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Outline
& Introduction to VHDL
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& Delays
& Modeling of FSMs
& Wait Statements
& VHDL Data Types
& VHDL Operators
& Functions, Procedures, Packages
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Intro to VHDL

® Technology trends
4 1 billion transistor chip running at 20 GHz in 2007
= Need for Hardware Description Languages
# Systems become more complex

# Design at the gate and flipflop level becomes
very tedious and time consuming

® HDLs allow
4 Design and debugging at a higher level before
conversion to the gate and flip-flop level

4 Tools for synthesis do the conversion
= VHDL, Verilog
® VHDL — VHSIC Hardware Description Language
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Intro to VHDL

= Developed originally by DARPA
4 for specifying digital systems
® International IEEE standard (IEEE 1076-1993)
® Hardware Description, Simulation, Synthesis
® Provides a mechanism for digital design and
reusable design documentation
® Support different description levels
4 Structural (specifying interconnections of the gates),
4 Dataflow (specifying logic equations), and
4 Behavioral (specifying behavior)
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Entity-Architecture Pair

rp— ot Full Adder Example
 — FULL
ADDER
AT ]
antity Fulidder Is
port {4, ¥, Cini inbe; - Inputs
Cowt, Sum: ot bt);  -- Outputs

and Fullddder

architecture Equations of Fulidder is
begin -~ Conourrent Assignments

Surm <= M Eer ¥ xor Cin after 10 e

Cout == (X and Y] or (X and Cinpor (7 and Cing after 10 ns;
end Equations;
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VHDL Program Structure
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il [antity] [ertine-ranme]
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beegiin
arthiteclure Budy

end [prchitecture] [archiectureneme|;

a A. Milenkovic

. Advanced VLSI Design

4-bit Adder
Y HT ES
i 1 t
Tull cl o F
e :u‘:t'm e G
T i T 1
LT L LR A B AH) OR|
antity Addard is
poart (A, B dn bit_veckor] 3 downbe 0, Ci: ln bik, - Inputs
S oout bit_vectar( 3 downte 0]; Co: auk bit]; - Qutputs
mnd Adderd;
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4-bit Adder (cont’'d)

antity Addard is

port (&, O in bE_vector] 3 dovente B < inbit; -- Inputs
52 out bit_wvector] 3 downto O0); Do ouk bit); -- dutputs
and Adderd

architectura Structure of SAdderd s
component Fullidder
port (X, ¥, Cin: in bit; -- Input=
Ciuk, Surm: aul bik); - Qutputs
end component;
signal C: bet_wector{d downto 1);
begin  —instantiate four copees of the Fultdder
Fal: Fullsdder port map (A0}, B0, G, Ci1}, S003);
Fol: Fullddder port map {&01}, B(1}, €1}, O, S(11);
Fad: FullAddar part map (A2}, B(2), C(2), CI3), S2));
FAZ: Fullacder part map (A3}, BE3, C13), Co, S[200;
ane Structure;
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4-bit Adder - Simulation
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Advanced VLS| Design
odeling Flip-Flops Using VHDL
Processes

General form of process
process(sensitivity-list)
begin
safueniigl-statemants

e
ST

@ Whenever one of the signals in the sensitivity list
changes, the sequential statements are executed
in sequence one time
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D Flip-flop Model ¢ %

BiF Bit values are enclosed
fh single quotes
ELK o
entity OFF is
port |0, CLE: = biL;
out bit; OW; ouk bt =1
- iviia by 0 I " siewe DL sgnals e milialiced 007 by defaul
and OFF;
archactisng SIMPLE of DFF i
hegin
procuss |CLK) procans in eculed whun CLE charges |
in
W CLK = 1" fhan -~ riairg edge af chok

G <= [ sfter 10 ns;
OGN <= ot O after L0 re
i i,

und proces;
and SIMPLE;
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JK Flip-Flop Model an g

anlity IKFF is
poat (S5, RN, ), &, CLE: ba bii;
Q: ingsut bit: ON; ouk bil = "1'};
i JEFF

architecture #iFL of HFF iz
Begin

process {SH. RK, CLE) o Wale 2
bagim
if AN = 0 them Q= T’ after 10 ns

abiif TH = T than 4
i CLE = 1 mnd CLE @

aftewr 10 fe;
- maa W

= BN=0 wll dear thy PP
= =0 will wel bha

"
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Concurrent Statements vs. Process

A, B, C, D are integers
A=1, B=2, C=3, D=0

) Jrocess (8, £, 0
D changes to 4 at time 10 Hegin
<= H; Etatament | A<= @; --statement 1
fom= ) statamant 2 B am= T statemant 2
[ <= O- — statement 3 C o= = gratamsnt 3
dnd process;
Simulation Results
time delta A B C D B
0 + 0120 e AFET
10 +0 1 2 3 4 (stat.3exe) ' oL
10 +1 1 2 4 4 (stat.2exe) ! Ffl 448
10 +2 1 4 4 4 (stat.lexe.)
10 +3 4 4 4 4 (noexec)
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VHDL Models for a MUX

