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"\Why Study Digital Design?

’"'-'i ________________

- ~{ control unit I'-'—' ALU

- | memory

o e d

[ 3
registers registers
. ---------
|
| cache

—{ flags memory
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Signal Example — Physical Quantity: Voltage

HIGH

LOW

OUTPUT

MAN

w4

(a) Example voltage ranges

Voltage (Volts)
INPUT 101
— 1.0 — N\
0.9 — \\ HigH 09
— 0.6 & 0.0 Time
04 — A (b) Time-dependent Voltage
. 1
0.1 L OW
— 0.0 — %
Volt
o \Th reshold
i 0 Time

Region

(c) Binary model of time-dependent voltage
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[binary, octal and hexadecimal]
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[Binary Coded Decimal (BCD)] sy sbbus =
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(0,1,2,3,4,5,6,7,8,9)

® 8653 =8*10% + 6*10%* 5*10! * 3*10°

® 97654.35 = 9*10% + 7*10%* 6*102* 5*101 * 4*100 +
3*101+5*102

® Soe d_,L, LJ""’L“ 09U (9765435)10
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(Number), = (in 151; f) (JZ_: 1 a - I’)

j_ m
(Integer Portion) + (Fraction Portion)
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o616 Octal L cuzn slow jo soe ol
(0,1,2,3,4,5,6,7
® (4536)g = 4*83 + 5*82*+3*81*6*8° = (1362),,
e
® (465.27)g = 4*82+6*81 +5*80 + 2*8-1+ 7*82
Yoojgele ) Cl gl | =

VY
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Name Radix Digits
Binary 2 0,1

Octal 8 0,1,2,3,4,5,6,7
Decimal 10 0,1,2,3,4,5,6,7,8,9

Hexadecimal 16 0,1,23456,7,89AB,CD,EF

= The six letters (in addition to the 10
Integers) Iin hexadecimal represent:

V¥
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Decimal Binary Octal | Hexadecimal
(Base 10) (Base 2) (Base 8) | (Base 16)
00 00000 00 00
01 00001 01 01
02 00010 02 02
03 00011 03 03
04 00100 04 04
05 00101 05 05
06 00110 06 06
07 00111 07 07
08 01000 10 08
09 01001 11 09
10 01010 12 0A
11 01011 13 0B
12 01100 14 0C
13 01101 15 0D
14 01110 16 OE
15 01111 17 OF
16 10000 20 10
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General Decimal Binary
Radix (Base) r 10 2
Digits 0=>r-1 0=>9 0=>1
0 ro 1 1
1 ri 10 2
2 r? 100 4
3 r3 1000 8
Powersof 4 r* 10,000 16
Radix 5 o 100,000 32
-1 r-t 0.1 0.5
-2 r-2 0.01 0.25
-3 r-3 0.001 0.125
-4 r-4 0.0001 0.0625
-5 r-> 0.00001 0.03125

\ ¢
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= Binary numbers are made of binary digits (bits):
® Dand1

o i
® (1011), = 1x23 + 0x22* 1x21 * 1x2°= (11),
s o lde) JBs
® (110.10), = 1x22* 1x2 1+ 0x20 + 1x21 * Ox22
dw sl (8 2 m

byte < A Jald 6 0l 2o S
* (11001001),

nibble s Fubare S .
° (1101),

AR
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To
Dec Bin Octal Hex
Repeated / | U 5 po @5 e
) 39 (o e
Dec or * e Sl oo
Convert Convert
From Bin o Coo ()59 51 ool - every 3 every 4
digits digits
o Split every ) :
Octal | Add digit*weight digit t0 3 Thru Bin
Hex | Add digit*weights | SPHEEVeY | 1y Bin _

)94

digitto 4
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=For each digit position:
1. Divide decimal number by the base (e.g. 2)

2. The remainderis the lowest-order digit

3. Repeat first two steps until no drvisor remains.

=Example for (13),,:



"For each digit position:

Tomo d0s o Lo

1. Divide decimal number by the base (e.g. 2)

2.

