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Chap1 Introductory Concepts
Dﬂal\and Analog Quantities

After completing this section, you should be able to

Define analog

Define digital

Explain the difference between digital and analog quantities

State the advantages of digital over analog

Give examples of how digital and analog quantities are used in electronics
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FIGURE 1-2 | Sampled-value representation (quantization) of the analog quantity in
Figure 1—1. Each'value répresented by a dot can be digitized by representing it as a digital

code that consists of a series of 1s and Os.
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The Digital Advantage



Digital representation has certain advantages over analog representation in electronics applications. For
one thing, digital data can be processed and transmitted more efficiently and reli- ably than analog data.
Also, digital data has a great advantage when storage is necessary. For example, music when converted to
digital form can be stored more compactly and reproduced with greater accuracy and clarity than is
possible when it is in analog form. Noise (unwanted voltage fluctuations) does not affect digital data nearly
as much as it does analog signals.
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FIGURE 1-4 Basic block diagram of a CD player. Only one channel is shown.

Binary Digits, Logic Levels, and Digital Waveforms



After completing this section, you should be able to
¢ Define binary
¢ Define bit
+ Name the bits in a binary system
+ Explain how voltage levels are used to represent bits
+ Explain how voltage levels are interpreted by a digital circuit
+ Describe the general characteristics of a pulse
¢ Determine the amplitude, rise time, fall time, and width of a pulse

¢ Identify and describe the characteristics of a digital waveform

¢ Determine the amplitude, period, frequency, and duty cycle of a digital waveform

+ Explain what a timing diagram is and state its purpose

+ Explain serial and parallel data transfer and state the advantage and disadvantage

of each

A
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Low loved.
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FIGURE 1-6 Logic level ranges —

of voltage for a digital circuit.
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(a) Periodic (square wave) (b) Nonperiodic

FIGURE 1-9 Examples of digital waveforms.

The frequency (f) of a pulse (digital) waveform is the reciprocal of the period. The
relationship between frequency and period is expressed as follows: \Or} S

KHZ: IO’}HD &f = %_/9 S "> 63 uation 1-1
b H% . = lo’ ;

- lo H Zz 1 .

N\HZ" Z T = 7 'S ij’]?utu tion 1-2
2= 18
— Lo/ll

An important characteristic of a periodic digital waveform is its duty cycle, which is the
ratio of the pulse width (#y) to the period (7). It can be expressed as a percentage.

t
Duty cycle = <7W>100% Equation 1-3

A portion of a periodic digital waveform is shown in Figure 1-10. The measurements

are in milliseconds. Determine the following:
/= lo'/o
(a) period (b) frequency (c) dutycycle — — %I 0 -

]
Hz.
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FIGURE 1-10




I

I

| I I

I Lol |

1 \ !

I

A - |

/ T
Bit sequence | | | | : |
representedby | 1 1 o ! 1 I o | (o !
waveform A | | | | | |
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(a) Serial transfer of 8 bits of binary data. Interval #; to ¢ is first.
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(b) Parallel transfer of 8 bits of binary data. The beginning time is #,.

lllustration of serial and parallel transfer of binary data. Only the data lines



(a) Determine the total time required to serially transfer the e1ght bits contained in
waveform A of Figure 114, and indicate the sequence of bits. The left-most bit is
the first to be transferred. The 1 MHz clock is used as reference.

. ?
(b) Ms the total time-tQ uanffer the same glght bityin parallel?

FIGURE 1-1 4@'._' )M
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Basic Logic Functions

Ty

After completing this section, you should be able to

*

1 4

*

*

NOT

The NOT function changes one logic level to the opposite logic level, as indicated in

List three basic logic functions
Define the NOT function
Define the AND function
Define the OR function

Figure 1-17. When the input is HIGH (1), the output is LOW (0). When the input is LOW,

the output is HIGH. In either case, the

tion is implemented by a logic circuit known as a

output is n.

:b HS the input. The NOT func- ’

HIGH (1) *[>o— LOW (0)

FIGURE 1-17 The NOT function.

