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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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Review: Mealy Sequential Networks

General model of Mealy Sequential Network

gty |;|-|_h. _h. Deampins (T)
ek national bt e T
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dieck

(1) Xinputs are changed to a new value

(2) After a delay, the Z outputs and next state appear at the output of CM
(3) The next state is clocked into the state register and the state changes
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Review: General Model of

- Moore Sequential Machine |

Outputs depend only on present state!

>T(mbinaticnal >
Network utputs(Z)
Next
Inputs(X) State Rae(Q)
» Combinational y [State
Network Register
> »
Clock
éfgxé"'% Q(tT)=G(X (), Q(t)
T N1 N2 k —
Ponn T Z() = FQ1)
11/06/2003 UAH-CPE/EE 422/522a AM 4

Intro to \/HDI

e 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 \VVHDI

« 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)

~—Fop-down,Fechnology Dependent—————
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VHDL Description of
Combinational Networks
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Entity-Architecture Pair

Full Adder Example

R [t Caint
y—=

annen
i —- s sum

entity Fullddder |s

port (X, ¥, Cin: Im bit; - [nputs
Cout, Sum: awt bit); - Dutsuts
end Fulladder;

architecture Eoustions af Fullidder Is
begin -- Conturrent Assinmeris
Sum == X war ¥ xor O after 10 m;
Cout <= (X and ¥ g (4 and Cin) or (Y and Cn) sfter 10 ms

wrid Eudatian;
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VHDL Program Structure 4-bit Adder
B{% 5021 By k-2l
Entity 1 t t
Architestiine
Full Sk | P 2k | run Cit | pu
Eatiny = Ensin, o 4 adoer Acirder fridar Acdur [
archicchad] | Aschikedtun: Archikolun:
-
| T 1 T 1 T i Tt
Mokl | Ml 2 | Mhihuie W A% B &) BiE A&y Bty Ay B
wntity Adderd s
antiy enlity-name IS port {4 B: in bit_vector(3 downka O); Ci in br; - Enputs
[port)intertsce- signal-tec bration ;| S: put hit_vectorid downto 0); Coc oub bR]; - Dutputs
and [estity] [entite-name], end Adderd;
SPCHitECbung O e e na i oF eADly -Aaf
[l arat e ]
bsgin
archRgeLons body
and | ] [archcture i ];
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4-bit Adder (cant’d) 4-bit Adder - Simulation
liat A B Co C Tl § -- put chess signals on tha ootpuet lisk
HIH\IIME.IEM-IE o Ewz=e A 1111 mat Ehe A Lbhpite bo L1111
part {4, B bn bit_vector] 3 downte 03; O e b -~ Inputs Bores B 00D1 -- mst tha B Engubm Ea 2001
5 out bit_vecton 3 dowmko Of; Do owt Dit); - Chtparts forae &1 1 -- a4t Ehe 2l ta 1
end Adderd; rum 59 run the similation for 50 ns
torcs ©i O
architactura Structuse of Sdderd s fores & 0161
component Fullddder Eorca B 111F
port (%, ¥, Cin: i bit; -~ Inputs L
Cout, Surmn: out bit]; -- Dutputs i & g
b ne { | L] eo = e L]
end component; o +0 0000 A000 0 240 O BBED
] i1 1111 G001 & 890 1 BEE
stantiate Fur rmles al the Fulladder i +0 111 49001 © 991 1 1131
r#.l'.' Fulindder port map (a0}, B{0], &, €(1), 5(00); 1 +0 1111 9001 © 2R1 1 238
FAL: Fullddder port map (A1) Bl1], (10, CL2Y S[1Y); o #0; AL ADGLOCATL ] X
FAZ: Fulladmer port map (4021, B(2), CI2), T3], 5(200; i B e
FAl: Fulitdder port map (03}, B[3], &3}, o, 5(3)); ED +0 9101 1110 1 2110 0 ED1EL
wnd Structure; To 40 OL0L 1110 1 140 0 BIIL
T 40 G161 1110 1 149 B £E11 — |
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Modeling Flip-Flops Using VHDL Processes

General form of process
process sansitivity-list)
begin
sequential-statements
end process;

* Whenever one of the signals in the sensitivity list changes,
the sequential statements are executed
in sequence one time

Concurrent Statements vs. Process

A, B, C, D are integers
A=1, B=2, C=3, D=0
D changes to 4 at time 10

<= Bj - statement 1 | frocess (B C, 0
<= £ -- stat=ment 2 | "';“"""_ R
= 0 sfatemant 3 T e e 'E‘. 'E'“fE
C <= --skatement 3
o process;

