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 [\wooec neplypadnc UALKOU
(Hardware description languages -HDLs):
— Nepypadn tng emBupunTNG AslToupylag TOU KUKAWHOTOG HE KWK
— Ta epyaAeia Computer-Aided Design (CAD) mapayouv (synthesize) to
KUKAwpa o€ enimedo Aoykwv ntvAwv (gate-level)
 OLbuo kuplapxec HDLs:
— SystemVerilog
e AvarmtuxOnke 1o 1984 anod tn Gateway Design Automation
* |EEE standard (1364) to 1995
* EmektdBnke to 2005 (IEEE STD 1800-2009)
— VHDL 2008
* AvarmtuxOnke to 1981 ano to DoD (USA)
* |EEE standard (1076) to 1987

* AvaBewpriOnke to 2008 (IEEE STD 1076-2008)
* EruBaMAetal n xpnion tng VHDL otic: DoD, NASA, ESA, CERN




ATtO TIc HDL o0& AoyLKEC TTUAEC

e Mpooopoiwon (Simulation)
— Ot eloobol dokunc epappolovtol 0to KUKAwL
— OL€€obol eAeyyovtal yLa tnv opbotnta
— H aneopaipatwon (debugging) oto emninedo tn¢

nPocopolwong avti Tou UALKOU gival TTOAU TTLO OLKOVOLLLK)
e Synthesis (ZUvBeon)

— Metatpénel 1o kwdika HDL o€ netlist mou meplypadel o
hardware (rty. Alota TuAwv Kot StacuvdETELC)



HDL: Hardware Description Language

2HMANTIKO:

Otav ypadoupe kwdika o€ plot HDL, mpemet va
okeptopaote to hardware nov Ba tapayetl n HDL,
KOlL LETA VA YPAPOUE TOUC amopaitnToug
Olwpatiopouc mov odnyouv o auto 1o hardware
Mpoocoyxn otn xpnon uac HDL oav software

vPnAov emLTESOU XWPLC VoL OKEDTOUOOTE TO
hardware



HDL: Hardware Description Language

2HMANTIKO:

c<=aand b; g<=corf;

AuTO KOLL QLUTO

f<=dande; c<=aand b;

g<=corf; f<=dande;

Odnyouv oto iblo
QTOTEAECHAL!!

(A c @
—h|

[Tt ot HDLs meptypadouv Aoyika KukAwpotal!

Ot evtoAéc HDL eivat taavutoxpovec (concurrent)!
2kedteite pe Baon to hardware!!



Ovtotnta (entity) VHDL

b— VHDLentity — vy
c —

Avo tunot:
— Behavioral: meplypadel Tl kavel To entity
— Structural: mepypadel MNQZ ytiletal amnod no anAd entities



AnAwon ovtotntog (entity declaration)

VHDL:

library IEEE;
use IEEE.STD_LOGIC_ll64.all;

d VHDL

entity sillyfunction 1is b ]
port(a, b, c: in STD LOGIC; entlty
y: out STD LOGIC);
end;

* MNpoodlopiletal to ovopa tou entity (edw sillyfunction)
e ArtaplBpouvtol oL BUpec (ports), SnAadn oL etoodot kat ot E€odol TG



Mepypadn cuunepipopac (behavioral description)

architecture synth of sillyfunction is
begin
y <= (not a and not b and not c) or

(2 and not b and not c¢) or

(a2 and not b and c¢);

end;

* Jto owpa (architecture) opiletal To TL KAVEL TO entity

* Ta onpata tng VHDL (rty eloodol, €€odoL, ecwTepLka), mpemeL va SLabETouv pLa
dAAwon tumnov (type declaration)

* Ta PndLakad onpata mpemnel va SnAwvovtal pe tov tumno STD_LOGIC mou pmopouv
va €xouv TNV T '0' N '1', kaBwc emiong KUpALVOUEVEG (SNAadH « LETEWPEC») KOl
LN OPLOUEVEC TLUEC

* 2tn VHDL, n npotepatdotnta ekteAeonc Twv paewv AND kat OR dev eival cadwg
OPLOUEVN, OTIOTE oL e€lowoelC Boole mpémel va pmaivouv o€ mapevOEoELG

10



[Mpooopoiwon HDL

Nopakdtw dailvetal N Kupatopopdn mou npoekuPe amo upia
npooopoiwaon tou entity mou vAomolei tnv e€lowon Boole:

Y = ABC + ABC + ABC

Now:
300 Ons 160 320ns 480 640ns 800
ns Lovo oo b lboran b

alla
ollb
ollc
oly

© O O O

E€etalovtac to SLAypappa XpOVIOHOU KATAARYOULE OTL N
uTtopLoVAS A OVTWE AELTOUPYEL cWOoTA

— H€€obdoc Y €xeL tnv tinR TRUE otav ol eicodol A, B kat C eivat 000, 100
101, onwc¢ dnAadn opilel n e€icwon Boole

11



HDL Synthesis

e 2TO MOPAKATW oxNua paivetal To anoteAEopa TnC cUvOEoNC
NG AOYLKNC yla TNV uttopovada mou vAorolel tnv e€lowaon Boole:

Y = ABC + ABC + ABC

=T r—T>

y

e -
un8_y

* OuLtpelc mUuAec AND, pe tpelc eloodouc n kKaBepuia,
ghaylotomotlovvtatl o SUo tuAec AND twv dUo elocodwv

Y = ABC + ABC + ABC=BC+ AB

12



> UVToKTIKO VHDL

* Case insensitive
— Napadeypa: Ta y1 kat Y1 eivol to i6lo onpa

e AEvV TIPETEL VO OVOLLATA VO EEKLVOUV ULE
voupepa
— Moapadeypa: To 2mux eivat invalid ovoua

e IxXOALQ:
— // single line comment

— /* multiline

comment */

13



Nepypadn dounc (structural description)

* Movtelomnoinon doung yla tn KATooKeEUN evVOC MOAUTIAEKTN 2:1
Ao €va (EVYOC ATTOMOVWTWY TPLWV KATOoTACEWV (tristate buffers)

library IEEE; use IEEE.STD LOGIC 1164.all;

entity mux2 is
port (d0, dl: in STD LOGIC VECTOR(3 downto 0);
S: in STD LOGIC;
Vi out STD LOGIC VECTOR(3 downto 0));

end;

architecture struct of mux2 is
SRMEEENS IS BIEEIEE J Component declaration
port(a: in STD LOGIC VECTOR (3 downto 0);
en: in STD LOGIC;
y: out STD LOGIC VECTOR (3 downto 0));
end component;
signal sbar: STD LOGIC;
begin
sbar <= not s;
t0: tristate pgff>map{d0, sbar, vy);
tl: tristate port map(dl, s, vy):;
end;

— Component instantiation

14
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Mpateic ava bit (Bitwise Operators)

VHDL:

library IEEE; use IEEE.STD LOGIC 1164.all;

entity gates is
port(a, b: in STD LOGIC _VECTOR (3 downto 0);

vl, v2, y3, vi4,
y5: out STD LOGIC VECTOR (3 downto 0));

end; Synthesis:

architecture synth of gates is 2 \]
. 7
begin y3[3:0]

-— MEVTEe OLUPOPETLKEC AoyLkKéc nUAeC

—— QU0 gL00dwv nou eoppdlovioalL ogf dLAUAOUC mga 9 ggﬁﬁ\ﬁmﬁgt>cﬂmlwwmm

— U e Leae y1[3:0] y4[3:0]
Yyl <= a and b; -
y2 <= a or b; |
}'3 S = o ne EE} 5 [30] (20 DCJS:O] )
e F —-4 o }

4 <= d b; y2[3:0] ¥5[3:0]

y4 <= a nan - -
a nor b;

16



Teleotec pelwonc (Reduction Operators)
VHDL:

library IEEE; use IEEE.STD LOGIC 1l164.all; , , ,
O TE)\EGTEC HELWONG CLUVETIAYOVTOL
entity and8 is

port(a: in STD LOGIC VECTOR(7 downto 0); Tr]v'UT[apﬁr] p.LOLq' T[U}\nc ME; T[O)\)\Ec
y: out STD LOGIC); glo6douc¢ n omola epapuoletal o

end; gvav povo Siaulo

architecture synth of and8 is
begin
y <= and a;
-— Enflonc mio gUkoho sgival va ypéloups a avti
-— yviae v <= a(7) and a(6) and a(5) and a(4) and
-— a(3) and a(2) and a(l) and al(0);
end;

Synthesis:

FF:

E*E
{ ry
<]

!