F o= |not & and not 0 amd 30 or
{not A and B oand 1) or
(& amd ot B and 12) or
F 1& amd B oand [3]:
MUK mogkel using & covaidweal sigeal sssirnd sealarent
F «= 10 vbn Sal = 0
Sel represents the integer
ot |1 when 5o = | o 9
&loe 12 wiven el = > €duivalent of a 2-bit binary
wles 10 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): _ S A

cana Sl in

wihan 0 = = u-u---r;.--.r n bk
whan 1 == whan o
whan 7 == mhan cis » Samuarrl bbb
M'f‘ o wiiee Dl = SEEY SRR
e - and cass
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] - 3
0 <= {1 and no& ) or (nok K and 0) after 10 ns; -~ soe Hofe d
end il
il pCaEE,
GM == not g; Kl 5
wnd WEFL;
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Using Nested IFs.
T 1
L]
5. 6
-
i)
[ L] o
L
iF (0L then 51; 52; if (1] then 51; &
e F (2] th.er_u 53; 54z elsif (2] then 53; 54;
eise If (C3) them 55; 56; algif [C3] then 55 56
wlsa 57; S8 alsa 57, 58
and if; and if; o
and if; '
and if,
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MUX Models (1)
. architecture RTL1 of SELECTOR is
library |EEE; begi n
use | EEE. std_| ogic_1164.al | ; O : process (A SEL)
use | EEE. std_l ogi c_unsigned. al | ; begi n
entity SELECTQR is if "0000") then Y <= A(0)
port ( elsif "0001") then Y <= A1);
At in std_logic_vector(15 downto 0); elsif "0010") then Y <= A(2)
SEL : in std_logic_vector( 3 downto 0); elsif "0011") then Y <= A(3)
Y : out std_logic); elsif "0100") then Y <= A(4)
end SELECTOR - elsif "0101") then Y <= A(5)
elsif "0110") then Y <= A(6)
elsif "0111") then Y <= A7)
elsif 000") then Y <= A(8)
elsif "1001") then Y <= A(9)
elsif "1010") then Y <= A(10)
elsif "1011") then Y <= A(11)
elsif "1100") then Y <= A(12)
elsif "1101") then Y <= A(13)
elsif "1110") then Y <= A(14)
else Y <= A(15);
end if;
end process;
end RTL1;
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MUX Models (2)

library | EEE; architecture RTL3 of SELECTCR is
use | EEE. std_| ogi c_1164.al | ; begi n

use | EEE. std_| ogi c_unsi gned. al | ; with ?EL sel ect . ’
entity SELECTOR i s Y <= A(0) when "0000",
A(1) when "0001",

ort “ o

: A (: in std_logic_vector (15 downto 0); 2((2 mz: " ggﬁ
SEL : in std_logic_vector( 3 downto 0); A(4) when "0100",

Y : out std_logic); A(5) when "0101",

end SELECTOR A(6) when "0110",

A(7) when "0111",
A(8) when "1000",
A(9) when "1001",
A(10) when "1010",
A(11) when "1011",
A(12) when "1100",
A(13) when "1101",
A(14) when "1110",
A(15) when others;
end RTL3;
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MUX Models (3)

library | EEE architecture RTL2 of SELECTCR is
use | EEE. std_| ogi c_1164.al | ; beglln. process (A SEL)
use | EEE. std_| ogi c_unsi gned. al | ; begi n
entity SELECTCR is case SEL is
port ( when "0000" => Y <= A(0);
when "0001" => Y <= A(1);
A @ in std_logic_vector(15 when * AL
downt o 0); when "
SEL : in std_logic_vector( 3 when "
downt o 0); when "
Y out std_logic); x:: .
end SELECTCR when *
when "

when "1010" => Y <= A(10);

when "1011" => Y <= A(11);

when "1100" => Y <= A(12);

when "1101" => Y <= A(13);

when "1110" => Y <= A(14);

when others => Y <= A(15);
end case;
end process;

end RTL2;
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MUX Models (4)

library | EEE; architecture RTL4 of SELECTCR is
use | EEE. std_|l ogi c_1164.al | ; begi n
use | EEE. std_| ogi c_unsi gned. al | ; Y <= A( conv_i nteger (SEL));
entity SELECTCR is end RTL4;
port (
A : in std_logic_vector(15 downto 0);

SEL : in std_logic_vector( 3 downto 0);
Y out std_logic);
end SELECTOR

a A. Milenkovic 20
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Compilation and Simulation of VHDL Code

= Compiler (Analyzer) — checks the VHDL source code
4 does it conforms with VHDL syntax and semantic rules
= are references to libraries correct

® Intermediate form used by a simulator or by a
synthesizer
® Elaboration

4 A. Milenkovic 21
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Timing Model

& VHDL uses the following simulation cycle to
model the stimulus and response nature of

4 A Milenkovic 22
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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:

4 Transport -- prescribes propagation delay only

2 Inertial -- prescribes propagation delay and minimum input pulse
width

4 Delta -- the default if no

time is explicitly specified

a A. Milenkovic 23
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Transport Delay

® Transport delay must be explicitly specified
4 |.e. keyword “TRANSPORT” must be used

® Signal will assume its new value

after specifiefr defay
- TRANSPORT del ay exanple
Qut put <= TRﬁ PORT NOT I nput AFTER 10 ns;

Input >%utput <
\ A I Y
\\Input
> |-
Output —tt—+—t+—+—1

(0] 5 10 15 20 25 30
35
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Inertial Delay

® Provides for specification propagation delay and input
pulse width, i.e. ‘inertia’ of output:

|(arget <= [ REJECT ti me_expression] | NERTI AL waveform |

® Inertial delay is default and REJECT is optional:

tput <= NOT |nput AFTER 10 ns;
- Propagation delay and nini num pul se width are 10ns
}

/ mpue| I L T
Input Poutput SN

. )

~ |

~ Output
‘ p 1 1 1 1 |\-’ 1 1
0 5 10 15 20 25 30
35
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Inertial Delay (cont.)