Simulation Results

time deta A B C D » - o
0 + 0120 " 1
10 +0 1 2 3 4 (stat3exe) = 3
10 +1 1 2 4 4 (stat2exe)
10 +2 1 4 4 4 (tatlexe)
10 +3 4 4 4 4 (noexec)
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D Flip-flop Model JK Flip-Flop Model
[ o
Bit values are enclosed
in single quotes
entity JEFF Is
. Ot (50, R 1 6, DL i Dit; - inuts
ﬂ':ﬁ ,",-. In i Q 0 inddsat bl GR4C @ut b sep Mote &
00; aut bit; K- sl bt Y and IKrT;
Inkigiios QN e 'L Free L sl are miliaiesd ke 0 by defoul architecturs BFE] of JEFF Iz
sl DFF, wenin
S 15N, Al s Hobe F
— iy i e T l-l:ll\'.\rll'.lﬁ fsh LK) S0 Hode 2
bagin I AH = "I ke Qo= 11" ftmr 00 ns; -~ EM=1 will cloar the FF
oS (CLE] Prooess & enpnned when CLE dhanpes il H"'. ‘..; .,.3. QP.'TE;.{.. ry - - m.ﬂ wall =zt tha FF
n 3 3 ST CLE = 0 @nd CLE event e -- g Wt
WK, han reing. euge af fodu == {1 3nd nat () or (o K snd 0) after [0ns; == sae foln 4
] == O after 1O ni; el
OM = nok O sfter 10 and process,
'h'"d"ﬁu [k <= mot - 5o Hote 5
i oL wnd BEF|
mad SIMPLE; sl
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1K Flip-lilnp Maodel

I DR T BRSPS T T B reghe e 0l
.

WP bo crang el o S, WK, e CLR 5 teme 5 egreh et

T o CLC wvari] bs TALE &
s

et
woud be v cataed
SN

llqing Nested |IFsand Fl SEIFs

. -
- ot L A d |
n—a  JKFE |
P L R 1
g il ] *
it iF(CL) Ehen 51; 52,
1 elsif (C2) then 53; 54;
i el S - alsil (C3) than 55 56
e el 57 GH;
T e 2 o e if, mnal if;
. EIF] end If;
and it
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VHDL Models for a MUX

L F == st & 2 not B and
|t A and B and

v 1A ard Mot B and

. 1A amd 1 and 17}

3
o

L] BTkl S

alsw [L wahan 5 4 Sel represents the integer
,,: 17 vahmn ool = 3 €quivalent of a 2-bit binary
el 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): Sep—

W s L g

MUX Models (1)

library IEEE;
use IEEE.std_logic_1164.all;
use IEEE.std_logic_unsigned.all;
entity SELECTOR is
port (
A :in std_logic_vector(15 downto 0);

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

architecture RTL1 of SELECTOR is

begin

pO: process (A, SEL)

begin
it (SEL="0000")then Y <=A(0);
elsif (SEL ="0001") then
elsif (SEL ="

elsif (SEL ="0110") then
elsif (SEL ="0111") then
elsif (SEL = "1000") then

elsif (SEL="1011") then
elsif (SEL ="1100") then
elsif (SEL ="1101") then
elsif (SEL="1110" then Y <=A(14);
else Y <=A(15);

endif;
end process;
| bo wive s - endRTLL;
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MUX Models (2)

library IEEE; architecture RTL3 of SELECTOR is
use IEEE std_logic_1164.all; begin
use IEEE std_logic_unsigned.all; with SEL select
entity SELECTOR is Y <= A(0) when "0000",
port ( A(1) when "0001",
A :in std_logic_vector(15 downto 0); A(2) when "0010",
SEL:in std_logic_vector(3 downto 0); A(3) when "0011",
Y :out std_logic); A(4) when "0100",
end SELECTOR; A(5) when "
A(6) when "
A(7) when "
A(8) when*
A(9) when*
A(10) when *
A(11) when *
A(12) when *
A(13) when *
A(14) when *
A(15) when others;
endRTL3;
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MUX Models (3)

library IEEE; architecture RTL2 of SELECTOR is

use [EEE.std_logic_1164.all; begn

pl:process (A, SEL)
use [EEE.std_logic_unsigned.all; begin
entity SELECTOR is case SEL is

port

A :in std_logic_vector(15 downto 0);
SEL :in std_logic_vector(3 downto 0);
Y : out std_logic); o
when "0100" =>
end SELECTOR; When"0101" = Y <= A(S):
when "0110"=> Y <= A(6);
when"0111"=>Y <= A(7);

when "1000" => Y <= A(8);

when *1001" => Y <= A(9);
when "1010" => Y <= A(10);
when*1011" =>Y <= A(11);
when "1100" => Y <= A(12);
101"=> Y <=A(13);

when "0010" => Y <= A(2);
when"0011" => Y <= A(3);

(14);
when others => Y <= A(15);

end case;

end process;
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MUX Madels (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 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;
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ot iy lation of e |

« 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 Model

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

Start S|mu|at|on

/" Delay\

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

A
Uédate Slanals | Execute Processes | Input | Output
c1e|ay
End Simulation
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Transport Delay Inertial Delay

« Transport delay must be explicitly specified
— l.e. keyword “TRANSPORT"” must be used

« Signal will assume its new value
after specified delay

|—— TRANSPCRT del ay exanpl e

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

J <o T DEICCT 4 e —NERFHAL £ - |
) T 14 T

« Inertial delay is default and REJECT is optional:

