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ARM-based products

e CS225: How to build your own processor
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1978
29.000 transistors
5 MHz operation
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Cell Processor, PS3

Cell Broadband Engine Processor

* 2008
: * 9 Processors

e 234M transistors
(~10.000 i8086)

* Clock speed: 4GHz
e 230 GFlops
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e Top-Down r Bottom-Up
— JuvnObwc pa pi€n
e TeAwo cvotnua amoteAeitat amno ta Leaf blocks mou tpgxouv
oAa tapAaAAnAa.

Top-level Block
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e Verilog Hardware Description Language (HDL)

— Mia vnAov ennedou YAwooo OV UIMOPEL va
OLVOTIOLPLOTA KOLL VO TIPOOOMOLWVEL PndLlakd KUKAwHOTA.

* Hardware concurrency
e Parallel Activity Flow
e Semantics for Signal Value and Time
— Moapadeiypata oxedbiaonc pe Verilog HDL
* Intel Pentium, AMD K5, K6, Athlon, ARM7, etc
e Thousands of ASIC designs using Verilog HDL

e Other HDL : VHDL, SystemC, SystemVerilog
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Design Abstraction Levels

Matlab, SystemC,
SystemVerilog

Verilog, VHDL
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e H \(erilog HDL XpNOoloToLELTaL Yo VAl GTIAEOUE TO LOVTEAD
£VOC CUOTAMOTOC.
e Aoyol:
— Oplopocg Antatnoswv (requirements specification)
— Documentation
— EAeyxoc¢ péow mpooopoiwonc (simulation)
— Newtoupylkn EmaAnBevon (formal verification) !
— MmnopouUpue va to cuvBEcoULE!
* JTOXOC
— Agtémcm GLEpYOLoia oxeblaon¢ e XOUNAEC OTTOUTNOELG
KOOTOUC Kol XpOvou
— Amnoduyn kot tpoAnn Aabwv oxediaonc
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clk

input a, b;

output q;

endmodule

module and ff(a, b, q, clk);
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module and ff (a,

input a, b, clk;
q output qg;

endmodule
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module and ff (a, b,
input a, b, clk;

q output qg;

wire t;
and gl(a, b, t),
d ff g2(t, clk, q);

endmodule
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—  Noptecevoc Module

arithl module arithl (bi out,
out, inl, in2, in3);

inl P inout bi out;

output out;

input inl, in2;

input in3;

in3 I ﬁ>—'out

endmodule
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e Instantiation eivat n dtadkacio SnuUlovpylac oVTIKELMEVOU

aro 1o module.
Storage Cell

5 —

Q

<l

module nand(out, a, b,);
input a, b;

output out;

wire out = ~ (a & b);

endmodule

module SRLATCH(Q, Qkar, Skar, Rkar);
input Ebkar, Ebar;
output Q, Qbar;

// Instantiate lower-level modules
nand nl(Q, Efbar, Qbkar);
nand n2 (Qbar, Rbar, Q) ;

endmodule
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e Emtuntedo MuAwv

— and, nand, or, nor, xor, xnor, not, buf

— MNapadeypa:
and N25 (out, A, B) // instance name
and #10 (out, A, B) // delay
or #15 N33(out, A, B) // name + delay
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Veriloe Model

e Structural

— [ va ouvdeoupe ta modules
e.g. counter counter_1( clk, enable, count_out);

e Dataflow

— OTOV XPNOLUOTIOLOU UE PAOLKEC TIUAEC
e.g.wire=(a&b) | (c&d);

e Behavioral or Procedural

— procedural calls
e.g. always @(posedge clk) begin ... end
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Veriloe Model

* Synthesizable vs Not Synthesizable
—e.g.a<=#10b + 1;

e RTL (Register Transfer Level)

— otav n oxebiaon yivetal og eninedo registers
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e H Verilog elvat case sensitive.

