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* What we know

— Combinational Networks
« Analysis, Synthesis, Simplification,
Hazards, Building Blocks, PALs, PLAs, ROMs

— Sequential Networks: Basic Building Blocks

— Design: Mealy

— Setup and hold times, Max clock frequency
¢ What we do not know

— Design: Moore

— Equivalent States

— State Table Reduction

— Intro to VHDL
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Review: Mealy Sequential Networks

General model of Mealy Sequential Network

‘-w._p"'_h- _h. Deampins (T)
Combinaticeal Naxt site ——
Habwork o Slae
— Sante
Rag
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: 8421 BCD to Excess3 BCD Code
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. Timing (cont'd)

Timing diagram assuming a propagation delay
of 10 ns for each flip-flop and gate
(State has been replaced with the state of three flip-flops)

s SN e W e S v B e e O e ] e I
w1 i : H |

09/06/2003 UAH-CPE/EE 422/5224 AM 5

Setup and Hold Times

« For areal D-FF
— D input must be stable for a certain amount of time
before the active edge of clock cycle =>Setup time
— Dinput must be stable for a certain amount of time
after the active edge of the clock =>Hold time

« Propagation time: from the time the clock changes to the

time the output changes

o | 1 L]
e [ | | | |
a Tty a Srrl
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Maximum Clock Frequency

tc max - Max propagation delay through the combinational network

tp max - Max propagation delay from the time the clock changes to the
flip-flop output changes { = max(tplh, tphl)}

Tk - Clock period
Example:
tc max +tpmax £tck h tsu
tomax =15 ns ,tg, =5 ns,
tek ® temax + tp max * tsu tgae =15 ns
wizh e s te =2%15 +15 + 5 = 50 ns
o s L i 1
o E =
= Mmoo | f = ——— =20 MHz
. X 750 ns
e o PRy PTLE ) L L
o ol | T
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Hold Time Violation

« Occur if the change in Q fed back through the
combinational network and cause D to change too soon

after the clock edge
an I LT [t

Hold time is satisfied if:

|
X L i oy Powsia
tp mn *temin ° th —. '.-..-u.. __.."_'. %
o

What about X?

Make sure that input changes propagate to the flip-flops inputs
such that setup time is satisfied.
tX 3 tC)( max +t5u
Make sure that X does not change too soon after the clock.
If X changes at time ty after the active edge, hold time is satisfied if
tv N th - trx min
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Moore Sequential Networks

Outputs depend only on present state!

X =X; Xouw X
Q=0Q1Q;.. Q¢
=2z 2z Z
- ZeZy
Xq » >z,
Xo > >z,
Q
Xq = ~z,
Z(t) = F(Q(t)
Q(tT) =G (X (1), Q(t)
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General Model of

- Moore Sequential Machine |

Outputs depend only on present state!

>T(mbinaticnal >
Network utputs(Z)
Next
Inputs(X) State Sate(Q)
» Combinational y [State
Network Register

> »
Clock

X =Xg Xoow Xq Q([+):G(X(t),Q(t))

Q=0Q1Q;.. Q¢ —
oL Z(1) = FQ1)
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Code Converter: Moore Machine
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Do we need state SO?

How many states does Moore machine have?
How many states does Mealy machine have?
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Moore Machine: State Table

PS NS

x=0 {x=1
so |si1|s2
s1 |s3 |sa
s2 |sa |ss
s3 |se6 |s7
s4 |s7 |s8
s5 | s7 |ss

1
|s6 [so |siof o
s7 |s9 |sio] 1
0
0
1

S8 [Si10 -
S9 |S1 |s2
S10 | s1 [ s2

Note: state SO could be eliminated
(S0 == S9), if S9 was start state!
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Moore Machine Timing