<= TRANSRORTFNGF—-Aput—AFTER10 {)41 put <= NOT Input AFTER 10 ns;
_ pag p dih 10
-Sttput | )
In ut Input _I —I -~
P In \
» N ]
NS~
Ouput| ., . — . — 5 Output it
U ko) 1U 15 U to eV [} U toJ 10U fike) U to] oU 39
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Inertial Delay (rnnt)

« Example of gate with ‘inertia’ smaller than
propagation delay
— e.g. Inverter with propagation delay of 10ns which

put <= s npu ns;

I g E e BN

Input [

=

Output ~ »

0 5 10 15 20 25 30 35
* Note: the REJECT feature is new

to-VHPL-1076-1993
OV U TIIS
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Delta Dplay

« 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 futupe-time.

- Eg. tput <= NOT |nput;
-- Qutput assunmes new value in one delta cycle

« 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

Erangert T after S

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
inl has been a1’ signal b, ¢, d, e, f: bit;
and in2 hasbeena degin

gnd not _anot her _prob;

rchitecture oh_behave of not_another_prob is

H#& =1 than & <= sok 0 wiar 16w end @ P N '0' for a long time, .
rid proc F2 — & ’ L1: d <= not(inl);
ara e B and then at time t ) i ,( _)
e T ENTTE T e s in2 changes from a L2: c<= not(in2);
N PO A » 0'toa'l. L3: f <= (d and in2) ;
S N XN a L4: e <= (c and inl) ;
I E L5: a <= not b;
S —— ] L6: b <=e or f;
[ oo ]r] i b by
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Problem #2 Modeling a Sequential Machine
« Under what conditions do the two assignments below Mealy Machine for
result in the same behavior? Different behavior? Draw 8421 BCD to 8421 BCD + 3 bit serial converter
waveforms to support your answers. i \ us z
- [ |;._-.c. K=i[X=0 K=t
51 | 5 57 1 B
s 1
g BB H|i
L 5| 55 53| @ 1
out <= reject 5 ns inertial (not a) after 20 ns; B | BA a8 1 #
55| 50 S8 @ 1
—traner et gy i =1 -
How to model this in VHDL?
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Behavioral VHDI _Maodel Simulation of the VVHDI _Maodel
e
e
BT Simulation command file:
wave CLE X Stabe MeatSiste 2
force CLE 00, 1 LO0 -repeat 200
§ Terce X 00, 1 350, 0 550, 1 750, 0950, 1 1350
- run 1600
=} |3
Pr— I Waveforms:
siamar
=" :
Eierts Two processes:
31 « the first represents the |.._-.|:-
il combinational network;
oo « the second represents . i ] !
- the state register i SiH1 (Leial E5nn
et T,
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Dataflow VHDL Model

Q,(t") = Q,

Qa(t") = Qs

Qa(t) = QiQ:Q5+ X 'QQ5+X Q1 Q"%
Z=X'Q5+XQ,

architwciore Enualir
wipmal 03,9202
bagin

procesatiE

n

#E=] than TG eanE ol chck
Gl = =mol 02 oflew L3 =
GEe=GL aHer LD e:

EEwerl and 2 ard 1] e ol Eand 31 and e 015 o
1 snd net O sl nst G20 w®er 10 e
and H;
mad process;
Zoo= ek X and ook O] ar (4 snd 1) sfber 310 e
#nd Fipidtiens) 4
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Structural Model

T
pache ol S ”

Package bit_pack is a part of library BITLIB —
includes gates, flip-flops, counters

P L it i | L (See Appendix B for details)
Féarsd® part map | 1

: Pharedd part mp (5 QIR DS AL

]! PO ag af
avdd paark g |, 15,8 |
G Plaredl port map (A5 A2 T
#nd Frerkdne
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Simulation of the Structural Model

Simulation command file:

wave LK X 0l Q2 Q3 Z
force CLK O 0, 1 100 -repoat 200

E
|
i

] 00 e [T
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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?
begi n « Execute seq. statement until

sequential -statements g yqit statement is encountered.

vait st .at ement « Wait until the specified condition is satisfied.

sequent i al -statements

A . * Then execute the next

wai t-statemen set of sequential statements until

s the next wait statement is encountered.
end process;

+When the end of the process is reached
start over again at the beginning.
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Eorms of Wait Statements

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

* Wait on * Wait until

— until one of the signals in the — the booleanexpression is
sensitivity list changes evaluated whenever one of
. the signals in the expression
* Wait for 9 P

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;
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llqing Wait Statements (1\

el DL R B
ignat Siws . Pt




Using Wait Statements (2)

wrhan £ =
H =T e 2= v"L7 Hest =0 wed I,
b g = ] i 0L L
mred wase:

walk on 0K, X

O rae el e LUK Than TR SIgE MRk 85 b1 BITLIE
Sl [
mpil for 0 rr il ke Sele o Dt ppaialen)
wrd o
W
il [0k
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To Do

* Read

— Textbook chapters 2.1, 2.2
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