Rutgers University
School of Engineering

Fall 2022
332:231 — Digital Logic Design
Sophocles J. Orfanidis

ECE Department
orfanidi@rutgers.edu

Unit 1 — Introduction to DLD




How to Succeed in DLD

“I hear and I forget,
| see and | remember,
I do and I understand”

Confucius

“The purpose of computing is insight, not numbers”

Richard Hamming

The keys to success in DLD are the above two quotes from Confucius and
Hamming, that is, practice by doing a lot of problems on your own,
including their computer implementations, without looking at solutions.

Passive reading of the textbook (or lecture notes) usually conveys a false
sense of understanding and does not result in a good grasp of the material.




DLD Course & Lab Organization

see course syllabus on Canvas Files for details on:

course topics (additional web resources on Canvas)
textbook options (additional references on Canvas)

course prerequisites — DLD lab is a corequisite

recitations (beginning in the week of September 12, 2022)
course requirements

exam dates (exams are administered online through Canvas Quizzes)
course grading (exam weights & letter-grade thresholds)
homework assignments (assigned but not graded)
Instructor & TA contact information

academic integrity office

office of disability services

see DLD lab syllabus on Canvas Files for details on login info and:

Emona FPGA board (manual & training videos on Canvas Files)
lab sections (labs begin in the week of September 12, 2022)
lab procedures (lab reports, declaration of authorship, screenshots)




DLD Lab

Emona netCIRCUITlabs FPGA board (residing in ECE-207)

mE netCIRCUITIabs CONTROL UNIT with
MULTIPLE PI.UG IN BOARDS =S

» The netCIRCUITlabs Control Unit, located in your lab
or office, and will accept any netCIRCUITlabs Lab
Experiment board.

» Fast and easy implementation. No software to install
and no setting up required.

P Secure access for professor to all ADMIN functions
including student records and tracking.

!/
e ) 'u/ The experiments boards plugs into
_____ — | the netCIRCUITlabs Control Unit



DLD Lab

All the logic functions and conneciions
are implemented in an FPGA.

student login:

SIGNAL SOURCES:

- HI/LO Logic Switches x 8
- 8 bit Binary Counter

- 4 bit Gray Counter

- 4 bit Johnson Counter

OVER 60 GATES & FLIP-FLOPS:
2, 3 & 4-input OR gates
X-OR gates
2, 3 & 4-input AND gates
Inverters
S/R, D & J/K Flip-Flops,
Inverters
Finite State Machines

STUDY:

- Boolean logic and algebra
- Combinatorial circuits

- Truth tables

- Karnaugh Maps

- Quine-McCluskey method
- Designing Synch & Asynch

sequential circuits

- Flip flops

- State diagrams

- Design of FSM

- Registers, Counters, Multiplexers,

Encoders efc

- Introduction to HDL (Verilog)

http://ece-emonal.engr.rutgers.edu/



http://ece-emona1.engr.rutgers.edu/

Course Topics

units
—| 1. Introduction to DLD, Verilog HDL, MATLAB/Simulink

2. Number systems

3. Analysis and synthesis of combinational circuits

4. Decoders/encoders, multiplexers/demultiplexers

5. Arithmetic systems, comparators, adders, multipliers
6. Sequential circuits, latches, flip-flops

7. Registers, shift registers, counters, LFSRs

8. Finite state machines, analysis and synthesis

Text: J. F. Wakerly, Digital Design Principles and Practices, 5/e, Pearson, 2018
additional references on Canvas Files > References




Digital Design: Principles and Practices
Fifth Edition With Verilog

DG S R | see syllabus for ordering options
I \ I A
[ I U 4™ edition OK, but the material has
been rearranged in the 51 edition,
and you would need to figure out the
correct mapping of the sections and
problems between the two editions

PRINCIPLES AND PRACTICES

@Pearson Copyright © 2018, 2006, 2000 Pearson Education, Inc. All Rights Reserved



References

main text:
J. F. Wakerly, Digital Design Principles and Practices, 5/e,
Pearson, 2018.

supplementary texts:
S. Brown and Z. Vranesic, Fundamentals of Digital Logic with
Verilog Design, 3/e, McGraw-Hill, 2014.

D. M. Harris and S. L. Harris, Digital Design and Computer
Architecture, 2/e, Elsevier, 2013.

M. Mano, C. R. Kime, and T. Martin, Logic and Computer Design
Fundamentals, 5/e, Pearson, 2016.

E. O. Hwang, Digital Logic and Microprocessor Design
with Interfacing, 2/e, Cengage, 2018.




Additional References

A. F. Kana, Digital Logic Design, [on Canvas].
B. J. Mealy & J. T. Mealy, Digital McLogic Design, 2012 [on Canvas].
E. Peasley, An Introduction to Using Simulink, 2018 [on Canvas].

H. Moore, Ch.16 — Simulink — A Brief Introduction, from
MATLAB for Engineers, 3/e, Pearson, 2011.

S. A. Edwards, Verilog Language, 2001 [on Canvas].
B. Izadi, Verilog Tutorial, 2016 [on Canvas].
C. Maxfield, Bebop to the Boolean Boogie, 2/e, Newnes, 2009.

Minecraft-Logic-Gates.pdf [on Canvas], see also, Redstone Logic Gates



https://minecraft.wonderhowto.com/news/redstone-logic-gates-mastering-fundamental-building-blocks-for-creating-game-machines-0135063/

Unit-1 Contents: (current reading: Wakerly Chapter 1)
1. Functional and truth-table representations of logic circuits
2. Basic logic gates, AND, OR, NOT, NAND, NOR
3. Analysis & synthesis of combinational circuits — design example
4. Integrated circuits: SSI, MSI, VLSI, CPLD, FPGA, 74x family
5. CMOS realizations of logic gates
6. Design levels: (a) functional definition level
(b) transistor level
(c) truth-table level, FPGA look-up tables
(d) logic-gate level
(e) Verilog HDL, structural or behavioral models
() MATLAB and Simulink implementations

7. Design example — multiplexer function
8. Using Simulink for logic circuits

9. Moore’s law




Example - representation of a 3-input / 1-output logic circuit

combinational
logic circuit

output

-

Boolean variables
0 = ‘false’
1 = “true’

logic function
F=1(X,Y,2)

Boolean variable

classes of logic circuits

combinational circuits

sequential circuits

note: with n input Boolean variables, there are
2" possible input n-tuplets, and thus,
2" possible Boolean outputs F