+ X =0010_1001 => Z = 1110_0011

1 | |
Moore | =

Meay Ao o[ 71 e[ o] o [ v

el m X m N m N w Ny u fu N

=F -
l [ ' [ ] 3 ] ]
o .,
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State Assignments Moore Machine: Another Example
Guidelines to reduce the amount of combinational logic [ N A Converter for Serial Data Transmission: NRZto-Manchester
~ “ St B e e - 1 _ - « Coding schemes for serial data transmission
b g mre - o — NRZ: nonreturn-to-zero
e e e o i L - o e . i gl i s—ss—t — NRZI: nonreturn-to-zero-inverted
Rule I: (S0, S9, S10), (S4, S5), (S6, S7) = T « 0ininput sequence —the bit transmitted is the same as the previous bit;
Rule II: (S1, S2), (S3, S4), (S4, S5), (S6, S7), ST T « lininput sequence — transmit the complement of the previous bit
(87, S8), (S9, S10) — RZ: return-to-zero
Rule IlI: (SO, S2, S4, S6, S8, 39) <—s—tsro—v « 0 -0 for full bit time; 1 — 1 for the first half, 0 for the second half
(S1, S3, S5, S7, S10) Q2 o L, N s — Manchester
- - - bl vgaarce | O 1 i 1 1] a i 1
R EREEE il i i N T R ) ) I
S0 - 0010 oLr T L
S1- 0111 o ss o) SEY S O R T |
Rz
S10 - 0100 11 st | s | ss _I'IJ'I_I__'"I_
e o
10 [ SO | s2 s7 | s _IL'_Ll_'_I_
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NRZ data —* | Canversion z X
—=—= Manchesler data NRZ data ——— Conversion | 7
. b Natwork
CLK2 - e o Network ——= Manchaster data
= Hn
1 5 VTR Present Next State Presant
X (HRE} | 0 '\jﬁﬁl ﬁ(_,' State | X=0 X=1 | Cutput [Z}
CLOCKE S 51 53 0
. 1 0 ll] 54 53 = (]
Bkl A /8 53 | 8¢ B3 1
Z - ] -
e AT 3 83 5n 1
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Synchronous Design

* Use a clock to synchronize the operation of all flipflops,
registers, and counters in the system
— all changes occur immediately following the active clock edge
— clock period must be long enough so that all changes flip-flops,
registers, counters will have time to stabilize before the next active
clock edge
» Typical design: Control section + Data Section
Clock 1 [uata
1

in
1
Conlral Control | Data registers
Inpasts ICONTROL e il pata | Arithmetic Units
~ SECTION [ SECTION|  Counters

Conditian Buses, Muxes, ...
Sequential machine s— Signale
to generate control signals [uata
to control the operation of data section Out
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An Example

« Data section // s=n*(n+a) //
R1=n, R2=a// R1=s
« Design flowchart for SMUL

operation
« Design Control section Lo Lo
+ SOS1F o "
0 0B —
0 1 B-CO
1 0 B+CO
1 1 A+B
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Timing Chart for System with

& il Hesd
_j,m Nr-n:f_ L -

- ET ETE
N L m
SRR eww R
ek CE I-—| i |—|

Timing Chart for System with

—Rising-edge-Devices————|
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Principles of Synchronous Design Asynchronous Design
* Method « Disadvantage - More difficult
— All clock inputs to flipflops, registers, counters, etc., - Prol;lems sitons: final state demends on fhe order in which variabl
are driven directly from the system clock or from the Cﬁ;ﬁg?" ftions: final state depends on the order in which variables
clock ANDed with a control signal . Hazards
¢ Result — Special design techniques are needed to cope with races and
hazards

— All state changes occur immediately following the active
edge of the clock signal
* Advantage
— All switching transients, switching noise, etc., occur

between the clock pulses and have no effect on system
performance
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* Advantages = Disadvantages of Synchronous Design
— In high-speed synchronous design propagation delay in wiring is
significant => clock signal must be carefully routed so that it reaches
all devices at essentially same time
— Inputs are not synchronous with the clock —
need for synchronizers

— Clock cycle is determined by the worst-case delay
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To Do

* Read
— Textbook chapters 1.6, 1.7, 1.8, 1.10, 1.11, 1.12
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Equivalent States

« Two state are equivalent if we cannot tell them
apart by observing input and output sequences

- @ Hy e Zy=h(spX)
- @ Ny = Z3=hz(5).X)

sjpEs) M Zy= 3
for avery inpat sequence X

Definition: Two states are equivalent si==sj only and only if, for every input
sequence X, the output sequences Z1 and Z2 are the same.

Not practical => try all sequences (what is the length of sequence?)
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Equivalent States

State Equivalence Theorem
» Two state are equivalent Si == Sjif and only if for
every single input X, the outputs are the same and
the next states are equivalent
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State Table Reduction

1) States a and h have the same next states
and outputs (when X=0 and X=1) .
2) Eliminate h from the table and replace with a
3) States a and b have the same output =>
they are same iff c==d and f==e.
We say c-d and e-f are implied pairs for a-b.
To keep track of the implied pairs we make an implication chart.
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State Table Reduction

T =y Tm=r  4) Make another pass through the chart.

