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Outline

* What we know

How to model Combinational Networks in VHDL
« Structural, Dataflow, Behavioral

How to model Flipflops in VHDL
Processes

Delays (delta, transport, inertial)
How to model FSM in VHDL
Wait statements

Variables, Signals, Arrays

* What we do not know

VHDL Operators
Procedures, Functions
Packages, Libraries
Additional Topics (if time)
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iew: Modeli ial :

Mealy Machine for
8421 BCD to 8421 BCD + 3 bit serial converter
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E+3 | S0 EA] n 1
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How to model this in VHDL?
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Two processes:
the first represents the
combinational network;

the second represents
the state register
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Review: Wait Statements

e ... an alternative to a sensitivity list

— Note: a process cannot have both wait statement(s)
and a sensitivity list

* Generic form of a process with wait statement(s)

process How wait statements work?
begi n
sequenti al - statements
wait statenent
sequenti al - stat ement s
wai t - st at enent

« Execute seq. statement until
a wait statement is encountered.

* Then execute the next
set of sequential statements until

C the next wait statement is encountered.
end process;

*When the end of the process is reached
start over again at the beginning.

« Wait until the specified condition is satisfied.
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Review: Forms of Wait Statements

wait on sensitivity-list;
wait for time-expression;
wait until bool ean-expression;

« Wait on * Wait until

— the booleanexpression is
evaluated whenever one of
the signals in the expression
changes, and the process

— waits until the time specified continues execution when
by the time expression has the expression evaluates to
elapsed TRUE

— What s this:
wait for O ns;

— until one of the signals in the
sensitivity list changes

* Wait for
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Review: Variables

e What are they for:
Local storage in processes,
procedures, and functions

» Declaring variables

variable |ist_of _variable_nanes : type_nane
[ :=initial value ];

* Variables must be declared within the process in
which they are used and are local to the process
— Note: exception to this is SHARED variables
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Review: Signals

¢ Signals must be declared outside a process
» Declaration form

signal |ist_of_signal _names : type_nane
[ :=initial value ];

¢ Declared in an architecture can be used
anywhere within that architecture
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Review: Constants

e Declaration form
constant constant_nane : typefnan’e .= const antfval ue;

constant delayl : time := 5 ns;
« Constants declared at the start of an architecture
can be used anywhere within that architecture

» Constants declared within a process are local
to that process
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Review: Variables vs. Signals

« Variable assignment statement
vari abl e_name := expression;

— expression is evaluated and the variable is
instantaneously updated
(no delay, not even delta delay)

¢ Signal assignment statement
signal _nane <= expression [after delay];
— expression is evaluated and the signal is scheduled to

change after delay; if no delay is specified the signal is
scheduled to be updated after a delta delay
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ew: Variabl Si (cont'd)

Process Using Variables Process Using Signals

=MLY ATy i3
and durmy and damimy

arckelockorn var ol o

il archEpctive uigaf
sigmal irgger. = niager: =il mignal repgen, 5
Begin =gl
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Predefined VHDL Types

« Variables, signals, and constants can have any

one of the predefined VHDL types or they can have
a user-defined type

* Predefined Types

- bit - {0, ‘1}

— boolean — {TRUE, FALSE}

—integer —[-231 -1.. 23 — 1}

— real — floating point number in range —1.0E38 to +1.0E38

— character — legal VHDL characters including lower-
uppercase letters, digits, special characters, ...

— time — an integer with units fs, ps, ns, us, ms, sec, min,
ar hr
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User Defined Type Arrays

« Common user-defined type is enumerated * Example
type state_type is (SO, S1, S2, S3, S4, S5); type SHORT_WORD is array (15 downto 0) of bit;
signal state : state_type := SI;
si gnal DATA_WORD : SHORT_WORD;
« If noinitialization, the default initialization is the leftmost variable ALT_WORD : SHORT_WORD := “0101010101010101";
element in the enumeration list (SO in this example) constant ONE_WORD : SHORT_WORD : = (others => ‘1');

+ ALT_WORD(0) — rightmost bit

* VHDL is strongly typed language => ¢ ALT_WORD(5 downto 0) — low order 6 bits

signals and variables of different types cannot be
mixed in the same assignment statement, « General form
and no automatic type conversion is performed type arrayTypeName is array index_range of el enment_type;

signal arrayName : arrayTypeName [:=Initial Val ues];
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Sequential Machine Model
Using State Taple

Arrays (cont’d)

e Multidimensional arrays sty 541 2 ks
part (¥, CLE: In il
type matrix4x3 is array (1 to 4, 1 to 3) of integer; Mdf,.."":""'

variable matrixA: matrix4x3 :=
((1,2,38), (4,5,6), (7,8,9), (10,11,12));

e matrixA(3,2)="?

