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QOutline

* What we know
— Combinational Networks
— Sequential Networks:

« Basic Building Blocks, Mealy & Moore Machines,
Max Frequency, Setup & Hold Times, Synchronous Design

* What we do not know
— Equivalent states and reduction of state tables
— Hardware Description Languages
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Intro to VHDL

Technology trends

— 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

— Design and debugging at a higher level before
conversion to the gate and flipflop level

— Tools for synthesis do the conversion
« VHDL, Verilog
* VHDL — VHSIC Hardware Description Language
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Intro to VHDL

« Developed originally by DARPA
— 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
— Structural (specifying interconnections of the gates),
— Dataflow (specifying logic equations), and
— Behavioral (specifying behavior)
+ Top-down, Technology Dependent |
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VHDL Description of
—___Ccombinationa Networks

Contorrent Shderents

Co=Aand B after S m
Ex=Caorl after? rs;

1 chisiony b5 1ol Bpeled, “TholS” ol iy B drssd el
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OL¥ o= paat CLK aft

e (LK begin -- Congurrent Assinmeris
Sum == K aar ¥ por Cn after 10
Cout <= (X pnd V) oo (4 and Cin) o (¥ snd Cn} after 10 s
wnid Esatian
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Fntiry-Arr‘hitprnm3 Pair

Full Adder Example

|
L _"": et Cain
y—  FuLL

| apnem
Cin—= —F Sam

entity Fulladder |5
port (X, ¥, Cin: Im bit; - [nputs
Cout, Sum: owt bit}; — Dutouts
end Fulladder;

architecture Eoustions of Fullidder Is




VHDL Program Structure

I
Aarchiced

Mok | Slaslule 2 | | Mhihile W

antiy etity-neme is
[port)intertsce- signal-tec bration ;|
and [emity] [entine-name]

architecbueg anhinemurename of eanoy-Aams:
[daci arations]
bagi

ar lor Dedy
and [architictura]l [arch&abre-narnms |;
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4-bit Adder

5% ] ETRE] =9
t 1 t t
Full Gl | Pua ik | run GOty | Pl
G5 4= addar Becior Addar acder [
T ¥ i T 1 f
&3 B A3l B &y Bl Al By
antiny Adderd is
port (& B in bit_vectar[3 downba O); Ci in oE; - Inputs
S: put hit_vector(d downto 0); Coc out BE]; - Cutputs
end Adderd;
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4-bit Adder (cont’d)

antity Addard is

part {4, B: in bit_vector( 3 downte 01; O in bit; - Inputs
50 out bit_vecton 3 dowmko Of; Do owt Dik); - Chkparts
wnd Adderd;

architectura Structuse af Sdderd s
compaonent Fullidder
port [¥, ¥, Cin: in kit -- Irputs
Cout, Surmn: out bit]; -- Dutputs
end component;
signal Co bit_vectar 3 downbo 1);
agin  --instantiata four copies of the Fulladder
Falk: Fullhdder port map (A0, B(0], &, Cf1), SC00);
Fil: Fullddder port map (A1) B1], C{1), CL2), S[13);
Fa2: Fulladmar port manp (5] CI3), 5(200:
FAZ: Fuliddder port map (0] g
end Btructure;
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4-bit Adder - Simulation

list A B Co C Ol 8§ -- put chess mignals on tha ootpat lisk

Eorce A 1111 wat Ehe A Lopite to 1111
Eorce B OO0 the B toputs bto 3901
foras &1 1 1 T 1

ru= 59 Emvilation Eor 50 ns
torce Ci O

fores A 0181
force B 111F

re= 50
ne  dalts " b ] el =
[ +0  aadn  dond b [
L] «1  1i11 aei @ 1 BEE
10 +0 1111 Qo001 © 11111
30 #1111  ado0l D 1 1180
1] o 1111 G001 @ 1 186t
40 +0 1111 Q001 3 1 EPE
11 «0  aloL 3110 1] 0 BOEL
1] +0 410l 1110 1 LT
To +0 410l 1110 1 340 0 E13L
L1] 40 4101 1110 1 140 0 gp1n
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eneral 1orm or process

process sansitivity-list)
begin
sequential-statements

« Whenever one of the signals in the sensitivity list changes,
the sequential statements are executed
in sequence one time
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Concurrent Statements vs. Process