— N€€elc kKAeldLa elvol o€ pLKpA.

e JYOALX

Mo pa ypapun sivat //
[la ToOAAEC /* */

e Boolkec TIpneC 1-bit onuatwy

0: Aoy tun 0.
1: Aoyikn Tun 1
X: AYVWOoTN TIUA
z: aolvdeto onpa, high impedance

University of Crete - HY225
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—Aﬁteﬂﬁi.*
e Avamapootaon aplOpwv
— <size>’ <base format><number>
<size> Heiyxvel Tov aplOuo aro bits

<base format> pmopet va eivat : d, h, b, o (default: d)

— Otav 10 <size> Aeinel 1o peyeboc kabopiletol oo Tov
compiler

— Otav to <number> £xeL moA\a Pndila pmopoUpe va 1o
xwpiloupe pe _ (underscore) omou BEAou e

100 // 100
4’h1111 // 15, 4 bits
6’h3a // 58, 6 bits

6111010 // 58, 6 bits
12’h13x  // 304+x, 12 bits
8’10 10 1110 // 174, 8 bits

VV V V V V
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~ Tekeotéc (Operators)

e Arithmetic + - */ %

e Logical | && ||

e Relational < > <= >=

e Equality == |=

e Bit-wise ~ & | AAY(AN

e Reduction & ~& | ~| M A (R~

e Shift << >>

e Concatenation/Replication {A,B,...} {4{A}} (roAouc
TEAECTEOUC)

e Conditional X?Vy:z (3 teAeoteouc)

* Epapuoletal LoOvo os Evayv TEAEOTEOD
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-~ Tekeotec (Operators)

Arithmetic + - */9

Logical | && || MPOSOXH
Relational < S <= >S= oTNnV vAormoinon
Equality == I=

Bit-wise ~ & | AMAY(N A

Reduction & ~& | ~| M AR ~N)

Shift << >>

Concatenation/Replication {A,B,...} {4{A}} (roAouc

TEAECTEOUC)
Conditional X?Vy:z (3 teAeoteouc)

* Epapuoletal LOVO O€ £vay TEAEOTEOD
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Xodvoc M :

e ‘timescale <time_unit>/<time_precision>
— time_unit: povada peTpnong xpovou

— time_precision: eAdxLoTto XpOvo Brpota Katad tTnv
npocopoiwon.

— Movadec xpovou : s, ms, us, ns, ps, fs
e fi<time> : avapovn yla xpovo <time>
— #5 a=8'h1la
e @ (<onuo>): avapovn HEXPLTO onpa va aAAagel Tiun (event)
— @ (posedge clk)// Betikn akun
— @ (negedge clk)// apvntikn akuNn
- @ (a)
— @ (aorborc)
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declarations

always blocks:
Mrtopel va TtEPLEXEL TIAVW
aro eva
initial block:
Mrtopel va TtepLEXEL
£VQL 1] KAVEVAL.
modules/primitives
Instantiations

University of Crete - HY225
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module test(a, b,);
input a;output b;
reg b; wire c;
> .
always (@ (posedge a)begin
b = #2 a;
end
=\
always @ (negedge a)
b #2 ~c;

begin

end

not N1 (c, a)

initial begin
b 0;

end
endmodule
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e integer // aplOuoc

e Wwire
* reg
o tri

// KoAwdLo — cupua
// register
// tristate

University of Crete - HY225
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- wires

* 2UVOUAOTIKN AOYLKN wire com - 2 b
(Sev éxet pripn) e
e [padoc etoptnoewV
* Mrmopel va replypaet wire sum;
KoL LoLaltepa TTOAUTIAOKN | assign sum = a ~ b;
AOVLKN)...
wire muxout = (sel == 1) ? a : Db;

wire op = ~(a & ((b) 2?2 ~c : d) ©~ (~e));
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e module. ...
endmodule

e AnAwon
£Lo0OWV -
e€odwv

e Concurrent
statements

module adder (a, b, sum, cout):;
input a, b;
output sum, cout;

