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QOutline

¢ What we know

— How to model Combinational Networks in VHDL

« Structural, Dataflow, Behavioral

— How to model Flip-flops in VHDL

— Processes

— Delays (delta, transport, inertial)
* What we do not know

— How to model FSM in VHDL

— Wait statements

— Variables, Signals, Arrays

— VHDL Operators

— Procedures, Functions

— Packages, Libraries

— Additional Topics (if time)

18/06/2003 UAH-CPE/EE 422/5228 AM 2

Review: VHDL Program Structure
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Review: JK Flip-Flop Model
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Review: VHDI Maodels for a MUX

" F <= {mot & aed not B and 1] or

inod A amd B and [1] or
. r 14 amed not 8 and L] e
k I8 and B oand 11}
MUY modal ukng a comitional BNl SSErUmeTl LT

F <= |l when ]
aise [L wahon 5d = | Sel represents the integer

slsm [7 wahen 5o = 2 equivalem. of a 2-bit binary
else 2 number with bits A and B

If a MUX model is used inside a process,
the MUX can be modeled using a CASE statement
(cannot use a concurrent statement):
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Timing Maodel

* VHDL uses the following simulation cycle to model
the stimulus and response nature of digital
hardware

ép;ate ;|gna s EXecute, PFOCESSFS

A4
nd simuration

18/06/2003 UAH-CPE/EE 422/522a AM 6




Review: Delay Types

» All VHDL signal assignment statements prescribe
an amount of time that must transpire before the
signal assumes its new value

« This prescribed delay can be in one of three forms:
— Transport -- prescribes propagation delay only
— Inertial - prescribes propagation delay and minimum input pulse width
— Delta -- the default if no delay time is explicitly specified

Input |

Output
|de|ay
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Problem #1

. Using the labels, gntity not_another_prob is
list the order in port (inl, in2: in bit;
which the following a: out bit);

signal assignments
are evaluated if in2
changes from a '0'
toa'l. Assume rchitecture oh_behave of not_another_prob is
inl has been a1’ signal b, ¢, d, e, f: bit;

and in2 hasbeena degin

'0' for a long time,
and then at time t
in2 changes from a
''toa'l. L3: f <= (d and in2) ;
L4: e <= (c and inl) ;

gnd not _anot her _prob;

L1: d <= not(inl);
L2:  c<= not(in2);

L5: a <= not b;
L6: b <= e or f;
d_oh_behave;
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Modeling a Sequential Machine

Mealy Machine for
8421 BCD to 8421 BCD + 3 bit serial converter

Py s 2
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How to model this in VHDL?
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Behavioral VHDL Model

Two processes:
the first represents the
combinational network;

the second represents
the state register

1
i

el 1o,
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Simulation of the \VHDI _Maodel

Simulation command file:

wawe CLK X Stabe MeatSiste 2

force CLE 04, 1 100 -repeat 200

Toerce X0 0, t 350, 0 550, 1 750, 0950, 1 1350
run 1600

Waveforms:
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Dataflow VVHDIL Maodel

Q,(t) =Q,
Q.(t") = Q,
Qs(t") = Q:Q:Qs + X 'QQ's+X Q4 Q"
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Structural Model

T
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Package bit_pack is a part of library BITLIB —
includes gates, flip-flops, counters
(See Appendix B for details)
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Simulation of the Structural Model

Simulation command file:

wave CLE X QL O Q3 2

force CLK O 0, 1 i00 -repoab 200

ferce X 000, 1 350, O 55D, 1 75D, 0950, 1 135D
run 3500

Waveforms:

E
|
i

1] =0 10 (G
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Wait Statements

* ... 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?

begin
sequential -statenents
wai t statement

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

« Wait until the specified condition is satisfied.
« Then execute the next
set of sequential statements until

sequential -statenents
wai t -st at ement

end process;

the next wait statement is encountered.

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

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

* Waiton * 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 is this:
wait for 0 ns;

— until one of the signals in the
sensitivity list changes

* Wait for

18/06/2003 UAH-CPE/EE 422/5228 AM 16

llqing \Wait Statements (’l\
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llqing Wait Statements (?\
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Variables

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

* Declaring variables

variabl e |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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Signals

« Signals must be declared outside a process
» Declaration form

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

« Declared in an architecture can be used
anywhere within that architecture
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Constants Variables vs. Signals
« Declaration form ¢ Variable assignment statement
constant constant_name : type_name := constant_val ue; variabl e_name := expression;
— expression is evaluated and the variable is
constant delayl : tine := 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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instantaneously updated
(no delay, not even delta delay)