3. Repeat first two steps until no divisor remains.

.Example for (13)10:

AR

" Answer (13)10 = (a3 a2 al a0)2 = (1101)2

13/2 =
6/2 =
3/2 =
1/2 =

]
Integer
] .
Quotient

6

3
1
0

The remainder is the lowest-order digit

.Remainder
+
+ 0
+ %
+

" Coefficient
a0=1
al=0
a2=1
a3=1
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=For each digit position:
1. Multiply decimal number by the base (e.g. 2)
2. The Integeris the highest-order digit

3. Repeat first two steps until fraction becomes zero.

=Example for (0.625),,:

Yy
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"For each digit position:

1. Multiply decimal number by the base (e.g. 2)

*  The /ntegeris the highest-order digit
3. Repeat first two steps until fraction becomes zero.
.Example for (0.625)10:

0.625* 2 = 1+ 025 a-1=1
0.250* 2 = 0 + 0.50 a-2=0
0.500* 2 = 1 + 0 a-3=1

=Answer (0.625)10 = (0.a-1 a-2 a-3 )2 =(0.101)2

Yy
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= Useful for Base Conversion

Exponent | Value Exponent | Value
0 1 11 2,048
1 2 12 4,096
2 4 13 8,192
3 8 14 16,384
4 16 15 32,768
5 32 16 65,536
6 64 17 131,072
7 128 18 262,144
8 256 19 524,288
9 512 20 1,048,576
10 1024 21 2,097,152

Y¥
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- 210 (1024) is Kilo, denoted K"

= 220 (1,048,576) is Mega, denoted ""M"*

= 230 (1,073, 741,824) is Giga, denoted "'G"*

= 240 (1,099,511,627,776) is Tera, denoted “T**

Yo



Jus) - Ja
=For each digit position:
1. Divide decimal number by the base (8)

2. The remainderis the lowest-order digit

3. Repeat first two steps until no a/visor remains.

=Example for (175),:

Y?



Jus) - Ja
=For each digit position:
1. Divide decimal number by the base (8)

2. The remainderis the lowest-order digit

3. Repeat first two steps until no a/visor remains.

=Example for (175)10:

175/8= 21 + 7/8 ay =7
21/8= 2 + 5/8 a; =5
28= 0 + 2/8 a, = 2

= Answer (175),, = (a2 al a0), = (257),

YV
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"For each digit position:

1. Multiply decimal number by the base (e.g. 8)
*  The /ntegeris the highest-order digit
3. Repeat first two steps until fraction becomes zero.
" Example for (0.3125)10:
" Integer " Fraction " Coefficient
|
0.3125x8= 2 + 5 a-1=2
|
0.5000x8= 4 + O a-2=4

B " Answer (0.3125)10 = (0.24)8

YA
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Binary Arithmetic -l clles

= Single Bit Addition with Carry

= Multiple Bit Addition

= Single Bit Subtraction with Borrow
= Multiple Bit Subtraction

= Multiplication

= BCD Addition

B
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Given two binary digits (X,Y), a carry in (Z) we get the
following sum (S) and carry (C):
Carry in (Z) of O: 4 0 0 0 0
X 0 0 1 1
+Y +0 +1 +0 +1
CS 00 01 01 10

Carry in (Z) of 1: Z 1 1 1 1
X 0 0 1 1

+Y +0 +1 +0 +1
cS 01 10 10 11

A



Multiple Bit Binary Addition

Jlw ™
gE 0 0
aJ Bl 01100 10110
<3lze + 10001 + 10111

Eason

Sl o 2 e 35,55 JE "
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= Given two binary digits (X,Y), a borrow in (Z) we
get the following difference (S) and borrow (B):

= Borrowin (Z)of0: Z 0 0 0 0
X 0 0 1 1

-¥Y 0 -1 0 -

BS 00 11 01 00

= Borrowin (Z2)ofl: 7 1 1 1
X 0 0 1

-Y -0 -1 -0 -1

BS 11 10 00 1

Y'Y



Borrows

Minuend

Subtrahend
Difference

\A

s v G d Jle g0 @

0 0

10110 10110
- 10010 -10011
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bV L cn bl cdle il a8l 0
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signed magnitude, 1’s complement, 2’s complement

&.AA)}‘-C .cWWWc&M)&Cw\&JwQJ‘)‘JM&& ¢
w.}‘)&‘é‘j‘g\ w%w&aa\u\&\d‘j .)ydao.)wo\.a

Consider signed magnitude.