Implemented with
flip-flops, to be

discussed later

next up, elementary building blocks of logic circuits: AND, OR, NOT gates




Basic Logic Gates: AND, OR, NOT
elementary building blocks of logic circuits

standardized =

: 0 = “false’
IEEE symbols Boolean variables | = “true’
\ | ‘bubble’
> \ X ANDY % $7\ XORY X : NOT X
(@ vy (b) vy ()
— J XY —] A X+Y X'
X Y XANDY X Y XORY X  NOTX
0 0 0 0 0 0 0 1
0 0 0 1 1 0
10 0 1 0 1
11 1 1 1

AND, OR, NOT operations in MATLAB and Verilog notation:
& | ~ eg, X&Y, XY, ~X
(XandY) (XorY) (notX)




Logic gates with all possible input values and outputs
(@) AND
(b) OR
(c) NOT or Inverter

(@) i D_
o

S IS
i}:D

?W

Inverting gates
(a) NAND
(b) NOR

are discussed next




Inverting Gates bubble
(@) NAND  (b) NOR transformations

X'+Y'= (X.Y)' X" . ¥Y'=(X+Y)'
equivalent forms
: O )
D based on De Morgan’s
. =0
_ theorem — see unit-3 -
NAND equivalent NOR equivalent

| /

X

— > X NAND Y X NORY
(@) Y |INAND (b) Y

—_— (X -Y) NOR (X +Y)

X NANDY

XNORY

_L_Loox

Y
0
1
0
1

_L_Loox
_LO_LO-<

O —4 =
O O O =
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Truth table, analysis & synthesis
combinational circuit example
Wakerly - Table 1.2

Objectives:

(a) start with a truth-table specification

(b) construct the logic function F=f(X,Y,Z)
(c) construct gate-level realizations

(d) implement them with MATLAB

(e) realize them in Simulink, and on

(f) the Emona FPGA board

these steps are reversible — one could start
with any of them and derive the rest

A 4

logic function

—_—— -0 O O O X
—_—0 O - - O O <
—_ 0 = O = O = O N

e 2@ @O = O M

A

F=1f(X,Y,2)

with 3 input variables, there are 29=8
possible input triplets, and 29 outputs F




Example - constructing a logic function
from a truth table (Table 1.2)

logic function
F=1(X,Y,2)

X Y Z F
0 0 0 0
0 0 ! | —
0 | 0 0
0 l I 0
l 0 0 0
l 0 I 0
1 l 0 1l —
I I I kL —

there are at least 7 other mathematically

X" .Y .2

main technique:
focus on the 1’s at the output

X.Y.2'
—> X.Y
X.Y.2

equivalent formulas for realizing — F

= (X.Y) + (X’ .Y’ .Z)

this logic function (see p.24)




Example - constructing a logic function
from a truth table (Table 1.2)

logic function

F = (X.Y) + (X’'.Y’.Z)

F=1(X,Y,2)

X Y Z = X" ¥Y'.Z2  X.¥Y.Z2'" X.Y.Z|X.Y
0 0 0 0 0 0 0 0
0 0 I I 1 0 0 0
0 I 0 0 0 0 0 0
0 I I 0 0 0 0 0
| 0 0 0 0 0 0 0
| 0 I 0 0 0 0 0
I I 0 1 0 1 0 1
l l l l 0 0 1 1

note: X.Y.Z + X.Y.Z2'" = X.Y

Z + 2’ =1

A.Z + A.Z" = A
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Truth table, analysis & synthesis
combinational circuit example
Wakerly - Table 1.2

Objectives:

(a) start with a truth-table specification

(b) construct the logic function F=f(X,Y,Z)
(c) construct gate-level realizations

(d) implement them with MATLAB

(e) realize them in Simulink, and on

(f) the Emona FPGA board

these steps are reversible — one could start
with any of them and derive the rest

A 4

logic function

—_—— -0 O O O X
—_—0 O - - O O <
—_ 0 = O = O = O N

e 2@ @O = O M

A

F=1f(X,Y,2)

with 3 input variables, there are 29=8
possible input triplets, and 29 outputs F




Example - constructing a logic function logic function

from a truth table (Table 1.2) F = f(X,Y,2)

X Y Z F F = (X.Y) + (X'.Y'.Z)

0 0 0 0
Q0 D 1 XYz

0 I 0 0 simplified form

0 I 1 0 harder to guess

r & 2 9 full form

1 0 1 0 easy to guess
a1 0> 1 — X.Y.2'

—> X.Y

L1 D 1 — x.¥y.z

F = (X'".Y.2) + (X.Y.2') + ‘('X.Y.Z)




of the logic circuit of Table 1.2

Gate-level realization

(Wakerly / Fig.1-5)

F = (X.Y) + (X'.Y'.2)
X
\ XY
Y AND )
><>L OR z
(X-Y)+ (X -Y" -2)
) 2 o 0 ol
>c AND )

\_

two-level, AND-OR, realization




Timing Diagrams s

with X,Y,Z derived —
from 3-bit binary counter

realistic timing diagram -
with arbitrary X,Y,Z
and small output delays

'
y / \ /
. / \ /

/_\

Z

N\ N NN N\
- [ T TN /

4 o

Ideal timing diagram =

4 on

4 o

/‘

Wakerly / Fig.1-6

o

PR RPrRPRRPROOODO o

P RPOORKRRKERODO <

P OPRPRORKRPROHRDO N

PR PR OOOOHRrDO |




>

Alternative, gate-level realization of the logic
circuit of Table 1.5 using NAND gates

= XY + X'Y'Z
((XY) " (X'Y"Z)")’

]
I

]
I

bubble-to-bubble transformations

<

: ) l
: i

k

I De Morgan’s theorem

B NANDp

De Morgan’s theorem
A’+B’ = (AB)’

F
NAND

, |
>C NAND O

\

/

two-level, NAND-NAND, realization




>

Alternative, gate-level realization of the logic
circuit of Table 1.5 using NAND gates

equivalent expressions

= XY + X'Y'Z
I from De Morgan’s theorem

((XY) " (X'Y"2) ")’

A+B= (A'B’)’