= Example of gate with ‘inertia’ smaller than
propagation delay
# e.g. Inverter with propagation delay of 10ns which
suppresses pulses shorter than 5ns

d)Jt put <= REJECT 5ns | NERTI AL NOT |nput AFTER 10ns;

Input L1 _‘\-l_‘

Output N

0 5 10 15 20 25 30 35

© Note: the REJECT feature is new
to VHDL 1076-1993

a A. Milenkovic
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Delta Delay

= Default signal assignment propagation delay if no
delay is explicitly prescribed
# VHDL signal assignments do not take place immediately
4 Delta is an infinitesimal VHDL time unit so that all signal

assignments can result in signals assuming their values at a
future time

4 E.g.

Out put <= NOT I nput;
I'\tr‘f Il } dal-t Il

® Supports a model of concurrent VHDL process
execution

2 Order in which processes are executed by simulator does
not affect simulation output

4 A. Milenkovic 27
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Simulation Example

anity srradabon ceamoi
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Modeling a Sequential Machine

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

CRERYS 1H} ; ug Fi
N -|mf5|-‘-.{1. |-'|"-?-’;___ PE |E=0 X=f|X=d Xai
| e TR 0
w| ™ - MR ey & | 83 1 0
et PR : 3 2| 34 | D 1
e - L) i £ | 58 =% 0 1
| ) e s M s
| (LA L [ -3 a6 S‘g 1 'il
A= L | kd
(% L e Tk 5 | =0 1 -
"m&'@i; E
How to model this in VHDL?
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Modeling a Sequential Machine
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Behavioral VHDL Model

- e e
Jiwedd e

T 4

ad «. i §

483 -

=T a =
4 el i 2 -
L=

s Two processes:
e

the first represents the
combinational network;
« the second represents

the state register
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Simulation of the VHDL Model

Simulation command file:

vedve CLE X Slate MextState Z

foree CLE O 0, 1 100 -repest 200

Torps ¥ 00, 1350, 0 550, L 750, 0950, 1 1350
run 1600

Waveforms:

ekl LT

Wl = s T a Tl . O
srae (5K i @ | 0 )  EE 1] IF O ]
(FOHE T T £ 0 10 | £ I TR ] 10 I )

i 1] | L5
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Dataflow VHDL Model

Thas Iolicesing i @ Senriition: of Ehe secueeLes machine of
g s off 3 Tt SLATE S LARNTRATE
PRTRETE walrl e

by SH1 2 s
partid, CL: in B
20 it b
mad 5H1_2

mechitecture: Euatang) 4 8f G411
aignad QL1 05! ba:

ik

rrsirg mdge of ook

01w 07 ard G &0 ok X mned (| and ned 00 ar
14 amdd ek QL and not 2] afer 10 0
nd iE:
e arieless
2o mimot X and not O or (X and 03] $8er 10 e
e Framional 4
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Structural Model

iibrary B TS
usE BITLIR it pack sl e I el

B

eeRRy GHL i
PO CLE! (R D

@, I
T aut bty = | e .
wed 11 o s i P &
il R ey L1 Pt o

of 5HL T i o= |
500 B an—dbh o

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

rall et msw 0L
raarai] part map .51

FEE: OFF port mp | 000U, G S
55 Pardi pari msg (%0085
Sk Parel! pert mip [MH, G0N 88|
GF: Riand? pael M A5 AR T

mnad i o
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Simulation of the Structural Model
Simulation command file:
wave CLK X Q1 Q2 Q3 2
farpe CLE 0 0, 1 100 -repeat 200
force X 0 4, 1 350, @ 550, 1 750, O 950, 1 1350
run 100

Waveforms:

|
|
i

L el (LY | =aHy

a A. Milenkovic 35

. Advanced VLSI Design

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)

How wait statements work?
« 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
the next wait statement is encountered.

process

begi n
sequenti al - stat ement s
wait statement
sequenti al - stat enents
wai t - st at enent

*When the end of the process is reached

end process; . .
start over again at the beginning.

a A. Milenkovic 36
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Forms of Wait Statements
wait on sensitivity-list;
wait for time-expression;
wait until bool ean-expression;

= Wait until
4 until one of the signals in 4 the boolean expression is
the sensitivity list evaluated whenever one
changes of the signals in the
= Wait for expression changes, and
# waits until the time the process continues
specified by the time execution when the
expression has elapsed expression evaluates to
# What is this: TRUE
wait for 0 ns;

= Wait on

a A. Milenkovic
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Using Wait Statements (1)

Bt Tk b sl BHO T
whgren Siaia, Hosistats: ris K

porti s,
wrchitecturs Tabie af SHL
n

T e il
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Using Wait Statements (2)

when & =
& = then T<m'|'; e
il e g - - el
wd zdwe

G0 LK K
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Problem #1 entity not_another_prob is
port (inl, in2: in bit;
# Using the labels, a out bit);
list the order in ’ '
which the end not _anot her _prob;
following signal
assignments are
evaluated if in2
changes from a signal b, ¢, d, e f: bit;
‘0O'toa'l. bkgi n

Assume inl has

been a'l'and in2 Ll d <= not(ind);

has been a'0' for L2:  c<= not(in2);
along time, and L3: f <= (d and in2) ;
21223;2??];1'22 L4: e <= (c and inl) ;
‘0'toa'l. L5: a <= not b;
L6: b <=eor f;
V-l h—bakh.

af chi tecture oh_behave of not_another_prob is

A A Milenkovic
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Problem #2

® Under what conditions do the two assignments below
result in the same behavior? Different behavior? Draw
waveforms to support your answers.

out <= reject 5 ns inertial (not a) after 20 ns;

out <= transport (not a) after 20 ns;

a A. Milenkovic
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Variables

= What are they for:
Local storage in processes,
procedures, and functions
= Declaring variables

variable list_of _variabl e_nanes :
[ :=initial value ];

type_name

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

a A. Milenkovic
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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

a A. Milenkovic 43
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Constants

& Declaration form

constant constant_nanme : type_nane := constant_val 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

a A. Milenkovic 44
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Variables vs. Signals

® Variable assignment statements

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

vari abl e_name := expression;

« Signal assignment statement

signal _nanme <= 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

4 A. Milenkovic 45
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Variables vs. Signals (cont’d)

Process Using Process Using Signals
Variables dirt
enliby dureny e
|y dd T b #nd darmimy
and durm
erch et 1ig ol tumiry b
architecture vor af oy = wanal Ly i ]
aignal ingger, =un: njeger =) wanal g
hegin mignal g
procEss sl =g
warinble v iebegen = i
vanable el irhiggn =2 [Tt
warnable wa Xk i rlegs 1; [T