S b it

v, B PR < | ol inGegeT
*, bl rangm = =] of bE;

» Unconstrained array type

type intvec is array (natural range<>) of integer; ..L...";.u--....-
- PR 2] e o Ladviw
type matrix is array (natural range<>, natural range<>) O A

L1 4
of integer; ey b of oe|amo ger|wan sue
- ) ) AR M ::--[ i
« range must be specified when the array object is declared a8 [ 3
Bl (Y
signal intvec5 : intvec(l to 5) :=(3,2,6,8,1); ﬁ ﬁ fc'l ? 1
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Predefined Unconstrained Array Types

« Bit_vector, string

Eype sining is arcay (posliive range <=0 of ch
CONSLANE sring2 ! sting|L to 29) @ = “This string & &% daracms

constant A : bit_vector(0 to 5) := “10101";
R G A R A S AD
» Subtypes
« include a subset of the values specified by the type
subtype SHORT_WORD is : bit_vector(15 to 0);

» Predefined subtypes of type integer
« POSITIVE (all positive integers)
* NATURAL (all positive integers and 0)
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VHDL Operators

Binary logical operators: and or nand nor xor xnor
Relational: = /= < <=>>=

Shift: sll srl slasrarol ror

Adding: + - & (concatenation)

Unary sign: + -

Multiplying: */ mod rem

Miscellaneous: not abs **

No o krowDdE

Class 7 has the highest precedence (applied first),
followed by class 6, then class 5, etc
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Example of VHDIL Operators

In e lellzmng axprasson &, 8. C, and O are b vectamn
A ot & er CFoF 2ol 0 = 100000

The perators would be applied in the oo
mat, B, Fof, oF, @hd, -
I & ="110% 8 = "1L1% C = "0U 10007, sed 0= *1113117, the comeutstion woild procesd as
Palorvs
not B = “00° (bik-by-bik campkins )
G b s B o= L0007 | COnCHtEn sl
Crord="MO01LC  [rotebsr
& & not & or [Crr 23 = 1100
[ % not 2 e CroF 2 and O = 1100007 {et-by -t and]

[{A & net B orC rar 2 and O] = “L10010"] = TRUE
(i parenlhisss force thi soquality lesl bo be done lask and b cisulk & TRUE)

Plcin]
(it bry=5dt or)
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— Example of Shift Operators |

Thie sheft oparalors can be apelizd o sny BiE wecter or baokesn vectar, In the following
examples. & Is & bil_vectar equal to 00100017 :

Ak

nift lef bagecal, Mled waik ')

Asdll s it right Ingicsd, Alled wih 1

Al In "LO il L erithimsebic, Slkd mith right &)
A gra Xk "LLIGR0a" Jshift righl anthmee, Tled with ket o)
Arcd T s TLO10L1007 Srobate het)

Aror S CLO1RLLOST {rokats righl]
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VHDL Functions

* Functions execute a sequential algorithm and

return a single value to calling program
fumction rolste right (reg: bil wector}
el b woltor B
Begin
relumn regorer 1)
wnd rolate nght;

¢ A=%10010101"
B == rotate rightis);
e General form

Tumction functian-rame | fermal-parameter-list}
raturn retum-type s
[declarations]

begin

For Loops

General form of & for loop:

[loog-label: ] for lpop-index in range loop
sequential statements

end leop [loop-label]; Exit statement has the farm:
mxit; - ar
exit when condition;

Far Loep Cxamale;

- Comipae el B-chrsoier strings and retorn TRUE iF paual
Tusfectiam coimp sl [atringd, stringd: siringl i@ &)
reburn bodesn s

warsable B bookan)
beqin
ke Tor jn 1 to & loap
B = snnglj] = sringdij);
il wileln B=FALSE;
amd Mo loap e,

seguential statements -- must indude return retum-value; raburn B;
e furchion-rame; #nd comp sbring;
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Add Function VHDL Procedures
vothkan adds F4-bit weotors and 3 camy R e B

T bl L + Facilitate decomposition of VHDL code into modules
Fumetion adds {8,B: bi_wectar|3 downko 0]; cary: bit] * Procedures can return any number of values

returm bl sl is using output parameters
wmriable ool bil;
yariable rin; Bl = carey: + General form
wariabde Sum: WE_wecton]d dawnto ) =" 00006 ) )
pgin procedure procedure_nane (formal-paraneter-list) is
| Lo Toer | @0 0 Lo 3 loap | i

i [} annd B o (A1) mnd ool o (B and an); | [de_(:l arations]
 mT TN | begi n
Sequenti al - statenents
end procedure_nane;