<

NAND

X’ F
>o— NAND o>

o)
T B

two-level, NAND-NAND, realization




other equivalent expressions
to be justified later in unit-3 and Ch.3

XY + X'Y'Z = AND-OR

I De Morgan
((XY)" (X'Y’"Z2)")’ = NAND-NAND
(X+Y') (X' +Y) (Y+2) = OR-AND
(X+Y') (X' +Y) (X+2) = OR-AND

I De Morgan
((X+Y’ )’ + (X'+Y)’ + (¥Y+Z)’)’ = NOR-NOR

((X+Y')’ + (X’4Y)’ + (X+2)’)’ = NOR-NOR

X'Y'"Z + XYZ' + XYZ
canonical minterm sum-of-products (SOP) form

(X+Y+Z) (X+Y' +Z) (X+Y' +Z' ) (X' +Y+Z) (X' +Y+Z')
canonical maxterm product-of-sums (POS) form




MATLAB implementation - truth-table computation and timing diagram

n= (0:7)'"; % input integers
( ) P g F = XY + X'Y"Z

[X,Y,2] = a2d(n,3);

A

F=(X&Y) | (~X&~Y & Z); &, |, ~ are vectorized in MATLAB

[n, X,Y,Z,F]
O 00O00O 1L
1/ 0011 0t : : :
21010 0 0 1 2 3 4 5 6 7 8
30110 >~ 1
411000 % 1 2 3 4 5 6 1 8
5/1 010
N 1r
61101 N
711111 0 1 2 3 4 5 6 7 8
= 1-
$ a2d in Canvas 0Ff : : : : :
0 1 2 3 4 5 6 7 8
$ M-files folder ¢




[X,Y,Z2] = a2d4(0:7,3) ;

plotting the timing diagram

(X & Y¥) | (~X & ~Y & 2);

F =

t = (0:8);

x [X; X(end)];
y [Y; Y(end)];
4 [Z; Z(end)];
f = [F; F(end)];
figure;

last bit goes from t=7 to t=8
extend duration of last bit to t=8

%
%

a2d, xaxis, yaxis
are in Canvas M-files

subplot(4,1,1); stairs(t,x,'b-"');
yaxis(0,2,0:1); xaxis(0,8,0:8); ylabel('X')
subplot(4,1,2); stairs(t,y,'b-"');
yaxis(0,2,0:1); xaxis(0,8,0:8); ylabel('Y')
subplot(4,1,3); stairs(t,z,'b-"');
yaxis(0,2,0:1); xaxis(0,8,0:8); ylabel('Z') ;
subplot(4,1,4); stairs(t,f,'r-"');
yaxis(0,2,0:1); xaxis(0,8,0:8); ylabel('F') ;
xlabel ('\itt') ;




verify truth-table in full minterm SOP form

A 4

simplified form

F=XYZ+

XYZ" + XYZ F =XY + X'Y'Z

n =

(0:7)';

[X,Y,2] = a2d(n,3);

F =

[n,

SNSooor bk WDN R O

(~X & ~Y &§2) | (X &Y & ~2) | (X &Y & Z);

X, Y, 2, F, ~X&~Y&Z, X&Y&~Z, X&Y&Z]

P RPrRPRPEPOOODO
P RPOORKRKEODO

P OPRFRPRORKRORKDO

P RPOOOO®RKrO
ololelolNololl JNe
O R OOOOOO
H O OO O0OO0OO0OO0o

[
»
[
»
»
»
»
»

F = OR-ing of the three individual minterm columns




Simulink implementation - AND-OR version

F =XY + X'Y'Z

NOT X
1 X'Y'"Z

3-bit counter
cu[f)y—pasted from NOT Y 3-input AND jY + X'Y'7

signals234.slx 7

L
Y T XY
2-input AND
Scope
see file £igl 5.sl1x included in Canvas M-files folder —
— scope output



scope output

Simulink implementation

S@|lawi|lRE Da &

F =XY + X'Y'Z

— e OO O O X
— e DO e o OO <
—_— D = O = O = O| N
s e @ 0 = Q™




User: orfanidis2 - Uid: 4435 figl-5

8/17/2022, 11:24:59 BM
BINARY SELECT INVERTERS SELECT DUAL TRIPLE DUAL SELECT SELECT SELECT SELECT SELECT
COUNTER AND AND ORrR
o edee  ofo o) e
O O O O . .
55 . Emona implementation
' o
5 0 o

AND-OR version
web link

20 Vrms
3. 10 Vrms
3 14 Vrms

2.55 Vrms

12.50 kHz
50.00 kHz

| capture |

25 00 kH2 |
25.00 kHz

Help

| Refresh | FFT

|ite @ ngle

@'

Dark

Rect
&USS

| 4v/div v

@ @ ormel -"

elasticity |" P .|

—

F =

XY + X'Y'2Z

5 6 7 8 9 10


http://ece-emona1.engr.rutgers.edu/

Example Summary:
(a) we started with a truth-table specification
(b) and constructed the logic function, F = f(X,Y,2)
(c) then, obtained a gate-level realization (and variants)
(d) implemented it with MATLAB
(e) and realized it in Simulink and on the Emona board

more general procedures

Design Levels: (a) functional definition level
(b) transistor level
(c) truth-table level, FPGA look-up tables
(d) gate-level realizations
(e) Verilog HDL, structural or behavioral models
() MATLAB, Simulink, Emona implementations




Integrated circuit complexity

complexity gates/chip application examples
small scale integration (SSI) 10 logic gates, flip flops
medium scale integration (MSI) 10-100 adders, counters
large scale integration (LSI) 100-10,000 ROM, RAM, 8-bit processors
very large scale integration (VLSI) 10,000-100,000 16- and 32-bit processors

web link - Wikipedia - Integrated Circuits



https://en.wikipedia.org/wiki/Integrated_circuitVery-large-scale_integration_(VLSI)
https://en.wikipedia.org/wiki/Integrated_circuitVery-large-scale_integration_(VLSI)
https://en.wikipedia.org/wiki/Integrated_circuitVery-large-scale_integration_(VLSI)

