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¢ »» Data Communications

a"dNetworking Fourth Edition Forouzan

Chapter 1

Introduction

Caopyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.
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Impact of Data Communications

and Networking
f'

Immediate access to information
Quicker decision making

= Accuracy

Efficiency

\. /
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Data Communication

_

" What is Data?
® What is Communication?
" Communications vs. Telecommunicationg

" Characteristics of effectiveness in data
communication:
* Delivery: to intended destination

" Accuracy: immunity to noise and
alteration

" Timeliness: reduced delays (application
dependent)

= Jitter: variation in the delivery time

_/

McGraw-Hill ©The McGraw-Hill Compani

_ Concepts of Data Communication

~Components
~Data Representation

»Direction of Data Flow
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Figure 1.1 Five components of data communication
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Data Representation

= Text: represented using bit patterns
= ASCII: 7-bit (128 symbols)
» Extended ASCII: 8-bit (256 symbols)
* Unicode: 16-bit (65,536 symbols)

= |SO: 32-bit (4B symbols) -’553:&\‘

H H = 2N
Numbers: represented in binary - \":,_"Uo“

Images: bit patterns for pixels and colors
= Audio: analog or digitized form
= Video: analog or digitized form

\_ 7
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Types of Data Flow

* Simplex: one direction
* Single link -
" Examples: keyboard and termina]
" Half-Duplex: either direction with time shari

Ng
* Single link

* Example: Walkie-Talkie
* Full-Duplex: both directions at the Same time

" Single link with shared bandwid
" Example: telephone network

N
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iplex, half-duplex, and full—duplex) 7
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Direction of data

S
Mainframe Monitor
_

Station

Direction of data at time 2 R
b. Half-duplex

- Direction of data al| the time

« Full duplex \W”’J/
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= Whatis a network?

= Set of devices or nodes connected via
communication links
= Networking Concepts:
« Distributed Processing
Network Criteria
Physical Structures
= Network Models

categories of Networks
nnection of Networks:

Interco

_/

|
\ Internetwork
©The McGraw-Hill Companies, Inc
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Distributed Processing

Decentralized processing

= Example:
remotely sto

WAL ass 5 PAN M Nehoedgsual

== ey

Tasks are processed by several nodes

Web pages are centrally and
red but locally processed

Overhead of distributed processing

/

Jide  \(e > (e
Wide P\en A L Qecsonad Aea ”waqr‘(
(I. 1( )J.UJ'"A(Q
McGraw-Hill
©OThe McGraw-Hill Companies, Inc

CamScanner


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

Network Criteria
ﬁ

= Performance
= Bit rate vs. packet rate Vs. throughput
» Transit time (or propagation delay)
= Response time (round trip delay)
= Reliability
= Bit error rate vs. packet error rate
= Error detection and correction
» Link failure recovery time
= Robustness to disasters

= Security
= Protect against unauthorized access

= Protect against alteration
= Validity of sender

McGraw-Hill ©The McGraw-Hill Com

Types of Network Connections

= Point-to-point link
» Dedicated link between two nodes
= Full link capacity
= Multi-point link
= Shared link among many nodes
= Spatially shared: simultaneous acce®
* Temporally shared: timely shared
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Figure 1.3 Types of connections: point-to-point and multipoint
/

-
e Link
‘ Station

a. Point-to-point

Station [

Station

Link

Station

Mainframe

b. Multipoint

-
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Figure 1.4 Categories of topology

Topology

Mesh | Star | Bus Ring

‘
#

McGraw-Hil
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Figure 1.5 A fully connected mesh topology (five devices)
—]
* Point-to-point

" n(n-1)/2 dedicated links
* (n-1) 1/O ports per device
" Advantages:

* Full capacity

* Robustness (one Iipk
failure does not bring
down whole network)

* Privacy and security
* Easy fault detection and

Station

Station i

isolation Station
* Disadvantages: .
* Cabling (installation) %*o:t\~gf'§,\r\\\.£%9‘.'\\3¢mc\¥$*
* 1/0 ports \?(\\%Q;_k/:{\_amﬁ E}“‘b\q\)@a*
* Space
* Cost
McGraw-Hill ©The McGraw-Hill Companie

Figure 1.6 A star topology connecting four stations

* Point-to-point to the hub

. s u
* Indirect connections Hub
among the nodes

* n dedicated links to a hub
* Onel/O port per device
* Advantages:

* Robustness

* Easy fault detection
and isolation

* Disadvantages:

* Single point of failure
at the hub

* Bottleneck at the hub

. store-and-forward
(in case of a switch)

Statior

Station i Station '

= v
McGraw-Hill an""
©The McGraw-Hill comP
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Figure 1.7 A bus topology connecting three stations
L
Statlonl Station, | Station I
. Drop line Drop line Drop li
. Cable end — T e
. Mu|ti-P0|nt . ableen E’ Tap Tap TaLp B Cable end
= One backbone link
. One /O port per device Wy 2 R -
« Advantages: ‘d‘(‘b ‘\A‘j S\d"p\:m\srﬁ
« Ease of installation Q:{go((v\qmé\b
. Minimum cabling at installation B
Minimu g Qotk W \bin 2>
» Disadvantages:
« Limited taps and _dl.stance to. n-o_de- . Sex )b?c’b%‘i N\iay
« Limited node addition after initial installation Q\'\ o)
« Limited quality due to signal reflection at taps Q
C QoW Sde M)

« Difficult fault isolation

McGraw-Hill ©The McGraw-Hill Companies, Inc
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Figure 1.8 A ring topology connecting six stations

ARSIy
Station
Repeater Repeater
Repeater Repeater Station

Station
Repeater Repeater

* Point-to-point
* n dedicated links Station Station
* Two I/0 ports per device
* Advantages:

* Easy installation

* Easy fault detection and isolation
* Disadvantages:

* Speed: store-and-forward at each

node
* Ring length and number of nodes
McGraw-Hin
©The McGraw-HIll Companies, In¢
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Figure 1.9 A hybrid topology: a star packbone with three bus networy,

— N

—.
Station i Station
Station l Station Station i
Hub | [

el

Station

Station ff

Station

rd il
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_Categories of Networks

= Personal Area Network (PAN)

= Local Area Network (LAN)

= Metropolitan Area Network (MAN)
= Wide Area Network (WAN) v

\S " ,35%

\ nle,ll

McGraw-Hill pa
©The McGraw-Hill cort
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McGraw-Hill
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AE LA

a. Single-building LAN

Privately owned

Single office, building, or campus

Used for shared resources

= Hardware (e.g. printer, scanner, etc)

= Software (e.g. engineering
application)

= Data (e.g. specifications, drawings,
etc.)

Data rates up to gigabits per second

Size is limited to a few kilometers

©The McGraw-Hill Companies, Inc

LAN (Continued)

MeGraw.py

Backbone
b. Multiple-building LAN

OThe McGraw-Hill Companies, Inc
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Figure 1.10 An isolated LAN connecting 12 computers 10 a hub in Clg,

N

Hub

1

[
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= Spans an entire city
= Single large network
» Cable TV (private)
* Telephone (public)
= LAN-to-LAN connection

orﬂPa"ie

McGraw-Hill ©The McGraw-Hi" C
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pans the entire globe
mission
or private networks

May S
Long distance trans

May use public, leased,
and equipment
The concept of an enterprise network

©The McGraw-Hill Companies, Inc

McGraw-Hill

int-to-point WAN

WANSs: a switched WAN and a pot

Figure 1.11

I C iEnd system

End system /l:’A' 'A'
Switched

A -\ WAN
A

End system

a, Switched WAN

Polnt-to-point ==

e S 1 o =
=

ey

o
Modem Modem

Computer

b. Point-to-point WAN __________-——__—

——

Mcc,aw.m"

©The McGraw-Hill Companies, Inc
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p

Figure 1.12 A heterogeneous netor k made of four WANs apg

0
\Lﬂ
President ]
a
2 Modem

L]
Point-to-pointy
WAN 7

.  Point-to-point
WAN

Router
POy N i —
LAN
==
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The Internet
\