« Signal assignment statement
signal _name <= 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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Predefined VVHDI 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 — [-2%1 - 1., 281 -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,
r he
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User Defined Type

* Common user-defined type is enumerated

type state_type is (SO, S1, S2, S3, $4, S5);
signal state : state_type := SI;

« If no initialization, the default initialization is the leftmost
element in the enumeration list (SO in this example)

« VHDL is strongly typed language =>
signals and variables of different types cannot be
mixed in the same assignment statement,
and no automatic type conversion is performed
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Arrays

* Example
type SHORT_WORD i s array (15 downto 0) of bit;
si gnal DATA WORD : SHORT_W\ORD;
variabl e ALT_WORD : SHORT_WORD : = “0101010101010101";
constant ONE_WORD : SHORT_WORD := (others => ‘1");
* ALT_WORD(0) — rightmost bit
* ALT_WORD(5 downto 0) — low order 6 bits

¢ General form

type arrayTypeNane i s array i ndex_range of el enent_type;
signal arrayNane : arrayTypeNane [:=Initial Val ues];
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Arrays (cont’d)

¢ Multidimensional arrays

type matrix4x3 is array (1 to 4, 1 to 3) of integer;
variable matri xA matrix4x3 :=
((1,2,3), (4,5,6), (7,8,9), (10,11,12));

* matrixA(3, 2) = ?

* Unconstrained array type
type intvec is array (natural range<>) of integer;

type matrix is array (natural range<>, natural range<>)
of integer;

« range must be specified when the array object is declared

signal intvec5 : intvec(l to 5) := (3,2,6,8,1);
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Sequential Machine Model
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\efined ined

 Bit_vector, string
typs Bl wuckor s array {raboal racge == of bi
typee siring Is armey [posthe rasge < =) of charsder;
RN SLEnT SLTing1: sbring| 1 &0 741 This sinng is &% chawschers,

constant A : bit_vector(0 to 5) := “10101";
-- (tr, o, 1, f0, 1),
e Subtypes
« include a subset of the values specified by the type
subtype SHORT_WORD is : bit_vector(15 to 0);

¢ POSITIVE, NATURAL —
predefined subtypes of type integer
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\/HDI Oppramrq

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 ks~wDdRE

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

I e ol e croresden, A, B O and O g biL_wedlors
(A& matBorCror 2 and 0 = “1100L0

The nperalors weaid be spoked in the order;
mnk 4, ror, ar, and, =

o woskd procad ak

F oa="010% B "101% € = “OH1000%, and D = 1110911
follupes
ol B o= 000 (Hlbp bl o ploveet]
ABnel B~ "L10000° |corcaberabion
Cror2= 0001107 [re gt 2 placwm)
& & mob B or [T rer 2 = CALD . (bt bl o |
A5 AOLEOF L Piw 2] ) o= " LLDOI0" [GE-Drge D91 S0

(1A% mvpt B oae Cw0F 2 aed 0] = "LI00LE] = TRUE
(rhe parenthese Terce the squality te=t (o Be dore lpst pnd the el is TRUE)
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Example of Shift Operators

The shilt opanibar can be spplied &6 any bt _wacdior o boskein_weclar. In the folosng
arampdiz A inow WL vector sguad Lo TLIRI0LSLT

Balld is T010IG180" [h

Bar 3 is 000100107 [hit ¢

Ak Jis "LOLDLLIL" [ b

# lagical, Tiked with "IN}
begaal, fled with 07

et sith rigiv at)
Hed with il BiLj

Awnr Sls "LOLGLIE0" frofte rights
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VHDL Functions

» Functions execute a sequential algorithm and
return a single value to calling program

funculom retata_nght Jrog: bic_ vachaer)
ruburn bl vector in

reburn req ror 1
enad robsbe night;

* A="10010101"

B == rotate_right]&};

* General form

runction function-name [ fermsl-parsmeter-st
rabRR Folum-Cype ks

For Loops

Seneral form of & for lpoo:
[leap-label: ] For loop-mdex in range loop
caquental statemants

end loop [kop-label]; Exit statement has the form:

=xit; —
axit whan condition
for Lesg Examale;
= campar v bove Bechiaradar strings and relum TRUE ifagual
Tunction omp_siring)stringd, stringd: sinng) L 1 B}
raturn boakan e
warisbls B: Boolen;