Integrated Circuits (ICs)
LSI, MSI, VLSI

Moore’s Law

Fig. 1-8 Dual Inline Pin (DIP) Packages:
(A) 14-Pin; (B) 20-Pin; (C) 28-Pin

pin 1 pin 14
P




g B g
1A} 1“4 vop 1y 4 vobo 1A} 141_vop
Examples of ICs 15_% 2] _g M_% DV A ™
1y —3 121 4a 1B— 121 48 2a—{3 E—6\(
oA—{2 E—w oy 4 1 4n 2Y—B LLY N
28—% 0o 2A—% 10 ay aa—|5 E—5\/
2y {6 91 3a 28—{° E—aa 3\(—SZ 91 sa
GND—{” @—3\/ GND—{” 81 3a  anD—{’ E—w
7400 NAND 7402 NOR 7404 NOT
=] 41_vop 1A “_vop 1A 4 vop
18—% 131 48 1B8—{2 18l 6 1B—{2 131 48
1y 3 121 4a oA—|8 120 4y 1Y—® 121 4a
oAn—{4 E—w 284 LAY T on—{4 @—4\/
23—% 10! 38 2c—15 10! 38 28> 101 38
oy {8 91 3a oy {6 91 3a 2Y—& 91 3a
GND—|” LJL?—s\( GND—|” 81 3y  anD—|’ 81 ay
7408 AND 7411 AND3 7432 OR
a 6 g
1A 41 _vop 1@—‘—6 “_vop 1A 14l vop
1B—{2 131 op 1D—2{5°3 ﬁ—gcﬁ B2 | 131 48
Nc—|{3 121 2c  1ck—2p apl B3 20 v—f2 1122
1c— N gpRE{* [ |ge ¢-20k  2a— L] -
10— 10{ o 13 T 5Re 28| 10 38
1v—{8 91 2a 10— %_2q 2Y—ﬂ7 L2 13a
GND—|” 81 2y  anD—{’ 8 2 anD—{’ :7_8_3\(
7421 AND4 7474 FLOP 7486 XOR

(c) D. M. Harris & S. L. Harris, Digital Design and Computer Architecture, 2/e, Elsevier, 2013



NAND gate

vVee
14| 13| [12] |11 10

o
oo

GND

a1[]©
B1[2]
Y13
A2[4| T74LS00
B2[5
Y2[6
GND [7 |

https://components101.com/ics/741s00-quad-two-input-nand-gate

vCC
B4
A4
Y4
B3
A3
Y3



NOR gate

141 |13] |12] 11| |10] |9 8

1A (2]
1B [3]
2Y |4 | 74L.S02
2A[5 |
2B [6 |
GND [7 |

https://components101.com/ics/74ls02-nor-gate-ic

VCC
4Y
4B

3Y
3B
3A



CMOS NOT gate

PMOS transistor https://en.wikipedia.org/wiki/CMOS
(a)
(b) VIN Q1 Q2 Vour
Q2
_°| (p-channel) 0.0 (LOW) off on 3.3 (HIGH)

3.3 (HIGH) on off 0.0 (LOW)
t— 0O Vour

Q1
Vin D—°—| n-channel)

/ (c) IN ADOiOUT
NMOS transistor U_[>o I DQL

_~



https://en.wikipedia.org/wiki/CMOS

CMOS NAND gate

Vbp

(b) A B Q Q Q3 Q4 Z

—Ol Q2 —OI Q4
LOW LOW  off off HIGH

on on
LOW HIGH off on on off HIGH
HIGH LOW on off off on HIGH
HIGH HIGH on off on off LOW

| A —
BD i | Q3 (C) B Z

Y XNANDY

_L_L(:}Dx
- O = O

1
1
1
https://en.wikipedia.org/wiki/CMOS 0



https://en.wikipedia.org/wiki/CMOS

VDD

Q2

CMOS NOR gate

X NORY

- O = O <

O O O =

(b) A B Q1 Q2 Q3 @4 Z
LOW LOW off on off on HIGH
LOW HIGH off on on off LOW
HIGH LOW on off off on LOW
HIGH HIGH on off on off LOW
o—1 Z
Q3
i Z



(A) Complex Programmable Logic Device (CPLD)
(B) Field-Programmable Gate Array (FPGA)

PLD

PLD PLD

PLD

Programmable Interconnect

PLD

PLD PLD

PLD

LINCIRC INC IRC INC IRC IR0 ]
LIRCIRC INCIRC INC IR IR0
OoOooooofmn
OOo0O0000mn
OoOoOooOoo0oo0ofmn
OoOooooofmn
ODoOoOoooofmn
OOo0O0000mn
LINCIRC INC IR IMC IRC IR0 ]
LIRCIRCINCIRC IRC IR IR0 ]

(b) [] = logic block



Design Levels: (a) functional definition level
(b) transistor level
(c) truth-table level, FPGA look-up tables
(d) gate level
(e) Verilog HDL, structural or behavioral models
(f) MATLAB and Simulink implementations

Example: switch model for a multiplexer function | | Wakerly / Sect. 1.13

A some multiplexer applications:
\ 7 network lines

I -

: telephone lines

' communication systems
I

g memory controllers




MSI quad package for a multiplexer chip - TI SN74F157

1A

1B

2A

2B

3A

3B

1"

10

1

u
-
u
.
u
-
D
D

9000

1Y

2Y

3Y

4Y



CMOS transistor model for multiplexer function

https://en.wikichip.org/wiki/multiplexer

VCC
rat
o . CMOS transmission gate
A DO e —————
_OI Q1 Q4 j_
¢ * —n Z A ¢+ ¢o—B
—| @ < o5 -
B O s o
Q6 EN
S O—e 23 =IF=



https://en.wikichip.org/wiki/multiplexer

truth table for multiplexer function

Z = S'"AB’ + S'AB + SA'B + SAB

> A; B Z
0O 0 0 0
SO ) S 0
0O 1 0 1
gk ) 1
1 0 4 0
IFR I
), 4 %A 0
L "k 2} I

full minterm sum-of-products (SOP) form

S’A \

simplified form

S'"AB’" + S’ AB

Z = S'A + SB

SA’B + SAB SB

\

used properties

A’ + A 1
B’ + B 1




truth table for multiplexer function

S A B Z
0 0 0 O

6 0 ¥ @

s o T S’AB’ + S’AB
Y A

1 0 0 0

TR0 e o

I 1 0 © SA’B + SAB =
g o gk,

SB

K-maps are 2-D versions of
truth tables and are fully
discussed in unit-3, Ch.3

S

Z = S'"AB’ + S"AB + SA’'B + SAB
full minterm sum-of-products (SOP) form

S’A \

simplified form

Z = S'A + SB

K-map

AB
o0 01

A

11

derivation

10

0 (

B

1 @

—
1
_1\
=




multiplexer function implemented on
FPGA look-up table (LUT)

LUT
A0 A1A2 D
0 00 O
S—A0 001 0
010 f1
A—JA1 9 44 ¢4 D
100 0
B_A21011
110 0
111 1




gate-level logic diagram for multiplexer function

Z = S'A + SB = ((S'A)’"(sSB)")"’

AND-OR NAND-NAND

N\

A ASN S’ .A
e
U2
SB U4
B S.B
U3

\ /

two-level, AND-OR, realization




gate-level logic diagram for multiplexer function

Z = S'A+ SB = ((S'A)’ (SB)’)’
AND-OR NAND-NAND

bubble-to-bubble
transformation

O
)2
Q)