>Definition
>Impact
>A Brief History

%

©The McGraw-Hi!
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bfi‘ \N\BGF\‘N“‘
= An internet: two or more networks
that can communicate with each

other
= The Internet: the network of all

networks

\_ _/

©The McGraw-Hill Companies, Inc

McGraw-Hill

Impact of the _,Iht“érnet
L

= Revolution of communications and
information exchange
= eCommerce
* eLearning
* eMail
* eGovernment
* etc.
* Created a very well-connected world

* Near real-time access to resources
* Changed the ways people live /

MC(Sraw.
Hill ©The McGraw-Hill Companies, Inc
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« Mid 1960's: ARPA (Advanced Reiear
of DOD (Department of Defensé

» ARPANET was initiated in 1967 and done in 1969
» Interface Message Processors
« Network Control Protocol
» 4-node internetwork
» 1972: Internetting Project
» 1973: TCP (Transmission Control Protocol)
» End-to-end packet delivery

» Encapsulation, datagram, segmentation,
reassembly, error detection, and gateway
functionality

« 1973: IP (Internetworking Protocol)
« Datagram routing

ch Projects Agency

/
McGraw-Hill ©The McGraw-Hill Compar

Zamadi et TR Nesi a) (adhs &l WsSaoE8

Tiehasleey S SO as Redotmanes M%QCSS\ *_/
Figure 1.13 Hierarchical organization of the Internet

= All types of networks

«+ Connected by switching
devices

Continuously changing

* Run by private
companies

Local Internet Service
Provider (ISP): direct
service to end user
* Regional ISP: provide
cservice to ISP's
* National Service
Provider (NSP):
connecting private
backbone networks
Network Access Point
(NAP): connects NSP's

b Interconnection of national ISPs

McGraw-Hill o
©The McGraw-Hill comP’
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protocols and Standards

» protocols
> standards — \as esestpsd)

» standards
Organizations

» [nternet standards /

©The McGraw-Hill Companies, Inc

McGraw-HiII

= A Protocol: a set of rules that governs

data communications
= Syntax: the structure or format of the data

(e.g. how many bits for each section)
*» Semantics: the interpretation of the data bit

patterns Ls Qb NS

« Timing: when and how fast the data should be

sent
» A Standard: a set of agreed-upon rules

that govern data communications
* Interoperability

* Open market for competition
|}
\Guidelines to manufactures, vendors,
government agencies, and service providers

MCGraW_HIll
©The McGraw-Hill Companies,

Inc
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Standard Organizations
S T e R T T G S e e O

» Standards Creating Committees: '
» International Organization for Standardization (Isq)

* International Telecommunication Union -
Telecommunications Standards (ITU-T)

» American National Standards Institute (ANS])
» [Institute of Electrical and Electronic Engineers “EEE)
* Electronic Industry Association (EIA)
* Forums (Special Interest Groups)
* Regulatory Agencies (e.g. FCC)
* Internet Standards:
* Internet Draft: working document for 6 months
* Request for Comment (RFC): recommended and

published draft

McGraw-Hill j
©The McGraw-Hill Companj
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Data Communications ? ‘
and Networking rourt ition Forouzan

Chapter 3

Data and Signals
: P\njsic:c.ﬂ Lm:je,r 2

;_1 Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction 0 display.

g ey

v e Y e TSR T

.~ Tobe transmltted data must be ,
transformed to electromagnetic S|gnals.

3.2
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\
'Jgé' i

Data can be analog or digital. The term analog dayq ,.,
to information that is continuous; digital data "eferfers
information that has discrete states. Analog data tqy, to
continuous values. Digital data take on discrete values, o

L) ° * ° b d

Analog and Digital Data
Analog and Digital Signals
Periodic and Nonperiodic Signals

3.3 e\erj(om:ts&\e&cc A Qi ool
Qs hipes ) Gt s Srel
NI \fo\*oiije. o doedon A
. Signed S

e R

Note I
Data can be analog or digital.
Analog data are continuous and take
o continuous values. |
Digital data have discrete states and

3.4
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Signals can be analog or digital. |
Analog signals can have an infinite
number of values in a range; digital |

signals can have only a limited |

number of values.

3.5

-

Figure 3.1 Comparison of analog and digital signals

Value Value
A

A

I\ AL R
VARV

a. Analog signal b. Digital signal

* Continuous = Discrete

. Inﬁni.te number of * Finite number of possible
possible values values

3.6
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: riodi
periodic a nd Aperic dic S FQH&
=D & 9 | - SSUR ,5\\%\7»&.;&%;&9%(3@ &

" erlodIC signa meag Xah\e

Completes a pattern within a'certain time frame called 4 -
) sequent identical Fiog
= Repeats the pattern over subseq periods Call

cycles

ARE B \s
= Aperiodic signal - oMo 55
= Changes with no patterns or cycles over time

. Both analog and digital signals can be either periodic of

aperiodic

In data commumcatlons we commonly use |
penodlc analog signals (for less bandwidth

>\6°*;\\\ use) and nonperiodic digital signals (for
w{°  representing the variation in data).

Doka N 520 \evers N

NALOG SIGNALS

Periodic analog signals can be classified as simple ot
composite. A simple periodic analog signal, a sine wavé
cannot be decomposed into simpler signals. A comp"s’"’
periodic analog signal is composed of multiple sié
waves.

4 .

Sine Wave
Wavelength

Time and Frequency Domain
Composite Signals
Bandwidth

3.8
/
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Figure 3.2 Asine wave

Instantanecous Peak Frequency Phase
Amplitude Amplitude Rred) o A2 “\\D -
~—

Characteristics of the sine wave

Figure 3.3 Two signals with the same phase and frequency,
but different amplitudes

Amplitude
A
Peak amplitude

oA
VARVARVAN

a. A signal with high peak amplitude

Amplitude
A

Peak amplitude

/‘\/\

Y

Time

b. A signal with low peak amplitude

CamScanner
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Frequency and perlod are the invers
~ (or the reciprocals) of each other.

3.1

1 1
E and T=-
=7 L
\y ¥
Wz Secord

Figure 3.4 Two signals with the same amplitude and phase,

but different frequencies

Amplitude  Cecles N\Cao \QL Oy Sa\S A
12 periods in 15 —~ Frequency is 12 Hz

1s

r@ ANANNANNNNAL oo
VAVAVAVAVAVAVAYAVAY AN priag
I._

Period: ls - Q:F\e_\f,gu\_;\ &

a. A signal with a frequency of 12 Hz

Amplitude

6 periodsin1s — Frequency is 6 Hz

1s

b. A signal with a frequency of 6 1

3.12
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Table 3.1 Units of period and frequency

[ Unit Equivalent Unit Equivalent
Seconds (8) ls Hertz (Hz) | Hz
Milliseconds (ms) 107%s Kilohertz (kHz) 10° Hz
Microseconds (Us) 1005 Megahertz (MHz) 10° Hz
Nanoscconds (ns) 10775 Gigahertz (GHz) 10° Hz
Picoseconds (ps) 107125 Terahertz (THz) 10'2 Hz

3.13
Example 3.3

as follows:

(sl P59 So He = Rl o
The power we use at home (in the USA) has a frequency
of 60 Hz. The period of this sine wave can be determined

T=

1
i

0.0166s = 0.0166 X 10° ms = 16.6 ms

3.14
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period of 1005 in nicroseconds.

Express ©

valents of 1.ms (L ms;
§

Solutiolt
3.1 we f snd the equ!
We make the following

From Table
107 5) an N (1 106 .”s)
substitutions:.

= 100X 107 % 106 s = 107 X 107X 10° s = 10°
gt 1

100 ms = 100X 1

The period of a si.
; Si '
Liloherta? onal is 100 ms. What is its frequency i

Solution
First w
e change 100 ms to second.
nds,

calculate th
e fre
kH quenc . g
2). y from the period (1 Hz = 10
100 ms = :
- i ms=100%x 102 s=10"'s
T Hz =
107" 10 Hz = 10 % 1073 kHz = 10~ KHZ
3.16
R

e |
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— _equency is the rate of change with

| respect to time. 3 |
_every Tne Ehis g Cutle é ‘ ‘

change in a short span of time '
means high frequency.