)

A

|

|

(&

o

-“‘J

=

f
-
o
F

el

17



AvaBeon umno ocuvonkn
VHDL:

library IEEE; use IEEE.STD LOGIC 1l64.all;

entity mux2 1is
port (d0, dl: in STD LOGIC VECTOR(3 downto 0); [lpwv tnv avaBswpnon VHDL 2008,

St in STD LOGIC; ALLOLOTE UTIOXPEWLEVOL VO

y: out STD LOGIC VECTOR(3 downto0)); ypddoupe when s = '1'avtl
il anAw¢ when s
architecture synth of mux2 is
begin

y <= dl when s else dO;
end;
Synthesis: s —
do[3:0]

18



EowTtepka onuota
VHDL:

library IEEE; use IEEE.STD LOGIC 1164.all; Xtn VHDL, Tl eE0CWTEPLKA ONpaTa

entity fulladder is ouvnOwc dnAwvovtal w¢ signal yw
2RSSy Lo ChlE < EH) IROEILe TNV VO PAOTOON ECWTEPLKWV
5, cout: out STD LOGIC); , , ,
end; ONUATWY TWV OTIOLWYV OL TLLLEG
architecture synth of fulladder is OpLZOVTOLL LE EVtOAEC Tavtoxpovng
signal p, g: STD LOGIC; avaBeonc (concurrent statement)
e TILAC GAHOTOC OTIWCE N

p <= a xor b;

g <= a and b; p <= a xor b;

S <= p Xor cin;

cout <= g or (p and cin); __FAE:: B
end; 7

cin

al

Synthesis:

19



[MpotepaloTNTA TEAECTWV

TeheoTng Znuacia

£ not NOT
£ 75,7, mod,  MUL, DIV, MOD,
£ rem REM
=+, - PLUS, MINUS
rol, ror, Ileprotpoon,
I srl, sll ALOY1KT) OAlGOn o
<, <=, >, >= XTI GUYKPLOoN
& = /= OYKpIon 160TNTOC
E and, or, Aoyikéc Tpaéeic (exte-
§ nand, nor, AOVVTUL OO aPLoTEPA
S xor, xnor pog to. SeE1d)

20



AplBpuot

Mopdn: NB”value”
N = uéyeboc¢ oe bits, B = base

Bit Baon Ty AmobnkeleTan wg

Ta others => '0' kal

SBTIOL s 2 > 10 others => '1' sival ot
B"11" 2 2 11 ,
3 LOLwpatiopol Ttng
8B"11" 8 2 3 00000011
VHDL ywa t™n
8B"1010 1011" 8 2 171 10101011 , :
= CUUTTANPWON OAWV
3D"6" 3 10 6 110 hit 0
Twv bit pe Tg TLpe
60" 42" 6 8 34 100010 . “, G THHES
8X"AB" 8 16 171 10101011 KL 1, avitotoa.
101" 3 2 5 101
B"101 3 2 5 101
X"AB" 8 16 171 10101011

21



Avadevon bit
VHDL:

y <=(c(2 downto 1), d4d(0), d4(0), d0), c(0), 3B"101");

O teAeotric ouvaBpolong () xpnoLpomoleital ylo tTn ouvevwon StauAwv
To y mpenetva eivat STD_LOGIC_ VECTOR pe péyeboc 9 bit
H duvaun twv ouvaBpoioswv (aggregations) tng VHDL ¢aivetal kat ano 1o
akoAouBo mapadeypa
Nopadeyua
— Av unoBeooupe OtL T0 z ival STD_LOGIC_VECTOR pe péyebog 8 bit
— Alvetal n tipn 10010110 oto z Ye xprion TnE MapakATw ocuvaBpolong EVTIOAWV:
z <= ("10", 4 => '1'", 2 downto 1 =>'1"',others =>'0")
— To "10" tomoBeteital ota dvo npwTta bit

— 2710 40 bit, kaBwc¢ eniong oto 10 kot To 20 bit, tolmoBetovvTaL dool
— Ta unoAouna bit €xouv tnv TinR 0

22



[MpoomeAaon TUAMATOC TwV SLOLUAWV

VHDL:

library IEEE; use IEEE.STD LOGIC 1l64.all;

entity mux2 8 is
port (d0, dl: in STD LOGIC VECTOR(7 downto 0);
- in STD LOGIC;
y: out STD LOGIC VECTOR(7 downto 0));

end;

architecture struct of mux2Z2 8 is
component mux?2
port (d0, dl: in STD LOGIC VECTOR(3 downto 0);
s: in STD LOGIC;
y: out STD LOGIC VECTOR(3 downto 0));
end component;
begin
lsbmux: mux?2
port map(d0 (3 downto 0), dl(3 downto 0),
s, y(3 downto 0));
msbmux: mux2
port map(d0(7 downto 4), dl1(7 downto 4),
s, y(7 downto 4));
end;

Synthesis:

mux2
S

do[3:0]  y[3:0] =mddi
d1[3:0]

Isbmux

mux2

—+— S
il (I0[3:0]  Y[3:0] smdbd
il 11[3:0]

msbmux

23



ATIOLLOVWTNC TPLWV KOTALOTAOEWV
VHDL:

 OLHDLs xpnotpormnotoUv to z yLa

library IEEE; use IEEE.STD LOGIC 1164.all; val avan‘_aptgroov Ko
entity tristate is KUpovopevn (dnAadn
port(a: in STD LOGIC VECTOR(3 downto 0); «HETéwpn») TL|.1I"]

en: 1n STD LOGIC;

e To z elvall XpNOLUO VIO TNV
y: out STD LOGIC VECTOR(3 downto 0)); Xpnowuoy N

neplypadn evoc anopovwti
TPLWV Kataotaoswv (tristate
buffer), tou onoiou n £€€060¢

end;

architecture synth of tristate is

begin
y <= a when en else "ZZZZ"; glval petéwpn otav n elocodo¢
end; enable exeLtnv Tiun 0
Synthesis:
en .
:3[3'0>] S0l (300 » NEX0 |3:0-

y 1[3:0]

24
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KaBuotepnoelc
VHDL: .

library IEEE; use IEEE.STD LOGIC 1l64.all;

entity example is
port(a, b, c: in STD LOGIC;
v out STD LOGIC);
end;

architecture synth of example is
signal ab, bb, cb, nl, nZ, n3: STD LOGIC;
begin
ab <= not a after 1 ns;
bb <= not b after 1 ns;
cb <= not ¢ after 1 ns;
nl <= ab and bb and cb after 2 ns;
n2 <= a and bb and cb after 2 ns;
n3 <= a and bb and ¢ after 2 ns;
y <= nl or n2 or n3 after 4 ns;
end;

Simulation

OL K0lBUCTEPNOELC XPNOLUOTIOLOUVTOL OLTTOKAELOTLKAL
yla tpocopoiwon! Agv kaBopilouv tnv
kKaBuotépnon tou hardware nou povtelomnotovy !H!!

OL kaBuotepnoelg ayvoouvtal KATd Tn cuvBeon' n
KaBuoTtEpnon HLag TTUANG TIOU TTapAyETaL Ao TO
gepyaleio olvBeong e€aptdatal amod tig npodlaypadEg
TNG yLa TOUG XPOVOUG t 4 Kat ty, KoL OXL QTT0
ornolovdnmote aptbuo otov kwdika HDL

2tn VHDL, xpnolpomnoloupe tnv npotaon after yla va
urntodeioupe tn kaBuotépnon. ESw wg povadeg
opilovtal ta nanoseconds (ns)

10 20 a0 40

a0 B0 70 a0 2 6




KaBuotepnoelc
VHDL:

library IEEE; use IEEE.STD LOGIC 1164.all;

entity example is
port(a, b, c: in STD LOGIC;
v out STD LOGIC) ;
end;

architecture synth of example is

signal ab, bb, cb, nl, n2, n3: STD LOGIC;
begin

ab <= not a after 1 ns;

bb <= not b after 1 ns;

cb <= not ¢ after 1 ns;

nl <= ab and bb and cb after 2 ns;

n2 <= a and bb and cb after 2 ns;

n3 <= a and bb and c after 2 ns;

y <= nl or n2 or n3 after 4 ns;

end;

2ToV KwdLKa TePLYpAPOUE OTL:

— oLavtiotpodeic Exouv kaBuotépnon 1 ns
— oL TtUAeg AND pe tpelg eloddouc €xouv kabuotépnon 2 ns
— oL TUAEC OR pe tpelc eloddouc £xouv kaBuatépnon 4 ns

Simulation

27



KaBuotepnoelc
VHDL:

library IEEE; use IEEE.STD LOGIC 1164.all;

entity example is
port(a, b, c: in STD LOGIC;
v out STD LOGIC) ;
end;

architecture synth of example is

signal ab, bb, cb, nl, n2, n3: STD LOGIC;
begin

ab <= not a after 1 ns;

bb <= not b after 1 ns;

cb <= not ¢ after 1 ns;

nl <= ab and bb and cb after 2 ns;

n2 <= a and bb and cb after 2 ns;

n3 <= a and bb and c after 2 ns;

y <= nl or n2 or n3 after 4 ns;

end;

Simulation
1

28



KaBuotepnoelc
VHDL:

library IEEE; use IEEE.STD LOGIC 1164.all;

entity example is
port(a, b, c: in STD LOGIC;
v out STD LOGIC) ;
end;

architecture synth of example is

signal ab, bb, cb, nl, n2, n3: STD LOGIC;
begin
ab <= not a after 1 ns;
bb <= not b after 1 ns;
cb <= not ¢ after 1 ns;
nl <= ab and bb and cb after 2 ns;
n2 <= a and bb and cb after 2 ns;
n3 <= a and bb and c after 2 ns;
y <= nl or n2 or n3 after 4 ns;

end;

Simulation
2

29



KaBuotepnoelc
VHDL:

library IEEE; use IEEE.STD LOGIC 1164.all;

entity example is
port(a, b, c: in STD LOGIC;
v out STD LOGIC) ;
end;

architecture synth of example is

signal ab, bb, cb, nl, n2, n3: STD LOGIC;
begin
ab <= not a after 1 ns;
bb <= not b after 1 ns;
cb <= not ¢ after 1 ns;
nl <= ab and bb and cb after 2 ns;
n2 <= a and bb and cb after 2 ns;
n3 <= a and bb and c after 2 ns;
y <= nl or n2 or n3 after 4 ns;

end;