The AND function produces a HIGH output only when all the inputs are HIGH, as indi-
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cated in Figure 1-18 for the case of two inputs. When one input is HIGH and the other
input is HIGH, the output is HIGH. When any or all inputs are LOW, the output is LOW.
The AND function is implemented by a logic circuit known as an AND gate.
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FIGURE 1-18 The AND function—
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The OR function produces a HIGH output when one or more inputs are HIGH, as indicated
in Figure 1-19 for the case of two inputs. When one input is HIGH or the other input is
HIGH or both inputs are HIGH, the output is HIGH. When both inputs are LOW, the output
is LOW. The OR function is implemented by a logic circuit known as an OR gate.

HIGH (1)
HIGH (1)

HIGH (1)
LOW (0)

:D— HIGH (1)
:D—HIGH )

FIGURE 1-19 The OR function.
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SECTION 1-3 CHECKUP

1. When does the NOT function produce a HIGH output?

2. When does the AND function produce a HIGH output? 0 o

3. When does the OR function produce a HIGH output? © ’

4. What is an inverter?

5. What is a logic gate? l 0

|

Combinational and Sequential Logic Funct%ons

—
Two
binary
numbers

L

After completing this section, you should be able to

+ List several types of logic functions

¢ Describe comparison and list the four arithmetic functions

¢ Describe code conversion, encoding, and decoding

+ Describe multiplexing and demultiplexing

+ Describe the counting function

+ Describe the storage function

+ Explain the operation of the tablet-bottling system

Comparator

[
Outputs

iy

Comparator
Binary A et — LoV
code for 2
A=B ——LOW
Binary B
code for 5 A<B |—— HIGH

(b) Example: A is less than B (2 < 5) as indicated by
the HIGH output (A < B)










Adder Gdder )
Binary g
A > Sum code for 3 A ' 3 Binary
T.WO 4—/ — code for 2
binary
numbers 3 Cout — Carry out Binary B‘ e Cout > Binary 1
code for 9 <
Carry in —| C;, Binary 0 ——> @
Binary
code for 12
(a) Basic adder (b) Example: A plus B (3 +9=12)
FIGURE 1-21 The addition function.
e
8
—_— 7
— 6
—5 Binary ,9’0)
— 4 code for 9
— 3 —
—_— 2
—1
e] 10
]
Calculator keypad

FIGURE 1-22 An encoder used to encode a calculator keystroke into a binary code
for storage or for calculation.

N\
()

Binary-coded input

l

7-segment display

FIGURE 1-23 A decoder used to convert a special binary code into a 7-segment

decimal readout. \
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( Multiplexer Demultiplexer \
A Data from | Data from Data from Data from Ava | | | | | | | | | | | |
AtoD BtoE CtoF AtoD -
At
Aty At, Aty Aty ! E
—— o L
—o_ [
Switching Switching
sequence sequence
control input control input
FIGURE 1-24 lllustration of a basic multiplexing/demultiplexing application.



Serial bits (.//
on input line

Initially, the registeg/contains only invalid
O 1 O — 0 O O 0 data or all zerosas shown here.

0 First bit (1) is shifted serially into the

0 _,&® 0 0 Qrsser

Second bit (0) is shifted serially into
Ol— O—=1- O (O | registerand first bitis shifted right.

Third bit (1) is shifted into register and
O —_— 1_> 0 _>1 O the first and second bits are shifted right.

ourth bit (0) is shifted into register and

FIGURE 1-25 Exampie
represents one storage “cell’ o

Parallel bits O
on input lines

Initially, the register is empty,
containing only nondata zeros.

l
0

All bits are shifted in and
O 1 O 1 stored simultaneously.

N Parallel
m_l—l_l—l_l—l_l—l_ / outputlines | Bip Binary | Binary | Binary | Binary
— Counter code code code code code
2 3.4 5 k Tor 1 for 2 for 3 for 4 for 5
Input pulses

q— .
Sequence of binary codes that represent
the number of input pulses counted.

FIGURE 1-27 lllustration of basic counter operation.




Tablets / bottle

Encoder Decoder
| Register o A » l-l E l-l
4 2 r g
Number of
Keypad for entering tablets per bottle
number of tablets
per bottle Binary code for preset number
Code of tablets per bottle
converter J
a ’ Comp
A
HIGH closes valve N A=B
and advances Binary code for V| B
\ conveyor. LOW actual number of
9 keeps valve open. tablets in bottle
\
\
N\ New total
Valve \\ g sun
Sensor Counter : A : Register
[} One pulse B
from sensor
@_@_@7 for each tablet » B Cou Dec];;der
d »
Conveyor — 1 HIGH causes new v
caiel I counter by 1. sum to be stored.
Pulse resets counter to zero MUX
when next bottle is in place. I
v
Current total sum
The binary code representing the number of tablets bottled each time 1
Register B has reached the maximum accumulated count. N\

Switching sequence
control input

DEMUX

# To computer for accumulation and storage of total
number of tablets bottled over time

1

FIGURE 1-28 Block diagram of a tablet-bottling system.