Change over a long span “of
time means low frequency.

Note E

If a signal does not change at all, its
frequency is zero (DC Signal). - ws

If a signal changes ‘instantaneousl)& its ==*°
frequency is infinite (only in theory).

.18
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| Note ﬂ

The phase desbnbes the posmon of the
A waveform relatlve to tlme 0

3.19

Figure 3.5 Three sine waves with the same amplitude and frequency,

but different phases  » 2\ ({1 n\me 0"

7
L/\/D AT

a.0degrees
1,4T£o>\/ 7 =
b. 90 degrees

A

o /N /N SN\ e,
b~ \ N4 Time

N

c. 180 degrees

3.20
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Amplitude

A A=5 f=4 ¢=0

I [ s() = 5 sin (2n4 ¢+ 0)
5

B, @ E\ [,
T T T

- ls N

Amplitude A=10 f=8 ¢=0"

A s() =10 sin (2n8¢+ 0)

S 4 17\\//\ ANA /\ AN

¥

——»4
Amplitude ALS (S 2ne =2
A s() =5 sin 2n2t+1/2)
‘B LTEN\ o

. P & [

1s

et 1/6 cycle with respect to time 0.

A sine wave is off .
degrees and radians?

What is its phase in

Solution
P;e know that 1 complete cycle is 360°. Therefore, 1/6

cycle is

2T
I N () = =060 X — d‘-— ‘Al = )4 .
” % 360=060"=0 "56()1 ( 3 rad = 1.046 1a;|

} 3.22
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B

_—

|
. I )
Transmission medium ~ /"\ W
Attimet A4 ' : s

I

: !
Transmission medium W
Attimet+ T

y a simple Si

gnal in

b
" Wavelength is the distance traveled

one period ——
: simp
" Relates the frequency or P?”Odl 9: ?nedium
propagation speed of the signa’ | signal period
= Wavelength = Propagation speed X

l=c-T=clf e

3.23

cy-domain plots of a sine wave

Ficure 3.7 The time-domain and frequen
t=}

Amplitude Frequency: 6 Hz

AL//

=X A AN
\V

ine wave in the time domain (peak value: 5V, frequency: 6 Hz)

d

a.As

Amplitude

-
> s

|
4 Frequency
(Hz)

O —-—
_
o
—_
-
—_
N
—_
w
—_

W ave In the frequency domain (peak value: 5V, frequency: 6 Hz)

/——\_—
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A complete sine WaVelnthe T
domain can be represente dbyore

single spike in the frequency domain. ‘

e ki e

et

25

Figure 3.8 Thetime domain and frequency domain of three sine Waves

]
Amplitude Amplitude
4
15 1
10
i I I
0 8 16 Frequency
3. Time- i c
m_q“u g:cr‘nparlr(; rgparsaeln(t,ation of three sine waves with b. Frequency-domain representation of
/8, the same three signals
Example 3.7

The fr .
with meoige{zgy domain is more compact and useful when we are dealing
waves, each n one sine wave. For example, Figure 3.8 shows three sine
fopresent y with different amplitude and frequency. All can be

ed by three spikes in the frequency domain.

w
26
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‘wave is not
cations;

te signal, a
sine waves

A single-frequency sine W
useful in data communi

we need to send a comp05|
signal made of many simple

3.27

According to FOLI“I;LGI' analysis,_ any
composite signal is a'combination of
simple sine waves with different
frequencies, amplitudes, and/or phases
Fourier analysis is discussed in

Appendix C.

e e s e T

3.28
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e e TiOdiC. the

mposite S|gnal_|s _peno c,
i th;c::)si[:iongives a series of signals |
gecs with discrete frequencies. ‘

|

. .. lis nonperiodic, |
site signal 1S NONP == 0=
the compo>== == . < a combination

tII‘:e decomIOOSit'-""glv‘es-'a c'Omlcc)"uns o

“of sine waves with continioz=
~ frequencies.

35
N

Figure 3.9 4 composite periodic signal

Time

-——— -

Example 3.8 . .
Figure 3.9 shows a periodic composite signal with frequency f

This type of signal is not typical of those found in data
communications. We can consider it to be three alarm systems,

each with a different frequency. The analysis of this signal can
ive us a pood understanding of how to decompose signals.

.30
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QIR l
e
Figure 3.10 Decomposition of a composite periodic signal in ¢h, tiy
o (]
frequency domains €

Qn
Amplitude _m
I — Frequency 3
— FrEquencygf
Tin']e
o /
a. Time-domain dec7‘nposition of a composite signal / \ ——
1st H i ’ \
Amplitude armonic 4 . " ]
Aor fundamental 34 Harmonic 9% Harmonic
, I . .
! f 3f of Frequency Fre
b. Frequency-domain decomposition of the composite signal

3.31

Figure 3.11 Thetime and frequency domains of a nonperiodic signal

A

Amplitude mnplitude
4

\ Amplitude for sine
wave of frequency f

bkt il

—> — = V 4kHz  Frequendy
W\I\ “N"WWV Time 0 f
a.Time domain t‘) Frequency dclalmain
" Geotifinuos

Example 3.9

’ o the
Figure 3.11 shows a nonperiodic composite signal. It car bé’d y
signal created by a microphone or a telephone set when a wor ol
two is pronounced. In this case, the composite signal cannot

periodic, because that implies that we are repeating the same wor
or words with exactly the same tone. =

3.32

d
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The ba i
ndwidth of a composite signal is

hlghtehs(i difference between the
and the lowest frequencies

contained in that signal. ‘

b:zlt(u.‘ﬁc[‘“'\ chaned O\ G N ‘OonA».cm’\ %‘(c\af\oj *

Figur 2
e 3.12 The bamlwldth of per -iodic and nonperiodic composite signals

Ampliude
IH‘HHIIII .
B s ndwidth = 5000 - 1000 = 4000 Hz 5000 Frequency

e —

_
a. Banawit ath uhpcuujn signal

V)
Bt idth < 5000 | f
000 - 4000 Mz 5000 Frequency
|

pmplitude

i u""‘ et (eadn ;v)l\ﬂ

(t l i

A ——————

34
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composed into five sine way,

assuming all

If a periodic signal is de
with frequencies of 100, 300, 500,

Solution
Let f, be the highest frequency; fith

and B the bandwidth. Ther ]
=/, —f =900~ 5= 800 Hz |
100, 300, 500, 700,

¢ lowest frequency,

The spectrum has only five spikes, at
and 900 Hz (see Figure 3.13).

3.35

.

Figure 3.13 The bandwidth for Example 3.10

bt Peciedic SA(EN

Ve . C\;is:IE}G Volves G

Amplitude

10\’ """ I I | I

>

100 300
}‘ 500 700 900 Frequency
Bandwidth = 900- 100 = 800 Hz ‘{

3.36
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IR

{k‘ Example 3.11

A periodic signal has a bandwidth of 20 Hz. The highest
frequency is 60 Hz. What is the lowest frequency? Draw
the spectrum if the signal contains all frequencies of the
same amplitude.

Solution
Let f, be the highest frequency, f, the lowest frequency;

and B the bandwidth. Then
B=f,— fi = 20=60 — fi = fi=60-2

0=40Hz

The spectrum contains all integer frequencies. We show
this by a series of spikes (see Figure 3.14).