Sum = ?
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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'}
4 boolean —{TRUE, FALSE}
i integer — [-281 - 1.. 281 - 1}
 real —floating point number in range —1.0E38 to +1.0E38
4 character —legal VHDL characters including lower -
uppercase letters, digits, special characters, ...
# time — an integer with units fs, ps, ns, us, ms, sec, min, or hr

a A. Milenkovic 47
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User Defined Type

& Common user-defined type is enumerated

type state_type is (SO, S1, S2, S3, S4, S5);
signal state : state_type := SI;

« |f 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

a A. Milenkovic 48
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Arrays

& Example
type SHORT_WORD is array (15 downto 0) of bit;

signal DATA _WORD : SHORT_WORD;
variabl e ALT_WORD : SHORT_WORD : = “0101010101010101";
constant ONE_WORD : SHORT_WORD : = (others => ‘1");

e ALT_WORD(0) — rightmost bit
¢ ALT_WORD(5 downto 0) — low order 6 bits

¢ General form

type arrayTypeNane is array index_range of elenment_type;
signal arrayNanme : arrayTypeNane [:=Initial Val ues];

a A. Milenkovic 49
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Arrays (cont’d)

& Multidimensional arrays
type matrix4x3 is array (1 to 4, 1 to 3) of integer;

variable matrixA: matrix4x3 :=
((1,2,38), (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);

a A. Milenkovic 50

Advanced VLSI Design
equential Machine Model
Using State Table

ey 541 1 H
part ¥, CLK: In st

ERCIU R H
&nd SH1 2
aechiteoiung Table of SH1 ] is
T 5 = i aredy |ITIeQ vt < x, B FRRQE < | of inbeger
typm

Talde In array (risger rangs ==, bl rangs = > of b,
! - fif

. HB T
¥ p;.i_..o Ked|Tan Hai
Ed " u 1 L
1 L Lo | 1 L]
= L) L] [ 1
21 B L] [ 1
- " - ] L
e = = o 1
u| m - | ] =
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Predefined Unconstrained Array Types

& Bit_vector, string

type til weclor s acray [naturs renge <> | of b
bype stnri I8 array (posiive rangs < =) of character;

CONELANL string? ! Saing(L 0o 39] @ = “Thic sbring & 23 Garaciis
constant A : bit_vector(0 to 5) := “10101";

R G A L A R A
¢ 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

4 A Milenkovic 52
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VHDL Operators
& Binary logical operators: and or nand nor xor
xnor
& Relational: = /= < <=>>=
& Shift: sll srl sla sra rol ror
& Adding: + - & (concatenation)
& Unary sign: + -
& Multiplying: * / mod rem
& Miscellaneous: not abs **

» Class 7 has the highest precedence (applied first),
followed by class 6, then class 5, etc

a A. Milenkovic 53
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Example of VHDL Operators

In e fellzmng eepresson, &, B, O, and 0 am b weciom
L8 & ok B e C For Taed 00 = 100000

The operabors would Be apalied in L ordor
nat, B, ror, or, and, -

& ="110% B = "1L1% C = "021000°, and [ = "101001°, the comeutsbon woukd procosd o
e

ot B = "000" Dot bra- L Commpemeene)

A B omak B = TL100307  roncatenabioe]

CHF 2 = "M0110°  [rolabe iight 2 plaoss)
AGnotE|or [Cror 2) = "110000  (HL-by-B4t or)

[&% & not B e Cror 2] and D = "1L00LET {bi-tey-b R and]

[{A & not B or C ror 2 and D] = “L10010%] = TRUE
{thar paren s fore the squality sl bo be done last and thae csul s TRUE)
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Example of Shift Operators (cont’d)

The shift aperatars cen be applied b any bk secior or boglean_wecior  In the folkesing
examples, & s & Bi_wecbor equal o "10XL01EL":

agll 2 B OLOISLO0T (it el jogica, Blied mith 105

Aoerl 3 i TONI O [sHil right logical, Med with "0

Awlm 3 “10102111° (il il anthansie, Tied with right Bt

A wra THE C1LL0NL0L" (il vight arihevestic, filled wich belt L)

Aol T s TI0LDLLIHE [rodete Teft]

ArorSh “10000LO0 [rolate righd |
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VHDL Functions

& Functions execute a sequential algorithm and

return a single value to calling program
Humction rotaly right {reg; bt seckee]
wetuirn bit_vecbor is
Begin
weturn reg rov 1;
wmnd rotate right;

¢ A=%10010101"
B == rotate_right{A);

e General form

function functian-name (farmal- paameter-ist)

refurm retum-Type IS

[dedaratin:]
begin

sequential stabeEments -- must inckide retum rebarn-value;
mnd funchion-name,

. Advanced VLSI Design

For Loops

General form of & for loop:

[lopg-label: ] for lpop-index in range loop
sequentizl statements

end leop Jloop-label]; Exit statamert has the farm:

axit; - Qr
axit when condition;
Far Losn Examale;
- Compane tees B-cheacier rings and retun TRUE i soual
Tushectinm comp_siring(stringl., stringd: stringl te &1)
reburn bool i

wariable B Dookian)
b
Iemspee: Tor jn 1 b & loap
B i= strng1{f] = strinad());
&xi vkl B~FALSE;
il BOOp I,
raburm B
&nd comp_string;
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. Advanced VLS| Design