Introduction to Programmable Logic

-ogrammable logi

SPLDs CPLDs

R~

'\.I/v——-‘ \
FIGURE 1-29 Programmable logic hierarchy.

7

D ) — > B FixdOR [ 10
‘ Fixed OR ! ! d |
} array and “ } pr:;ai’n:able :
} output logic ! ! output logic i

(a) PAL (b) GAL,
FIGURE 1-30 Block diagrams of simple programmable logic devices (SPLDs).
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PLD development board

Programmable logic device

FPGA. gaphic entry of a logic
YHDL tan also be used.  (Photq courtesy

FIGURE 1-36 Basic setup for programming a P
circuit is shown for illustration. Text entry such a
of Digilent, Inc.)



Design entry
HDL or graphic

Functional
simulation

Development
software

Synthesis

l

Implementation

|

Timing
simulation

l

Download

Compiler

FIGURE 1-37 Basic programmable logic design flow block diagram.

Fixed-Function Logic Devices

FIGURE 1-38 Cutaway view of one type of fixed-functiop.IC package (dual in-line
package) showing the chip mounted inside, Wit €ofnections to input and output pins.

(a) Dual in-line package (b) Small-outline IC éOIC’
—

FIGURE 1-39 Examples of through-hole and surface-mounted devices. The DIP is larger
than the SOIC with the same number of leads. This particular DIP is approximately 0.785 in.
long, and the SOIC is approximately 0.385 in. long.



(2) SSOP (153 X 193 mils) (b) PLCC (350 X 350 mils) (c) LCC (350 X 350 mils)

(d) LQFP (7 X 7 mm) (e) Laminate CSP bottom view (f) FBGA bottom view
(3.5 X 3.5 mm) (4 X 4 mm)

FIGURE 1-40 Examples of SMT package configurations. Parts (e) and (f) show bottom
views.

Pin 1
identifier

194

Pin1
identifier

FIGURE 1-41 Pin numbering for two examples of standard types of IC packages.
W- re shown.

Test and Measurement Instruments

FIGURE 1-42 Typical digital oscilloscope with voltage probe. Used with permission from
Tektronix, Inc.



Oscilloscoj o
pe Acquisition circuits

Processor

1010011010

Vertical circuits

1010011010 | Reconstruction
and display
circuits

Trigger circuits Horizontal circuits

Board under test

FIGURE 1-43 Block diagram of a digital oscilloscope. (Photo courtesy of Digilent, Inc.)

/ Trigger controls

/ Horizontal controls

— Vertical controls

| _— Channel inputs

FIGURE 1-44 Atypical digital oscilloscope front panel. Numbers below screen indicate
the values for each division on the vertical (voltage) and horizontal (time) scales and can
be varied using the vertical and horizontal controls on the scope. Used with permission from
Tektronix, Inc.

EXAMPLE 1-3

Based on the readouts, determine the amplitude and the period of the pulse waveform on
the screen of a digital oscilloscope as shown in Figure 1-48. Also, calculate the frequency.

)

|V

FIGURE 1-48 [ofs,



Sampling Rate

The sampling rate is the rate at which the analog-to-digital converter (ADC) in the oscil-
loscope is clocked to digitize the incoming signal. The sampling rate and bandwidth are not
directly related, but the sampling rate should be at least five times the bandwidth. Figure 1-49
illustrates the difference between a low sampling rate and a much higher sampling rate. Part
(a) shows how a sampling rate that is too low distorts the shape of the rising edge. In part (b),
the higher sampling rate results in a much more accurate representation of the rising edge.
When the sampling rate is sufficiently high, the signal can be precisely reproduced.

(o

FIGURE 1-50 Typical Used with permission from Tektronix, Inc.