Exgmpe Tureson call; procedure_name (actual -parameter-list);

Suml <= addEfAl, Bi, cnd;
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Procedure for Adding Bit_vectors

-- This procodurs adds bms f-bi bl _sestars and a caery and
-- returmes an -Gt sam and s tamy. Aod] sred Add? are assumed
-- o be of the same kenpth ard direcreianed n-1 downko G

Parameters for Subprogram Calls

prexedure Addvec | | Actual Parameber
(A1 Al 2 ra Bl vt | Class
i In bt } Sl
slgmal Surm; owt bit wvechor; Conatar
Sighal Couk! Sut Bl signal signal
nifm pask wariable wanahle nfa
oty imeoart: signal signal nia
€ 1= Cin; i 4
i P, | wariable vanahble n'a
Barn(i} <= Add151) ®er Addli || mgr 1 1
Coom Add1l and AddEii) .p.lmuj n and C| o {ADCE D e C]; chirfault maehe Tor functions < defauit fer in mds dafauil for aulfirst mods
eind beop;
Coul == £
anal Ak
Examgta grocdun cal
Addvecial, BL, On, Sumil, Com, &
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Packages and Libraries Library BITLIB — bit_pack package
« Provide a convenlentiway of referencing i S OO .= 1y
frequently used functions and components
. Pt 118 S0 BNl O D4
« Package declaration Padbem r V4oL TR
package package-niame is Syt i T
package dedarations e L LAT 1 = 100 B
end [package][package-name];
« Package body [optional]
package body package-name is Cam ot o
package hody dedarations -t e s A
end [package body][padasge namel; Hﬂﬂrn.l'lp.n.'_u ne.
Ol (G CLE: b el 0 --l -.-. 1 el O s T :-m" PR R T
#red compavaRE,
wnd b pack;
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Library BITLIB — bit_pack package

R L W RIS SR O N

wadl bk
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Library BITLIB — bit_pack package

Comporents i Lipary BIOLE inrge
3 et WD Qs

mechitecture conar of Adl e
begin
£onw R deiel B el L3 WP [FELNF

=T

ke M B0 1" S Dal Segrests B0k i ged T [ by defes
e (57
sechisctune L od D07 i
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—VHDIL Model for a 74163 Counter

* 74613 — 4-bit fully synchronous binary counter

» Counter operations
Corbiad Sagnaks rlist Stato

ol Lo PeT | g3t gt gl o0
1] F X [ [ [1] 0 fohaar)
1 1] % rE] oz ol 0O (paralid load)
1 1 ] Q5 o o1 G0 ino change;
1 1 1 present siate + 1 fincrement mount|

» Generate a Cout in state 15 if T=1
e Cout = Q;Q,Q;Q,T
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—VHDI Model for a 74163 Counter |

T4 L3 FLLLY SINGHRINGHS COUNTER
In;

= Lpmalny i Pvec and vecHst fuactions |

Cird, F, T, CK: In bk
oL Bt B o ol B

wacton 3 downte )
p= J erribe ) 00
e c1ELE -

architectur Eralol of cAalbl 18

baqin
gt w= G2 and G125 mnd 0 1] med G000 and T;
oLy
b
LT 3T | R R --zharpe slaic on risirg atge
& Chih = thaR 0 = G
aluif LA
aluif (7 desed 1) = 'L Ehan
0 wo nkdverlee o g D+ LAY
wnd &
anil oo,
ead hF4163;
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Cascaded Counters

Cascaded Counters (cont’d)

Nibrary ECTLIE;
ume HITLIG B _pace.nil;

,'—"ﬁ b antiby c4165es
L1111 1111 Bart i L "l;:'I»--I---I e
| % 1 ), o L D edclor | b U
Ca ._IU“ '-'- b :'-I--I 1-' : P Ir‘l i 3 maut b veton T downbs 0
i Lp— L R ] ST : )
0y 0y Dy By G Skt b [k, o G Chp=rit® architectg tester of Chali et i
T T ITT‘1‘:T : M. o T, 05 inki; Ccin bt seckarl dosmibe O],
'_-,“"_r e Cout. ek i b il _wectoe 1 dernio O] )
n, I wnd oompanent
ik mignal Carrpl: bit;
whgrial i,
gignal temo: b eecon T dowmbe )
begin
CIL: CPA1AYS part map {LON i, L3 1 Clrrpl, Qo Ly;
CL2 OGS gt map LN, O E FAE g rRE Tl F]
bamp == Ceak? B Dogtl;
Coufil o= wBC L
il regie
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Additional Topics in VHDL Signal Attributes
« Attributes Attributes associated with signals
« Transport and Inertial Delays G o that returrljnvalue
« Operator Overloading STRTAT
» Multivalued Logic and Signal Resolution sACTIE by 1 il diteg the
+ |IEEE 1164 Standard Logic SLAST_EWERT | Thne alpsed since the i et on 8
. SLAET_ g Wl e o 5 e TR frede il SeEnd o ©
* GeneI’ICS SLAST_ACTIVE Time aluped Ses pravices tremaction on %
* Generate Statements A’event —true if a change in S has just occurred
* SyntheS|S of VHDL Code A’active — true if A has just been reevaluated, even if A does not change
» Synthesis Examples
» Files and Text 10
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Signal Attributes (cont’d)