VHDL Procedures

® Facilitate decomposition of VHDL code into modules

® Procedures can return any number of values
using output parameters

procedure procedure_nane (formal-paraneter-list) is
[decl arations]
begin
Sequenti al - statenents
end procedure_nane;

procedure_nane (actual -paraneter-1list);
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Add Function
- This fmictian adds T 4-bit vectars and a camy
== I retsrns @ S-biLsun
function add4 {&,B: b wectar|> dowento 0); cary: bitl
reburm Bl veior i
wariable cout: bi;
variable cin: W= carry
wariabde Sum: Wt_seclor]d dewnbo 0] ="00002"
bmgin
lpcpd: T i in 0 to 3 leap |
coul = Chfiy aind B oF (8000 and cirl of (B0 and anl; |
Sumii} = AL mer B mer tin; |
£in o= Couk;
e loop opl:
Sumiah:= esul:
returm Sum;
el pldd,
Exainphe Tureson el
Saiml <= addE(Al, B, cn);
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Procedure for Adding Bit_vectors
This procedun adds tao n-bit bl we@ers wnd & carry and
- eelums an e-bk Surm and & carry. B 1 End B2 aee assumed
-- 0 b of the same lesgih aed dimersioned n-1 dewnta 0
praedure dddeec
| Al A0l in DL vecor
s
ouk BE vecter;
auf bi;
nin prstive] is
_n-i-bl-\'_ hie;
o=
for | in 2 km n-| losmp
S L0 MoK AdiiEi| wer C;
o 20T el 020 o (AAd 100 @t O or [A302]1 and C1;
aand I
Lol
end Aokdver;
Exnrigdin grodsadung ol
Afdeecihl, BL, G, Sumi, Cm, &
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° Advanced VLSI Design

Parameters for Subprogram Calls

| Actual Parameter

Mode | Class | Procedure Call | Function Call
in’ constant A5 EresDi o aypression
signal signal signal
variable varabile nfa
ot imaut signal signal n'a
variable? varnable n'a
! dafauly made for functers 7 cefull for in miock * it for cutyinoul mods
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. Advanced VLSI Design

Packages and Libraries

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

package package-name is
package declarations
end [package | [package name];

» Package body [optional]

pachage body package-name is
package budy dedarations
end [package body][padosge name];
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. Advanced VLSI Design

Library BITLIB — bit_pack package

S Fgaal 0#m E
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o Advanced VLSI Design

Library BITLIB — bit_pack package
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° CPE 626: Advanced VLSI Design
VHDL Recap (Part II)

Department of Electrical and
Computer Engineering
University of Alabama in Huntsville

. Advanced VLSI Design

Additional Topics in VHDL

& Attributes

& Transport and Inertial Delays

& Operator Overloading

& Multivalued Logic and Signal Resolution
& |EEE 1164 Standard Logic

& Generics

& Generate Statements

& Synthesis of VHDL Code

& Synthesis Examples

& Files and Text IO
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. Advanced VLSI Design

Signal Attributes

Attributes associated with signals
that return a value

Allribute | Relures
ST ¥ B Ewend COTE G TR CLIRERG
e e
SRCTIVE AraACTRIn TCCEmEd [ g e
L hta, v Lk
SLAET_FWTAT Time sapsed siacs ihe previcis sveni on 5
ALAGT WALLE valee of & heare the pre 5 eaend on &
SLAKT_aCTIVE Timu slapuind dace praeious B 2 on %

A’event —true if a change in S has just occurred

A’active — true if A has just been reevaluated, even if A does not change
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. Advanced VLSI Design

Review: Signal Attributes (cont’d)

Attributes that create a signal

A rirats Craeiss
STELRVED [lgares " |sagend 25T 55 S dedpasd By s8eciap ms
ST1AAE 11" |Boclein s o i treet # 5 haxl no

vaztn far ihe specified 2ma
STAIET [(imal]®  [Bookepn sigral that is tree
trassactions for the st

STRANSACTION g
i

AT that changas for swery
5

5 ased ¥
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. Advanced VLSI Design

Array Attributes

T b 15, 7 o 1] of 54

s Cararms [
EFTIA
W 1 15
Frarrene 15
wraing 1
- ]
TN Hih mder 1w Lol Die 15
B P dEnATia L
ARDARGE_RAYGOH| [ rees tergs 800 BDATRRE AARGE 1
amm
HLEMGTRIN BEp— i
e Pt A
A can be either an array name or an array type.
Array attributes work with signals, variables, and constants.
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o Advanced VLSI Design

Transport and Inertial Delay

Il branmpart X after D0 g
Iz % afvdr 1005
== ragect 4 s ¥ aitar 10 m el mith specilid repeston zoles wdih
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. Advanced VLS| Design

Review: 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
® 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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. Advanced VLSI Design

VHDL Package with Overloaded Operators

e
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o Advanced VLSI Design

Multivalued Logic
& Bit (0, 1)

& Tristate buffers and buses =>
high impedance state ‘2’

& Unknown state ‘X’
# e. g., a gate is driven by ‘Z’, output is unknown
4 a signal is simultaneously driven by ‘0’ and ‘1’

a A. Milenkovic 73

o Advanced VLSI Design

Tristate Buffers

Y v
| F
cim
&
Resolution function to
" Ry S T AU AN determine the actual
i value of f since it is
ase procass wat - )
2 driven from two different
B Tip——
e sources
o ik
amn
RPN — .
i
and provem
anel 1_ouft e
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. Advanced VLSI Design

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

# jf you drive a bit signal to two different values
in two concurrent statements,
the compiler will generate an error

4 A. Milenkovic 5

o Advanced VLSI Design

Signal Resolution (cont’'d)

signal R: X01Z := 'Z';
R <= transport ‘0’ after 2 ns, ‘Z after 6
ns;

shvedd signal

4 A Milenkovic 76

o Advanced VLS| Design

Resolution Function for X01Z

g e e b

Define AND and OR for
4-valued inputs?

Fursetion reched (0:a_ s vedtor setuns u_xian
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o Advanced VLSI Design

AND and OR Functions Using X01Z

ND. X T} e =Y X T} 1
T
o o o s I\ o o 1
T T T T T T T
U X X T X
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° Advanced VLSI Design

IEEE 1164 Standard Logic

& 9-valued logic system
# ‘U’ — Uninitialized
"X — Forcing Unknownit forcing and weak signal are
40’ — Forcing 0 tied together, the forcing signal
#'1" — Forcing 1 dominates.