123 4@6 78
(a) Waveform display (b) Listing display

FIGURE 1-52 Two logic analyzer display modes.
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Y

\

FIGURE 1-53 A typical multichannel logic analyzer probe. Used with permission from
Tektronix, Inc.

(a) Arbitrary waveform generator ) Function generator

FIGURE 1-54 Typical signal geherators. Used with permission from Tektronix, Inc.



(a) Bench-type DMM (b) Handheld DMM
FIGURE 1-55 Typical DMMs. Used with permission from (a) B+K Precision®; (b) Fluke

FIGURE 1-56 Typical bench-type dc power supply. Used with permission from Tektronix, Inc.
A

Chap2 Number Systems, Operations, and
Codes

2-1 Decimal Numbers

The digit 2 has a weight of The digit 3 has a weight
10 in this position. l l of 1 in this position.
P
\) J
2X10 + 3X1

\ \:

20 3

|

digits: The decimal number system has ten digits.

weight:The decimal number system has a base of 10.

2-2 Binary Numbers
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TABLE 2-2

Binary weights.
Positive Powers of Two Negative Powers of Two
(Whole Numbers) (Fractional Number)
28 27 28 25 24 23 2 ot 20 27! 272 273 274 275 276
256 128 64 32 16 8 4 2 1 12 1/4 1/8 1/16 1/32 1/64
0.5 0.25 0.125 0.625 0.03125 0.015625

Binary-to-Decimal Conversion

The decimal value of any binary number can be found by adding the weights of all bits that
are 1 and discarding the weights of all bits that are 0.

Convert the binary whole number 1101101 to decimal.

Solution
Determine the weight of each bit that is a 1, and then find the sum of the weights to get
the decimal number.
Weight:  202°2%23222120
Binarynumber: 1 1 0 1 1 01
1101101 = 2% + 2% + 23 + 22 + 20
=64+32+8+4+1=109

Related Problem
Convert the binary number 10010001 to decimal.

2-3 Decimal-to-Binary Conversion

Repeated Division-by-2 Method



Remainder

12
— =6 0
2l_1
6
—=3 0
i_l
3
—=1 1
2
10 1
2
Stop when the 1 1
whole-number quotient is 0.
4 MSB 7 T—LSB
For example:
Repeated Multiplication by 2
MSB -1 r LSB
Carry 0101
J{ AN N
0.3125 X 2 = 0.625 0 —T

\
0.625 X2 =1.25 1

025X2=050 0

—

050 X2=100 1

Continue to the desired number of decimal places j
or stop when the fractional part is all zeros.

For example:






2-4 Binary Arithmetic

f\

Add binary numbers 8
|
0

v

Subtract binary numbers . V2 —> )o
- , O | O‘\

o ! ,_'

—— ‘1, ’7 -
B o kb lt 7721

0 -

Multiply binary numbers 0 | L 7 3
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Convert a binary number to its ZQmplement using either of
two methods

Find the 2’s complement of 10110010.

Solution
10110010 Binary number
01001101 1’s complement
+ 1 Add1
01001110 2’s complement

Related Problem
Determine the 2’s complement of 11001011.

The Sign Bit

/”"/g =12.5hb
e
The left-most bit in a signed binary number is the sign bit, which tells you whether the number is positive or
negative. e . Joo M bpg
Hz i
A 0 sign bit indicates anumber, and a 1 sign(bitjindicates a negative number.

N ' 0001100
01100

LY
'on]auit_ T T

Magnitude bits

In the 1's complement form, a negative number is the 1's complement of the corresponding positive
number.

In the 2's complement form, a negative number is the 2's complement of the corresponding positive

number. O mzs\g‘
0154 O 28—

%l\zi%o pob VYO U < 6 1]]] 111 )
Ny

]6%5\_} & = o 1

/

For example:




Range of Signed Integey Numbe:

Range

Floating-Point Numbers

A floating-point number (also known as a real number) consists of two parts plus a sign. The mantissa is
the part of a floating-point number that represents the magnitude of the number and is between 0 and 1.
The exponent is the part of a floating-point number that represents the number of places that the decimal
point (or binary point) is to be moved.

FRE (WARANXE) ARSI LE—TRSEM., BREFREN—8D, AREFNA/N, MF 01 Z[E,
BHEFREN—8D, AFRNIR (FTHAGNR) B, ) BHEB5ED.,

Single-Precision Floating-Point Binary Numbers

— T — \_—\‘\—
32 bits >
S Exponent (E) Mantissa (fraction, F)

. : : )
1 bit 8 bits o & 23S ‘{Rr ,

psg' ﬁ

.