wire sum
wire cout

endmodule
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- N oUBLaKH AoVik

* 2TOLXELO UVNMNC reg a;
... KATL avaAoyo pe L. :
' initial begin
pnetapPAntec otn C 5 = 0;
e Modvo regs (oxL wires) #5; )
naipvouv T o€ initial kat o

end
always blocks.
— Xpnon twv begin kat end
yla grouping mmoAAwv reg q;
TPOTACEWV
[ : 1 d 1k
e Orovu XpNOLUOTIOLOVE reg ;e;z;zs Q (posedge clk)
dev onpaivel ot Oa g = #2 (load) 2 d : g;
CUUTEPLPEPETAL OAV end

kataywpntng !
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- s L ,

Av n cuvaptnon F() elvat moAUTTAOKN TOTE

inl —=> out rig OUté(. L - in3)
. ZUVELGCTlK, 9 always in or 1n or 1n
in2 —> Aoy LKA " out = £(inl,in2,in3);
in3 —> F()

reg out;

always @(inl or in2 or in3)
, out = inl | (in2 & in3);
IcodUuvapa

wire out = inl | (in2 & in3);

University of Crete - HY225 29



Cavdvee Noothy Modul

net
net [ inout
input output
—— =) | e—
reg or net | el reg or net net

e Ta input kat inout €xouv tuTO Wire peca oto module
e Ta outputs pmopel va €xouv TUTIO Wire N reg
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S UV o

e Me Baon tnv 6€on
— module adder(Sum, In1, In2)
— adder add1(A, B, C) //Sum=A,In1=8B,In2=C

e JYuoyxetilovtag ovopata (to kKaAUTEPO)
— module adder(Sum, In1, In2)
— adder add1(.In2(B), .In1(A), .Sum(C))
//Sum=C,In1=A,In2=8
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-~ Buses(1/2)

arith?2 @odule arith2 (out, inl,
in?2);
in1[1:0] output [1:0] out;

input [1:0] inl, 1nZ2;

endmodule
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-~ Buses(2/2)

e Kapla dtadopa otn
ouunepLdpopa

e JupBaosLc:
— [high :
— [msb :

ow]

sb]

e [IpoCOXN OTLG
avaBeoelc (UNKN) K

TLC CUVOEODELC EKTOC
Touv module...

module adder (a, b, sum, cout):;

input [7:0] a, b;

output [7:0] sum;

output cout;

wire [8:0] tmp = a + b;
wire [7:0] sum = tmp[7:0];
wire cout = tmp[8];
endmodule
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ey (S

e O Synthesizable kwdwkac pmopetl va yivel synthesize ko va
napoupe gate-level povtélo yia ASIC/FPGA.

TLX.
wire [7:0] sum = tmp[7:0] & {8{a}};,
wire cout = tmp[8];

e Non-synthesizable kwdikac xpnolpomnoleital Hovo yLa
npooopoiwon kot adatpeitat kata tnv dtadikaocia tng cuvBeonc
(logic synthesis).

TL.X.

initial begin
a = 0; b = 0;
#5 a = 1;
b = 1;

end
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Xonon KaBuote otnV Verilo

e Aettoupylkn EmaAnBevon - Functional Verification
(RTL Model)

— H kaBuotépnon ival mpooeyylotikn. M.x.

always @ (posedge clk)
q <= #2 d; // FF upe 2 pov&dec xobuotépnon

— ZuvnOwc BewpoLpe OtL N cuvduaoTiki Aoylkn bev €xeL kaBuoTtEpnOnN.
TLX.
wire a = (b & ¢c) | d;
// 1udévo Tnv AcitToupyvia Ox L KOBUCTEENOoN HTUAQV

— H kaBuotépnon xpnotlpomoleital kupiwc oto testbench kwdika yla va
dtaéoupe ta inputs.

e Xpovikn EmaAnBeguon - Timing Verification
— AvaAuTika KaBe TTUAN €xeL kaBuoTEPNON.