4 'Z' — High impedance Useful in modeling the internal

#'W' — Weak unknown  oneration of certain types of
4L’ — Weak 0 ICs.
#'H — Weak 1

In this course we use a subset

#4'“ — Don't care
of the IEEE values: X10Z
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. Advanced VLSI Design

Resolution Function for IEEE 9-valued

. Advanced VLSI Design

AND Table for IEEE 9-valued

WETRNT and Eable @ mtdleqgi

4 A. Milenkovic 81

° Advanced VLS| Design

Generics

& Used to specify parameters for a component
in such a way that the parameter values must
be specified when the component is
instantiated

& Example: rise/fall time modeling

sy hakd b

grrearke £ Triwe, Thal: tina; boad: nateradh
port [ab ;b r ool BE)
eaiad HERICS

SICHIDEL LfE Dofiieion & FENDD
sipanl nand aale b

rairrd vl = = mand b;
rand valie after (Tnss + 1 = ood) wien s asle I
whea iamad_sabrr al¥er [T+ 2 as " s}
med betirsior;
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AND Function for std_logic_vectors
Tunctics "pad® | 1 ;55 uogec; © ;500 e | reberen LD &
begin
Pature Cand_Rbiel, vl
wnd “and”;
Tunclios “and” |1 £ vilor | rabern KR eechae e
allpm in | wiF ERGTH Sl
et THET
Lsagin
# TLIHGT
Ll LR
rmpart " arin of cvericaded 'and cpsraicr ore ook of tha wma ength
ST URE
'I:-' In Pl RANGE leap
rasiki] o= aned_bminde Ch D], P DG
#nd Ineg
e
wwdl A
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. Advanced VLSI Design
Rise/Fall Time Modeling Using Generics
e e
peaek [ b oal bl
el PRI
archRaciurs bohevor of HEHDG s
nigral rand sdum : biL
fe * ] b el bt =
archiitara ...:..:-.m ol AARD tmt i
comporsnt MRS
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° Advanced VLSI Design

Generate Statements

& Provides an easy way of instantiating
components when we have an iterative array
of identical components

& Example: 4-bit RCA

B Bl () £
1 1
Full Ci3 | Ful Ci@ | Fall < | Fus
o 4 iser Adder At by [
T T 1 T 1 T 1
ALYy BN Al Bz A1 Bif) &) By
4 A.Milenkovic 85

. Advanced VLSI Design

4-bit Adder
entity Adderd i=
port (&, B in bit_vector[3 dewnta 0); Ci: in bit; -- [nputs
5: out bit_veoon 3 downto 0] Co: ot bit); == Dwibpauts
wmd Adderd;

architecturs Structure of SAdderd s
companent Fullddder
port (¥, ¥, Cin: in bit; -~ Irputs
Cout, Sum: eul bill; -= Qutputs
end compomnent;
signal C: bt_wector(3 downto 1);
begin  —-instantizte four copies of the Fullddder
Fasl: Fulladder port map (&0}, B0}, ©1, C 1}, S00));
Fol: Fullydder port map {a(1}, B(1}, C(1), CLI), S{1]};
Fal: FullAckdar part map (A02), B(2), Ci2), CI3), S(2]);
Fad: Fullddder part map (4033, B(3), G031, Co, S03));
@ STruchure;
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. Advanced VLSI Design

4-bit Adder using Generate

untity Adders i

port (A, B; Im WL vecoor] 3 downko 03; S0 im bk - Inpies
5: out bit_vecion 3 downdo &; Co: out bt} - Cutouts
el Aoderd

archibeotsne =
CoMmpanent Ful

ature of Aoderd is

Inpads
Citpiis

shgnal C: bt vector4 downta 0

begin
Eid} == i
= gentsrals four copess of e Ful Beler
Fullidd4: fari im 3 o 7 generats
L

g
Fix: FullAdder part mad (&0, B, O, COe 1), 50005
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Files

& File input/output in VHDL

& Used in test benches
# Source of test data
# Storage for test results

& VHDL provides a standard TEXTIO package
# read/write lines of text
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° Advanced VLS| Design

Files
BleDeclaoatan
e fil-rame; fle-ryne [open mode] i - pathn ame”

Espmpie

il i _dotsc teet open read_mods le "cibast] et dat”

file namad feat_daba ol bype feod whic d n the read mode, The

locitien of thi fil K in Tha tist] dieectary £ drivd,
o u Fin

read_mode Tile ebements can be read asiog 3 read peoosdure

write_mods  nes ampky Te iy crests rmente can be mefien uang a wribe procoedune

append_mode  plicss W ENG o B0 EEING fike
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. Advanced VLSI Design

Standard TEXTIO Package
& Contains declarations and procedures
for working with files composed of lines of text
& Defines a file type named text:
type text is file of string;
& Contains procedures for reading lines of text

from a file of type text and for writing lines of
text to a file
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° Advanced VLSI Design

Reading TEXTIO file

= Readline reads a line of text and places
it in a buffer with an associated pointer
= Pointer to the buffer must be of type line,
which is declared in the textio package as:
- type line is access string;
@ When a variable of type line is declared,
it creates a pointer to a string

= Code
variable buff: Iine;

readline (test_data, buff);

4 reads a line of text from test_data and places it in a buffer
which is pointed to by buff
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° Advanced VLSI Design

Extracting Data from the Line Buffer

& To extract data from the line buffer, call a
read procedure one or more times
& For example, if bv4 is a bit_vector of length
four, the call
read(buff, bv4)
4 extracts a 4-bit vector from the buffer, sets bv4
equal to this vector, and adjusts the pointer buff to
point to the next character in the buffer. Another

call to read will then extract the next data object
from the line buffer.

a A. Milenkovic

Advanced VLSI Design
Xtracting Data from the Line Buffer
(cont’d)

& TEXTIO provides overloaded read procedures to
read data of types bit, bit_vector, boolean, character,
integer, real, string, and time from buffer