.37

-

Figure 3.14 The pandwidth for Example 3.11

’ o

40 41 42 58 59 60 Frequency
l (Hz)

Bandwidth = 60 - 40 = 20 Hz
/ ‘l
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Example312 ____—

d,
A nonperiodic composite sign as ;47’;2? chOf -
kHz, with a middle frequer® * encies h i
amplitude of 20 V. The tW0 extremefreqt:l ain i
amplitude of 0. Draw the fr equen? o v
signal. — s Fipce M e e
. gz.j‘vwcj'ﬂco—(

Solution '
The lowest frequency must be 4t 40 kHz and tfe g lghe:vt
ut 240 ki Figure 3.15 $hows 1€ frequency COMdn

and the bandwidth.

al

3.39

R

Figure 3.15 The pandwidth for Example 3.12

.—-_—-_——-—_—- -

40 kHz 140 kHz I
240kHz  Frequend

—

3.40

CamScanner


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

T R LRSS

’ Example 3.13

An example of a nonperiodic composite signal is the
signal propagated by an AM radio station. In the United
States, each AM radio station is assigned a 1 0-kHz
pandwidth. The total bandwidth dedicated to AM radio
ranges from 530 to 1700 kHz. We will show the rationale
behind this 10-kHz bandwidth in Chapter 5.

*AMIVM —  Geahooeos Sedsalal
( Voices L) F(eq/oe(\cfj

41

| ‘ Example 3.14 -

Another example of @ nonperiodic co.mposit.e signal is
the signal propagated by an M .rad.to Sta.tlon. In the
United States, each FM radio statt.on IS ass.‘tgned a 200-
kHz bandwidth. The total bandwidth dedzc.ated to FM
radio ranges from 88 to 108 MHz. We will show the

rationale behind this 200-kHz bandwidth in Chapter 5.

5,42
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Example 3.15

Another example of a nonperiodic composite signg ,
the signal received by an old-fashioned analog bi, Ckf
and-white TV. A TV screen is made Up of pixels. If y,
assume a resolution of 523 %, 700, we f“ve_367,500
pixels per screen. If we scan the Screet 30 times p,
second, this is 367,500 *x 30 = 11,025,000 pixels pe;
second. The worst-case scenario is alternating black ang
white pixels. We can send 2 pixels per cycle. Therefore,
we need 11,025,000/ 2 = 5,512,500 cycles per second, oy

Hz. The bandwidth needed is 5. 5125 MHz.

3.43

In addition to being represented by an analog signal,

information can also be represented by a digital signal.’
For example, a 1 can be encoded as a positive voltage
and a 0 as zero voltage. 4 digital signal can have mor¢

than two levels. In this case, we can send more than 1 bit

for each level.

. L4 . . "

Bit Rate

Bit Length

Digital Signal as a Composite A .
e : nalog S

Application Layer g Signal

3.44

e T T T T ———
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i |

1_——_—'—

igure 3.16 T o digital signals: one with two signal levels and the other
with four signal levels

ude —
Amplitude 8 bits sentin 1 5,
Ditrate =8 bps
L v 0 v 1 v 1004 0 0 ¢ 11
! ! ! 1 | 1 | |
Level 2 1 { ‘
[ | |
! ] |
: Mtk —_-L,
g ! -
Level 1 0 \ : ' : | | = Pt
| \ 1 1 | | 1
1 l 1 ] 1 i [
a. A digital signal with two levels
(o Q *
c\d}ﬂ 3 ®\ =
Amplitude ) .
\ 16 bits sent in 15, \ . =
Bitrate=16bps MOM ) '8)3 l
11 ¢« 10y 01 ¢ 01 001 00 1 00 1 10 :. 2\ & S OQ 9-7@"5
1 1 ] ] ! ' o,
| | 1 .
Level 4 E ': ! i :| ! H kS&»; \,:;O S\
a3 T o LN T ey YRR \ s>
Level ' ____:_,_:__——:-——-1,’—”_“ L 2 0o
: R Tt R
Level 2 : ; \ ! '
| ! Y T
A digital signal with four levels

] Jevels. How many bits are
iof -onal has eight
A digital signd

needed per Jevel?

Solution e the n per of bits using the formula
We calculate .
rNUmber of bits per level = log, 8 =3 I
o esented by 3 bits.

is repr
Each signal Jevel is 1eP

.46
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T
! [ | l 1 i [ ! ! : : i
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A digital signal has nine levels. How many bjs X
ol

needed per level?

Solution . .
We calculate the number of bits by using the Jormyj,

Each signal level is represented by 3.17 bits. Howey,,
this answer is not realistic. The number of bits sq,

per level needs to be an integer as well as a power of)
For this example, 4 bits can represent one level.

3.47

_*Example 3.18 -

Assume that we need to download text documents at thf
rate of 100 pages per minute. What is the required bi
rate of the channel?

Solution PR\t S
A page has an average of 24 lines with 80 characters i
each line. If we assume that one character requires
bits, the bit rate is
100x24x 80 x8 =1.536 M bits per minute
=25.6 kbps

100 %24 x 80 x 8 = 1,636,000 bps = 1.636 Mbps

& wrons

3.48
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‘f” -~ Example 3.19

y diglﬂzed yoice channel, as we will see in Chapter 4, is

digiﬁzing a 4-kHz bandwidth analog voice
. Ve need 10 sample the signal at twice the highest
signats (two samp les per hertz or 8k samples/second).

o? enc ) N « , .
/;" Lq::ts w,':’e that each sample requires 8 bits. What is the
e e '

required pit rate?

Solutiot
The bit rate can be calculated as

5= 4000 x 8 = 64,000 bPS = 64 kbps |

49

| Example 3.20 -
efinition TV (HDTV)?

What is the bit rate for high-d

Solution . )
HDTV uses digital signals to broadcast high quality

video signals. The HDTV screen is normally a ratio of
16:9. There are 1920 by 1080 pixels per screen, and the
screen is renewed 30 times per second. Twenty-four bits
represent one color pixel.

1920 % 100 % 30 X 24 = 1,492,992,000 ot 1.5 Gbpq

tll he TV stations reduce this rate to 20 to 40 Mbps
Yough compression.
150
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Bit Length

" The : ceé
wavelength is thé distan i
OCcCupies on tghe transmiSSiOrl mi(lj(%ranl S
iS a characteristic of € analo9

Wavelen'gth = PI‘OPE‘Qation >
T . . : nce tha ) ne b't
he bit length is the d's-tsasion medium, which

occupies on the transm! :

_ s al.

is a characteristic O e dlgltal sign

x Bit Duration

n Spe€
4 / Bit Rate

Bit Length = PropagatiO
spee

= Propagation

b
e and frequency domains of periodic and nonperiodic

Figure 3.17 The#s

A

Time

nd frequency domains of periodic digital signal

a.Timea

N b

Time
Frequenc

b. Time and frequency domains of nonperlodic digital signal
a

l I | 1« 1 1 =
£ 3 Sf If of 11f 13f Frequenc

3.52
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—— 7

Audigital Si_gnal is a compggite analog |
~ signal with an infinite bandwidth.

Figure 3.18 Baseband transntission

Digital signal

Channel

|
8|
B | T
s f: T by ARy Py rsrasis
]

s Baseband transmission:
digital signal over a channel without

= Sending @ _ _
changing it to analog (i.e.; without modulation)
pass channel

a Requires loW-
s The low-pass channel has a bandwidth that

starts from zero
= E.g.a cable connecting two or more computers

! Narrow-ba”d versus wide-band low-pass channel
S
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™)

—_— e N

'gur nels
Flgm € 3.19 Bandwidihs of two low-pass chan
.
\ /__\
Amplitude

a. Low-pass channel, wide bandwidth

Amplitude

Fl'e(:‘uEncy

b. Low-pass channel, narrow bandwidth

3.55
h Wide Bandwidth

Case 1: Low-Pass Channel wit

s

Output signal ba ndwidth

Input signal bandwidth Bandwidth supported by medium
npu

0

N i I

Input signal

3.56 b\9 ;\)}. g@(}»
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B.aseband transmission of a ‘d'igi_t’alw
signal that preserves the shape of the
digital signal is possible only if we haveé
a low-pass channel with an infinite or
very wide bandwidth. ‘

.57

| Example 3.21 -
re the entire bandwidth of

An example of a dedicated channel whe
ne single channel is a LAN.

the medium Is used as 0

Almost every wired LAN today uses @ dedicated channel for two
stations cammunicating with each other:

LAN with multipoint connections, only wo
jcate with each other at each moment in

stations can com
the other stations need to refrain from

time (timeslmrl'llg);

sending data.
*In a star topology LAN, the entire channel between each

stafi , b is used for comm catior
station and the / unication between these

two entities.