Number = (—1)5(1 +F) (2E7127)

————

There are two exceptions to the format for floating-point numbers: The number 0.0 is repre- sented by all
0s, and infinity is represented by all 1s in the exponent and all Os in the mantissa.

FREBBNEMMTIIN: HF 0.0 HE 0 RK, THARHEHRFNE 1 HEAPNE 0 XK.
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EXAMPLE 2-18

Convert the decimal numbdr 3.248 X 10%fo a single-precision floating-point binary number.

Solution —~ L?
Convert the decimal number to binary

3.248 X 10* = 32480 = 1111110111000002 111101 0000 2.
The MSB will not occupy a bit position because it i al ways a Therefore the man-
tissa is the fractional 23-bit binary number 11111011100000000000000 and the biased

exponent is
{;_ 14 + 127 = 141 = IOOOIIOIL
The complete ﬂoémg -point number is

D 100Q|1,101 111 1101110000000000000
~% G
Related Problem

Determine the binary value of the following ﬂoatmg -point bmary number:
0 10011000 10000100010100110000000

)/v \ By /3 N%
/2 ﬁr(ﬁh}ometlczgj\ tionsﬂ%\ Szzn\ed Num%erﬁ

Addition

I
The two numbers in an addition are the addend and the augend. The result is the sum. There are four

cases that can occur when two signed binary numbers are added.

1. Both numbers positive
2. Positive number with magnitugé larger than negative number
3. Negative number with magnitude larger than positive number
4. Both numbers negative



Let’s take one case at a time using 8-bit signed numbers as examples. The equivalent decimal
numbers are shown for reference.

Both numbers positive: 00000111 7 Addition of two positive numbers
+ 00000100 14 yields a positive number.
00001011 11
The sum is positive and is therefore in true (uncomplemented) binary.
Positive number with magnitude larger than negative number: Addition of a positive number and
a smaller negative number yields a
00001111 @ positive number.
+ 11111010  + —~{6)
Discard carry ——> 1 00001001 9
The final carry bit is discarded. The sum is positive and therefore in true (uncomplemented)
binary.
Negative number with magnitude larger than positive number: Addition of a positive number and
00010000 a larger negative number or two

negative numbers yields a negative
number in 2’s complement.

+ 11101000 <= + —04)
11111000 4= -8

The sum is negative and therefore mw

Both numbers negative: 11111011 &2 -5
+ 11110111 &= + =9
Discard carry ——> 1 11110010 —14

The final c bit is discarded. The sum is negative and therefge in 2 plement form.
- [

B

[111000¢

_Bjosaitle

AN
When two numbers are adde(@mber of bits required to represent the sum exceeds the number

Overflow Condition

of bits in the two numbers, an|overflow Jesults as indicated by an incorrect sign bit.

T 01111101 125
,j» F 4+ 00111010/ + 58 -
W 110111 527
Sign incorrect ‘ > U’)
Magnitude incorrect
NN
An overflow can occur only when both numbe ve or both number e. If the sign bit

of the result is different than the sign bit of the numbers that afea ; oW cated.

SubtractiorT Ff-& I).:,P N ,[, )\[: /\/ /

final carry bit. 7 '
VT

EXAMPLE 2-20

Perform each of the following subtractions of the signed numbers:

(a) 00001000 — 00000011 (b) 00001100 — 11110111
(¢) 11100111 — 00010011 (d) 10001000 — 11100010
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Multiplication

The numbers in a multiplication are the multiplicand, the multiplier, and the product.

The sign of the product of a multiplication depends on the signs of the multiplicand and the multiplier
according to the following two rules:

* If the signs are the same, the product is positive.

+ If the signs are different, the product is negative.

Multiply the signed binary numbers: 01010011 (multiplicand) and 11000101 (multiplier).

Division
The numbers in a division are the dividend, the divisor, and the quotient. These are illus- trated in the
following standard division format.

dividend

— = quotient
divisor

Divide 01100100 by 00011001.