Simulation

30



KaBuotepnoelc
VHDL:

library IEEE; use IEEE.STD LOGIC 1164.all;

entity example is
port(a, b, c: in STD LOGIC;
v out STD LOGIC) ;
end;

architecture synth of example is
signal ab, bb, cb, nl, n2, n3: STD LOGIC;

begin

ab <= not a after 1 ns;

bb <= not b after 1 ns;

cb <= not ¢ after 1 ns;

nl <= ab and bb and cb after 2 ns;

n2 <= a and bb and cb after 2 ns;

n3 <= a and bb and c after 2 ns;

y <= nl or n2 or n3 after 4 ns;

end;

Simulation

31



AkoAovOiakn Aoykn



AkoAouBlakn Aoyikn

e Ta epyaeia ouvBeonc avayvwpilouvv
tbopatiopouc (idioms) tne VHDL kat touc
pnetatpenouv o€ latches, flip-flops kat FSMs

e [lpoooxn: AANa oTUA cuyypadnc KwoLKa
eVOEXETOL VO TTPOCOUOLWVOVTAL CWOTA, aAAAd
va ouvBetovtal og AaBoc KukAwpata

33



process (dlepyaoia)

Fevikn doun diepyaociac (process):

process (sensitivity list) begin
statement;

end process;

H evtoAn statement o010 cwpa pLaC EVIOA)C process

eKTeAeitaL povo otav aAAalel omoladnmote amo Ti¢ LETOBANTEC
MOV TEPLEXOVTALOTN AloTa gualoBnoiacg
(sensitivity list)

34



D Flip-Flop
VHDL:

e Ebw, n evtoAn i f eAeyxeL av n aAAoyn
library IEEE; use IEEE.STD LOGIC 1164.all; al n vX n YN

glval pLor avepyOpevn akun

entity flop is (rising edge) tou poAoytou (clk)
R e i DRl e Av OVIwC LoXVEL KATL TETOLO, TOTE
@ls in STD LOGIC VECTOR(3 downto 0); <= 4
q: out STD LOGIC VECTOR(3 downto 0)); !

(6lafaloupe «To g TaipveL TNV TLUN d»)

*  Enmopévwg, to flip-flop avtiypadet
(kaAUtepa «pwTtoypadilew») to d oto q
KQTAL TN O€TIKA aKUr Tou poAoyLou,

5% sl R EIn) eLOAAWC BupdTal TNV TPONYOUEVN

ST KOTAOTOON TOU (
end if; — [Mpoooxn otoug xpovoug setup-hold....

end process;

end;

architecture synth of flop is
begin

process(clk) begin

end;

Synthesis: .

d[3:0] e D[3:0]

q[3:0]
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D Flip-Flop pe ocuyyxpovo reset

VHDL:

library IEEE; use IEEE.STD LOGIC 1164.all;

entity flopr is
port (clk, reset: in STD LOGIC;

d: in STD LOGIC VECTOR(3 downto 0);

q: out STD LOGIC VECTOR (3 downto

end;

architecture synchronous of flopr is
begin
process(clk) begin
if rising_edge(clk) then
if reset then g <= "0000";
else g <= d;

0));

end if;
end if;
end process;
end;
. clk
Synthesis: d[3:.0]
reset

3:0

3:0

>
D[3:0] Q[3:0]

R

q[3:0]

3:0

= q3:0 —
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D Flip-Flop pe acuyyxpovo reset
VHDL:

library IEEE; use IEEE.STD LOGIC 11l64.all;
. . e EOw,T0 reset PBpiloketal oto
entity flopr is

port (clk, reset: in STD LOGIC; SenSitiVity “Str éX‘c——l T[pOTEpal(')TI']T(I

d: in STD LOGIC VECTOR (3 downto 0); (oto eéwtepko 1) évavtl tou clk

q: out STD LOGIC_ VECTOR (3 downto 0)); KOLL O'UVET[(bC; OSI’]VE'L o€
acuyxpovo reset

end;
architecture asynchronous of flopr is
begin
process(clk, reset) begin
if reset then
q <= "0000";
elsif rising edge(clk) then
q <= d;
end if;
end process;

el

| clk

1C* | di3:0] 5 D[3:0] 0[3:0]'
Synthesis: .

| reset .

37



D Flip-Flop ue Enable

VHDL: Synthesis:

library IEEE; use IEEE.STD LOGIC 1164.all;

entity flopenr is

port (clk,
reset, _
en: in STD LOGIC; ck = 0
d: in STD LOGIC VECTOR (3 downto 0); ds:0] =
q: out STD LOGIC VECTOR(3 downto 0)); oh_—
end;
architecture asynchronous of flopenr is _ﬂﬁfL:::}

—— ooUyypovn snovapopd oto 0
begin
process(clk, reset) begin
if reset then
g <= "0000";
elsif rising edge(clk) then

1f en then
q <= d;
end if;
end 1f;

end process;
end;

S

wh
D[3:0] Q[3:0]
= E
R
]
q[3:0]
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Latch
VHDL:

library IEEE; use IEEE.STD LOGIC 11le64.all;
entity latch is
port (clk: in STD LOGIC;
d: in STD LOGIC VECTOR(3 downto 0);
q: out STD LOGIC VECTOR(3 downto 0));
end;

architecture synth of latch is

Synthesis:

lat

s e | s

q[3:0]

—°* H Alota evaloBnoiag meplexel kat to
clk kot To d, omoTE N TLUN TOU process

begin <
process(clk,_d) begin
if clk = '1' then
q <= d;
end if;
end process;
end;

urtoAoyiletat kaBe popd mou
pnetaBarietal to clk A To d. AnAadn,
0oo to clk €xeL tnv TiuR HIGH, to d
PEEL LEOW TOU KUKAWHOTOG TIPOC TO q

Mpoooyxn: Aev xpnowuomotlov e latches cuyva...

AM\A propel va ypaete kwdika mou va odnyei oe latch!!

EAcyéte to synthesized hardware — edv €xeL latches mou 6ev okomevate va
napayetal opeiletal og (mMoAU cuxvo oe apydplouc) Aaboc

39



2uvoyn
levikn doun diepyaoiac:

process (sensitivity list)
statement;

end process;

* Flip-flop: process (clk)

 Latch: process (clk,

begin

d) (don’t use)

40



MNepltoootepn
ouVvOULAOoTIKN AOYLKN

(LEoOL o€ process)



2uvOUOOTLKN AOVYLKN O€E process

 OLevioléc process tn¢ VHDL ypnolpomnolovuvtal ya tnv
neplypadn akoAovOLoKkwv KUKAWHATWY, Tteldr) oL £€odol
O0TO CWHO AUTWV TWV EVTIOAWV BupoUVTaL TNV TPONYOUEVN
TLULA Toug otav dev kaBopilletal vEa TLUN

e EmutAéov, pumopoulv eniong va xpnotLpomotnBouv eVIoAEC
process yla tn HovieAomnoinon tng cupuneplPopas tng
ouVvOUAOTIKAC AOYLKAC aV:

* n Alota evaloOnoiag elvol opLopEVN £TOL WOTE VO ATIOKPLVETAL OF
aAAOYEC o€ OAEC TIC EL00d0oUg

* TO OWMO OUTWV TWV eVTIOAWV KaBopilel Tnv Tun €€660u yia Kabe
niBovo cuvouaoUO TLUWV TWV ELCOSWV
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2uvOUOOTLKN AOVYLKN O€E process

* Toprocess (all)umoloyllel ek VEoU
VH D L: TNV TLUN TWV EVTOAWV TIOU TIEPLEXOVTAL
library IEEE; use IEEE.STD LOGIC 1164.all; 0TO process kaBe dopa mou

HeTaBAAAETAL OTTOLOONTIOTE ATIO TAL

entity 1nv 1s ONUOTO OTO CWHOL TOU process

port(a: in STD LOGIC VECTOR(3 downto 0);

y: out STD LOGIC VECTOR(3 downto 0)); . EhKulooﬁﬂvauO[MEU)process(aL
oAAQ eival KaAUTEPO ETELON
arnodelyeL Ta cPAApATA OTN
TEPLMTWON MOV PETOVOUOOTOUV h
npootebouv cripata LECA OTO pProcess

end;

architecture proc of inv is
begin
process(all) begin

<= not a; ' .
Y ’ *  Oleviohécbegin katend process

anattovuvtal otn VHDL mapd to
YEYOVOC OTL I EVTIOAN process MEPLEXEL
HOVO pia evtoAnl avaBeong TLuUng

end process;
end;
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EvtoAsc if/else kol case

* OLeVTOAEC case kal 1T elvatl BoAKEC yia TN
LovteAomolnon 1o MePLTAOKNC cuvOUAOTIKAC AOYLKNAC

* JTIC EMOUEVEC OHLadavelec Oa eEETACOUE TIC EVTOAEC

case Kal i f, oL omolec mpemelL va epdavidovtal
QTTOKAELOTLKA LECOL OTO CWHLA TWV EVTIOAWV process
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YuvouaoTikn Aoyikn pe xpnon 1 £

VHDL: Synthesis:

library IEEE; use IEEE.STD LOGIC 11l64.all;

entity priorityckt is

port(a: in STD LOGIC VECTOR(3 downto 0); -
y: out STD LOGIC VECTOR(3 downto 0));

end; B )
y_112]
architecture synth of priorityckt is EET—
begin %jj>———%i:>ﬁ
process(all) begin unsy -
if a(3) then y <= "1000"; . o .
elsif a(2) then y <= "0100"; ii1y y_1[0]
elsif a(l) then y <= "0010";
elsif a(0) then y <= "0001";
else y <= "0000";
end if;
end process;
endi KYKAQMA MPOTEPAIOTHTA2

y[3:0]
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2UvOUAOTLKN AOYLKN UE Xpon case

VHDL:

library IEEE; use IEEE.STD LOGIC 1164.all;

entity seven seg decoder is

port (data:

segments: out STD LOGIC VECTOR(6 downto 0));

end;

in STD LOGIC VECTOR(3 downto 0);

architecture synth of seven seg decoder is

begin

process(all)

begin

case data is

== abcdefqg
when X"0" => segments <= "1111110";
when X"1" => segments <= "0110000";
when X"2" => segments <= "1101101";
when X"3" => segments <= "1111001";
when X"4" => segments <= "0110011";
when X"5" => segments <= "1011011";
when X"6" => segments <= "1011111";
when X"7" => segments <= "1110000";
when X"8" => segments <= "1111111";
when X"9" => segments <= "1110011";
when others => segments <= "OOOOOOO";]
e
end process;
S; )

nthesis

y

[3:0]

H evtoAn case uTtovoel cuvOUAOTLKN
Aoylkry combinational logic pévo eav
neplypadovtal oAot ol cuvduacopuol
gloodou

Mpoooxn otn xprion tou others!!!