\ De Morgan
/ | nanD)O

two-level, NAND-NAND, realization

SN | NAND

SNDQ—

NAND

Y Y




see also Wikipedia article on

Verilog HDL — structural model hardware description languages

// 2-input multiplexer
module Chlmux s(A, B, S, 2);

input A, B, S;
output Z;
wire SN, ASN, SB;

A
)
not Ul (SN, S); S u2
and U2 (ASN, A, SN); Ui Z
and U3 (SB, B, S); SB o

or U4 (Z, ASN, SB); B

.

endmodule

© 2018 Pearson Education, J. F. Wakerly, Digital Design Principles and Practices, 5/e

see also https://nandland.com/ for tutorials on HDLs



https://en.wikipedia.org/wiki/Hardware_description_language#HDLs_for_digital_circuit_design
https://nandland.com/

Verilog HDL — behavioral model

// 2-input multiplexer
module Chlmux b(A, B, S, Z);
input A, B, S;
output reg Z;

always @ (A, B, S) if (S==1) Z = B; else Z = A;

endmodule A
ASN
s U2
U1 -
B
U3

© 2018 Pearson Education, J. F. Wakerly, Digital Design Principles and Practices, 5/e




MATLAB implementation with M-file

Z = S'A + SB

% mux.m - 2-input multiplexer function

function Z = mux(S,A, B)

Z = ((~S) &A) | (5 & B);

% alternatively,

$ Z = or(and(not(S),A), and(S,B));

or, and, not,
are built-in
functions

anonymous MATLAB function version

mux = @(S,A,B) ((~S) & A) |

% Usage: Z = mux(S,A,B);

(S & B);




MATLAB script

mux = @(S,A,B) ((~S) & A) | (S & B);

[S,A,B] = a2d(0:7,3); all possible S,A,B values

a2d to be discussed in Unit-2

3
3

Z = mux(S,A,B);

[S,A,B,Z] % print the truth table

$ S A B 1Z %$ S,A,B,Z are columns

$ 0 0 0 O

0 0 1 O

/ g 1 g 1 note:

N a0 6 the operations & and | are vectorized in MATLAB
5 1 0 1 1

1 1 0 O

T 1 1 1 1




MATLAB / Simulink implementation

,’.7

NOT S

S'A

S

i

Z = S'A + SB

)

:.7

SB

B

simulink implementation

T

SN

ol

DﬁN
u2

=l
U3

OR

Display
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Simulink

open library run button time range desktop
=10/ x|

File Edit View Display Piagram Simulation Apalysis Code Tools Help
GRd= o @ YEY G oo . [10.0 [Normal [ vy v /
muxex0 | /
E [Falmuxex0 / ~
3
=
'

0

S NOT S

1

A

Display

0

B ||
» [ 4] LIJ

Ready |200% FixedStepDiscrete




Simulink library — commonly used blocks

S S & © @] Search Doc

o Preferences ~ [~ Community
= O e () &

Set Path =7 Requsst Support
Simulink ~ Layout = Help —

Library  » [l Paratel = ~ ChAddOns v
SIMULINK ENVIRONMENT RESOURCES

® = Simulink Library Browser _o| x|
File Edit View Help

b O » |Entersearcht.. ~|@# &e

Libraries Library: Simulink/Commaonly Used Blocks | Search Results: (none) | Frequently Used |
= [fa] Simulink N
- Commonly Used Blocks [— } Bus Creator { Bus Selector 1 Constant
- Continuous
- Discontinuities Data T
- Discrete Cormven ala ype z’ Dela { Demux
- Logic and Bit Operations Conversion Y
-~ Lookup Tables D T
- Math Qperations KTe iscrete-Time >> Gain = Ground
- Model Verification z-1 Integrator =
- Model-Wide Utilities _
- Ports & Subsystems Al AND Logical
- Signal Attributes ' Int s Integrator Operator
- Signal Routing
. Sources (- :I> Mux > QOut1 X Product

- User-Defined Functions
= Additional Math & Discrete Relational
Aerospace Blockset Operator
Communications System Toalbox

Computer Vision System Toolbox 1 S .
Control System Toolbox Subsystem >@ Sum 1= Switch

DSP System Toolbox o
2] remnao e
Fuzzy Logic Toolbox

HDL Verifier

- [%a] Image Acquisition Toolbox ﬂ
Showing: Simulink/Commaonly Used Blocks

=

]

Saturation Scope

-?II-YII-?II-YIHHHI-YII-YI




Simulink library — logic and bit operations

E; Simulink Library Browser
File Edit View Help

tel (3 » |Entersearcht.. =@ o
Libraries Library: Simulink/Logic and Bit Operations Search Results: (none) | Frequently Used |
= Pa] Simulink -
- Commonly Used Blocks = y %= L Bit Clear Sel Bit Set 5 E':;:EB Bitwise
- Continuous o e wos | Operator
- Discontinuities . _
- Discrete [ i J Combinatorial | _ . Compare To —0 Compare To
- Logic and Bit Operations Logic Constant Zero
- Lookup Tables
- Math Operations Uty b Detect U-u, b Detect e Detect Fall
- Model Verification Change Decrease Uz <0 MNegative
- Model-Wide Utilities
- Ports & Subsystems ves | Detect Fall Uslis b Detect Ue Detect Rise
- Signal Attributes Uz =0 Nonpositive Increase Uz s=0 Monnegative
- Signal Routing
Slnks U“':[ L DEtECt R|SE Extract Bits L P
- SoUrces | & war Positive e e [ Extract Bits J Interval Test
- User-Defined Functions
- Additional Math & Discrete >:p.l11u.> Interval Test 1 AND Logical 1 Relational
= [*a] Aerospace Blockset Ao Dynamic p e Operator b Operator