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

B-eharges to 4 at time JU
<= B statement 1 | frocess (B, C, [1)
it Yegin
<= £; --statement 2 | i X N
C«=D; sgmant 3 | A= B, --siabement

Boam ) -« statement 2
Coem [k --statement 3
B process;

Simulation Results

time delta A B C D - gl

0 + 0120 5 1

10 +0 1 2 3 4 (stat.3exe) :‘: 3

10 +1 1 2 4 4 (stat.2exe)

10 +2 1 4 4 4 (statlexe)

10 +3 4 4 4 4 (noexec)
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D Flip-flop Model

JK Flip-Flop Model

o o
“ Bit values are enclosed
- jn single quotes
N [=] enbity 1KFF is
. et (5P, RRL 1B, CLEC i bR - Inguts
“ﬂ'ﬁ-f‘.—f.—. In it G it il G- Ut B = 17 - s g fole L
aurk and JEIF;
architecturs e of IKFF Ix
]
Be0ceat [Sh, AN LK) - g Wote ¥
Eegin
WRK = "I khem <= T aftmr 10 ns; -- BN =0 Wil chawr the FF
BOCesd (LLK] PIooess & enpnited when CLE changes I EH = O meqn [FEER 1, TTR T -= Sh= 0 will St the FF
egin 3 4 il CLE = "0 and CLE event than -- s Wt
WK hen == rising edge al fogk 0 <= {1and nat 1) or [mak K snd ) after [Ons; - s2e Kajc 4
Q == O mfter L0 ny; wnd i
O «= not O afer 10 o el priCacs!
""'d"m Qk <= ot g - 5o Hobe 5
il e wnd WFF|
mnd SIMPLE; i
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JK Flip-Flop Model Using Nested IFs and ELSEIFs
PRORE 10 (] B R BE WOR (FARE TREE Ol D 1] B AT (o FT e T ] e aned ol g
BINIRECT WV T .
34 S, b, ane CLA wa teame 3 pgrash arw o the
FCLK haa jast changed o 'L 12 T,
T e N T |
ogat, i s s piBcad KT T procem, B ot | Aex
s o s raeed
*
if {C1) thham 51 52, if (L) Khen 51; 52;
wlse i (C2) then 53 54 elmif (C2) them 51 54;
alsil (C3) tham 55, 56;
wlme 57 L4,
e i, W
s o end if;
end If;
and if
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VHDI _Models for a MUX MUX Models (1)
N
library IEEE; architecture RTL1 of SELECTOR s
. F <= {mot & 2l not B and H) or use IEEE.std_logic_1164.all; begin
" (it 7, il 0 RN LI it use IEEE.std_logic_unsigned.all; PO process (A, SEL)
" SRl Eicie B mp ol e entity SELECTOR is o
" 1% amsd B and v "0000) then Y <= A(0);
: port ( '0001")then Y (2):
A :in std_logic_vector(15downto 0); 0010 then Y <=A(2);
| HUE modal uking & concional SOnal SERNIMEH SIa A SEL :in std_logic_vector( 3downto 0); 0011")then Y <=A(3);
Fem i sel = . Y :out std_logic); 0100 then Y <= A(4);
whan el = ¢ Sel represents the integer end SELECTOR: 0101")then Y <=A(5);
else [L when 5 equi _hit bi g '0110")then Y <= A(6);
- Er quivalent of a 2-bit binary
#lge |7 when Sel ora 0111") then AT);
else 3 number with bits A and B 1000) then AG®):
. o 10017 then Y <= A(9);
If a MUX model is used inside a process, 1010") then Y <=A(10);
the MUX can be modeled using a CASE statement 1011 then ¥ <=A(11);
(cannot use a concurrent statement): 1100 then Y <=A(12);
C O The ot slaie i fes e gereral bre 1101 then Y <=A(13);
cawa Lol bw 1110")then Y <=A(14);
b B e Foom (0] com o preon |8 else Y <=A(l5);
wilsen § =3 F o= [1; e chosc] == seguential 5 endif;
witmn 1 =x P am |2; han Ceicp] =i SRgUENI 3 end process;
- whan }exFemld [P | PR £ndRTLL;
el cama; pad caser
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MUX Models (2)