2-8 Hexadecimal Numbers

The hexadecimal number system has a base of sixteen; that is, it is composed of 16 numeric and
alphabetic characters.
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Decimal Binary Hexadecimal
0 0000 0
1 0001 1
2 0010 2
3 0011 3
4 0100 4
5 0101 5
6 0110 6
7 0111 7
8 1000 8
9 1001 9

10 1010 A
11 1011 B
12 1100 C
13 1101 D
14 1110 E
15 1111 F

Binary-to-Hexadecimal Conversion

Convert the following binary numbers to hexadecimal:

(a) 1100101001010111 (b) 111111000101101001

Hexadecimal-to-Binary Conversion

Determine the binary numbers for the following hexadecimal numbers:

(a) 1 0A416 (b) CF 8E16 (c) 9742 16



Hexadecimal-to-Decimal Conversion

Convert the following hexadecimal numbers to decimal:

(a) 1C16 (b) A85 16

Decimal-to-Hexadecimal Conversion

EXAMPLE 2-28
Convert the decimal number 650 to hexadecimal by repeated division by 16.

Hexadecimal Addition

Add the following hexadecimal numbers:
(a) 2316 + 1616 (b) 5816 + 2216 (c) 2B16 + 8416 (d) DF16 + AC16



2-9 Octal Numbers

After completing this section, you should be able to u Write the digits of the octal number system

Convert from octal to decimal
Convert from decimal to octal
Convert from octal to binary
Convert from binary to octal

2-10 Binary (Coded/Decimal (BCD)

Binary coded decimal (BCD) is a way to express each of the decimal digits with a binary code.

TABLE 2-5

Decimal/BCD conversion. — T~

DecimalDigt (0 1 2 3 4 5 6 7 \i-g)
BCD 0000 0001 0010 0011 0100 0101 0110 0111 10001001

Add the following BCD numbers: (LZ 0} / L

(a) 0011 + 0100 (b) 00100011 + 00010101

(c) 10000110 + 00010011 (d) 010001010000 + 010000010111 / '
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2-11 Digital Code

The Gray code is unweighted-and is not an arithmetic code; that is, there are no specific weights assigned to
the bit positions.

TABLE 2-6

Four-bit Gray code. 5
Decimal Binary Gray Code Decil‘nal Bjaﬁ/r;' Gray 6@

0 0000 0000 ™~ A 8 1000 1100
1 0001 0001/ o9 1001 110
2 0010 0011 \ 7 10 1010 1111
3 0011 0010 ,ﬁ 11 1011 1110
4 0100 0110 12 1100 1010
5 0101 0111 13 1101 1011
6 0110 0101 Apm 1110 1001
7 0111 0100 15 1111 1000

1< 1 <—

0~—1 IR | -l IR

1 ~—o emitter/detector 110 1 ~— emitter/detector 101 100

101 '/§< //§</_ 000

100 001

IR beams

Reflected Nonreflected
(b) Gray code

< (a) Binary code)
FIGURE 2-7 A simplified illustration of how the Gray code solves the error problem in

shaft position encoders. Three bits are shown to illustrate the concept, although most shaft
encoders use more than 10 bits to achieve a higher resolution.



ASCII

ASCIl is the abbreviation for|lAmerican Standard Cocg)

—_—

r‘lnformation Interchange. Hro- nounced “askee,”

ASCll is a universally accepted alphanumeric code used in most comput- er electronic

equipment.

Unicode provides the ability toencode all of the characters\used forithe

American Standard Code for Information Interchange (ASCII).
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ritten languages¥f the world by

assigning each character a unique numeric value and name utilizing the universal character set (UCS). It is
applicable in computer applications dealing with multi- lingual text, mathematical symbols, or other

technical characters.



Unicode B EMBERFAE (UCS) AN FRDE—THE—BENRR, #HTYBTHRAT@mESNMEF
FFRHTHRIDINEES . EERTHEZIEE XA, HEFSREMBAFHFITENNARER . W

2-12 Error Codes | 190] — J11]

Parity Method for Error De@
- mE (e
TABLE 2-8

The BCD code with parity bits. £

’—:)

/‘3@ @Yen Pari% @garit; CIO
—" P BCD ~" BCD
0 0000 1 0000
1 0001 0 0001
1 0010 0 0010
0 0011 1 0011
(jD 149—/) 0 0100
0 0101 1 0101
0 0110 1 0110
1 0111 0 0111
1 1000 0 1000
0 1001 1 1001
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