& %) Communications System Toolbox

& %] Computer Vision System Toolbox

- [%a] Control System Toolbox

=- %] DSP System Toolbox

- [%a] Data Acquisition Toolbox

= [%a] Embedded Coder

=- %l Fuzzy Logic Toolbox

7 7] HDL Verifier

- [*a] Image Acauisition Toolbox

Showing: Simulink/Logic and Bit Operations

[l

sz b Shift Arithmetic

(=i




Simulink library — sources

E; Simulink Library Browser

(=[P

File Edit View Help
% 3 » |Entersearcht.. ~|# &4
Libraries Library: Simulink/Sources | Search Results: {(none) | Frequently Used |
- . Simulink a e
- Commonly Used Blocks — ]ﬂ['ﬁf ,  Band-Limite /Wm Chirp Signal @ Clock
- Discontinuities _I_r"|_rr"| Counter E "'ﬂ_ﬂ Count
- Discrete ; Constant ounter Free- i X ounter
- Logic and Bit Operations Running Limited
- Lookup Tables £ o
- Math Operations L mici — numerate _ | .
- Model-Wide Utilities
- Parts & Subsystems — | From = -
- Signal Attributes Workspace - P Ground In1
- 5ignal Routing
- SInks Pulse _/ r‘lﬂ Random
-~ DOUrces b ﬂ-ﬂ- " Generator Ramp " Number
- User-Defined Functions
&- Additional Math & Discrete /M/] Repeating h/\\ Repeating Se- hJLL N Repeating Se-
=-[%a] Aerospace Blockset Sequence quence Inter... quence Stair
- [*%al Communications System Toolbox
= [%a] Computer Vision System Toolbox =y . _ oooo Signal .
- [*al Control System Toolbox g =~ SignalBuilder °e Generator g Sine Wave
=-[*a] DSP System Toolbox
~[*al Data Acquisition Toolbox ot M Uniform Ran-
=- [%a] Embedded Coder ep ] dom Mumber

1

- ["a| Fuzzy Logic Toolbox
7 [Pa] HDL Verifier
- [%a] Imaage Acauisition Toolbox

Showing: Simulink/Sources




Simulink library — sinks

H; Simulink Library Browser

File Edit View Help

(=]

7, 1 » |Entersearcht | #% &%

Libraries Library: Simulink/Sinks | Search Results: (none) | Frequently Used |

= . Simulink - — Floati
~ Commonly Used Blocks — ' oating -
Cnntlnunu!; E Dispiay Scope > Out1
- Discontinuities L St
- Discrete Scope ©op > Terminator
- Logic and Bit Operations P Simulation =
- Lookup Tables
- Math Operations o untied.rat | To File smou | To Workspace XY Graph
- Model Verification

- Model-Wide Utilities
- Ports & Subsystems
- Signal Attributes
- Signal Routing
- Sources
- User-Defined Functions
& Additional Math & Discrete
7 [%a] Aerospace Blockset
=-[%a] Communications System Toolbox
o [l Computer Vision System Toolbox
- [%a] Control System Toolbox
=-[%a] DSP System Toolbox
- %] Data Acquisition Toolbox
7- "] Embedded Coder
7 7] Fuzzy Logic Toolbox
7 [%a] HDL Verifier
- [*a| Imaae Acquisition Toolbox
Showing: Simulink/Sinks

1

F

- [F--[F]




MATLAB / Simulink implementation

subsystem model can be exported into
Verilog HDL, or VHDL, from Simulink

Z = S'A + SB

P PP RPEPOOODO
P POORKPRKE OO
P OPRPRORKPORKRO
P OPRPRORKFPRKE OO




MATLAB / Simulink implementation

Display

| |
: <;D subsystem model |
| |
| |
| |
| |
' D !
I A I
- _ .
1 Z 1
1 OR 1
1 ( 3} |
| B |
| |

Z = S'A + SB




Verilog code generated by Simulink

module MUX function(S,A,B,Z);

input S, A, B;
output Z;

wire S 1, S 2, S 3, S 4, S A outl;

assign S 1 = ~ S; A SN ASH
assign S 2 = S 1; S‘*ﬁDﬁ}r_::jtj[:>hJ
assign S 3 =S 2 & A; ::)Ez -
assign S 4 = S & B; ° "

assign S A outl =S 3 | S 4;

assign Z = S A outl;

endmodule




MATLAB / Simulink implementation

scope

SE— )

Z=5A+5B

Scope

signal builder

timeseries structure

Signal Builder

to workspace

MUX_function

A

_________ data type conversion MUX

boolean to double

see muxdema3.six inputs and output saved as a timeseries
on Canvas Files structure into the workspace block, and
M-files folder brought into MATLAB for plotting

PR R RPROOODO
PP OOKKKE OO
RPORMFRPROKEKOHMKHDO




.} Signal Builder (muxdem3/Signal Build

- lax]

signal builder

File Edit Group Signal Axes Help ¥

FH| P RB o o |~ FREE] > o= W G | R

Active Group: IGrDuP 1 -l Q| = | =|
R

1 E S —

P

---------------------------------------------------------------------

0+

--------------------------------------------------------------------

1 L

---------

_________________

_________________

(—
I

0.5

Left Point

Name: IS

Index: |1 *l

|

Click to select, Shift+click to add

{shown)
{shown)

P PR RPROOODO
P RPOORKRKER OO
P OPRPRORKFPOHRKRDO

[ @#1) [ YMin YMax ]




2@ aw i Ok Ea %

timing diagram from scope

P RrRFRPRPROOODO
P RPOORKRKER OO
POPRPRORKOHRLDO
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% extract data from timeseries structure P

t = P.time; % equivalent to t = 0:0.01:8
S = P.data(:,1); % array lengths = 801 by default
A = P.data(:,2);
B = P.data(:,3);
Z = P.data(:,4);
figure;

subplot(4,1,1); stairs(t,S, 'm-"');
ylabel('S'); xaxis(0,8,0:8); yaxis(0,2,0:2);

subplot(4,1,2); stairs(t,A,'b-");

ylabel('A'); xaxis(0,8,0:8); yaxis(0,2,0:2); _
stalrcase

subplot(4,1,3); stairs(t,B,'b-'"); plot

ylabel('B'); xaxis(0,8,0:8); yaxis(0,2,0:2);

subplot(4,1,4); stairs(t,2,'r-");
ylabel('Z'); xaxis(0,8,0:8); yaxis(0,2,0:2);
xlabel ('\itt"') ;

% xaxis () and yaxis () are on Canvas Resources;




timing diagram from timeseries structure P

) Figure1 =[P
File Edit View Insert Tools Desktop Window Help ~
Dode | | RRARTDEL-|2|0E|ad
n 1
U 1 1 1