® Read forms

« read(pointer, value)
« read(pointer, value, good)

4 good is booleanthat returns TRUE if the read is successful
and FALSE if it is not

4 type and size of value determines which of the read
procedures is called

# character, strings, and bit_vectors within files of type text ar e
not delimited by quotes
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Writing to TEXTIO files

= Call one or more write procedures to write data
to a line buffer and then call writeline to write the line

to a file
variable buffw: line;
variable intl : integer;

variable bv8 : bit_vector(7 downto 0);

wite(buffw, intl, right, 6); --right just., 6 ch.
wi de

write(buffw, bv8, right, 10);

writeln(buffw, output_file);

@ Write parameters: 1) buffer pointer of type line,
2) a value of any acceptable type,
3) justification (left or right), and 4) field width (number of
characters)

A A Milenkovic
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An Example

& Procedure to read data from a file and store
the data in a memory array
& Format of the data in the file
@ address N comments
bytel byte2 byt eN comment s
address —4 hex digits
N —indicates the number of bytes of code
bytei - 2 hex digits
each byte is separated by one space
the last byte must be followed by a space

anything following the last state will not be read
and will be treated as a comment
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An Example (cont’d)

= Code sequence: an example
2 12AC 7 (7 hex bytes follow)
AE 03 B6 91 C7 00 OC (LDX imm LDA dir, STA ext)
005B 2 (2 bytes follow)
01 FC_
@ TEXTIO does not include read procedure
for hex numbers
1 we will read each hex value as a string of characters
and then convert the string to an integer

@ How to implement conversion?
table lookup — constant named lookup is an array of integers
indexed by characters in the range ‘0’ to ‘F’
this range includes the 23 ASCII characters:
00,1, L9 L s e s @, A, L

1=

corresponding values:
01,..9-1-1,-1,-1,-1, -1, -1, 10, 11, 12, 13, 14, 15
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° Advanced VLSI Design

VHDL Code to Fill Memory Array

library Wi
e e 01168

ume beew sl log ic_arith al - COMY_STH_LOHAIC WECTOR Ink, sine)

uch bl taboal;

of i_logic_vechonT dawedo O
> [otham=> “¥|};

Inask BAMType| b
x| of mieger;
F |uppar-cane oakp)

procedars Tli_menory| sigasl me
Evpa HexToh s b8 arrey charscier ran
~vakhaxcharnc @, 1, . A B C D
CERFETL ok | HexT ¥
(PR T N Y =
1, -1, -1 -1, 16, 11 14, 15]
b bl open risd_modd GO
& IrfEE! DEel B n el et W
wmriabibe bt lae

wariabhe ol
b a5
st b i b

e apan Tl for rescing
WP AT

| ¥ deventa 1),
PS dowmae 110 — din_% 1] NaE B Space

cnt: Mbeger variabbe dain NIEGE ranpe 255 dewnba 0,
4 A Milenkovic
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VHDL Code to Fill Memory Array (cont'd)

Eagin

linkila )] loop

ranad 300 Ngsarn
} resd Aumber JOF DS 00 nead

upadcr =040 40 + ook dr w374 356

| nddr_w 3 %+ bkl addr I

el ru Jindib, Bl

e

el 1 it Raen el ad @ space

el il _Miesnioey

Eegin
frastench: process

T#l_m

T e,
- o COE R SR M BTy dafa
PP e —
endd fil e
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Synthesis of VHDL Code

® Synthesizer
i take a VHDL code as an input

# synthesize the logic: output may be a logic schematic with
an associated wirelist

® Synthesizers accept a subset of VHDL as input
® Efficient implementation?
= Context

A <= B and C wait until clk’event and clk = ‘1";

A <= B and C,

Implies CM for A Implies a register or flip-flop

4 A Milenkovic
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Synthesis of VHDL Code (cont’d)

= When use integers specify the range
4 if not specified, the synthesizer may infer 32-bit register
= When integer range is specified,
most synthesizers will implement
integer addition and subtraction
using binary adders with appropriate number of bits

® General rule: when a signal is assigned a value,
it will hold that value until it is assigned new value
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° Advanced VLS| Design

Unintentional Latch Creation

ok
s range 0 1u 3

L

wichitecture test] of i easmple is
bagis

What if a = 3?
The previous value of b should be held in the
latch, so G should be 0 when a = 3.

a A. Milenkovic
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If Statements
if A=°1 then NextState <= 3;
end if;
What if A /=1?
Retain the previous value for NextState?

Synthesizer might interpret this to mean that NextState is unknown!

if A="'1 then NextState <= 3;
el se NextState <= 2;
end if;
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Synthesis of an If Statement

sy § mosmpie
i

S bit
and [_cxarple;

archiiseurs ivsi; of ¥ scarpic b
Mgl n
P'vﬂll-'- N L. .
bagin Synthesized code before optimization
than T <

L] p_r?:m [N AT -
[T
]2 [

79
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begin
process) s
hegin
cawn d b
ke n (0
by | =
wibmn =
websan 1
and casa:
mnd provEes
T
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9 Advanced VLSI Design
ase Statement:

Before and After Optimization

]_ﬁ"i‘.'
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o Advanced VLSI Design

Standard VHDL Synthesis Package

® Every VHDL synthesis tool provides its own package
of functions for operations commonly used in
hardware models

= |EEE is developing a standard synthesis package,
which includes functions for arithmetic operations on
bit_vectors and std_logic vectors

=1 numeric_bit package defines operations on bit_vectors

* type unsigned is array (natural range<>) of bit;
¢ type signed is array (natural range<>) of bit;

4 package include overloaded versions of arithmetic,
relational, logical, and shifting operations, and conversion
functions

4 numeric_std package defines similar operations on std_logic
vectors
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Numeric_bit, Numeric_std