H mpotaon others amoteAel Evav
BoALko TpOTO OpLopoU TNG £€660L yLa
OAEC TLC TIEPLITTWOELC TTOU OeV
napoatiBevrtal pntad, Kol auto amoteAel
gyyunon otL n Aoylkn sival
ouvOUAOTLKNA

rom

A[3:0] DOUT[6:0]}

segments_1[6:0]

[6:0]

segments[6:0]
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>uvOUOOTLKN AOVLKN UE Xpon case?

VHDL:

library IEEE; use IEEE.STD LOGIC 1164.all;

entity priority casez is

port{(a: in STD LOGIC VECTOR(3 downto 0);
y: out STD LOGIC VECTOR(3 downto 0));

end;

architecture dontcare of priority casez is

begin
process(all) begin
case? a is
when "l--=-" =
when "01=-=" =>
when "001-" =>
when "0001" =>
when others =>
end case?;
end process;
end;

KOKkAwpa yla tivakeg aAnBeiog pe

«adLadopEC» TIUEC

T - L

"1000";

= "0100";
= "0010";
= "0001";
= "0000";

H evtoA] case? ouumnepldEpeTal OTWC N
case, Je TNV e€aipeon OTL avayvwpilet Ko
T0 — W¢ «adladopn» TN otnv elcodo

[a[3:0]

Synthesis:

[3:0]

3] y[3:0]

—
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AvaBO£oelc TIUNG HE
OQLLLECT KOL LN OLLEDN)
epappoyn



2UvOUOOTLKN AOYLKN O€ process

 HVHDL vntootnpiletl evtoAec avaBeonc TLUNC OTO
CWHA LLOC EVTOANC process:
— UE apeon epapuoyn

— [Mpoaypotornoleital pe Baon tn oepd epdPAvions TwV EVIOAWV
— AKPLBWC OTIWC O€ Lo TUTILKH) YAWO OO TIPOYPALLUOTLOUOU

— XWPLG apeon edappoyn
— [Mpayuoatornoleitol tavtoxpova (concurrent statements)

— OAEC OL EVTOAEC OTOTLUWVTAL TIPLV A0 TNV EVNUEPWON OTIOLOUSATIOTE
QIO TOL ONOTOL TIOU UTIAPXOUV OTLC OPLOTEPEC TTAEUPEC TWV EVTOAWV
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2uvOUOOTLKN AOVYLKN O€E process

Y€ pLa evtoAn process tn¢ VHDL:

e 70 :=umodnAwvel avabeon TWUNC LE apeon epapuoyn

e TO <= uTtodnAwvel avaBeon TLUNGC XwpPLc apeon epappoyn

(Yvwotn Kol w¢ tavtoxpovn avabeon TLuncg)

AvoBEoeLC TIHWV XWPLC apeon ebapuoyn YivovTal amOKAELOTIKA
o€ €€060UC KOl O€ ECWTEPLKA orpata tov dnAwvovtal wc signal
NPV amo To begin otnv apxltektovikn (architecture)
AvoBEoELC TIMLWV HE Apeon Edappoyn YivovTal AmoKAELOTIKA O
uetaPAntec mov dnAwvovtal we variable plv amno to begin
oTn process OTou XpNOLUOTIOLELTAL N HETAPANTN
EKTOC oo TLC EVTOAEC process, To <= Umopel va epdaviletal Ko
O€ EVIOAEC TOWUTOXPOVNCG avaBEONC TLUNG ONMATOC, OTIOU EMIONC
QTTOTLULATAL TOUTOXPOVA
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EvtoAec avaBeonc TLUNC pe apeon epappoyn

VHDL:

library IEEE; use IEEE.STD LOGIC 1164.all;

entity fulladder is
port(a, b, cin: in STD LOGIC;
5, cout: out STD LOGIC) ;
end;

architecture synth of fulladder is
begin
process(all)
variable p, g: STD LOGIC;
begin

B

S <= p xor cin;

a xor b; —— pg dpeon eeopuoyh
a and b; —- pg duecn eeopuoyn

cout <= g or (p and cin);
end process;
end;

KaAUTtepa va XpNOLULOTIOLOUVTOL EVIOAEC
avaBeonc TIUAC e Apeon epappoyn yla
evlLapeosc petaBAnteg (variables) otn
ouvduaoTLKr AoyLKn

1o mapadelypa yivetal xprion TEToLwv
EVTOAWV yla TOV UTTOAOYLOUO TWV
HETOBANTWY p KaL g, ETOL WOTE VAl
TIAlPVOUV TLC VEEG TLUEC TOUG TTPOTOU
XpnotpomnotnBouv yla Tov UTTOAOYLOUO
TWV S KAl cout, TTou €€aPTWVTOL ATTO QUTEG
Emeldn ta p kot g Bplokovrtal otnv
apLOTEPA TMAEUPA ULOG EVTIOANC avaBeong
TIUNG LE dpeon edbapuoyn (:=) péoa oto
OWLOL LLOLG EVTOANC process, TIPETEL VAl
dnAwvovtal wg variable, kat 0xL w¢ signal
H 6nAwon twv petafAntwy epdaviletal
TPLV Ao TO begin 0Tn process Omou
Xpnolyormoleital n petaBAnti
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Avabeon TIUNC LE ALLECN KOL XWPLC ApEoNn Edapuoyn

* <= qvaBeon TUNC XwpLic apeon ebapuoyn

—  JupPaivel tautoxpova pe AAAEC

* = qavdbeon TUNG HE ApES edapuoyn
— 2upPaivel tn otyun pou epdavifetal otov Kwdka G NG TE LT U a0 VG a0 I B GRe

library IEEE; use IEEE.STD LOGIC 1164.all; T ovaBEoE@V TLPGV WE GREGN £QAPHOVY

. . library IEEE; use IEEE.STD LOGIC 1164.all;
entity sync 1is — —
port(clk: in STD LOGIC; entity syncbad is
@lg in STD LOGIC; port (clk: in STD LOGIC;

g: out STD LOGIC); d: in STD LOGIC;

end; q: out STD LOGIC);

end;
architecture good of sync is

signal nl: STD LOGIC; architecture bad of syncbad is

. begin
begin process(clk)
process(clk) begin variable nl: STD LOGIC;
if rising edge(clk) then begin
[ nl <= d; ] if rising edge(clk) then
g <= nl; [ nl := d; -- pe &Gueon geapupoyr ]
end if; g <= nl;
end process; end if;
end; end process;
end;
L I%E::-—!—} .
clk >D o >|:] 5 Eq> = D Q ﬂ -
n1 q q
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Kowvovec yia tn avabeon onpuotocg

Zuyxpovn akoAouBiakn Aoykn: xprion process (clk) kal avaBeoeLg TLHwWY Xwplg
dueon edappoyn (<=)

process (clk) begin
if rising edge(clk) then

nl <= d; -- xwplig¢ dpeon espoppoyvh
q <= nl; -- xwpic¢ d&peon epapuoyf
end if;

end process;

ATA} ouVSUACTIKN AOYLKN: XP 0N EVTOAWV TAUTOXPOVNC avaBeonc €€w aro To process
y <= d0 when s = '0' else dl;

Meplocotepo ouvOeTn cuvduaoTik AoyLkR: xprion process (all) kol avaBeoelg
TIMWV Pe dpeon epappoyn (=)

process (all)
variable p, g: STD LOGIC;

begin
P := a xor b; —— pe Aapeon epappoyi
g := a and b; —— pe a&peon epappoyi

s <= p xor cin;
cout <= g or (p and cin);
end process;

AvAaOeon ONHOTOC OE LA OVO Process 1] 0€ EVTIOAEC TAUTOXPOVNC avABEoNG OUATOC

* I& moAAanAn avadeong T oto idlo oRua, Katd TNV Mpocopoiwan Kat tn cuvleon AapBavetat urméyn n
teAevtaia avadeon TiHAG
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KAaoowkn «mayida» otn VHDL

e OLevtoAéc avaBeonc oNUATOC LEoA O€ process dev ekteAouvtal
OMWC O€ pa YAwooo Itpoypappatiopol upnAov emunéedou:
OL EVTOAEC, OTN OELPA, EKTEAOUVTAL OTO TEAOC TOU process