* LANs will be covered in Chapter 14,

3.58
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EEE—
*i',
/

_ Case 2: Low-Pass Channel with Limited Bandwidth ;/
|

N2
-‘6’? . H |
">, " Approximate the digital signa with an analog
ble bandwidth|

o;—‘f . 9’9 signal depending on the gvaila
= " Consider a digital signal of pit rate N: 1&

" Rough approximation dth usage) /
dwi u |

= Use first harmonic only (least ban usag |

* The worst case is a sequence of alternating bits of 0’s &/
1’s ‘

= To simulate the worst case, W€ need an analog signal of,/
frequency with f=N/2

= More signal components are needed to reprisent the
different patterns. For example, the signal phase

= Better approximation
= Use more harmonics (more
= Results in a better representa

bandwidth usage)
tion of the digital signal

3.59
% Frest ‘/\a.{McmiC.—a‘Q oeOCH 5 |

Figure 3.21 Rough approximation of a digital signal using the first harmol

for worst case

- Amplitude A

A digital signal

Bandwidth=¥ Nl X

with 3-bit patiern
0 N4 N2 fFrequency

Sauese V%
S wa e Digital: bit rate N Digital: bit rate N Digital: bit rate N Digital: bit rate N
'%.?_ |010|0| |0:0|E- I0 1 0' |0 T 1
| 1 \ !
| I ) ! ! I
Sin wewe> ——— ey : : q:EZ:'
e A T T
" U [ U
(JESHER = IS R o=
3 Analog: (=0,p=180 Analog:f=N/4,p=180  Analog:f=N/2, p=180 Analt;g~f.-N/.4 pl_27o
Digital: bit rate N Digital: bit rate N Digital:bit rate N Dot b
'_‘—————- ol . : .
\de (110,00 1 1,0,1, BT gital: bit rate N
Q [ 1,0, R
) .:’:L—_‘-;—E- H ——r
__'__,_—JI-——- . ! —t——t N s s e
————" i N : : : :
M| ' A | | Vo
STl : AN e
o ! N . ——
L — { —TT
Analog: f=N/4,p=90 Analog: (=N/2,p = el o) Lo L
p=0 Analog: f=N/4,p=0 Ak =0
mw
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|
Figure 3.22 Simular y
=4 mlatmg a digital signal with first three harmonics

R

Amplitude

. Bandwlidth = %‘ ; === kjs\ .
g g r\u?
I\L J Jj;ts\ cose

I tWecdive Teios

0 N/4 N/2
/ 3N/4 aN/2 5N/4 5N/2  Frequency Qﬂé ones.
Digital: bit rate N Anslogs =N/ 2and w ~ -
es

\ 0 1 1 1 0 \ ' ____——f—} Qwﬁcx %ex »
I | : GsS6s S
: : : ' \gl eneld
‘ | s bsl_'}’ =
1 : L & ﬂ\b\ ‘é,bﬁg
|b—‘ _{ 5 & I

¢
5
K

Analog: f=N/2

Analog: f=N/2, 3N/2,and SN/2
ol e \r\o.m\omc .

Aw\ &\/\ > '\‘o_ke ( .
AP ‘t?po&-’“ 3:35“‘ ‘J\afmomc-\\é 200 V:L'p§ %

- dHdr=s\
.61 B s h )\ o ba@‘gw\

ansmission, the required
It:‘ bzifigf: istyr)roportional to the bit rate;
an

it we need to send bits faster, we need
if we

more bandwidth.

3.62

CamScanner


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

Tabl
e3.2 ,
Bandwidth requirements
Bit -
Harnmnics H (;’7;011103
, 3,5

Harmonic
1,3 ——

Rate
1 /
B= 2.5 kHz

_1.5kHZ [l

n=1kbps B = 500 Hz _f//
B= 25 kHz

=15 kHz Jaimian—

n=10
kbps BoskHz | B=P = —
B= 250 kHz

n= r
100 kbps B =50kHz g =150 kHz

« ?('o?d‘ffo(‘c& o

3.63

equired pandwidth of a low-pass channel if we need t

What is the ¥
send 1 Mbps by using paseband transmission?

Solutiont

wer depends on the accuracy desired

J % The ans
TS The minimunm bandwidth, is B = bi
7z is B = bit rate /2, or 500 kHz

ter solution Is to use
the first
and the thi
ird

]). A bet
with B=3x500kH7z=1.5 MH
* z.

harmonics

e Still a bt{tter .s:oluti(m is to use th
parmonics with B =5 X 500 kH. e first, third, and fif
1=25MH ’ Ytk
3

3.64
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e

Example 3.22

Ve have a low-pass channel with bandwidth 100 KHZ
Vhat is the maximum bit rate of this channel?

volution

"he maximum bit rate can be achieved if we use the Sirst
warmonic. The bit rate is 2 times the available
vandwidth, or 200 kbps.

<Nana) Top a3 O 8_?\\:;‘5
& o Ll lom a3
/>\'>o-' 3 Clalap 3 (4GK)
gz @()Ouﬁr\%;s-gé_‘_g‘w heasmthon Qs \el ALY
I R R i e
Rt ayoans ign ot ¢ tzbbus Sagl St
Soigped W RoweS NG gy Mecdlalle

d Trai;smission (Using Modulation)

Broadban

the digital signal to an analog

~ signal for transmission (or carrying the
digital signal on top of an analog signal
called carrier signal) |

s Allows for bandpass channel usage, which

~is the channel that does not start from zero

« Bandpass is more available than low-pass.

) Why? ) .
s Bandpass channels can be divided into

= cmaller channels for bandwidth sharing

= Changing

(e.g' FDMAS\—? Cact of e \(x.nclw(c\-\\,\ all ke deme -
La ﬁacc')rfl\"'ﬂj A\\l'\‘s‘\r:)(\ Hp\\\\)\u\‘&(\g ds\b.&)\\gsbbzby
??,K < Pk — ¢ D o) ; .p«&c&ﬁrpﬁéX\\k})&\\ ) W D (agh \

LSy
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V

Figure 3.23 Bandwidth of a bandpass channel
R

%
M e S oo\, izt Bl chane=t/

\ocso - pr.xss CJ\cm(\e\
Roriodic S\ Shnl Sgpel PN EP LRI E-IPREN
Mot - QEI\QA C‘Si

Amplitude

—_—

l
//’——-Ffe_q:?ncy

f,

|
f, Bandpass channel

If the avallable channel is a bandpass
channel we cannot send the digital
Sy e s:gnal dlrectly to the channel;
'ejcaku\sb\we need to convert the digital signal to

| Qc NG

el cwwén analog 'signal before transmission.
| e yee B\
| d:fmdmm} AL ﬁtg\g\yw\Q(er\\&%Q,
| S Bl Do A5 Rowes Nais§ )W\ S0
el Gm r3FnS oy Pocmfcied Craston oS bie 31 (M8
! Bquokemmst n 3 \n %\Q\s.mh\f; SUAR
3.68 badpasg Wie
("{75“\"‘\%\%533 3t chenge)
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L.
—J—

Input digital signaT

Ned-feciadie
! \Oc\se,@cmd

“ Digital/analog Analog/digital
converter converter

: idth
Available bandwidth Output analog signal bandwi
f, F,
e iy N
A A A'S'A Bandpass chénnel - & t
\ - \

- s
Input analog signal Input analog signa

- Example 3.24

An  example of broadband transmission using
modulation is the sending of computer data through a
gelephone subscriber line, the line connecting a resident
to the central telephone oﬂice.cz; hese lines are designed
to carry voice with a limited bandwidth. The channel js
considered a bandpass channel. We convert the digital
signal from the compuler (0 an analog signal, gn4 send
the analog signal. We can install Convert "
A _—
|change the digital signal to analog and vic, ,, .
'receiving end. The converter, in h; sa at the

§ case,
/ 'S¢ o7 * . S
modem which we discuss in detail ip Chal)te’r 5 called q

170

CamScanner


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

e

"Example 3.25

A seco
better ’:’ZCZ;‘;;’ tple i‘? fhe digital cellular telephone. Foy
analog voice :.", digital cellular phon® convert the
Although  h ignal to a digital signal (s€€ Chapter 16).
providing di e bandwidth allocated to @ company
still Cani Otlgltal cellular phone service is Very wide, we
The reas S.end the digital signal without cOnversion.
availableobn is that we only have 4 pandpass channel
o dini etwe(fn caller and callee. We need to convert
igitized voice to a composite analog signal before

sending.

avel through transmission media which ar

erfect. The imperfection causes Signa I im’llairmem. eTl;l({t

¢ the signal at the beginning of the m di )

not the same as the signal at the end of p e lu{n is

What is sent is not what is received. | Th e medim.

impairment are attenuation, distortion, and’:Ziscauses of
St e.