"
leopes: for | in 1 80 B beap

[dedarations] - &:ﬁ e-r;.;.ssl.lellw'“
tegin nd loop kopes;
sequential statements - must include netum retum-vale; ity
and function-name; &bl cofp dring;
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Add Function \'HDI _Procedures
- This functian ad 2 4-it vectors: and 8 camy « Facilitate decomposition of VHDL code into modules
- I retums & S-bik sam
Tmrsction sc (A.B: Bit vector ) demmbo Ol carmy; bt * Procedures can return any number of values
reburn bit_vector is using output parameters
vikalE CouT DR
warinhds cin; b > camy, + General form
variabbe Sum: b wechon)d downte O ="D000; ; )
begin procedure procedure_nane (fornal -paraneter-list) is
oozl for 1 60 0 e 3 deop i
Cout = (AL and Bli)) e (A1) and oo oF (BC| and oin, [ de.C' arations]
Sumil) o= AN Ror B xee On; begi n
N = OO B
and Vo i Sequent i al - st at enent s
Sumid e coul; end procedure_nane;
T Surm;
mnd addd;
Examipka funciion oall; procedure_name (actual-paraneter-|list);
Suml == ad#4A1, B, ¢
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Procedure for Adding Bit_vectors

- This procetine aods e n-bit BL vedors and a carr and
= PELUITS B N-bok Sum and & Cap. Add] and AddD ane 5sumed
- b bz of the S Ieegih and demersianed 1-1 desanto 0
procedurs diees
(A1 Bdu2: In Bil aeebar;
Cin: m bt
signal S out Tl vemen
signal Coaul: et b,
niln paskies) i
variable C ki
hegin
= On;
for i il te n-l lop
Sam (i) == Addiii] xer Add[i] xor T
£t (R af i) el A2 o (3101 and C) e [Ad02 () and O}
e loop,
L T
and Addviec;

Ewampls procedurs call

AddveciAL, BL, On. Suml, Cout, 4]
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Parameters for Subprogram Calls

Actual Paramster

?:'_'3'_':'.?_:_.‘.:.':? 5_‘5_l,_ _Procedure Call | Function Call
in® constant SXPrassin EXpression
signal signal signal
variabla varame nia
oukfinouk =ignal 3 signal n'fa
variabla“ variabie nia
' default mode for Functions 1 defaut for in mode * default for aukfmout mode
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Packages and Libraries

» Provide a convenient way of referencing
frequently used functions and components

» Package declaration
package package-name is
packsge declarations
end [package][package-name];

» Package body [optional]
package body packige-name is
packane body declaralicrs
end [package body][packsge name];
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Library BITLIB —bit pack package
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VHDL Model for a 74163 Counter

e 74613 — 4-bit fully synchronous binary counter

« Counter operations
Coatral Sgnals et Shabe

Gl wan pet | g3 gxr g1t oot
5] W ] [ o [ D [chear}
1 0 ) 0 pa ] o0 (paraliel load]
1 L ] a1 g2 il a0 [ne chamge)
1 ! 1 Prosont Siale + 2 T e Tee vl O )

» Generate a Cout in state 15 if T=1

e Cout= Q,Q,Q,Q,T

VHDL Model for a 74163 Counter

TALES FULLY SYRCHROMOUS COUNTER

Shrary BITLIE CONLAE 2eEt 0 weC T achDng
w1

Corfi, B, T, €3 b O: dm b wecior] downio 0);
o deaaania O 10

[ ot B O): el B esctoe] D d
el L6
Srcmiractiung £ iAol o e |
bogin

Cout == i3] and G2} med 1] and GO} and T:
pencso

PENRE SN OF frg B

LA}
wnd H;
wnd pracess;
wd BFA1E3)
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Cascaded Counters Cascaded Counters (cont’d)
Iiesmary OITLIN;
| ; J 1 | IIJ lI | L
vyt [ IR pep [RRGT e I
£ W i LI e 4o 1 vecter3 I
HE S | Ny
Ik 13 0, [, b CIrp—LE [ |_||||\.’k i e riikiesi b
R L EAR G A in
- o wianad Cormytt b
3,00, Dan ] Curry 1, [raik L
L] LRS00 part miig L0 UVRL PG 1 U LR e, et
fmmp 2= Ot b L;
NS T
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Additional Topics in VVHDI Signal Attributes
« Attributes Attributes associated with signals
» Transport and Inertial Delays that returgha yalue
» Operator Overloading ST Thue a0 eret ocired s T vt
» Multivalued Logic and Signal Resolution SacTive B ] ey e
« |[EEE 1164 Standard Logic ELAST_pEur e EwERL B &
« Generics e ettt et ek e
+ Generate Statements Aevent — true if a change in S has just occurred
* Syth‘SlS of VHDL Code Aactive —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 tine T
A'event Bevent
T
T+id
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Signal Attributes (cont’d)