* e QUTO TO process, n 1N process (clk) is
’ ’ , begin
avaBeon dev cupPaivel mote! if rising edge(clk) then
a <= b;
e H 3" “c” katn 4" avaBeon “a” b <= c;
c <= a;
AapBAavouV TNV «TTOALECH a <= c;
’ , end if;
(rtpv TNV akun tou clk) TpHEG end process;
oau_n o,

Twv a KAt C, (IVTLO'TOI.X(II




MnXaVEC
MNenepaopEVWV
Kataotaocewv
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Finite State Machines (FSMs)

e Tpla blocks:
— AoylKn emopevng kataotaong (next state logic)
— Kataxwpntnc kataotaong (state register)
— Noywkn €€odou (output logic)

Moore FSM
CLK
M next ) k "&X | k N
i tat tat tput
Inputs fé‘;i state state olgg|oig outputs
Mealy FSM
CLK
M next Yk next | k N
- 1K stat tat tput
inputs +—4 fé‘;‘fi | state state "l‘;gﬁg outputs
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Metpntnc Modulo-3

ALAYPOLLLO KATOOTACEWV

O &utAo¢ kUKAoG Seiyvel To reset state
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FSM petpntn Modulo-3 og VHDL

library IEEE; use IEEE.STD LOGIC 1164.all;

entity divideby3FSM is
port (clk, reset: in STD LOGIC;
v out STD LOGIC);
end;

architecture synth of divideby3FSM is
(S0, S1, S2);
nextstate: statetype;

~

type statetype is
signal state,
begin
/C- KOUTAXWPENTHC KATACTNONG
process (clk, reset) begin

if reset then state <= S0;
elsif rising edge(clk) then

state <= nextstate;

end 1if;
Qnd process;

)

(—- Aoy LKA endpevng KAT&OTXONC )

AnAwon Katootaoswv: opiletat
€vag vEog TUTog SeSopévwv
anapiBunong (enumeration), To
statetype, Ue TPELG TOAVEG TIUEG:
SO, S1 ko S2.

H tpéxouoa kataotaon state kat n
EMOUEVN KATAOTAON nextstate eival
E0WTEPLKA orpata TUMoU statetype.
Me tov tuno SeSopévwv
anapi®unong avti yla tn pntn
erAoyn ¢ Kwdikomoinong
Katootaoswy, n VHDL
aneAeuBepwvel To epyaleio
ouvBeong, To omolo unopei va
Slepeuvnoel SLadopeg

\ KWOLKOTIOLOELG KATAOTACEWV

KELULEVOU va ETIAEEEL TN
BéAtio 0 QUTEC

Synthesis:

T ——
i R

state

nextstate <= S1 when state = S0 else
S2 when state = S1 else ]
_ S0; )
(- Aoy Lk g&ddou
y <= '1' when state = S0 else '0';
eid; g

statemachine

Q[2:0] ety
state[2:0]

N

N

output outputs

logic
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“01” Sequence Detector

To «xopoyeAaoto caAlykap» (sequence detector):

To oaAwykapt yauoyedaet otav ta Suo teAevutaia Stadoyika bit mavw oo ta ortoia ExEL
niepacel eivat 01. Zyebiaote tn unxavn FSM tot wote va umoAoyilel mOTe To ocaAlykapl
TIPEMEL va xopoyeAaet. H €ééodoc Y exel tnv tiun TRUE otav to ocaAlykapt yauoyeAAQeL.

gjz ALAYPOALLLLO KATOOTAOEWV
ik
QN Moore FSM
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“01” Sequence Detector FSM: Moore

library IEEE; use IEEE.STD LOGIC 1164.all;

entity patternMoore is

port (clk, reset: in STD LOGIC;

a: in STD LOGIC;
y: out STD LOGIC
end;

architecture synth of patternMoore is
type statetype is (SO,
signal state, nextstate:

begin

) i

si,

—— KOTOXWPENTHC KATHOTOAONG
process (clk, reset) begin

if reset then
state <= S0;
elsif rising edge (c
state <= nextsta
end 1f;
end process;

—— AOV LKA eméuevng KATAOTHONG KX L AOY LKD) £&bddou

process(all) begin
y <= ‘0’;
nextstate <= S0O;
case state is
when S0 =>
if a then
nextstate
else
nextstate
end if;
when S1 =>
if a then
nextstate
else
nextstate
end if;
when S2 =>
y <= '1’;
if a then
nextstate
else
nextstate
end if;
when others =>
nextstate <=
end case;
end process;
end;

1lk) then

te;

<= S0;
<= S1;
<= 82;
<= S1;
<= 350;
<= S1;
S0;

statetype;

next k
state state output

Moore FSM

logic outputs

Synthesis:

clk
[ reset

MNoapatnpnote OTL To epyaAeio
ouvBeonC XPNOLUOTIOLEL
KwOLKOTIOLNoN KATOOTACEWV
Hey£0Boug.3-bit (Q[2:0])

Statemachine
1 0]

C Q[2:0]

R

state [2:0]

[2]
[2:0]

60



“01” Sequence Detector FSM: Mea

library IEEE; use IEEE.STD LOGIC 1164.all;

entity patternMealy is
port (clk, reset: in STD LOGIC;
a: in STD LOGIC;
y: out STD LOGIC) ;
end;
architecture synth of patternMealy is
type statetype is (SO, S1);
signal state, nextstate: statetype;
begin
—— KOTAXWPNTAHG KATACTAONG
process (clk, reset)
begin
if reset then
state <= S0;
elsif rising edge(clk) then
state <= nextstate;
end if;
end process;
—— AoV LK endpevng KatdoTaong
process(all) begin
y <= ‘0’;
nextstate <= S0;
case state is
when S0 =>
if a then
nextstate <= S0;
else
nextstate <= S1;
end if;
when S1 =>
if a then
y <= llr;
nextstate <= S0;
else
nextstate <= S1;
end if;
when others =>
nextstate <= S0;
end case;
end process;
end;

Mealy FSM

Reset
0/0

1/0

Synthesis:

[elk—
L
= D[0] Q[0]
Nextstate R y
State
CLK
K next Wk N
state state —{ output
u logic outputs
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KAaoowkn «mayida» otn VHDL

e EAMAC avaOeon TIHNAG OE
evtoAEc if ko case

e Edv dev Baloupe oto KWOLKA
OPXLKEC AVaBETELC TLLWY, TO
epyaleio CAD dev yvwpilel TL va
KAVEL HE TIC £€000UC TTou dev €xouv
npoodloplotel yia avta ta if/cases

e To epyaleio Ba Snuoupynoet Eva
OTOLYELO KATAOTAONC Yyl VA
KPOTAOOUV TNV TTAAOLA KOTACTOON

¢  AMuwortg, £tol ptiayxvoupe FF/Latches!

e & pLa cuvduaoTLKA process OpWC,
auTo Ba dnuLoupynoel
avenBuunta latches (kakn
npaktikn oe FPGA design!!)

architecture EXAMPLE BEH of EXAMPLE is
begin
process (EN, A, B)
begin
[ X <= '0'; -- opxlréC TLupéQ ]
Y <= '0"';
if (EN
X <=
Y <=
else
X <= ‘1';
end if;
end process;
end EXAMPLE BEH;

'1') then

’

W >

’

ASYNC: process (current state, X in)
begin
[ next state <= S0; ]
Y <= '0";
case current state is
when SO0 =>
if (X _ in = '0’) then next state <= S1;
else next state <= S0; end if;
when S1 =>
if (X in = ‘1’) then next state <= S2;
else next state <= S1; end if;
when S2 => Y <= ‘1/’;
if (X _in = '0’) then next state <= S1;
else next state <= S0; end if;
-- fail-safe behavior
when others => next state <= S0;
end case;
end process;
end BEHAVIORAL;
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Mvnuec otn VHDL

Tibrary ieee;
use ieee.std_logic_1164.all;

e Single-port RAM pe acUyxpovn avayvwaon

use ieee.numeric_std.all; * YMomnoinon w¢ distributed RAM
entity single_port_ram_asynch is , , , ,
port (CLK : in std_logic; — XpNon HOVO yLo ULKPEG UVNLEG
WE : 1in std_logic;
A : in std_logic_vector(5 downto 0);
DI : 1in std_logic_vector(1l5 downto 0);

DO : out std_logic_vector(1l5 downto 0));
end single_port_ram_asynch ;
architecture syn of single_port_ram_asynch 1is
type ram_type is array (63 downto 0) of std_logic_vector (15 downto 0);
signal RAM : ram_type;
begin
process (CLK) H amoBrikevon tng RAM avamapiotatal ano va criua array
begin
if (CLK'event and CLK = '1') then
if (W = '1') then
RAM(to_integer(unsigned(A))) <= DI;
end if;
end if;
end process;
DO <= RAM(to_integer(unsigned(A)));
end syn;
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Mvnuec otn VHDL

Tibrary ieee;

use ieee.std_logic_1164.al1; ° Single_port WR'TE_F'RST

use ieee.numeric_std.all;

entity single_port_ram_write_first is ° Y}\OT[OiﬂO'ﬂ w¢ Block RAM
port (CLK : in std_logic;
WE : in std_logic;
A : in std_logic_vector(9 downto 0);
DI : in std_logic_vector(1l5 downto 0); — R PortA