Signals tr

means tha

_ s

Attcnuation
Distortion
Noise

3.72
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Figure 3.25 Causes of impairment

causes

Impairment I

Attenuation I Distortion I Noise ‘_I

= Unwanted random

= Loss of signal = Change in
energy dueto . composite signals energy in the channel
channel C&LSQG:B shape due to that may corrupt the
resistance Y \dchors o Channel limitations signal

= Use power = Each component *® Thermal: electrons in
amplifier to boost propagates the wires
the signal | differently and = |nduced: by motors

welblalid=d » arrives at a = Crosstalk: wire on wire

different time = |mpulse: power line

73

Figure 3.26 Attenuation

- —

Original Attenuated Amplified

Transmission medium Point 2 Point 3
n

"
ehelats 3 (.ng

.74
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Dec1be| (dB)- i P>
. Ssjﬂoj A\ \/o“nae, j

strengths (or power ley
| at two different points ©Is) of

s MeasSures the relative
two signals or a signa

= dB =10 |Oglo(P2/P1)

= Positive value > gain (or amplification) D
" Negative value > loss (or attenuation)

= dB values can be 2dded or subtracted easily for

several points (cascading)

) 3dB > Pz2is as twice as P1
) =-3dB = P2 is as half as P1

)= 10dB > P: is ten times P1
) =-10 dB = P2 is 10% of P1

Il

edium and
is (1/2)P;.
Iculated

Suppose a signal travels through a transmission m
e-half. This means that P,

its power is reduced to on
In this case, the attenuation (loss of power) can be ca

as

10 logyo 172 — 10 logjo O';’;P_‘ =101lo
1 il

9,00.5=10(-0.3)= —3dB
' |

k‘—»\\) P X\mﬁsa’u\,\ﬁ};‘ s

il

A loss of 3 L,
oss of 3 dB (=3 dB) is equivalent to losing one-half the power

3.76

——
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Example 3.27

,;10s1§f1al tra;;l:v through an amplifier, and its power is increased
imes. This means that P, = 10P, . In this case, the

amplification (gain of power) can be calculated as

|= 1010g10 10= lO(l)= 10 dB

77

=| Example 3.28

One reason that engineers use the decibel to measure the
changes in the strength of a signal is that decibel numbers
can be added (or subtracted) when we are measuring several
points (cascading) instead of just two.

In Figure 3.27 a signal travels from point 1 to point 4. In
this case, the decibel value can be calculated as

_ ) e\ e
[a5=3+7-3=+l | 7 epta s
; e\ oyl e 39

3.78
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e~
‘

Fi
u
&7 Decibels for Example >

-3dB

Transmission ¥

point 3 L
medium o

Point 1 Transmission Point 2
medium
Yty @uiBlos il lods

. &Jbﬁa

asure signal power in

In this case, it is referred to as dB,, and is calculated

Sometimes the decibel is used to me

milliwatts.
as dB,, = 10 1081 P, where P, is the power in milliwatts.
Calculate the power of a signal with dB,, = —30.
Solution *dBp=lo log P
:
We can calculate the power in the signal as b
e

dBp, = 10logjo £, = =30

logio Py =3 [‘Pm = 10—3 mW
Y

gw%‘ﬂ ls laPm: -3 __9? \_3
Mm =10

lo

3.80
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Example 3.30

The loss in a cable is usually defined in decibels per kilometer
(dB/km).

If the signal at the beginning of a cable with —0.3 dB/km has a
power of 2 mW, what is the power of the signal at 5 km?

Bignal N 035 Jud &3
alb

Solution -
The loss in the cable in decibels is 5 % (=0.3) = —1.5 dB.
We can calculate the power as o) &S
L ALNOP
P, 2 ”"’oa\""“oa\'}
dB=10 10810 —= ==15"
P
Py _ 100152071 "
7)_ — ’ Qmwbbﬂi\_bs\
: A7y s
P2=O71P|=0.7X2=l.4mw L';ANS\&Q).G\:;\
| Qs 30 35>
0 s 13 ssiaa\l bin

Figure 3.28 Distortion®™ NP L a5 Assacmd 4N =c

gundmnbs&b\,su We = ) =
£, nadie) ) pedia. Na © N Gs vV HE

o /\ Composite signal
Composite signa — \/ \/ received
sent r\l\/\ /’\7

\A AN
S ATATAVATE VAVAY
Q)AUCJ | Components, k Components,

3 A\B? in phase out of phase

At the receiver

TP

At the sender

L b L soms inn Al At i Madia 3103 Slfeiert freq . 4
 inonen® Aogeal GENS A e 2 Ay ln §on

3.82
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N S

Figure 3.29 nois, L e

N\cier )\\‘—;‘:ﬁ; Q\\e\ »
*W%?S’teal » : Recelve
Tiamismitied le Noise
|
|
I
i l —1
i Point 2
Transmission medium
Point 1
289 U PRIVEVRE T EICE e

cads Neaels Dowef Yo %

W&\%‘%.(\dg:“\baﬁ\)onnr)\ e .
Signal-to-Noise Ratio (SNR)

SNR is the ratio of the signal power to the noise

power

m

SNR=average signal power/average noise power

lm

since SNR is ratio of two powers, it is usually
expressed in decibel, SNRgs

m

SNRgs = 10 logio SNR = 10 log, (Ps/ P,)

\a

3.84
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PR

3

Figure 3.30 Two cases of SNR: a high SNR and a low SNR

) o\o >
| Signal + ngise

. = Jh} \oﬂl %\ Q\ X\ N 'q—““h \
A Signal A Noise J

J—
—

drme L e et

I
a. Large SNR
N )\ s3les Js\e

Signal + noise

Geas Oaw? Motse NoBiapal I\ sid 7

A Signal Noise

b. Small SNR ,

.85

Example 3.31

0 mW and the power of the noise is

the values of SNR and SNR ;' ?

The power of @ signal s 1

1 uW; what are

Solution
SNR 3 can pe calculated as follows:

The values of SNR and

GNR = lO,IO?I?WLl W .o 10,000

SNR(IB = 10 Iogl() l(),OOO =10 loglo 104 =40

3.86
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The values of SNR and SNR ; for @ noiseless channel are

\"

. i wer |, oo\ o
deok cose SNR = sxgnalopo _ oo oo o0\
. ~\ . - i !

ratio in real life; it is an ideal case.