— ZuvnOwc kavoupe timing verification oe gate-level model to omoio
dtiaxvetal ano eva synthesis tool.
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10 15 20

25

A £ A
B —

B

C _D_tmp -

tmp

/

Eotw kaBuotepnoelg: T, 4= 2ns kat T, = 1ns

ns

— 'Eotw otL ta kaAwdla dev €xouv kaBuaoTtEpnon
3 Movonartiwa (paths) mpog tnv €€odo:

— A=>»Z, (1ns)

— B=>tmp=>Z(3ns)

— C=2>tmp=2>Z(3ns)
H oupmnepipopd Tou KUKAWUATOC POLVETAL OTLG
KupatopopdéEc (waveforms)

always@(a or b or c)

begin
tmp = #2 B & C;
Z = #1 A | tmp;
end

University of Crete - HY225
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—-FESﬁﬂg*

e |lepapykoc EAeyxoC

e KabBe module éexwplota

Block level simulation

01
>
1

— 'EAeyxoc¢ twv npodlaypadwv, Tng
AELTOUPYLOC KOL TWV XPOVIOUWV
TWV oNUATWV

e OMo 1o design padl

System level simulation

— 'EAEyX0OC TNG OUVOALKNG
Aeltoupylog Kot Twv dtemadpwyv
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Testbench : top module mou
KAvVeL instantiate to module
TIOU TECTAPOUUE, SnHLoupyEl
TLC TLUEC TWV EL0O0OWV TOU
(stimulus) kat eAéyxel OTL oL
£€obol Tou malipvouv oWOoTEC

TLUEG.

*Stimulus block

=
Dl

2 TIPOCEYVYLOELC :

— 'EAgyxoc €66 WV Kal XpoviopoU
LLE TO MATL

— EAeyxo¢ e€06wWV Kal XpOVIOUOU
HEow KwoLka OAS. autopatn
oUYKPLON TWV AVOUEVOUEVWV
g€odwv.

Top-level Block

Stimulus P
Block '— :D_

University of Crete -
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— Evaamho «testbench»

module tb half add;
reg a, b;
wire s, C;

half add addO(a, b,

initial begin

monitor ("a: %$x, b:
a =0, b= 0;
#5 a = 1;
#5 b = 1;
#5 a = 0;
end
endmodule

module half add(a, b, sum, cout);
input a, b;
output sum, cout;
wire sum = a * Db;
S, C)| wire cout = a & Db;
endmodule
%X, s: %x, c: %x", a, b, s, c);

University of Crete - HY225

39




_ JR=TE

Do B Uew Fgma Covple Jeuss g0 Dok Wnow

e XpNOLUOTIOLELTOL VLA

S BS| {he . _-m“s]]-wma[]uﬂl_:éu i

BimPe g o 2 RXEa]

v || & a e

o
SequaBiiEn, i

Now

SO00000

o]

o ] a4/

[[75145 s to 2267060 ns

| Mow: 5 ms Deita 0

|i]mm\_mm lﬂwﬂ] .-—m I

TNV MPOCOoLOoLWoN
KUKAWMATWY O€
Verilog, VHDL

2 04PN E4a0000 a0 CE4EIFY SPoFFFE BPW0000 S0 DisX00)
[ D5=FCO0 [5=0000 $5-F000 C5-FCO0 IP-0034 NV UP DI PL NZ HA PO NC.
& Fon0 04 2ae

n

[ £06-F 000 E04e0000 CaD000 Ciel0FY SPoFFFE BP-0000 S-000% Di=000
[ D5=FCO0 [5-0000 $5-F000 C5-FCO0 IP-000E N UP DI PL NZ KA PO NC
= FCo0 06CE 7eFR

n

5 406P 000 E4a0000 Cta0000 CitelFY SPoFFFS BPW0000 Selrd Dis000
[ D5=FCO0 [5-0000 $5-F000 C5-FCO0 IP-0033 N UP DI PL NZ HA PO NC
& FCO0 G033 EC

0l
5 406eF 003 E4a0000 CotaD000 CitelFY SPoFFFE BPW0000 Se00rd Die000
8 0SSFC00 ES-0000 $5-F000 CS+FOU0 IPAOUM NP D1 PLIEZ 1A POLNE