/OQQQllvD\Db 12d /100ﬂ11<0b -12d

Sign bit Magnitude Sign bit Magnitude

v



One’s Complement

The one’s complement of a binary number involves inverting all bits.
1°s comp of 00110011 is 11001100
1°s comp of 10101010 is 01010101

254kl Lol S s Lesl WM 5 o W3, N L gane ol

. n _-m
1°s complementis (2 -2 )-N.

S o S JoSe o] Sl s K an B L i 008 g 6l

/OQQQLI.{DI) =12d /llllﬂﬂllb = -12d
Sign bit Magnitude Sign bit Magnitude

YA



Two’s Complement

Tglde_twol’s complement of a binary number involves inverting all bits and
adding 1.

2’s comp of 00110011 is 11001101
2’s comp of 10101010 is 01010110
For an n bit number N the 2’s complement is
n
2 —N.

To find negative of 2’s complement number take the 2°s complement.

/OQQQLI.{DI) =12d /llllﬂlﬂﬂb = -12d
Sign bit Magnitude Sign bit Magnitude

Y4
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= Algorithm 1 — Simply complement each bit and then add 1
to the result.

® Finding the 2°s complement of (01100101), and of its
2’s complement...

N =01100101 [N]= 10011011
10011010 01100100

+ + 1
10011011 01100101

= Algorithm 2 — Starting with the least significant bit, copy
all of the bits up to and including the first 1 bit and then
complementing the remaining bits.

° N =01100101
+ [N] =10011011
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= Machines that use 2°s complement arithmetic can
represent integers in the range
_2n-1 <= N <= 2n-1_1
where n Is the number of bits available for
representing N. Note that 2"1-1 = (011..11),
and —2"! = (100..00),
0 For 2’s complement more negative numbers than
nositive.
0 For 1’s complement two representations for zero.

¥
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+(0001),.

Let’s compute (12),5 + (1)4,.

Using 1°s complement numbers, adding numbers Is easy.
For example, suppose we wish to add +(1100), and

* (12),, = +(1100), =01100,in 1’s comp.
® (1), = +(0001), =00001,in 1’s comp.

.Step 1. Add binary numbers
.Step 2: Add carry to low-order bit

¥y

Final Result
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= Using 1’s complement numbers, subtracting numbers is
also easy.
= For example, suppose we wish to subtract +(0001), from
+(1100),.
= Let’s compute (12)4 - (1)1
* (12),, =+(1100), =01100,in 1’s comp.
® (-1),, = -(0001), =11110,in 1’s comp.

¥ ¥



nd
Step 1. Take 1’s complement of 2  operand
Step 2: Add binary numbers
Step 3: Add carry to low order bit

1’s comp
Add

Add carry

Yo




2’s Complement Addition

= Using 2’s complement numbers, adding numbers is easy.

= For example, suppose we wish to add +(1100), and
+(0001),.
= Let’s compute (12)5 + (1)4,.
* (12),, = +(1100), =01100,in 2’s comp.
® (1), = +(0001), =00001,in 2’s comp.

Add +
Step 1: Add binary numbers ~ —mmmmm g
Step 2: Ignore carry bit Final 0l 0110
Result

Ignore

Y7



2’s Complement Subtraction

= Using 2’s complement numbers, follow steps for subtraction
= For example, suppose we wish to subtract +(0001), from +(1100),.
= Let’s compute (12), - (1)1,
* (12),, =+(1100), =01100,in2’s comp.
® (-1),, = -(0001), =11111,in2’scomp. 01100
0 0

nd
Step 1: Take 2’s complement of 2  operand
Step 2: Add binary numbers
Step 3: Ignore carry bit T Final Result

Ignore Carry

Yv



2’s Complement Subtraction:
Example #2
= Let’s compute (13),,— (5)10.