We can never achieve this

communications

A very important consideration in data
d, over a chann

how fast we can send data, in bits per Secon

Data rate depends ont three factors:
1. The bandwidth available

"2. The number of signal levels used

__3: The quality of the channel (the level of noise)
9/\&\(\0(\ \.»»-\{5

b > 'S ° .
°

» Noiseless Channel: Nyquist Bit Rate
+ Noisy Channel: Shannon Capacity
+ Using Both Limits |

3.88
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w

- Channel: Nyquist B;j

. WS,S, Yauist Bit Rate
. ~c the theoretical maximum pj

Dgfsﬁ‘&‘cé for noiseless channers bit rate

"
’
-

Bit Rate = 2 X Bandwidth x log,([)”

Jist | : : \evel
’ BC}t rate is the maximum bit rate in bps m\;;-& |
2 sandwidth is the channel bandwidth in Hz  «uy w «,

mber of signal levels used ) Gl

\-\wwcnﬁccpihs?ex ‘ \le‘&:\ﬁ

; | is the nu
ncreasing the number of [evels is not
l : i
= practical: .
. [t imposes a burden on the rec<_e|ver {esiever ANz sy
the receiver design (0TS ) . Gopedd

« [t complicates the Te s
« |t reduces the reliability of the system (i.e.; a0, Cad

increase the probability of reception errors) en.

389

Feasing the evels of a signal may
_Teduce the reliability of the system.
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| Example 3.33 /,

Daes the Nyquist theorem bit rate agree ypyy |

intuitive bit rate described in baseband transmissi,,, » the.

Solution

They match when we have only two levels. We saiq, ;,
baseband transmission, the bit rate is 2 times ¢,
bandwidth if we use only the first harmonic in the woyg
case. However, the Nyquist formula is more general thay,
what we derived intuitively; it can be applied to baseband
transmission and modulation. Also, it can be applied
when we have two or more levels of signals.

3.91

«*Example 3.34 -

Consider a noiseless channel with a ba.ndwidth of
3000 Hz transmitting a signal with two signal levels.
The maximum bit rate can be calculated as

BitRate = 2 x 3000 X log, 2 = 6000 bps

3.92
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¢ same noiseless channel transmitting

a
[ levels (for each level, we send
pit rate can be calculated as

Consider th
py four Signa

signal wit
2 bits)- The maximum

=2 X 3000 X 1082 4 = 12,000 bps

r BitRate

I

et

send 265 kbps over a noiseless channel with
al levels do We€

0 kHz. How many Sign

Solution

We can use the Nyquist formula as shown:

% 20,000 x logz L

7 = 2662 = 98.7 levels |
Qq « 6 g_e)‘iﬁ c}“),)g

2, we need to either

the bit rate. If we
If we have 64

265,000 = 2
log, L= 6.625

Si :

: ’;‘::: this result is not a power 0f

have ‘;S§8the number of levels or reduce
levels, the bit rate is 280 kbps.

levels .
% the bit rate is 240 kbps.
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B

Noisy Channel: Shannon Capacity |

= Defines the theoretical maximum bit rate
possible for noisy channels  Benbudh Hessy

& Channel Capacity = Bandwidth x 12955
logz(1+SNR) b ade 3\ e ARN Haid,
»® Capacity is the maximum possible bit rate in bpsg
+= Bandwidth is the channel pandwidth in Hz

_** SNR is the signal-to-noise power ratio

A
g . []
= Defines a channel characteristic nO

method of transmission

t the

3.95

Example 3.37

Consider an extremely noisy channel in which the value
of the signal-to-noise ratio is almost zero. In other
words, the noise is so Strong that the signal is faint. For

this channel the capacity C is calculated as | 555
SR yS

C = B log, (1 +SNR) = B log, (1+0)=Blog, 1 =Bx0=0
 opReo Sy sl Benduidh S o) YeGin
This means that the capacity of this channel is zero
regardless of the bandwidth. In other words, we cannot
receive any data through this channel,

3.96
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Example 3.38

We can calculate the theoretical highest bit rate of a
'egulm: telephone line. A telephone line normally has @
yandwidth of 3000 Hz. The signal-to-noise ratio 1S
sually 3162. For this channel the capacity is calculated

1S
C =B log, (I + SNR) = 3000 log, (1 + 3162) = 3000 log 3163 |
= 3000 x 11.62 = 34,860 bps J
08 58 e SGEAGRGs ) e aatsl CANGE e %
This means that the highest bit rate for a telephone line
' 34.860 kbps. If we want to send data faster than this,
we can either increase the bandwidth of the line or

improve the signal-to-noise ratio.

37

Example 3.39

The signal—to-noise ratio is often given in decibels.
Assume that SNR ;3 = 36 and the channel bandwidth is 2

MHz The theoretical channe
as

[ capacity can be calculated

SNRi = 10 logjg SNR . = SNR = TOSNRa/10 s SNR = 1036 = 3081
C= Blog, (14 SNR) =2 X 106 X logy 3982 = 24 Mbps
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e e

Example 3.40 L

05;:{;2@\,>\,e)§§ 5o 8, S A R D S

practical purposes, when the
can assume that SNR + 1 is almos
these cases, the theoretical channel ¢2P

simplified to o gl Gl

;Q(MU\CL A\

= SNR is very high, ye

¢ the same as SNR. In,
acity can pe

For example, we can calculate the theoretical capacity of

the previous example as

3.99

Example 3.41 .

nel with a 1-MHz pandwidth. The SNI

We have a chan
is 63. What are the appropriate bit ratt

for this channel
and signal level?

Solution
First, we use the Shannon formula to find the uppe

[imit.

¥k y S = 10° |0 i
C = B logy (1 +SNR) = 10° log, (I +63) = 10° log, 64 = 6 Mbps l

3.100
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’ Example 3.41 (continued) e ‘

Shannon formula gives us 6 Mbps, the upper limit.
The ﬁer P erformance we choose sometl'ung lower, 4
Fob,- befor oxample. Then we use the Nyquist formula t:
Vbps; . : evels. 2 S N azzial %
ind the number of S1§ nal | ACSRS

L= L=4

> x | MHz X 1082

4 Mbps =

.ﬁ > P
o\
S

s = HpS)
(Go\e O=S -
7T e

101
e b el

!‘ noiseless AL a_dalo  (oise Chen

Note I

The Shannon capacity gives us the
upper limit; the Nyquist formula tells us |
how many signal levels we need.

1102
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%*(a& oy g
> Clallslgagis [ - ChmloWsIOSE Y ot
(I)ne important issue in networking ' the P orzlt:ll?ceg
the network—how sood is it? We Jiscuss 44y 0

gaoe B ork performance

Service, an o .
in gl‘e:lter 0“1’3: a°lll meazt;’rement 204{”;” this gection, Wwe
etail in Chapter 4%

introduce terms that we need for fult

2 — 1 S:cpnd
Bandwidth— owg cfiere -z s P
Throughput

Latency (Delay)
Bandwidth-Delay Product

M s ) °

3.103

= working, we use the term
 pandwidth in two contexts.

ot 1] The first, pandwidth in hertz, refers to
oak) | P dued Regdee> the  range of frequencies in a
e composite_signal or _the range of

o \gms

gy OBl Be e e T
| 'SZ: o quf freq.uen“clels «,that_;. av‘,r,‘chan‘n_el- can pass.
. (,,[] The second, 4bandwidth m bits  per
s second, refers to the speed of bit

%\2}:;&; ~ transmission in a channel or link
/—_—_v
3.104
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s

L Exa”’lple 3.42

he bandwidth of a subscriber line is 4 kHx for voice 0T
ata. The bandwidth of this line for data transmission
an be up to 56,000 bps using a sophisticated modem 10
hange the digital|signal to analog.

.- \ ™~ . b
\-Bsnasa;“\ ok 5 ¢ Cappt QNS —> Y ki3 WY
— ¥xF =56

%:y\c)/\( onise

05

‘ Example 3.43 _7
the ny improves the quality of the line

| mpa
If the telephone co lfan dwidth to 8 kHz, we can send

the same technology as mentioned

and increases the.
112,000 bps by usins
lin Example 3.42.
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Capaer JV ISR ™.