& 6ot R00s0000 00010 EEY SPAETFS BP0 S3uD0XE D0
8 0SSFC00 ES.0000 $3-F00D CS+FOU0 IPOUE M UP D1 PLIZ 1 PO N

:
0GP 0Z BXR0000 0000 CUCFS SFoFFF BPe0000 52 Dis0000

e OUOLOOTLKA Elval
evac debugger yua
HDLs

WINNT | sipstem i e ese - debug

How: 5 ms Deka: 0 sirerJcpullB6_th - Limited Visibikty Region
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Modelsim | et

1. Anuoupyia
Create a working library B LB)\LOG r’] K r] q

| 2. Compile tou
Compile design files K(b 6 LKQ

* 3

— EkteAeon ko
Load and Run simulation ,
¢ POCOUOLWOoN

Debug results
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File Edit View Window

# Refreshing C:\Userskachris\Forth'cs 22002009 absYab-modelsim- 1\work, tb_half_add
# Loading wark, th_half_add
# Loading work. half_add
V5IM 21> add wave =
V5IM 22> run 100
#a:0,b:0, sum: 0, carry: 0
#a:1,b: 0, sum: 1, carry: O
#a:1,b:1,sum: 0, carry: 1
#a:0,b: 1, sum; 1, carry: O
# Break in Module th_half add at C: Users kachris/Forth /cs220/2009f labs lab-modelsim-1/tb_half add.v line 29

VSIM 23> |

1 I:I Transcript

University of Crete - HY225
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Modelsim Wind

pathnames pane values pane waveform pane

File Edit View |Insert Format Tools Windg

]FEIE'QQM:;«

Atest_nnglaut/nng_INST /t=c false

Aest_ringbufrng_INST clock false

st_ringbuf/nng_INST/reset tue

i igbulfring_INST/txda true

Atest_nngbuf/ing_INST Joutstr... false

|
L | i i

_ringbuf/ing_INST/block... 100001007 100__ 700000701

11 00000710 7000007 11 7 00007(
_ringbuf/ring_INST /block.... ’|[
l

- ringbuf/ing_INST/block...
abuffing_INST/block.... 1

ftest_ningbuf/ing_INST/block... 1000071007 100, J700000707 ;100000110 1000007171 J100007000 JT00007007 7000,
Atest_ringbufing_INST/block... St0
Atest_nngbuf/nng INST/block... 100001007 100
Atest_ringbulf/ring_IMST/block... St0
Atest_ningbufing_INST/block... 0101707111071001 D10
Atest_ringbut/ning_INST /block...

Now
A
461968 ns fo 463241 s | Now: 500 us  Delta: 2 p
I
CUursor names pane cursor values pane cursor pane

University of Crete - HY225 43



|l:l

o

module dff(d, clk, q);
input d, clk;
output gy

reg g,

always @ (posedge clk)
begin

q <= d;
end

endmodule

Univeristy of Crete - HY220
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* /\OVLKEC EKDPAOELC
ue or

e posedge kol negedge
— PoAoyua, reset

always (¢ (posedge clk or negedge rst )

always d (opcode or b or c)
i1f (opcode == 32'h52A0234E)
a=b " (~c);

always ( (posedge a or posedge D)

always ( (posedge a, posedge Db)
always #5 clk=~clk

e Mapaiewpn napayoviwv RHS kat avtwyv mou
yivovtat “read” divouv AaBn otnv nmpooopoiwaon

e [Ipocoxn oto hardware ouv B€Aou e va

EPLYPAYPOULLE...

University of Crete - HY220
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To yvwoTto
if ... else ...

Movo peoa o€
blocks !
Emitpemovtal

roA\aTAd Kol nested ifs
— MNoAAa Else if ...