* Event
— occurs on a signal every time it is changed

* Transaction
— occurs on a signal every time it is evaluated

* Example:

A <=B - - Bchanges at time T
Aevent B'event
n
T+1d

Signal Attributes (cont'd)

entity test is begin

nd: if (Aevent) then Aev :
end; else Aev :="'0";
architecture bntest of test is end if;

signal A: bit;
signal B: bit;
signal C: bit;

else Aac :='0";
end if;
if (B event) then Bev

if (A active) then Aac :

begi n else Bev :='0";
A <= not A after 20 ns; endif;
B<='1: if (B active) then Bac :
C<=Aand B :Lzei fB;aC =

process(A, B, O

variable Aev : bit;
variable Aac : bit;
variable Bev : bit;
variable Bac : bit;
variable Cev : bit;
variable Cac : bit;

else Cev :="'0
end if;

else Cac :='0";
end if;

end process;

end-bntest;

if (Cevent) then Cev :

if (Cactive) then Cac :

23/06/2003 UAH-CPE/EE 422/522 & AM 37 23/06/2003 UAH-CPE/EE 422/522 & AM 38
Signal Attributes (cont’'d) Signal Attributes (cont’'d)
ns Itest/a /test/line__15/bev H H
delta /test/b /test/line__15/bac Attributes that create a Slgnal
I/test/c /test/line__15/cev
/test/line__15/aev  /test/line__15/cac —raedany
/test/line__15/aac
0 +0 00000 0000
0 +1 01000 1101
20 +0 11011 0000
20 +1 11100 0011
40 +0 01111 0000
40 +1 01000 0011
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Examples of Signal Attributes

¥HOL Tode Sor Sdiribare Tewl
kit i i
pert (5.0 : InBE;
el BIY g

nigmal A, C_dalwed?, & :

sigmal & _atiel, A DerS | Do)
bagin

# om B ani
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Using Attributes for Error Checking

check: process
begi n
wait until rising_edge(dKk);
assert (D stable(setup_tine))
report(“Setup tine violation")
severity error;
wait for hold_tine;
assert (D stable(hold_tine))
report(“Hold time violation")
severity error;
end process check;
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Array Attributes

Typss ADH i sy (1 b3 05, 7 deswrita 0) af 5t
Kignsl BOM : A0H

Anriwa Asarma [aampisa
WLEFTIM| et bowrd of Agh  (ROMILEFTIL] = O
index ranga R I LEFT(2] = 7

THTIA

MM [ranees
W ircies g

LW wratienl bouns o
Wi irhes: rangas

AR WIS i g

WEPIEFRE_RAMGEIM] W e rangs
resraad

WAENGTHIFD wea of Mt inden

rerga
A can be either an array name or an array type.

Array attributes work with signals, variables, and constants.
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Recap: Adding Vectors

Thic: prosod e aids en ik bit_vechan and 3 oy wed
f sam and 3 cary,  Addl and Add? are smimmed
w wan e kengih and di woned n-1 dawwrio 0.

B LT
[AL Aedel s B BL weschar;

Cirx Bm bii;
SNl S oul L wechin;
signal Cout: out it

niin pastise] ls
warabia L bE;

Ci= D

fer | in 0% r-1 lonp
Sumn|i) A1 oo A
© == [RgELi and AdEZ)

3] xar C;
1ar (AL and ) ar (S0 [1] snd T

wrvl Adovon:

Note: Add1 and Add2 vectors must be dimensioned as N-1 downto 0.