P RrRPRPRPEOOODO
P RPOORKRKER OO
P OPRPRORKFK OO
RPOoOPRPRORKRKER OO




% calculate and plot timing diagram

last bit t=7 to t=8
3-bit counter

t = (0:8);
[S,A,B] = a2d(0:7,3);

o®

o®

extend last bit to t=8
extend last bit to t=8
extend last bit to t=8

o®

S [S; S(end,:)];
A = [A; A(end,:)];
B = [B; B(end,:)];

o®

o®

Z = (~S & A) | (S & B); % output

figure; &, | are vectorized operations

subplot(4,1,1); stairs(t,S, 'm-');
ylabel ('S');, xaxis(0,8,0:8); yaxis(0,2,0:1);

subplot(4,1,2); stairs(t,A,'b-");

ylabel ('A'); xaxis(0,8,0:8); yaxis(0,2,0:1); staircase

subplot(4,1,3); stairs(t,B,'b-'); plot

ylabel ('B'); xaxis(0,8,0:8); yaxis(0,2,0:1);

subplot(4,1,4); stairs(t,Z,'r-"');
ylabel ('Z');, xaxis(0,8,0:8); yaxis(0,2,0:1);
xlabel ('\itt') ;




timing diagram from plain MATLAB

o]
File Edit View Insert Tools Desktop Window Help ¥
NEHS |G RRTDEL- 2|0 ad
m 1
0
0 1 2 3 4 5 6 7 8
< 1
0
0 1 2 3 4 5 6 7 8
M1
0
0 1 2 3 4 5 6 7 8
N1
0
0 1 2 3 4 D 6 7 3

staircase
plot

S ABZ
O 0O00O
O010
0101
0111
1 000
1 011
1100
1111




using plot( ) instead of stairs( )

) Figure2 1ol x|
File Edit View Insert Tools Deskitop Window Help N
D de | b |RAO9DRL- 2 0| o
1
0 I/I | |
0 1 2 3 4 5] 6 8
<4 1 A
U L ] ] ] /|
0 1 2 3 4 D 6 8
A1
U ] ] ]
0 1 2 3 4 5} 6 8
N1
U ] ] ]
0 1 2 3 4 51 6 8

note: here, array lengths = 9 Z = S'A + SB




Additional notes on Simulink

see muxdema3.slx
on Canvas Files

Simulink Library 8 time units

click here to open set simulation duration to M-files folder

File Edit View Display Eiagram Simulation Analysis Code Toc:—! Help

v

A N EEREEE - ER R AT R A RO N L INROR, 4 |8 |N0rmai j @ = o
table35 |

® |[*a[table35»

2k

E 8-

=% X “

- .

[=3] y "

»

—y

Scope

timeseries
structure

Signal Builder

F_function

to workspace

MUX

data type conversion
boolean to double



click here to open scope parameters and select
4 axes (for X,Y,X,F) and time range of 8 units

-




drag the signal edges to change the shape of the signals

double-click on the Signal
Builder block to view the
signals X,Y,Z over the time
range of 8 units

) Signal Builder (tahle35/Signal Builder) ;lglil
File dit Gro Axe ~
SEN BB o o [—= R& | FREE» 1 o= | 3 F][

Active Gn%: |Gr0':}\1 \\ 9| =| =|

Signal Builder

Left Point Right Point

Name: Ix

T: I Tk I
Index: I‘l 'I Y: I f: I

Click to select, Shift+click to add

B

{shown)
{shown)

|x(#1) [ YMin YMax |




before exporting into Verilog, save the subfunction
into a separate SLX Simulink file, then set the data | | select Code, then HDL code,
types of the input/output ports to Boolean Options, and Verilog

=lalx]

File Edit View Display Diagram Zimulation Analysis e Tools Ip

B AN )
v E < QEE@/*%@HD ORAF \INormaI MO R AR
MUX_function | / N
® |Falmuxdem3 PMU)(/ﬁmctinn \ -
a /
3
= D
S
NOT S
5
A
A SA
. (1)

S z
: . OR
:3 B

B SB

to set the data types, double-click on each port,
select signal attributes, and set data type to Boolean




Emona netCIRCUITlabs board

mm netCIRCUITIabs CONTROL UNIT with
MULTIPLE PI.UG-IN BOARDS IS

» The netCIRCUITlabs Control Unit, located in your lab
or office, and will accept any netCIRCUITlabs Lab

Experiment board.

» Fast and easy implementation. No software to install
and no setting up required.

» Secure access for professor to all ADMIN functions
including student records and tracking.

/1
e N '.'.'.‘.'.'_'_‘_‘_‘_'ﬂ_-_-_- _____ N f/ The experiments boards plugs into
1 ) the netCIRCUITlabs Control Unit



SIGNAL SOURCES:

- HI/LO Logic Switches x 8
- 8 bit Binary Counter

- 4 bit Gray Counter

- 4 bit Johnson Counter

OVER 60 GATES & FLIP-FLOPS:
2, 3 & 4-input OR gates

All the logic functions and connections X-OR gates

are implemented in an FPGA. 2, 3 & 4-input AND gates

Inverters

S/R, D & J/K Flip-Flops,

Inverters

Finite State Machines

STUDY:

- Boolean logic and algebra
- Combinatorial circuits

- Truth tables

- Karnaugh Maps

- Quine-McCluskey method
- Designing Synch & Asynch

sequential circuits

- Flip flops

- State diagrams

- Design of FSM

- Registers, Counters, Multiplexers,

Encoders etc

- Introduction to HDL (Verilog)



Multiplexer function implemented on the Emona board

User: orfanidis2 - Uid: 56 7/31/2020, 1:56:19 PM
SELECT T SELECT SELECT SELECT SELECT SELECT SELECT SELECT SELECT SELECT T SELECT SELECT
username time stamp
must be clearly visible must be clearly visible

scope settings — load the file ‘blank’ for default settings

N\

t: [SOus/div
1 Tivesase @ ChA [aidv = A {.-.f.:;ﬁ:: jms 9138 iz
s b 1/ L4l 3100 o e et A
Lo [Sousav [B @cc @ armal E- c: .,«w.cw.v] 465 Vims 173.4 kHz
XY AB - i D: [4Vidiv] 4 ‘P: ms 0 Hz
L TRIGGER

e @Rise o ChB I 4V/div e T T m——— (-
Capture Fall @EC @Nv rml l:T'E]- |
Help AC

Watch

Refresh FET © chc [wjaw =
@Lilg @a ngte @iz @No rmal E]-
Avg

Dark
Rac : b
O @ci,.jss O ChD I 4v/div 57 |
EH @cc ©Ng.-.nel RS ]
elasticity G ~o

LN

user manual on Canvas http://ece-emonal.engr.rutgers.edu/
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Multiplexer function implemented on the Emona board