Av umapyeL povo 1
npotoon Ogv

XpeLaletal
begin ... end

module mux(a , b , sel ,
out );

input [4:0] a, b;

input sel;

output [4:0] out;

reg [4:0] out;

always Q(a or b or sel) begin

if ( sel == 0 ) begin
out <= a;
end
else
out <= b;
end

endmodule
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~ CaseStatement

’ module mux (a , b , ¢ , d ,
* JO YyVWOTO case sel , out );
, input [4:0] a, b, ¢ ,d;
e Movo LEOQL O€ input [1:0] sel;
output [4:0] out;
blOCkS! reg [4:0] out;
, , always Q@(a or b or ¢ or d or
e Movo otaBepec sel ) begin
’ case (sel)
EKPPAOELC 2'b00: out <= a;
2’'b01l: out <= Db;
° AEV UT[deEl. 2’'bl0: out <= c;
2'bll: out <= d;
default: out <= 5’'bx
break ' endcase
, end
e Yrtapyel default ! endmodule
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sel

module sel (a, b, sel, £f);
input a, b, sel;
output £;
reqg f£;
always @(sel or a or b)
begin
if (sel==0)
f <= a;
else
f <= b;
end

endmodule
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nitial and al oloc

initial
begin
// run once
a=0; b=0;
#5; a=1; b=1;
end

always@(...)
begin
// run always
a <= Db & c;
end

Runs when simulation
starts

e Runs when simulation
starts

Terminates when control e Restart when control

reaches the end

Good for providing
stimulus

not synthesizable

reaches the end

 Good for modeling
hardware

 maybe synthesizable
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— Noapapetpika modules

module ReglLd( D, Q, ’ ’
lond. c1x); | ® MIMOPOUUE va EXOUE

parameter N = 8§; . '
parameter dh = 2; T[OLpOLuETpOUC O€ eV
input [N-1:0] D; module

output [N-1:0] Q;

input load, clk; ® Default uevgeoq

reg [N-1:0] Q;

Y ! N
always @ (posedge c1k) ... TTOAU BoAwko!

if (load)
Q = #dh D; RegLd reg0 (d0, g0, 1d, clk);
RegLd 16,2 1(dl, gl, 1d, .
endmodule <d #( ) regl(d q d, clk)

RegLd reg2 (d2, g2, 1d, clk);
defparam reg2.N = 4;
defparam reg2.dh = 4;
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- FMs

e OL UNXOVEC TIEMEPOCHUEVWY KOTAOTACEWV

Finite State Machines (FSMs)

— TtiLo apnPNUEVOC TPOTOC va ETAOVE
akoAouBLaka KUKAwpOTo

— Eloodol, €€odol, TpEXoUCA KATAOTAON, ETIOUEVN
KOTaoToon

— 2 KaBe aKkun Tou poAoylol cuvduaoTLKA AoyLKN
TOPAYEL TLC £€000UC KL TNV EMOUEVN KATAOTAON
OQV CUVOPTNOELG TWV EL0OOWV KAl TNG TPEXOUTOC
KOTAoTOONC.
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INPUTS

Present
state (FFs)

INPUTS

Present

state (FFs)

University of Crete - HY225

Vioore

O £€odoL eival
ouvaptInon tTng
KOTALOTOLONG

:
Mealy
O £€odoL eival
ouvaptnon tng
KOTAOTOLON G Kot

TWV EL0OOWV
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o Sves

1. Mepypadn Asttoupyla TOU KUKAWUOTOC
(functional specification)

2. Aldypappo peTABaonc KATAOTACEWVY
(state transition diagram)

3. [Mivokog KATooTAcEWV Kol peToBacewv pe cuBoAkd
ovopata (symbolic state transition table)