MUX Models (3)

library IEEE; architecture RTL3 of SELECTOR is. library IEEE; architecture RTL2 of SELECTORis
use IEEE.std_logic_1164.all; begin use IEEE.std_logic_1164.all; begin
: " pl: process (A, SEL)
use IEEE std_logic_unsigned.all; with SEL select use IEEE.std_logic_unsigned.all; pegin
entity SELECTOR is Y <= A(0) when "0000", entity SELECTOR is
case SELis
port ( A(1) when "0001", port ( ‘when 0000
A tin std_logic_vector(15downto 0); A(2) when "0010", A :in std_logic_vector(15downto 0); when "0001"
SEL :in std_logic_vector( 3downto 0); A(3) when "0011", SEL :in std_logic_vector( 3downto 0); when "0010
Y :out std_logic); A(4) when "0100", Y out std_logic); when 0011
end SELECTOR; A(5) when "0101", end SELECTOR; when 0100
when "0101"
A(6) when "0110", when"0110"=> Y <:
A(7) when "0111", when "0111
A(8) when "1000", when "1000
A(9) when "1001", when *1001
A(10) when "1010", when "1010
A(11) when "1011", when"1011
ot when *1100
A(12) when "1100", when "1101"
A(13) when "1101", when"1110" => Y <= A(14);
A(14) when "1110", when others => Y <= A(15);
A(15) when others; end case;
end RTL3 end process;
endRTL2;
13/06/2003 UAH-CPE/EE 422/5223 AM 19 13/06/2003 UAH-CPE/EE 422/5228 AM 20

MUX Models (4)

library IEEE; architecture RTL4 of SELECTOR is
use IEEE std_logic_1164.all; begin

use IEEE std_logic_unsigned.all; Y <= A(conv_integer(SEL));

entity SELECTOR is endRTL4;

port (

A :in std_logic_vector(15downto 0);
SEL :in std_logic_vector( 3downto 0);
Y :out std_logic);

end SELECTOR;
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Compilation and Simulation of VHDL Code

« Compiler (Analyzer) — checks the VHDL source code
— 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
— create ports, allocate memory storage, create interconnections, ...
— establish mechanism for executing of VHDL processes
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Timing Madel

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

r Delay

:;p;at ;lgna S

Xecu rocesies

;n; ;lmu aélon
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Dplay 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
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Transport Delay

» Transport delay must be explicitly specified
— l.e. keyword “TRANSPORT" must be used
 Signal will assume its new value
after specified delay

-- TRANSPORT del ay exanple

Qut put <= TRANSPORT NOT | nput AFTER 10 ns;
7

Inertial Delay

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

{arget <= [ REJECT tine_expression] |NERTIAL waveform,

« Inertial delay is default and REJECT is optional:

tput <= NOT |nput AFTER 10 ns;
- Propagation delay and mini mum pul se width are 10ns

Input Output
|
\ o mputp— L—T ! mput | — -
N P In\L[>?putgut N\
> . !
Output L] - N\ < _ Output I_ L
0 5 1015 20 25 30 35 0 5 10 15 20 25 30 35
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Inertial Delay (cont.) Delta Delay

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

I I =

Input |

1 I__
Output > [—

0 5 10 15 20 25 30 35

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

« Default signal assignment propagation delay if no
delay is explicitly prescribed
— VHDL signal assignments do not take place immediately

— Delta is an infinitesimal VHDL time unit so that all signal
assignments can result in signals assuming their values
at a future time

- Eg. +A put <= NOT |nput;

O | i delt ’
i Y

Supports a model of concurrent VHDL process
execution

— Order in which processes are executed by simulator
does not affect simulation output
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Simulation Example Problem #1
1