Use attributes to write more general procedure that places
no restrictions on the range of vectors other than the lengths must be same.
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Procedure for Adding Bit Vectors

Thia proced ure acdy b B _viciors and & Cary an
v @ camy. Borh i secieng shosid be ol The s

s St Sl D eRI
mignel Cout: oat G b

23/06/2003 UAH-CPE/EE 422/522 & AM 45

Transport and Inertial Delay

b a
aftmr 10 =5; -~ dulay W

chad retuction pulss widih
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_—_Transport and Inertial Delay (cont'd)
Z3 <=reject 4 ns X after 10 ns;

Reject is equivalent to a combination of inertial and transport delay:
Zm <= X after 4 ns;

Z3 <= transport Zm after 6 ns;

Statements executed at time T
—BatT+1,CatT+2
A <= transport B after 1 ns;

A <= transport C after 2 ns;

Statements executed at time T
-CatT+1:

Statements executed at time T
-CatT+2:

A <= B after 1 ns; A <= transport B after 2 ns;

A <= C after 2 ns; A <= transport C after 1 ns;
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Operator Overloading

« Operators +, - operate on integers

« Write procedures for bit vector addition/subtraction
— addvec, subvec

» Operator overloading allows using + operator
to implicitly call an appropriate addition function

e How does it work?

— When compiler encounters a function declaration in
which the function name is an operator enclosed in
double quotes, the compiler treats the function as an
operator overloading (“+”

— when a “+” operator is encountered, the compiler
automatically checks the types of operands and calls
appropriate functions
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VHDL Package with Overloaded Operators

Thiv packane prosicey v overksaded farcizss lor P plan courater

B0 | melaIT WL R

el RO iR |
L

Treg T ars 1T (PS 2 D eias fasni o @0 BAL_vadh el B e
Ltk s preices davcron afier s brisge i
Pusction "+ |Addl: DF_vector: dddl: nteger) PeiLm bn_secios W
bagn

rebarn (Ao + intivec)Add? | Aol Teegihl

mad "4
and bt_ovwrioad.
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Overloaded Operators

« A, B, C —bit vectors
e A<=B+C+37?
e A<=3+B+C?

¢ Overloading can also be applied
to procedures and functions
— procedures have the same name —
type of the actual parameters in the procedure call
determines which version of the procedure is called
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Multivalued | ogic

* Bit (0, 1)

 Tristate buffers and buses =>
high impedance state ‘Z’

¢ Unknown state ‘X’

—e. g., agate is driven by ‘Z’, output is unknown
— asignal is simultaneous}!y driven by ‘0’ and ‘1’

L]
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Tristate Buffers

Is
il
wrchiinchure 1_ba®_oonc of t_Ea¥_ el i
bagin
r wlgw ) .
1 b 2 d |
A CRLAC L Dive af 1 3 _sawgl i
begin I
BTl procams (b
Bagin
o D1 Wy
e ; ;
1ra'd " I SRR hagh T mPal BT anabiad ReSOIU_tlon funcnon tO
wed if; determine the actual
wnd precass BT . o
P AT value of f since it is
Bagin driven from two different
o [ chn 1" iy P
shn sources
1 d i [T QU Mg T wTen 80T srabisa
and if
sad procuan bl
il |_ba¥ by
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Signal Resolution

* VHDL signals may either be
resolved or unresolved
* Resolved signals have an associated
resolution function
 Bit type is unresolved —
— there is no resolution function
— if you drive a bit signal to two different values

in two concurrent statements,
the compiler will generate an error
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Signal Resolution (cont’d)

signal R: X01Z := *Z";

R <= transport ‘0" after 2 ns, ‘Z' after 6 ns;
R <= transport ‘1" after 4 ns;

R <= transport ‘1" after 8 ns, ‘0’ after 10 ns;

Tuom [Fain TS

drver il

sty el signal

e | #o 11 #51 A

7 R

2 @ £ T =

i Fd (]

& I L} £

a a

in z N
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Resolution Function for X017

Define AND and OR for
4-valued inputs?
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ND- oY 1
i
oY oY el oY oY
1 el 1
1Y
OR Il 1
X X X 1 X
Tl el 1
1 1 11 1 1
T
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IEEE 1164 Standard Logic

¢ 9-valued logic system
— ‘U’ = Uninitialized
— ‘X’ = Forcing Unknown
— ‘0" - Forcing 0
— ‘1’ - Forcing 1
— ‘Z' — Highimpedance
— ‘W’ — Weak unknown Useful in modeling the internal
—‘L"— Weak 0 operation of certain types of
—‘H' — Weak 1 ICs.

— " — Don't care In this course we use a subset
of the IEEE values: X10Z

If forcing and weak signal are
tied together, the forcing signal
dominates.
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Resolution Function for IEEE 9-valued

SR
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AND Table for IFFEF 9-valued

o CTE ] =
i K L' L
23/06/2003 UAH-CPEJEE 422/522 & AM 59

—AND Function for std_logic_vectors |
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