4. Kwdikomoinon kataotdocswv (state encoding)
E€aywyn AoyLlKwV CuUVOPTHOEWV
6. ALQypapUO KUKAWUOTOC

. FFs yLat TV KaTAoToon
e  ZAyla TNV EMOUEVN KATAOTOAON KOl TIG £€060UC

.
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— Napadeypa FSM = Count couples

e H etoboc yivetal “1” yia kaBe Cevyapt amo 1

— Moore FSM @,
inputs: ——= 1 0

CL

-
present state#—+— FF= jne}:t state

= CL (= outputs
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— Moore FSM: general & state

module moore (Out, Clock, Reset, In);

output Out;

input Clock, Reset, In;

reg Out; 1 0
reg [1:0] CurrentState; // state reg

reg [1:0] NextState;

// State assignment

parameter
STATE Zero = 2"hO0,

STATE Onel = 2’'hl,
STATE Twols =2'h2,
STATE X = 2" hX;

// Implement the state register

always @( posedge Clock) begin
if (Reset) CurrentState <= STATE Zero;
else CurrentState <= NextState;

end
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always (@ (In or CurrentState) begin

NextState = CurrentState;
Out = 1’b0; @
case (CurrentState)
STATE Zero: begin // last input was a zero 1 0
if (In) NextState = STATE Onel;
end ‘izﬁ’
STATE Onel: begin // we've seen one 1
if (In) NextState = STATE Twols; 0 1
else NextState = STATE Zero;
end GEEEB
STATE Twols: begin // we've seen at 2 ones
Out = 1;
if (In) NextState = STATE Onel;
else NextState = STATE Zero
end

default: begin // in case we reach a bad state
Out = 1"bx;
NextState = STATE Zero;

end

endcase
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— Napadeypa FSM = Count couples

e H etoboc yivetal “1” yia kaBe Cevyapt amo 1

— Mealy FSM

/ Eloodoc¢

0/0<— E¢oboc

0/0
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module mealy (Clock, Reset, In, Out);
input Clock, Reset, In;

output Out; 0/0
reg out;
reg CurrentState;// state register
reg NextState;

0/0

parameter STATE Zero = 1"b0,
STATE Onel = 1"bl;
always (¢ (posedge Clock) begin
if (Reset) CurrentState <= STATE Zero;

else CurrentState <= NextState;
end

1/1

always @ (In or CurrentState) begin
NextState = CurrentState;
Out = 1'b0;
case (CurrentState)
STATE Zero: if (In) NextState = STATE Onel;
STATE Onel: begin // we've seen one 1
o NextState = STATE Zero;
if (In) Out = 1;
end
endcase
end

ndmodule
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CLK

InputX 0 1 0 ><
Moore

Out 0 0 0 1 0 ><
State Zero ) Zero O?e Ti’; ° 0 ><
Mealy

Out X 0 1 0 ><
State ><Zero Zero O?e Zero >< 0 ><
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\aBEGELC (Assi |

* blocking =
always @(posedge clk)
begin
a=b;
c = a; // c mailpvel Tipn tou b
end

* non blocking <=

always @(posedge clk)

begin
a<=b; b
c <= a; // c maipvel maAld T Tou a

end
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\aBEGELC (Assi |

e blocking =
(n oepa exeL onpaoial)
always @ ( posedge clk)
begin
2=Y; Y=X;
y=X; z=Y;

e non blocking <=

N oepa AEN gxeL onuoaola
always @(posedge clk)
begin b
a<=b;
c <= a; // c naipvel maALd Tipn Tou a
end
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\aBEgELC (Ass |

e blocking =
n oepa XeL onpaota!
always @ ( posedge clk)
begin
z=Y; Y=X; // shift register
y=x; z=y; //parallel fFf.

e non blocking <=

n oewpa AEN €xeL onpaoia !
always @(posedge clk)
begin
a<=b;
c <= a; // c naipvel maALd Tipn Tou a
end
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time O :© a = #10 Db
time 10 : ¢ = a

a(t=10) = b(t=0)

c(t=10) = a(t=10) = b(t=0)
time O : #10

time 10 : a =b
time 10 : ¢ = a

a(t=10) = b(t=10)

c(t=10) = a(t=10) = b(t=10)
time O : a <= #10 b
time 0 : ¢c <= a

a(t=10) = b(t=0)

c(t=0) = a(t=0)
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