entity test is begi n
@ it (Aevent) then Aev := '1';
end. . else Aev iz '0';
architecture bntest of test is end if;
signal A: bit; if (A active) then Aac := '1';
signal B : bit; else pac =10
. L obits end if;
signa Cobity if (B event) then Bev := 'I';
begin else Bev := '0';
A <= not A after 20 ns; end if;
B <= '1': it (B active) then Bac :='1';
| =0
C <= A and B; esea_ac o
A B O end if;
process(A B, C) if (Cevent) then Cev := '1';

variable Aev : bit; else Cev iz 0
variable Aac : bit;

vaua::e Bev an it (C active
variable Bac : bit; else Cac :=
variable Cev : bit; end if;
variable Cac : bit;

end if;

then Cac:='1';

end process;

end but est:
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Signal Attributes (cont’d)

ns /test/a /test/line__15/bev
delta Itest/b Itest/line__15/ bac
Itest/c Itest/line__15/cev
Itest/line__15/aev /test/line__15/ cac
/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
18/06/2003 UAH-CPE/EE 422/5228 AM 51

Signal Attributes (cont’d)

Attributes that create a signal

s

SO LANEDS [[Srea]]'

S ETABLE |(mrmn ]

EORIET i)

EFRANSACTION

" Daka i wed A A

18/06/2003 UAH-CPE/EE 422/5228 AM 52

anmplpq of Qignal Attributes

Pywboeym for Miibaie Tew]
—_—
T I
| L
| g (TS T oy SR,
1 1 T
|_smhigh S ey TN
R T | —-— 1 | -
i 1 . 1] wl ¥ -
18/06/2003 UAH-CPE/EE 422/5228 AM 53

. i : .

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

Tyas 30M in wra (e L5, T swmea 0] of b
gl ROML  BGH;

Mtnirs B Erarza

ALEFTIN

ERIGHTIM)

AHHzeiH

BLIFATH

BMANCE N

BEUENSE RAMGEIH|

Cam?
AR T H &
g =i
A can be either an array name or an array type.
Arrayv attribute. orkwith-signal and.
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Recap: Adding Vectors

- Thiz pracsdurs sdck tan n-bi B secieey ard & carry snad
F1LAMS 4 ArOl Suam ond § DOy, R aned ROIE BOC SRETRET
ka Be ol tke same langth ard dimarsiared n-1 dasmta d.

procedurs Eddae
| Akl In B wecier

£1a: In b

megnial Sure: gk bR swelor

whgral Coud @i bar;

i pewlis

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

T groosders sy fvs Bt _vicion asd 4 cery and refu ma 4 som
i @ ey Bobh béiwertars sheald B2 of the sama length.

procadars sl T
{3

20 b A wachor

il | ol ] d
wignal Crat- guk bt e
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Transport and Inertial Delay

e BperFun regecion it Wi,
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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 Zmafter 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 Statements executed at time T

—_CatT+2: —-CatT+1:

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

A <= Cafter 2 ns; A <= transport C after 1 ns;
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Operator Ovprlnading

» 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
* 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
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Overloaded Operators

« A B, C - bit vectors
e A<=B+C+37?
¢« 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 Logic

« Bit(0, 1)
 Tristate buffers and buses =>
high impedance state ‘Z’

* Unknown state ‘X’
— e. g., agate is driven by ‘Z’, output is unknown
— a signal is simultaneously driven by ‘0’ and ‘1’

o
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Tristate Buffers
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Qignal 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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Qignal Resolution ((‘nnt’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;

i, Bkl gl
——
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Resolution Function for X01Z
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18/06/2003 UAH-CPE/EE 422/5228 AM 67

AND and OR Functions Using X01Z

ND X ‘0 1 Z
X X ‘0 X X
0 0 ‘0 0 0
‘v X ‘0 ‘1 X
‘Z' X ‘0’ X' X
IOR ‘X' 0 ‘o Z
X ‘X' X ‘v X
‘0’ ‘X 0 ‘1 X
1 1 ‘1 1 1
Z X X' 1 X
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IEEE 1164 Standard Logic

* 9-valued logic system
— ‘U’ — Uninitialized
— X' = Forcing Unknown

— ‘0"~ Forcing 0 If forcing and weak signal are
—'1'—Forcing 1 tied together, the forcing signal
— ‘2’ — High impedance dominates.

— ‘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
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Resolution Function for IEEE 9-valued
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AND Table for IEFEE 9-valued

oy 0 T "
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