T ) o « Using the labels, gntity not_another_prob is
el yarmm el T list the order in port (inl, in2: in bit;
n.fr\.u.:r.. i, eaEpe b AT E: which the following a: out bit);

migaal = - E i i !
|.-|,-, n s S'Qnal a55|gnn_1e_nts dqnd not _anot her _prob;

Arcomw s are evaluated if in2

bagin b

L Eranmpert T after 5o
Brel i F

H#& ="' than & nok O wftar i wnd Ll
and procsm F2 B
and ot |
Y N L s
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changes from a ‘0’
toa'l. Assume grchitecture oh_behave of not_another_prob is
inl has been a'1' signal b, ¢, d, e, f: bit;

and in2 hasbeena Hegin

'0' for a long time,
and then at time t

in2 changes from a
‘0'toa'l'. L3: f <= (d and in2) ;

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

L4: e <= (c and inl) ;
L5: a <= not b;

L6: b <=e or f;

end oh_behave;
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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;
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Modeling a Sequential Machine

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

' ;o
P8 m2d x=y|xen xod
| 5 52 1 v
51 o= o 3 ¥
a2 B4 8L a i
| o2 =3 @ 1
Bl B Bh 1 &
55| =0 S8 @ 1
B o= - 1 -

How to model this in VHDL?
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Behavioral VHDL Model

b -y

Two processes:

the first represents the
combinational network;
the second represents
the state register

e
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Simulation of the VHDL Model

Simulation command file:
wave CLE X Stabe MeakState Z
force CLE 00, 1 LO0 -repeat 200
Terce X 0 0. 1 350, 0 550, 1 750, 0950, 1 1350

run 1600
Waveforms:
L S gy Wy NN oy S O oy Sy B, B D
wh e a Lo Tl P e

sl
(AR

3 | T T Ly . T

0 L] it Esnn
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Dataflow VVHDL Maodel

Q.(t") = Q,

Q(t') =Q

Qs(t") = Q1Q:Qs + X 'QQ's+ X' Q4 Q"
Z=X'Q,+XQ,

architectors Egualiamil £ of SHI_ Il
sipaal 3,9201: &
n

- rrin g edne 81 ik

L0
ared G ared QO] or (e Eoaeed U1 and A 110 o
(K mnd et 1 e nok 027 e¥er 19 e
and H;
=i pracess
Zov|net X and nok G0 ar (4 and 1] sfter 20 e
sl Frptisnsi 4
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Structural Model

Package bit_pack is a part of library BITLIB —
B L includes gates, flip-flops, counters
BT T (R3320 . (See Appendix B for details)

Piared2 purk mag (&5 A2, I;
S
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Simulation of the Structural Model

Simulation command file:

wawe [LE X QL Q2 43 Z

force CLE O @, 1 100 -repoab 200

force ¥ O 0, 1 358, 8 S50, 4 750, O 950, 1 1350
run 150

Waveforms:

0 w0 o | %

E
|
i
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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 ) « Execute seq. statement until
sequential -statements a wait statement is encountered.
vait st .at ement « Wait until the specified condition is satisfied.
sequenti al -statements
« Then execute the next
set of sequential statements until
the next wait statement is encountered.

wai t -st at ement
end process; .

+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 boolean expression is
evaluated whenever one of

— until one of the signals in the
sensitivity list changes
* Wait for

— waits until the time specified
by the time expression has

changes, and the process
continues execution when
the expression evaluates to

the signals in the expression

Using Wait Statements (1)

CHR D P3O B B
12 in wignal Sims, et kg = 0

A
— B
L L f_u__ 2
wLEE 1: . o
r ne (31 Yadle

elapsed TRUE
— Whatis this: g
wait for 0 ns; : il
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Using Wait Statements (2) To Do

whan & =
H =T hpm 25 v"L Hewt
b g = 0]
ard ca:

wal on OLK. X

O rEe] 0 e LLEh Than
s [rE

il For 0 rre

R PR P T TRIT LR

mid B Shale Lo Le upeialed
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a1

¢ Read
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— Textbook chapters 2.1, 2.2
— Simulation (Part Il): Learn how to use ModelSim




