
endcase
end

// output combinational logic
assign out = {state==52) || (state==53);
endmodule

o) Rl ki
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|

B Timingk

ps 80,0 ns 160.0 ns 240,0 ns 3200 ns 400,0 ns 4300 ns

Z£3 codeof| glitch7} WHHOIX] S < 220 S712|0] &3
NRZAE 2(in)HLCI 1 CLK 20| Manchester code = 2i(out)0] /4 =l

" 6.5 Linear-Feedback Shift Register
ullE
B Linear Feedback Shift Register(LFSR)
= data compression0j| At
= cyclic redundancy code(CRC) 244 0| At
= pseudo random pattern generator2 At

Yik-1] = (c[k] Y[O]) @ Y[K] (k=1 ..N-1)

Y[N-1] = Y[O
[(N-1] o / 1 clock delay
! D flip-flope 2 791
if (c[k]=1) Y[k-1] = Y[0] @ Y[K]
if (c[K]=0) Y[k-1] = Y[K]
A MICHS 1% SAITH S
& AREEEHEN AT EHWEA| 37 # ARHEEEN QIH|C| EHWA A 38
e LFSR model T LFSR model — HIE 3 Al
ulll ulll
m 8-bit LFSR module LFSR2(Y, reset, clock);
parameter N = 8; // length
module LFSR(Y, reset, clock); parameter initial_state = 8'b1861_8661; // 21h
parameter initial_state = 8°'b1061_0001; // 91h parameter [M-1:1] C = 7'b186_1111; // coefficient

parameter [7:1] C = 7'b188_1111; // coefficient
input reset, clock;

output [7:8] ¥;

req [7:8] ¥;

always @ (posedge clock) begin
if (treset) /7 Active-low reset to initial state
¥ <= initial_state;
else begin
¥[7] <= v[9];

Y[6] <= C[7] T Y[7] ~ v[0] : Y[7]:
¥[5] <= C[6] ? ¥[6] ~ ¥[O] : ¥[6];
¥Y[4] <= C[5] ? Y[5] = ¥Y[@8] : Y[5];
v{s} <= c{u} ? v{u} - v{a} : v{u}; H| 2 9F S=H0]
¥[2] <= C[3] 7 ¥[3] " v[8] : v[3];: | HIEEI
¥[1] <= C[2] ? ¥[2] * ¥[O] : ¥[2];
¥[8] <= C[1] ? ¥[1] "~ ¥[68] : ¥[1];
end
end
endmodule
3 A MITH Skl
# AFREHEEE LHIC|EHWEA 39

input reset, clock;
output [N-1:8] ¥;
req [MH-1:8] ¥;
integer Kk;

OLEQIOl A1 BHo| oby

always @ (posedge clock) begin
if (treset) 7/ Active-low reset to initial state
¥ <= initial_state;
else begin for HIE2 2
Y[N-1] <= v[8]; _— s
for {k = 1; k <= H-1; k=k+1)
Y[k-1] <= G[k] 7 Y[K] ™ Y[B] : Y[K];
end
end
endmodule

1% 2 MILH OF i
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™E LFSR 2£: CRC generator
ol

B serial CRC generator

Figure 1 Co X =[S,.1 5 501 after ke + n clocks

k-bit message + n-bit zero padding 2}2 - n-bit CRC code A/

QWICIEHWA 7| 41

" 6.6 Register File
=1

W register file
» A2 £0]| registerER JAHE|0] YE £AYE
= register0f| CHPt read, write SEHE SA|0| &%
= T 72| outputZ 2= BR7F S (5 register S A0 read 7ts)

register file
—{ Raddrl DataOutl
—{ Raddr2
—{ Waddr DataOut2
Dataln
WEN CLK
t t

= WEN=10|™ X|d=EI(Waddr) write register0j] clock0j] S7]k|0{
HIOIE7t M7Ed
= A|ZEI(Raddrl,2) read register0f] A ZHEl ZF2 data outpute 2 ==

HHE UHIC| EOFE IO M| 42

CLK raddrl
decoder
M D
£ reg

— reg [—]

—— doutl
waddr —
I dout2

wen — W mux

din — raddr2

2% o1 MICH St il
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| Register File 2 A| (1)

‘rmcldule regfile(dout1, dout2, din, raddr1, raddr2, waddr, wen, clock);
output [31:8] dout1, dout?;
input [31:8] din;
input [3:8] raddr1, raddr2, waddr;
input wen, clock;

reqg [31:8] reg_file [08:15]; /4 32 bit x 16 word memory declaration
req [31:8] dout1, dout2;
integer 1ij;

2 write
always B{posedge clock) begin
for (i=8; i<16; i=i+1) begin
if (wen & (waddr==1i)) reg_file[i] <= din;
end
end

// read
always @(raddr1 or raddr2 or reg_file) begin
dout1 = 32'bx;
dout? = 32'bx;
for (i=8; i<16; i=i+1) begin
if (raddr1==i) dout1 = reg_file[i];
if (raddr2==i) dout2 reg_file[i];
end

end
endmodule
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T Register File A A (2)
=1
B Verilog model

module register_file{dout1, dout2?, din, raddri, raddr2, waddr, wen, clock);
output [31:8] dout1, dout2;
input [31:8] din;
input [3:08] raddri1, raddr2, waddr;
input wen, clock;

reqg [31:8] reg_file [8:15]; /4 32 bit x 16 word memory declaration

assign dout1 = reg_file[raddr1]; £/ read
assign dout2 = reg_file[raddr2];
always @ (posedge clock) begin // write

if (wen) reg_file[waddr] <= din;
end
endmodule

T Register File timing &=
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