° (13),, =+(1101), =(01101),

® (-5),0 =-(0101), =(11011),
= Adding these two 5-bit codes...

= Discarding the carry bit, the sign bit is seen to be zero, indicating a
correct result. Indeed,

(01000), = +(1000), = +(8),,.

¥ A



2’s Complement Subtraction:
Example #3

= Let’s compute (5),5— (12)4,.

* (-12),, =-(1100), = (10100),

* (5) = +(0101), = (00101),
= Adding these two 5-bit codes...

= Here, there is no carry bit and the sign bitis 1. This indicates a
negative result, which is what we expect. (11001), = -(7)4,-

¥4
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o) 03l 5900 100 05 m

Color Binary Number
Red 000
Orange 001
Yellow 010
Green 011
Blue 101
Indigo 110
Violet 111

A\
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21> M > 2(71-1)

X =log, M
n=x jljéj@MJJﬁ
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= Given ndigits in radix 7, there are 77 distinct
elements that can be represented.

= But, you can represent m elements, m < /7

Examples:

® You can represent 4 elements in radix r=2 with n=2
digits: (00, 01, 10, 11).

® You can represent 4 elements in radix r=2 with n=4
digits: (0001, 0010, 0100, 1000).

® This second code is called a "one hot" code.

oy



Binary Coded Decimal

Digit BCD Code | Digit BCD Code
0 0000 5 0101
1 0001 6 0110
2 0010 7 0111
3 0011 8 1000
4 0100 9 1001

= Binary coded decimal (BCD) represents each decimal digit with
four bits
°* Ex. 001100101001 = 329,,

= Thisis NOT the same as 001100101001,
5 Because people think in decimal.

oFf
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Decimal Binary Octal Hexadecimal BCD
0 0 0 0 0000
1 1 1 0001
2 10 2 2 0010
3 11 3 3 0011
4 100 4 4 0100
5 101 5 5 0101
6 110 6 6 0110
7 111 7 7 0111
8 1000 10 8 1000
9 1001 11 9 1001
10 1010 12 A 0001 0000
11 1011 13 B 0001 0001
12 1100 14 C 0001 0010
12 1101 15 D 0001 0011
14 1110 16 E 0001 0100
15 1111 17 F 0001 0101

ad

BCD not very efficient
Used in early computers (40s, 50s)

Used to encode numbers for seven-
segment displays.

Easier to read?
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Binary Codes for Decimal Digits

(oS O1as5 3,18 3929 (s FOAL NS I a8 Ve Lliil glys gy Aeee®
:!000 a ”.i

SF WY (P9l (bas (Jig slaus

Decimal | 8,4,2,1 | Excess3 | 8,4,-2,-1 | Gray
0 0000 0011 0000 0000
1 0001 0100 0111 0001
2 0010 0101 0110 0011
3 0011 0110 0101 0010
Z 0100 0111 0100 0110
5 0101 1000 1011 0111
6 0110 1001 1010
7 0111 1010 1001
8 1000 | 1011 1000
9 1001 1100 1111

Y



Binary Coded Decimal (BCD)

= The BCD code is the 8,4,2,1 code.
= 8,4, 2,and 1 are weights
= BCD is a weighted code

= This code is the simplest, most intuitive binary
code for decimal digits and uses the same
powers of 2 as a binary number, but only
encodes the first ten values from 0 to 9.

= Example: 1001 (9) = 1000 (8) + 0001 (1)
= How many “invalid” code words are there?
= What are the “invalid” code words?