User: orfanidis2 - Uid: 56 7/31/2020, 1:56:19 PM
SELECT SELECT SELECT SELECT SELECT SELECT SELECT SELECT SELECT SELECT SELECT SELECT
CANCEL A
REMOVE

Binary Counter

Coded Counters

Eight One-Bit Switches
FSM Sequences

Dual OR Module 1
Triple OR Module 1
Quad OR Module 1
Dual AND Module 1
Triple AND Module 1

1 Tmesase @ Cha [ = A VRS Y e vims 8130 012 Quad AND Module 1
users IW—' @:c @ Narmal E- g ’;::r'%t ig}.:rmmss ?m’_ Tt Dual NAND Module 1
— ove I, DIPVMISIENmS G _ |Dual NAND Module 2

TRIGGER i b et B XOR Module 1
& O e R | Gate Medley 1
Fall Norma E]- y
C:‘::'e l @iz @AB l ' | | ! | " Inverters
S ‘ ' D Flip Flops 1
reesh |  rrr @ ChC [aviav > | | | | _|D Flip Flops 2
& & & & "_'—_‘1- JK Flip Flops 1
Dark ] ' ‘ . |JK Flip Flops 2
@ @‘éii‘ss O cho [ = - - ' - - |SR Flip Flop And Half Adder 1 ~
5 DC Normal E- ! | ! I | . . .
elasticity ©AC ©A 3

-

user manual on Canvas http://ece-emonal.engr.rutgers.edu/
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Multiplexer function implemented on the Emona board

User: orfanidis2 - Uid: 56

7/31/2020, 1:56:19 PM

SELECT SELECT SELECT SELECT SELECT SELECT SELECT SELECT SELECT SELECT SELECT SELECT

Z = S'A + SB

1 Timeease @ ChA [avidv — ~

users W @DC @ Normal @-
vae [ :

X

o TRIGGER

Save ise o ChB I 4V/div
& 1:@-
Fall @if @N L

Hdp A-B

Refresh FFT ©chc [ av/div
o S @:c ©Nm.m --
@ | ©Avq 46 258

Dark
Rac
@ @Galjss o ChD I 4v/div
BH @cc @.w.mal [El-
elasticity HE e

user manual on Canvas

—
AND-OR implementation i Pt :D—z

T ——— T .. - ————— . —————— Y v YWY O — ————y > S — S ———— e

b

LN

http://ece-emonal.engr.rutgers.edu/
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Multiplexer function implemented on the Emona board

BINARY SELECT INVERTERS SELECT DUAL
COUNTER AND
;0 o-Doo OD
o
o
6 O o{>&o
ol o
5 0 o«Doo o
40 o—Doo

S'

oL
2

1 TI%‘ ChA avisv |

@DC @Normal
wc ~Pxvan [

Load
_— @?ls\\ ChB avav B
Capture Fall ‘\ @DC @Normal [Tme | [T
Help \\ AC A-B -
Watch b
Refresh FFT ChC av/div

- (a]0} Normal
Lite Single
AC A-C
Dark Avg

)y G-

elasticity

@DC @Normal @-
s ao  [HEE

user manual on Canvas

Do A
yibs

ool
ol )J° SB

<

AN

SELECT DUAL

OR
O
60
oo
(o)
ODO
O
°j>
(o)
O

=2

1: [S0us/div]
A

SELECT SELECT SELECT SELECT SELECT
Z = S'A + SB
A ASN
S _.._| >o_| .
B
U3

A Input
B input

S selector
Z output

http://ece—emonal.engr.rutgers.edu/
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Multiplexer function implemented on the Emona board

BINARY SELECT SELECT SELECT SELECT SELECT DUAL SELECT SELECT SELECT SELECT SELECT
COUNTER NAND

70 O:I}O S'
s 0 NAND-NAND
implementation ‘ /;D“’ (S'A)’

PP | Z=(S'A)' (SB))’

> (SB)" “ SN
L)

v

J 25 Vrms 50.00 kHz
323 Virms 25 00 kHz |
3.08 Vims 6.250 kHz
3.25Vmms 37.50 kHz
g et |

S0us/d
14V/div
[ {4\V/di
[4Vidiv
(4Vidiv

B input

{ A Input

| S selector
Z output

D

| 4v/div

b . - UL L

user manual on Canvas http : //ece-emonal .engr.rutgers.edu/
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Transistor count

Moore’s law — data fitting

CPU Transistor Counts 1971-2008 & Moore’'s Law

E.WD,HDD.DDG I DT iz b 2 w Dund-Cors Rardum Tuksia

o GET o
1.000,000,000 POWERS. oo
ltanium 2 with SR cacha @ /_I:j;m

Core 2 Clupd o .
M 2 i ’___-.:Emin e
-

100,000,000 — b
F'-1__-I’- ® Barton At
_ }_,"; Hé.m
10,000,000 — e e < gl oP
every bwo years .

1,000,000 — o
ADG )
100,000 — bt
o Sces
10,000 — o
| S0E0
2,300 —  a0s g e
| | | |
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Date of introduction



NP JOOOODMNMMNOMNMPERPOBBMNMMNDNOWOILEWERERDNMNREDNADNND

.300e+003
.500e+003
.500e+003
.900e+004
.340e+005
.750e+005
.200e+006
.100e+006
.300e+006
.500e+006
.800e+006
.500e+006
.130e+007
.200e+007
.200e+007
.430e+007
.059e+008
.200e+008
.920e+008
.410e+008
.910e+008
.820e+008
.810e+008
.890e+008
.700e+009
.000e+009

Moore’s law

fitted model |  f(¢) = b Qa(t—t1)

logs f(t) = logy b+ a(t — t1)

0 transistor count
10 ! r !

— Moore’s llaw, a=0.5
| - - - fitted slope, a=0.5138
2 i * data

10 ' ’ :
1970 1980 1990 2000 2010
year




Y = load('transistor count.dat'); % MATLAB textbook

y =Y¥(:,1); t=Y(:,2);

£l = £(1); % tl = 1971 should be 0.5
according to

p = polyfit(t-tl, log2(y), 1) Moore’s law

S p = */////////’//////////////

% 0.5138 10.5889 % b = 2%p(2) = 1.5402e+003

f = 2.%(polyval(p,t-tl));

semilogy(t,f,'r-', t,y,'b.', 'markersize',6b18)

fitted model:

f(t) = b * 2.%(a*(t-tl)) = 2.4(a*(t-tl)+1log2(b));

5 a =p(l), log2(b) =p(2) --> b = 2%(p(2))
%$ a =0.5139, b = 1.5402e+03