DO : out std_logic_vector(1l5 downto 0));
end single_port_ram_write_first ;
architecture syn of single_port_ram_write_first is
type ram_type is array (1023 downto 0) of std_logic_vector (15 downto 0);
signal RAM : ram_type;
signal ram_data: std_logic_vector(1l5 downto 0);

begin
process (CLK)
begin
if (CLK'event and CLK = '1') then | | | | |
if (W = '1') then kA \__ /T \_/ \_/ S /I
RAM(to_integer(unsigned(A))) <= DI; l ' ' l
. WEA | [ | - L
ram_data <=di; | | | | I
else DINA[15:0] ! ) TN N [
. . | | ! | | | |
ram_data <=RAM(to_integer(unsigned(A))); ADDRA X | aa~ X | oo | X | oo | X | dds
end if; DOUTA[15:0] 5600 X{‘*MEM(a\'a) XL\-HH: XK\M; X{“MEM‘*I“’
end if; ! ! ! ' !
end process; ENA : : l : :
WRITE WRITE
DO <= ram_data; DISABLED: READ : MEM(bb)= : MEM(cc)= : READ :
. . 1111 . 2222 .
end syn;
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Mvnuec otn VHDL

Tibrary ieee;

use ieee.std_logic_1164.all; ° Single—port READ FIRST
use ieee.numeric_std.all; , -
entity single_port_ram_read_first is ° Y}\OT[OI.I’]OT] wq Block RAM

port (CLK : in std_logic;
WE : 1in std_logic;
A : in std_logic_vector(9 downto 0);
DI : in std_logic_vector(1l5 downto 0);
DO : out std_logic_vector(1l5 downto 0));
end single_port_ram_read_first ;
architecture syn of single_port_ram_read_first is
type ram_type is array (1023 downto 0) of std_logic_vector (15

downto 0);
signal RAM : ram_type; | | | | |
signal ram_data: std_logic_vector(1l5 downto 0); CLKA T\ /\_ / /I
begin WEA | r ; ; \ i
process (CLK) | | | | |
begin DINA[15:0] E X rﬁ1 X E%% X ; E
if (CLK'event and CLK = '1') then ADDRA A ey X ooy X L con XL ddy
if (W = '"1") then DOUTA[15:0] 5000 | X\MEM{a\Ia) XI‘/‘oIdMEI‘IM(DD)X‘OIGMEI\h{cc]X\MEM(qud)
RAM(to_integer(unsigned(A))) <= DI; ena [ E E E E E
end 'if; : : WRITE : WRITE : :
ram_data <=RAM(to_integer(unsigned(A))); DBA&ED; READ i MENI(O0)= i M i FEAD
end if;

end process;
DO <= ram_data;
end syn;
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Mvnuec otn VHDL

use ieee.std_logic_1164.alT; ° Single—port NO CHANGE
use ieee.numeric_std.all; . Y)\OT[Oi.I']O'I'] U)C BlOCk RAM

entity single_port_ram_no_change 1is
port (CLK : 1in std_Tlogic;

WE : 1in std_logic;
A : in std_logic_vector(9 downto 0);
DI : in std_logic_vector(1l5 downto 0);

DO : out std_logic_vector(1l5 downto 0));
end single_port_ram_no_change ;
architecture syn of single_port_ram_no_change 1is

type ram_type 1is array (1023 downto 0) of std_logic_vector (15 downto
0);

signal RAM : ram_type;
signal ram_data: std_logic_vector(1l5 downto 0);

begin | | | | |
| | | | |

process (CLK) CLKA "\ { \ { \ { \___(___\__J(_
begin WEA N — |
if (CLK'event and CLK = '1') then DINA[15:0] : X hﬁ1 y E@z X : :
if (W = '1") then ' | : : |

RAM(to_integer(unsigned(A))) <= DI; ADDRA A ey X 1w X[ ce X1 ddy

else DOUTA[15:0] 5600 X > MEW(#a) i Y S Ve
ram_data <=RAM(to_integer(unsigned(A))); ! ! ! ! !
end if: ENA ___/ | | | | |
’ l l WRITE l WRITE : l
end if; DISABLED |~ READ | MEM(bb)- |, MEM(cc)- |  READ |

end process;
DO <= ram_data;
end syn;
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Mvnuec otn VHDL

Tibrary ieee;

use 1:eee.std_1c.)g1'c_1164.a'|'l; ° Slmple Dual-port

use jeee.numeric_std.all;

entity simple_dual_port 1is ° Slngle CIOCk

port (CLK : in std_logic; .

wea . in std_logic; e Read-first yia to port B
web : 1in std_Togic; '
addra : 1in std_Tlogic_vector(9 downto 0); * Y)\OT[OLF]OT] (UC BIOCk RAM
addrb : 1in std_Tlogic_vector(9 downto 0);
DI : in std_Tlogic_vector(15 downto 0);
DO : out std_logic_vector(1l5 downto 0));

end simple_dual_port ;
architecture syn of simple_dual_port is
type ram_type 1is array (1023 downto 0) of std_logic_vector (15 downto

0);

signal RAM : ram_type;

signal ram_data: std_logic_vector(1l5 downto 0);
begin

process (CLK)

begin

if (CLK'event and CLK = '1') then
if (wea = '"1'") then
RAM(to_integer(unsigned(addra))) <= DI;
end if;
ram_data <=RAM(to_integer(unsigned(addrb)));
end if;
end process;
DO <= ram_data;

end syn; 68




Mvnuec otn VHDL

Tibrary ieee; architecture syn of true_dual_port is
use ieee.std_logic_1164.al11; type ram_type is array (1023 downto 0) of std_logic_vector
use ieee.numeric_std.all; (15 downto 0);
entity true_dual_port is signal RAM : ram_type;
port (clka : in std_logic; signal ram_data_a: std_logic_vector(l5 downto 0);
clkb : in std_logic; signal ram_data_b: std_logic_vector(l5 downto 0);
wea : in std_logic; begin
web : in std_logic; process (clka)
addra : in std_logic_vector(9 downto 0); begin
addrb  : in std_logic_vector(9 downto 0); if (clka'event and clka = '1') then
dina : in std_logic_vector(1l5 downto 0); if (wea = '"1') then
dinb : in std_logic_vector(15 downto 0); RAM(to_integer(unsigned(addra))) <= dina;
douta : out std_logic_vector(l5 downto 0); end if;
doutb  : out std_logic_vector(l5 downto 0) ram_data_a <=RAM(to_integer(unsigned(addra)));
); end if;

end process;
process (clkb)
begin
if (clkb'event and clkb = "1') then
if (web = '1') then
RAM(to_integer(unsigned(addrb))) <= dinb;

end true_dual_port;

— - LUETE Port A

e True Dual-port
e Dual clock

* Read-first yla kaBe Bupa end if;
. ' ram_data_b <=RAM(to_integer(unsigned(addrb)));
YAomoinon w¢ Block RAM end if;

end process;

douta <= ram_data_a;
doutb <= ram_data_b;
end syn;
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Mvnuec otn VHDL

Tibrary 1eee; use ieee.numeric_std.all;
architecture ROM_based of seven_seg_decoder s

type ROM_array is
array (0 to 31) of std_logic_vector ( 7 downto 1 );

constant ROM_content : ROM_array

= (0 = "0111111", 1 => "0000110",
2 => "1011011", 3 => "1001111",
4 => "1100110", 5 => "1101101",
6 = "1111101", 7 => "0000111",
8§ = "1111111", 9 => "1101111"
10 to 15 => "1000000",
16 to 31 => "0000000" );

begin
seg <= ROM_content(to_integer(unsigned(blank & bcd)));
end architecture ROM_based;
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TUmoL 6edopEVWV
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TumoL dedopevwy

 H VHDL eivat pia “strongly typed” yh\wooo
o KdaBe avtikeipevo (r.x. onua n petaPAntn) propel va AaBeL TLHEC
LOVO ato Tov SNAWUEVO TUTIO
 H VHDL meplexel mpokaBoplopevouc TUTIOUG
o AnAwvovtol o maketa (packages)
o [Makéto standard tng BLPALOBAKNC ieee:
e Turmot BIT, BOOLEAN, INTEGER kat REAL
o Moaketo std_logic_1164 tnc BLBALOBAKNC ieee:
e ToUmou: STD _LOGIC kat STD_ULOGIC
o Moaketo numeric_std tng BLPALOONAKNG ieee:
e Tumot: UNSIGNED kat SIGNED
*  Opilel aplOUNTIKEC TIPAEELC, CUYKPLOELC KOl AOYLKOUC TEAEOTEC

* O xpnotnc Umopet va opiloet SLkoUC TOU TUTTIOUC
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Tumol 6ebopevwy tou IEEE Standard 1164

e Evvea tumol 6edopevwy std_logic :

= ‘U)X — uninitialized/unknown

= 0,1 — strongly-driven 0/1

= Y H — weakly-driven 0/1

- 7,'W — High impedance/weakly driven
= Y - don’t care

e O tumoc std_logic_vector eival mivakog amo std _logic
* MNwc ouunePAALPAVOULLE TO TIAKETO:
library IEEE;

use IEEE.std logic 11o64.all,
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Tumolt signed kat unsigned

* To nmakETo numeric_std mopExeL Toug TUMoucG signed kol
unsigned kol Lo OELPA ATTO APLOUNTIKEC AELTOUPYLEC

KOBWC KoL CUVOLPTNOELG LETATPOTING
* type SIGNED is array (NATURAL range <>) of STD LOGIC;
* type UNSIGNED 1is array (NATURAL range <>) of STD LOGIC;

* signal x: signed (7 downto O0);

*  AvamaploTtd TOUG MPOCNHOCUEVOUG aplOuoug (2’'s complement) pe 8 bitl

* signal y: unsigned (3 downto 0);

*  Avarmaplotd TouG |n-mpocnuacpevous (Betikouc) aplbpouc pe 4 bit

* AnAwvovtal cav dltavuopata onwc o tumoc std_logic vector
e EmutpEmouv tnv eKTEAECN APLOUNTIKWY AELTOUPYLWV

e e avtiBeon pe ta dtavUopoata tumnou std_logic vector
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Metatpornn dedopevwyv oto numeric_std

Numeric Std Conversions

( Type conversions | [; Functioncalls )

Murmeric_std,

Signed() _‘____,.-——-"" Signed To_integer()

std Iugu: uectur{/ To_signed(,length)
Std_logic_ 1164 Standard.