Y



GRAY CODE — Decimal

= What special property does the Gray code have In
relation to adjacent decimal digits?
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: BCD Gray = ®

= BCD of 32= 0011 0010
= Gray BCD of 32=0010 0011

. Gray =S ©
= Binary of 32 = 100000
= Gray code of 32= 110000
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= 13,, = 1101, (This is conversion)
= 13 < 0001|0011 (This is coding)




BCD Arithmetic

= Given a BCD code, we use binary arithmetic to add the digits:

8 1000 Eight
+5 +0101 Plus5
13 1101 1s13(>9)

= Note that the result is MORE THAN 9, so must be
represented by two digits!
= To correct the digit, subtract 10 by adding 6 modulo 16.

8 1000 Eight
+5 +0101 Plus5
13 1101 is13(>9)

+0110 soadd®6
carry=1 0011 leaving 3 + cy
0001|0011 Final answer (two digits)

= |If the digit sum is > 9, add one to the next significant digit

7 )
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= Add 2905gcp to 1897gcp Showing carries and digit
corrections.

0001 1000 1001 0111
+ 0010 1001 0000 0101
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ALPHANUMERIC CODES - ASCII Character
Codes

= American Standard Code for Information Interchange

= This code Is a popular code used to represent information
sent as character-based data. It uses 7-bits to represent:
® 94 Graphic printing characters.
® 34 Non-printing characters

= Some non-printing characters are used for text format (e.g.
BS = Backspace, CR = carriage return)

7Y



ASCII Code

B,B:B;
B,B.B,B, 000 001 010 011 100 101 110 111
0000 NULL DLE SP 0 @ P p
0001 SOH DCI1 ! 1 A Q a q
0010 STX DC2 ! 2 B R b r
0011 ETX DC3 # 3 C S c s
0100 EOT DC4 $ 4 D T d t
0101 ENQ NAK % 5 E U e u
0110 ACK SYN & 6 F V f v
0111 BEL ETB / 7 G W g w
1000 BS CAN ( 8 H X h X
1001 HT EM ) 9 I Y i y
1010 LF SUB : J Z j z
1011 VT ESC + ; K [ k {
1100 FF FS : < L \ | |
1101 CR GS - = M ] m }
1110 SO RS . > N A n ~
1111 SI US / ? O 0 DEL

70



ASCII Properties

ASCII has some interesting properties:

= Digits 0 to 9 span Hexadecimal values 30, t0 39,.
= Upper case A-Z span 41, to A .
= Lower case a-z span 61,; to 7/A.
* Lower to upper case translation (and vice versa)
occurs by flipping bit 6.

7%



UNICODE

= UNICODE extends ASCII to 65,536
universal characters codes

® For encoding characters in world languages
® Available in many modern applications
® 2 byte (16-bit) code words

® See Reading Supplement — Unicode on the
Companion Website
http://www.prenhall.com/mano

7y
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ASCII Codes and Data Transmission

Transmitter — ? é > Receiver
ASCII Codes
; A —Z (26 codes), a—z (26 codes)
; 0-9 (10 codes), others (@#$%"&*....)
Complete listing in Mano text
Transmission susceptible to noise

Typical transmission rates (1500 Kbps, 56.6 Kbps)
@)

How to keep data transmission accurate?

A
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Parity Codes

o Al S AalS 4y Ty G 6l Ay G SO G308 ) G S e
(A g
D8 sEs) Ny S SE g g m
= In an odd-parity code, the parity bit is specified so that the
total number of ones is odd.

= In an even-parity code, the parity bit is specified so that the
total number of ones is even.

11000011 01000011
T T

Added even parity bit Added odd parity bit

74
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= Concatenate a parity bit to the ASCII code for the
characters 0, X, and = to produce both odd-parity and even-
parity codes.

Character ASCII Odd-Parity Even-Parity
ASCII ASCII

0 0110000 10110000 00110000

X 1011000 01011000 11011000

= 0111100 10111100 00111100

Y.
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Binary cells store individual bits of data
Multiple cells form a register.
Data in registers can indicate different values
* Hex (decimal)

BCD

ASCII

/

Binary Cell

\A
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