— lu-pJ, 881 E-gcell contains c-e and b-g;
1 = oA since c-e cell contains X, cl=e => el=g (put X).

i g \ 5) Repeat the step 4 until no additional squares are
H F X-ed. {Put X in f-g, a-c, a-d, b-c, b-d squares}.
! 1% 6) The remaining squares indicate equivalent state
pairs => a==b, c==d, e==f.
. - w—ariFcrdaden!
-
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State Table Reduction

Prewari Pranand

Sk 1
: G]
] oo
a n n
i n n
Ll 1) 1
f 1] L]
R —=n Firal Recuced Yabm
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Implication Table Method

« 1. Construct a chart that contains a square
for each pair of states.

* 2. Compare each pair in the state table. If the outputs
associated with states i and j are different, place an X in
square i-j to indicate that i'=j.

If outputs are the same, place the implied pairs in square i-j.
If outputs and next states are the same (or i-j implies only
itself), i==j.

» 3. Go through the implication table square by square.

If square i-j contains the implied pair m-n, and square m-n
contains X, then il=j, and place X in square i-j.

e 4. If any Xs were added in step 3, repeat step 3 until no
more Xs are added.

« 5. For each square i-j that does not contain an X, i==j.
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« Technology trends

¢ HDLs allow

« VHDL, Verilog
¢ VHDL — VHSIC Hardware Description Language
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Intro to VHDL

— 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

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

— Tools for synthesis do the conversion

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

—Combinational-Netweorks——————

Contormnl Shdements

E Aamd B affer 5 m
E CarD after ¥ rs;
W chasay b ot i, vl chod i 14 i
- : [ EFTEE
A L Ex=Corl
i B Owiir ol nonoumesi sistenatls i 5ot Brooissl
(4]
[T
¥ owm A B

Thin siwnmani soaciies e pent ey
CaH <= mat CLE aftsr 00 ra
This Sl ray] Cadrs i kil o

(=13 il LK
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anify-Ar(‘hiTP(‘Tler Pair

Full Adder Example
|

" _"‘: = Cainn
y—  FULL
| amnem

Cin—= — Swm

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

architecture Egustions of Fulladder |5
Begin -- Conogrrent Assignmengs

Sum e= K mar ¥ sar Cn after 10w

Cout == (% pnd ¥) oo (X and Cin) or (7 snd Cn ) after 10
wid Esaakion

09/06/2003 UAH-CPE/EE 422/5224 AM 35

\VHDI ng ram Structure

Arehiteetine

E
Aachite

Moskike | | | Mislaie2 | Wi W
| | | |

sa-geckaration ;|

architectung archi FE- e O STy A

[deciarabing]

begin
archiilore bedy
and [arch w] [anchReturasrarm];
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4-bit Adder

BN 52| Bt 50|
t 1 t t
Full CHE | Fua GlEh | un i | P
o = nddar Becler Aidar acder [
T i i T 1 T i
&3 B A BIE A1) B Al BiE

antiny Addard is

port (&, B in bit_wector[ 3 downba 0); © - [nputa
5o gt bit_vector(d downto 0); Coc out AR - Cutpats
and Adderd;
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4-bit Adder (cont’'d)

antity Adderd is

pert {4, B: in bit_vector 3 downte 01 O in bt — [nputs
5 out bit_vecton 3 downto D) Co: owt BE); - Chipts
and Adderd;

architacture Structune af Adderd is
compaonent Fullidder
part (X, ¥, Cin; i kit -- Inputs
Cout, Sum: out bit]; -- Cutputs
omd comyeonent;
wignal C- bit_vectar 3 downbe 1);
bagin  --instantiata four copies of the Fulladder
FaD: Fulidddsr port map (0000, B{0), &, £(1), S(05);
FAL: Fullddder port map 1 C{2h, S[1h);
FAZ: Fullddder port map |
Fa&L: Fulindder port map (]
end Structure;
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4-bit Adder - Simulation

list A B CoC Tl § =-- put thess signals oo ths ootput limt
Eorcwe A 1111 wat the A Lhpute to 1111

EBzrew B OOLD =
far a1 A
ru= 54

gorce Ci D
fores A 0181
force B 1110

]

ne  dalts . B ]

[ ST 1T T T

] #1 1111 A00i @

1o +0 1111 ool ©

30 #0 1111 ool ©

a1 o0 1111 00l B

40 +0 1111 Qo0 3

113 «0 Q1oL 1110 1 Bl

ED +0 G101 1110 1 310 D 16T

o +0 410l 1110 1 340 0 BIIL

L1 +0 @181 1110 1 149 B eRI
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Modeling Flip-Flops Using VHDL Processes

proces s sensitivity-list)
begin

sequential-statements
i proce H

« 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-ehanrges to 4 at ime[T0
B <= B statement 1 pracess (B, L, 0]
L S | Lreegin
P ety A<z - satemest |
| Bum ) == stabement 2
Coz [ --statement 3
wnd proces;
Simulation Results
time delta A B C D —
0 +0 0120 2
10 +0 1 2 3 4 (stat. 3exe) -‘: 3
10 +1 1 2 4 4 (stat2exe)
10 +2 1 4 4 4 (stat. 1lexe)
10 +3 4 4 4 4 (noexec)
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D Flip-flnp Madel

o o

“ Bit values are enclosed
5 n single quotes
N o)