Std lagic_ vector) Signed() Unsigned() Integer )

Unmgned(} To mteger(}
Tu_unsignedl[.length}
Std_logic vector{}

MNumeric_std.

Unmgned

Arrays )
Y Copyright @ Deulos
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Mn-ntpoonuaopevn mpoocBeon

e Xprion AeLtoupylwv armo to numeric_std

s <=x + vy,

library ieee; use ieee.numeric_std.all;

signal x, y, s: unsigned(7 downto 0);

Enéktaon pe undevika
ota a kot b kata 1-bit
To C elvatto MSB tou
QTOTEAEOUATOC

signal tmp result : unsigned(8 downto 0);
signal c : std logic;

tmp result <= ('0' & a) + ('0' & Db);
c <= tmp result(8);
s <= tmp result (7 downto 0);
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Adaipeon

library ieee;
use leee.std logic 1164.all, ieee.numeric std.all;

entity adder subtracter 1is

port ( x, y : in unsigned (11l downto O0);
S : out unsigned (11l downto 0);
mode : in std logic;
ovf unf : out std logic );

end entity adder subtracter;

Enéktaon undevog

architecture behavior of adder subtracter is
«LE TO XEPLY

signal s tmp : unsigned(l2 downto 0);
begin
s tmp <= ('0'" & x) + ('0'" & y) when mode = '0' else
('0" & x) - ('0" & y);
s <= s _tmp (11 downto 0);
ovi unf <= s tmp(12);

end architecture behavior;
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Adaipeon

library ieee;
use leee.std logic 1164.all, ieee.numeric std.all;

entity adder subtracter 1is

port ( x, y : in unsigned (11l downto O0);
S : out unsigned (11l downto 0);
mode : in std logic;
ovf unf : out std logic );

end entity adder subtracter;

architecture behavior of adder subtracter is
signal s tmp : unsigned(l2 downto 0);
begin
s tmp <= ('0'" & x) + ('0'" & y) when mode = '0' else
('0" & x) - ('0" & y);
s <= s _tmp (11 downto 0);
ovi unf <= s tmp(12);

end architecture behavior;
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AAN\ayn peyebouc

e Yuvaptnon RESIZE oto numeric_std

-— Id: R.1

function RESIZE (ARG: SIGHED; NEW SIZE: NATURAL) return SIGNED:
—-— Result subtype: SIGHED(NEW SIZE-1 downto 0)

—— EResult:

-- Id: R.2Z

Eezize=z the S5IGHED wector ARG to the specified =size.

To create a larger wector, the new [leftmost] bit positions
are filled with the =ign kit (ARG'LEFT) . When truncating,
the =ign kit i=s retained along with the rightmost part.

function RESIZE (ARG: UNSIGHNED; NEW SIZE: NATURAL) return UNSIGHED;
—-— Result subtype: UNSIGHED (NEW SIZE-1 downto 0}

—— EResult:

Eezize=z the S5IGHED wector ARG to the specified =size.

To create a larger wvector, the new [leftmost] kit positions
are filled with '0'. When truncating, the leftmost bits

are dropped.
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[Mpoonuacpevn pooBeon

* To ammoteAeoU TOU + £XEL 1010 pHEYEBOC e TOUC TEAEOTEOUC

— Eav B€houpe va cupmeplAafoupe tnv unepxeillon enekteivoupe kata 1

signal vl1, v2 : signed(ll downto O0);
signal sum : signed (12 downto 0);

sum <= resize(vl, sum'length) + resize(v2, sum'length);

‘\\\\\\Enéwuuﬂ1npooﬁuou

, , , ] QUTOMATA LE TO resize
* [a eAeyxo uTtepXELALONG, CUYKPLON TPOCHWV  function

signal x, y, z: signed(7 downto O);
signal ovf : std logic;

z <= X t+ Yy

ovi <= (not x(7) and not y(7) and z (7))
or (x(7) and y(7) and not z (7)) ;
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MPOAPLETPOTTOLNUEVEC
YIOUOVAOEG



[MaPALETPOTTOLNLEVEC UTIOLLOVAOEC

library IEEE; use IEEE.STD LOGIC 1164.all;

entity mux2 is

[ generic(width: integer : = 8); ]
port (d0,
dl: in STD LOGIC VECTOR(width-1 downto 0);
s: in STD LOGIC;
y: out STD LOGIC VECTOR(width-1 downto 0));

end;

architecture synth of mux2 is
begin

y <= dl when s else d0;
end;

Napadelypa:MUX 4:1 twv 12 bit (mux4_12): npénel va mopakauPeL to
TPOETUAEYLEVO €VPOG bit xpnoonolwvtag Tov TUMo generic map
KOLTAL TN XPHON TOU OTOLXELOV, OTWC PaiveTaL MOPAKATW.

lowmux: mux2 generic map(l2) port map(d0, dl, s(0), low);
himux: mux2 generic map(1l2) port map(d2, d3, s(0), hi);
outmux: mux2 generic map(l2) port map(low, hi, s(1), y);
v o mux2_12 o mux2_12
MGO[H:O] Y[11:0] @il 0[11:0] y[ﬁ.O]
° SHIERED = 2 Gipi10) 22 difi0)
Synthesis
o mux2_12
m ux4 1 2 ® [2[11:0] et i0[11:0]  y[11:0]
® T — i[11:0]
himux

H evtoAn) generic neplAapBAveL pLa TPOETUAEYUEVN
akEpata T (8) yia to eupog bit (width)

library IEEE; use IEEE.STD LOGIC 11l64.all;

entity mux4 8 is
port (d0, dl, dz,
d3: in STD LOGIC VECTOR(7 downto 0);
s: 1in STD LOGIC VECTOR(1 downto 0);
y: out STD LOGIC VECTOR(7 downto 0));
end;

architecture struct of mux4 8 is
component mux?2
generic(width: integer := 8);
port (d0,
dl: in STD LOGIC VECTOR(width-1 downto O0);
s: in STD LOGIC;
y: out STD LOGIC VECTOR (width-1 downto 0));
end component;
signal low, hi: STD LOGIC VECTOR(7 downto 0);
begin

lowmux: mux2 port map(d0, dl, s(0), low);
hi) ;

)
himux: mux2 port map(d2, d3, s(0),
outmux: mux2 port map(low, hi, s(1), y):

end;

MUX 4:1 twv 8 bit (mux4_8): xpnowuomnolei 3
dopéc to 16lo component Tou Mux2 pE TO
TipoEeTAeyEVO eVpOC bit
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[MaPALETPOTTOLNLEVEC UTIOLLOVAOEC

library IEEE; use IEEE.STD LOGIC 1164.all; ATtOK(DGlKOT[OlI‘]tﬁq
use IEEE.NUMERIC STD UNSIGNED.all; Evag peyalog anokwdikorointrig N:2N givat
entity decoder is SUOKOAO va OpLOTEL LE EVTOAEG case, oA
generic(N: integer := 3); €UKOAO LLE XPiON MOAPOALETPOTIOLNUEVOU
port(a: in STD LOGIC VECTOR(N-1 downto 0); KwSLKa 0 oTtolog amAwc BETeL TNV TIUA TOU
y: out STD LOGIC VECTOR(2**N-1 downto 0)); KatdAAnAou bit e€66ou lon pe 1.
end;

architecture synth of decoder is

begin
grocess (all) XpnoLuomnolel avaBEoeLg TLUWY HE AEDN
begin epappoyn yla va pndeviosl oAa ta bit, kot
[ y <= (OTHERS => '0'); ] HETA aAAALEL TNV TN Tou KatdAAnAou bit og 1
y(TO INTEGER(a)) <= '1';

end process;
end;
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[MpoonUACEVOC TTOAAATIAQCLOOLOC

library IEEE;
use IEEE.std logic 1164.all;
use IEEE.numeric_std.all;

entity MUL32 1is

generic (WIDTH : positive := 32);
port (
A: in STD LOGIC VECTOR (WIDTH-1 downto O0);
B: in STD LOGIC VECTOR (WIDTH-1 downto O0);
P: out STD LOGIC VECTOR (2*WIDTH-1 downto 0));
end MUL32;
architecture BEHAVIORAL of MUL32 is
begin

MUL32: process (A, B)

variable A s: SIGNED (WIDTH-1 downto 0);
variable B s: SIGNED (WIDTH-1 downto 0);
variable P s: SIGNED (2*WIDTH-1 downto 0);

begin
A s := signed(A);
B s := signed(B);
P s :=A s * B s;

P <= std logic vector (P s);

end process;
end BEHAVIORAL;



Mpoypappoto SOKLUWYVY
(Testbenches)



Mpoypappata Sokipwyv (Testbenches)