& Overloaded operators

# Unary: abs, -
4 Arithmetic: +, -, *, /, rem, mod
4 Relational: >, <, >=, <=, =, /=

# Logical: not, and, or, nand, nor, xor, xnor
4 Shifting: shift_left, shift_right, rotate_left,
rotate_right,
sll, s, rol, ror
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o Advanced VLSI Design

Numeric_bit, Numeric_std (cont’'d)

. an extra tit can be adoed o one of B
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Numeric_bit, Numeric_std (cont’'d)

constant & Lnsigned| dawnto 09 t= 1101
conwtamt B g 3 dowedo 0] = 10017
3 sgnedid dewnds O]

o sgnedrd downts 07
warinbie Creerfin Besan

Sumu t= T B & + ensigred{"D1DL"

- © o= 2, carrg = 1]
Sums o= B3 & B + signed’"11017];
Frsul & "IL000° [srm = -8, carry = 1)

Owirfiee <= Sura(4] /= Sunm] ] e e Ll

Inthe abidwe example, he frobalin un
ARGt Tha Uyymd ufes il L B Bl

QL1 (% & Lpp Guatificstas mhad
011
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Synthesis Examples (1)

18rary LEEE:
use [EFF =iv foge | 064 Al
use [EEE =i g o anithad;

sntity scampes lu
PP SRl O0Ck. 0o
signal 4. % m wgned ! dawnts I
signal pu: ot hoodaan;
kit S0 ineul SH)Tol S dowie U] o= D,
aignad count: Inout ursgied ] dewsts O COaET|;
snd asamplea;

archisciurs ol of sasmpes In
L]
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Synthesis Examples (2a)

wnlity SH 21
& Mealy T LA
machine: i o i AN
BCD to A ——
BCD+3
Converter

Cambinnbeea! Habwaric
53 k] iz wvodd letch

1: Menlslsies = 51

2 wred iF

1 W lsates =5
o | el

Bl o 1T AR = 5
L] W o= and
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Synthesis Examples (2b)

o Mealy_ — .
machine: = ¥ Mn :1 U.I:I!.':'hl"."- =53]
BCD to
BCD+3
Converter

@ E="N Whan Ie=T; Renlstabes =50; o 0T}
when othera - - nuil
wrad Lo

and pracess;
procaas CLE| Haic Pogolor
Bagin

IFCLE="1" 3l CLE'E
Stata <= Hostw
mrad i
and process;
#nd Tatl

Ty g of ook |
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Synthesis Examples (2c)

— FoG | o
£
o
=
CLK
3 FF, 13 gates
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Writing Test Benches

2 MUX 16to 1 library | EEE;

a . use | EEE. std_|l ogi c_1164. al | ;
16 data 'npUts use | EEE. std_| ogi c_unsi gned. al | ;

# 4 selection inputs ~ entity SELECTQRis
port (
A in std_logic_vector(15 downto 0);
SEL: in std_logi c_vector(3 downto 0);
Y: out std_logic);
end SELECTOR

architecture RTL of SELECT(R is
begi n

Y <= A(conv_integer(SEL));
end RTL;
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Assert Statement

@ Checks to see if a certain condition is true,
and if not causes an error message to be displayed

assert bool ean- expression
report string-expression
severity severity-level;

& Four possible severity levels
# NOTE
# WARNING
# ERROR
# FAILURE
® Action taken for a severity level depends on the
simulator
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° Advanced VLSI Design

Writing Test Benches

l'ibrary | EEE;

use | EEE. std_l ogi c_1164.al | ;
use | EEE. std_logic_arithall;
entity TBSELECTCR i s

end TBSELECTOR

architecture BEH of TBSELECTCR is

conponent SELECTOR

port(
A in std_logic_vector (15 downto 0);
SEL: in std_l ogi c_vector(3 downto 0);
Y: out std_logic);

end conponent ;

signal TA : std_l ogi c_vector(15 downto 0);

signal TSEL : std_l ogi c_vector(3 downto 0);

signal TY, Y : std_logic;

constant PERICD : tinme := 50 ns;

constant STROBE : tinme := 45 ns;
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° Advanced VLSI Design

Writing Test Benches
begi n
PO: process
variable cnt : std_logic_vector(4 downto 0);
begi n
for j in 0 to 31 |oop
cnt := conv_std_logic_vector(j, 5);
TSEL <= cnt (3 downto 0);
Y <= cnt(4);
A <= (A'range => not cnt(4));
A(conv_integer(cnt(3 downto 0))) <= cnt(4);
wait for PERI OD;
end | oop;
wai t;
end process;
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° Advanced VLSI Design

Writing Test Benches

begi n
check: process
variable err_cnt : integer := 0;
begi n
wait for STROBE;
for j in O to 31 Ioop
assert FALSE report “conparing” severity NOTE;

if (Y/=TY) then
assert FALSE report “not conpared” severity WARNING
err_cnt 1= err_cnt + 1;
end if;
wait for PERI QD
end | oop;

assert (err_cnt = 0) report “test failed” severity ERROR
assert (err_cnt /= 0) report “test passed” severity NOTE;
wai t;
end process;
sel 1: SELECTOR port map (A => TA, SEL = TSEL, Y => TY);
end BEH;
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° Advanced VLS| Design

Things to Remember

® Attributes associated to signals
4 allow checking for setup, hold times,
and other timing specifications
= Attributes associated to arrays
4 allow us to write procedures that do not depend on the
manner in which arrays are indexed
® |nertial and transport delays
4 allow modeling of different delay types that occur in real
systems
® Operator overloading
4 allow us to extend the definition of VHDL operators
so that they can be used with different types of operands
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° Advanced VLSI Design

Things to Remember (cont’d)

= Multivalued logic and the associated resolution
functions
4 allow us to model tri-state buses, and systems where a
signal is driven by more than one source
® Generics
4 allow us to specify parameter values for a component
when the component is instantiated
@ Generate statements
4 efficient way to describe systems with iterative structure
= TEXTIO
4 convenient way for file input/output
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