@atity OFF s @
part (0. CLE; In it

Q0 aut it QN sl bit
iniiglios O e 'L snce I8l signals ane mitial losd e 07 Iy

&ad OFF,
mrchiinchere 5IHFLE of 0EF s
bagin
IOREE (LUK PIOOESS & EROTLnEd When CLE Cnanpes
i
WoE = '3 then reing eige of (oo

] == [ after 190
QN = pot 0 sfer 10 e
&l il

e proCess.

aad SIMPLES
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JK Flip-Flop Model

JK Flip-Flop Model

SR TPER (b DR BEE 11 RSHS 8 DO et et B right s ol
o TR

porm o crengmi 3 0, 1K, ane T wo tma 3 agreh w1t

e pLECSS RATTan TER DIOCR, DW i
enbity JKFF Iz
bt (SH, RK, 1, 8, CLEC b - inguits
it DL CR4C Ul BL = sep fobe 1 i
and IEFF; N BK, 0, K, CLK: b
i e e L
archibecturs #FFL of JEFF Is
Begin o O S T
poeds |SH AN, CLE] = S HODe I Errey
Eegin L1 - P
I K =17 Ehem <= 0 aftmr J0ns; -- EM =0 Wl chasr the FF e o pltwr 1l m
SRS SH = U Dreesm (<= 'L afMer LD s “= Sh=0 Wil st the FF ¥ e L st
ARSI CLE = 0 and CLUE evernt than -- sei hoie 3 T A X e By b i
- - = il 4 vl ek o] = v o i
QK <= L+ -5 Mol 5
wnd BT
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Using Nested IFs and ELSEIFs VHDL Models for a MUX
. F o= (ot & 3 not B and 1] or
Pt A amd Band 11| or
' - i& andd not B and 2] er
. {A amd B And 11}
| i
HUE medol using & condonal Egnal SENUnEL STanaT
F = 1} when S8l =0 i
; Y Rttt el
#lse |7 when 50l - 7 q . 5 Y
glsz 3 number with bits A and B
L)
b i If a MUX model is used inside a process,
if 1C1) Eam S 2 if (CLY then 51; 52, ) :
' the MUX can be modeled using a CASE statement
b elsif (C2) then 53; 54 (cannot use a concurrent Slategmem)'
i 50 algil (C3) than 55, 56; A T T
e 5T cawa Sl v
end if; v
end IF; PEFAETITEIT SRFE
andd if
= SRRTLAN SR PR
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MUX Models (1) MUX Models (2)
N s
library IEEE; architecture RTL1 of SELECTOR is library IEEE; architecture RTL3 of SELECTOR is
use |EEE.std_logic_1164.all; begin use IEEE.std_logic_1164.all; begin
! pO: process (A, SEL)
use IEEE std_logic_unsigned.all;

begin
entity SELECTOR is
port(
A :in std_logic_vector(15 downto 0);
SEL:in std_logic_vector(3 downto 0);
Y : out std_logic);
end SELECTOR;

000") then

0001") then
0010") then
0011") then
0100") then
0101") then

0110% then end SELECTOR; A(5) when "0101",
0111") then A(6) when "0110",
1000") then Y <=A(8); A(7) when"0111",
1001°) then (©); A(8) when "1000",
1010") then (10); A(9) when "1001",
1011 then Y <=A(11); A(10) when "1010",
1100") then (12); A(11) when "1011
1101") then (13); 100"
1110 then Y <=A(14); A(12) when "1100",
else Y <=A(15); A(13) when "1101",
endif; A(14) when "1110",
end process; A(15) when others;
endRTLL; ARTL3;
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use IEEE.std_logic_unsigned.all;
entity SELECTOR is

with SEL select
¥ <= 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°",




MUX Models (3)

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);
Y :out std_logic);

end SELECTOR;

architecture RTL2 of SELECTOR is

begin
p1: process (A, SEL)
begin
case SELis
‘when 000!
when "0001"

when “010(
when"0101"
when "011(

when "1100" =>Y
when "110:
when "111(
when others => Y <= A(15);
end case;
end process;
endRTL2;
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MUX Models (4)

library IEEE;
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;

architecture RTL4 of SELECTOR is
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