* Kwdikac HDL mou dokipalet pia aAAn
novada: device under test (DUT)

* Agv €ival OUVOECLHOC KWOLKOC
 TOomou:
— AmAO

— AutoeAeyyopevo (Self-checking)

— AUTOEAEYXOMEVO pE OLavUopaTO OOKLLAG
(test vectors)
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Testbenches

* [pate to testbench yia tn dokiun tNnC
vrtopovadac syllyfunction

library IEEE; use IEEE.STD LOGIC 1164.all;

entity sillyfunction 1is
port(a, b, c: in STD LOGIC;
A out STD LOGIC) ;
end;

architecture synth of sillyfunction 1is
begin
y <= (not a and not b and not c) or

(a and not b and not c¢) or

(a and not b and c);

end;



Testbench 1: ArtAO Testbench

library IEEE; use IEEE.STD LOGIC 1164.all; , ) ) ,
- - entity sillyfunction is

entity testbenchl is -- ywpi¢ £iLcbddouc H £fddouc port(a, b, c: in STD LOGIC;
end; y: out STD LOGIC);

end;
architecture sim of testbenchl is

component sillyfunction

port(a, b, c: in STD LOGIC;

y: out STD LOGIC) ;
end component;
signal a, b, c, y: STD LOGIC;
begin

—— Onuiloupyla otoixelou tng oL&taéne vnd SokLPf
dut: sillyfunction port map(a, b, c, y);

—— gpopuoyn £1cbowv, pla k&Be @opd
process begin
a<="'0'; b<="'0"';y ¢ <= "'0"; wait for 10 ns;

c<="1l"'; wait for 10 ns;
b<="'1"; c <= "'0"; wait for 10 ns;
c<="'l"; wait for 10 ns;
a<="'1l'"; b<="'0"'"; ¢ <="'0"; wait for 10 ns;
c<="1"'; wait for 10 ns;
b<="'1"; c <= "'0"; wait for 10 ns;
c<="'1l"'; wait for 10 ns;
wait; —- avoapovi en’ adpLoTov

end process;
end;
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Testbench 2: Self-Checking Testbench

library IEEE; use IEEE.STD LOGIC 1le64.all;

entity testbench? is--xwplc eLo06doug 1§ efbdouc
end;

architecture sim of testbench? is
component sillyfunction
port(a, b, c: in STD LOGIC;
y: out STD LOGIC);
end component;
signal a, b, ¢, y: STD LOGIC;
begin
—— dnulovpyia oroilxeiou tng dL&Taing
—— und GoxLuf
dut: sillyfunction port map(a, b, c, y);

/* epapupoyn £Loddov, plioa k&be @opd,
Y1IO TOV EAEYXO TV QNOTEAeopu&TOV */
process begin
a<='0'; b<="'0'; c <= '0'; wait for 10 ns;

* HevioAn assert eAéyxeL pla ouvOnKN KoL TUTIWVEL

assert y = 'l' report "000 failed.":; 4 ! L4
[ — — ns;] TO nvuua 1tov T[pOGﬁLOpLCET(IL otnv npotaon
assert y = '0' report "001 failed."; report av 6&v LKAVOTIOLELTOL N CUVONKN
b<="'1'; c <= "0"; wait for 10 ns; , ’ , ’
assert y = '0' report "01l0 failed."; s Ol. SVTO}\EC assert EXOUV VOI’] IJ.a. U.OVO G'Cr]V
@ == 01Vg wait for 10 ns; ] 7 ’
assert y = '0' report "011 failed."; T[DOO'OUOL(UO'H KalL OXL O-tn O'UVGEO'n
a<="'1"; b<="0"; ¢c <= "'0'";wait for 10 ns;
assert y = '1l' report "100 failed.";
c<="'1"; wait for 10 ns;
assert y = 'l' report "101 failed.";
b<="'1'"; c <= "'0'; wait for 10 ns;

assert y = '0' report "110 failed.";
c<="'1"'; wait for 10 ns;
assert y = '0' report "111 failed.";
wait; -- ovopovi en’ adpLoiov
end process;

end; 89



Testbench 3: Testbench w/ Testvectors

* Apxeio testvectors: elcodol Kat avapevoueveg e€odol

e Testbench:

1. Anuwovupyia clock yia tnv avaBeon tTipwv oTLg eL00douc Kal
Stafaopa Twv €€06wv
 [MBava kot apxlkomoinon Ue reset

2. Avayvwon apyelou testvectors oe array kol eKtéAeon SOKLUAC

3. 2ZUYKPLON OITOTEAECUATWY ME TLC OLVOLEVOUEVEC TIMEC KOl ALLECN
avadopad riboavol oPpAApNATOC

4. Y0voyn amoteAECUATWY Kol TLOOVWV 0PoAUATWY
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Testbench 3: Testbench w/ Testvectors

* Testbench clock:
— AvaBeon inputs ( oto rising edge)

— ZUyKplon outputs PE TIC AVOEVOLLEVEC £€060UC
(oto falling edge).

CLK ‘ I_———
by

Assl,ign Compare
Inputs Outputs to
Alyo peta Expected
TNV aKun
(yioti A€te;)

« Xpnon tou clock mou opiletal oto testbench clock kat wg clock
ylo ta ouyxpova akoAouBLokad KuKAwpoTo
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Testbench 3: Apyelo testvectors

* File: example.txt

* MepLexel Ta Stavuopata SOKLUNG
abc_yexpected

//abc yexpected
000 1
001 0
010 0
011 0
100 1
101 1
110 0
111 0
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1. Anuwoupyia Clock (kat reset)

library IEEE; use IEEE.STD LOGIC 1164.all;
use IEEE.STD LOGIC_TEXTIO.ALL; use STD.TEXTIO.all;

entity testbench3 is —-- ywpic €1c6doug 11 efbddouc
end;

architecture sim of testbench3 is
component sillyfunction
port(a, b, c: in STD LOGIC;
y: out STD_LOGIC);
end component;
signal a, b, c, y: STD LOGIC;
signal y expected: STD LOGIC;
signal clk, reset: STD LOGIC;
begin
—— dnuLoupyia otoLxeiou tng SL&toafne uvnd doxLph
dut: sillyfunction port map(a, b, ¢, y):

s nopaywyly pohoyLol pe nepiodo 10 ns )
process begin

clk <= '1'; wait for 5 ns;

clk <= '0'; wait for 5 ns;

\\rend process; Y,

/'—— Katd tnv évapén tng S0KLUAC, Ev&pYOHOLOﬂUE‘\
—— 10 reset yia 27 ns
process begin
reset <= '1l'; wait for 27 ns; reset <= '0';
wait;

\_end process; /)




2. Avayvwon testvectors o€ array & ekteAeon OOKLUNC

—— QOPTOVOUNE TA OLaVUCUXTO OOKLUfC Kol
—— EKTeAOUPE TLC OOKLUEQ
process is

file tv: text;

variable L: line;

variable vector_in: std logic_vector
(2 downto 0);

variable dummy: character;

variable vector out: std logic;

variable vectornum: integer := 0;
variable errors: integer := 0;
begin

FILE_OPEN(tv, "example.tv", READ MODE);
while not endfile(tv) loop

—— odAayn dLaVUop&TOV KOaT& TNV

AVEPYXONEVT AKUT
wait until rising edge(clk);

/* avayveon Ing enduevnc YPOURHAC TV
OLOVUCUATOV OOKLUNC KUl OLaxwplopdg
og 800 Koupdtia */

readline (tv, L);

[ read(L, vector in); ] Avayvwon g1.c08wv S0oKLUNAG
read (L, dummy); —-— O XXPOXTIHpPOC

unoyp&upLonc ayvoeital
read (L, vector out): , , , , L.
[ (a, b, c) <= vector in(2 downto 0) ] Edapuoyn elcodwv dokipung 1ns peta to rising_edge (clk)

after 1 ns;

[ v expected <= vector out after 1 ns; | AVOYVWON QVOUEVOUEVWY QUTOTEAECUATWY 1Nns PETA TNV
epappoyn Twv eLoodwv
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3. ZUyKpLloN AIOTEAECHATWY SOKLUNC UE TLC AVOLEVOLLEVEC
TIHEC & apeon avadopd CPAAUATOC

—— EAeyXoC amnotTeAeop&TV Koat& TNV
—— KaTepxXOuevn oxKun
walt until falling edge(clk);

] JUyKkpLon €€060u PE TNV OVAUEVOUEVN

[if v /= y expected then oto falling_edge (clk)

[ report TError: zt;i lo:ic'image(y); Tameavdlocbd)\uarafxvacbépovrat
- AMEZQ2 oA cupfouv
errors := errors + 1;
end 1f;
vectornum := vectornum + 1;
end loop;
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4. 2uvon anoteAeopatwyv & avadopad mBavwv oPaApATwY

—— oUvoln TV aNoTeAeopdTWVY OTO TEAOC
—— Tn¢ npocopoiwong
if (errors = 0) then
report "NO ERRORS -- " &
integer'image (vectornum) &
" tests completed successfully.”
severity failure;
else
report integer'image(vectornum) &
" tests completed, errors =" &
integer'image (errors)
severity failure;
end 1f;

To testbench tou mapadeiypatog ivot padAAov umtepBoALKO yLa €val TOGO aAO KUKAWHAL.
OpwC, UMOPELTE VAL TO TPOTIOTIOLOETE EVKOAQ YLOL VO YPAYPETE SOKLUEC TILO TTOAUTIAOKWVY KUKAWMATWV!
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