B — e e
("‘J;j 5 eciever Nuining  (ngyclocket ¢ T2 J
o - fs fer) COWP‘JQJ)O\OC; t_\\"g-"-)f; r; Pffgf“’“
_| Throughput versus Banthdth s
» T%%V\?ﬁ = Ew&u\ck’fl:}\s\s;*)\':f'\ Cf;

Mo b s Nade S22 o 4 oment
(&:ﬁxgé (P,Tﬁé,Bandwidth is a gg{f;’”/’”! m;'.as:r of
- how much we can send datd over the m,

Aota \tok \ A\ Cacs 1 i
\ 0_\_5&)( ,
= The Thl‘o:;ghpgt is the .aog‘tu/(ll measurement of

how fast we can send data over the link

pe limited bY the capabilities

O The throughput can -
i devices or the availability of

of the communicating
the network resources

. " Goedpot " A Fheughpot MO90PE WS s

Bpp 2 Ree \adcrs\cpoo\iifw P
3.107 ( eyt

—|  Example 3.44

A neiwork with bandwidth of 10 Mbps can pass only an
average of 12,000 frames per minute with each frame
carrying an averase of 10,000 bits. What is the

throughput of this network?

Solution
We can calcula

Throughput = 12,000 x 10,000 ]
r s = =2 Mbps

te the throughput as

The throughput is almost one-fifth o * . .
his case. ifth of the bandwidth 1

3.108
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~| Latency (or Delay)

(or delay) defines the total time needed

A The latency
entire message from source to

fo fransfer an

destinati(m

onsists of four components: — 2.\
_ Distance / Propagation Speed

— Message Size/ Bandwidth
the current network status

on the speed and

0 The total delay €

= propagation delay

= Transniission delay

= Queuing delay: depends on
= Processing delay: depends

capabilities of the nodes

O The Jitter defines the variations in the delay

09
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| Example 3.45

0 : .,
What is the propagation time If the distance between the

;u two points is 12,000 km? Assyme the propagation speed
| to be 2.4 % 10° m/s in cable.

Solution
We can calculate the propagation time as
SRS TR 19,000 100022

The example shows that a bit can go over the Atlantic

Ocean in only 50 ms if there is a direct cable between the

source and the destination.
3.110

CamScanner


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

Example 3.46 REnCi,

.on time and the transmissj,,
t are the ropagatwn _ .
::Z:gt j“:re a 2{)5-kbyte message (an e-mail) if g,

is 1 Gbps? Assume that tp,
width of the network 1s . |
3‘1?;:11::;(5 I;et;{een the sender and the receiver is 12, (g

8
km and that light travels at 2.4 10% m/s.

Solution ' . o
We can calculate the propagation and transmission time |

L] ° J
as shown on the next slide:

3.1

{Exampl@ 3.46 (continued) - |

Propagation tiine = L2000 X.1000 50 ms

L 2A%10%

Transmission time = 2500x 8 =0.020 ms

107

Note that in this case, becquse the message is short and
the bandwidth is high, the dominant SJactor is the

propagation time, not the transmission time. The
transmission time can be jgnored.

3.112
,_——-—- R
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- Example 3.47

leat ‘t"Z ;h]‘elépi‘opagation time and the transmission
t,mel for a y{e Message (an image) if the bandwidth
of the 1 Yl 1s 1 Mbps? Assume that the distance

between the sender and the receiver is 12,000 km and
that light travels at 2.4 x 193 ,, /¢

Solution |

P.Ve can calculate the Propagation and transmission
times as shown on the next slide.

Proiaa’gati(m time =" '12’009 2 1200 =50 ms
o L 24x%10
Transmission t‘iiﬁe;: 5’000’0(6)0 X 40 s
i 10

Note that in this case, because the message is very long
and the bandwidth is not very high, the dominant factor
is the transmission time, not the propagation time. The

Propagation time can be ignored.

3114
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. 1 bi se 1 ,
Figure 3.31 Filling the link with bits for ca 2

a0
ble Nae e % bls x Oeloy a Lw:L«uﬂtherJaﬁ Produck
(A0 (Ben cha) P M\ A onte !

Receiver
Sender

Bandwidth: 1 bps  Delay: 5 s
Bandwidth x delay = 5 bits

After1s| 1stbit |—
After2s [ 2ndbit | 1stbit | —>
After3s | 3rabit | 2ndbit | 1stbit | —
After4s | 4thbt | 3rdbit_ | 2ndbit [ 1stbit |—>
AfterSs | Sthbit || 4thbit. | 3rdbit = |~ 2ndbit | 1stbit
|
o

-< ‘I‘

B | \
|

1s 1s 1s 1s ' 1 s)
. Receiver WX\, bt WOl Lt (3D sp
Gosane Transpedt M A5 230 10x ey Pie MM %

eomd 3R hme. «e—— Delay _—, 3 P\'VchQc&‘\\g"ﬂ\\ﬁ’ts/S MNw
Ny RN
- sduel

- Pite Uslome M el Qo ndwidiidl o\ Ockoy 3\ sifadd %
Figure 3.32 Filling the link with bits in case 2

gl Receiver

Bandwidth:-‘fs-lgB% Delay:5s
Bandwidth x delay = 26-bits
First 5 bits 25 bits
After1s | —_— \_5\\53&:&&3-“)
First 5 bits )

After2s :l:]:[l

ST First 5 bits
After 3 s |||

e
First 5 bits

After4 s T v]
f 5 - : First S bits
After5s| | I
e I‘—\\““'bi _l_ l
1s 1s l s | " < —
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|

" The bandwidthadé‘lay‘f‘bréa‘a'&i'aéf’iﬁ’é;” \
 the number of bits that can fill the link. | a

L

317

- e —
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g Data Communications

and NEtWOrking R Forouzan

Chapter 4

Digital Transmission
Srqek -“WSD
Ls Digikd o Dighed
Diﬂi LS “(‘Jqﬁ
Nidao

4.1 Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

:
In this section, we see how we can represent digital
data by using digital signals. The conversion involves
three techniques: line coding, block coding, and
scrambling. Line coding is always needed; block
coding and scrambling may or may not be needed.

°
. . ° L °

Line Coding

Line Coding Schemes
Block Coding
Scrambling

4.2
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Line CodiNg e 3t

(eEpUYCEsSSg\m\vmh
= Line coding is the process of
’ converting digital data to digital
signals (oighl 4 Oigfal consersion)
= At the sender, data elements are
encoded into signal elements
25

m At the receiver, signal elements
%B;f;&‘s\ are decoded into data elements
=<

LA Doy J@( N o Rhns Qe Yynastion %

i "QQ\()Q\_)}\ Satin A\&yﬁ \)*ID\)»:S (Qox\&uw
4.3 &) N 489 bandudtie Ngrun \e Siefhee

)AGss o\ pth AL Powetls Conglendu s ecke S B W 4
\

Figure 4.1 Line éoding and -decoding

Receiver

Digital data
0101+--101

Digital data

0101 ~-~-10_1J

Decoderi

Dlgltal 5|gnal

L_l
Y

Encoder

Y

Link

4.4
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e Ma ghhon seysns
Ahsil) s Nggoid

haracteristics Of line coding ™ ‘e Mes
Q/’/—- g (\éﬁoc\:‘:;ma

» Data Element vs,. Signal Element
» Data Rate vs. Signal Rate |
: ndWidth -\ -
* Ba . \ovS wku\ﬁm
» Baseline Wandering . i
2 bre. coding¥igoel 13 B S e o &

j : ; e Wi digia) Sige %
= Self-Synchronization ;g 5 dugel stages vt

i . . - _\b
= Built-in Error Detection Amf-ﬁﬁ&ﬁ@?@i@

E\ADH. : . . o\
» Inmunity to noise and interference ™ _s222%

,A_.r\.gs:o ~ . QDSZM
B Complexity’ tudmed 578 B componeiiidstandii dhanvels 3 %
” - e st sk

e Aenk ovatSsastsasd Iy N l
Re N ehide ok Nafsdsafntotam |

(Bos 18 pass W o ek Nsids \gdy et )
Signal Elements vs. Data Elements

" A data element is the smallest entity that

can represent a piece of information (a }
Dit) = " Llalpold & Nge\lens |

" Asignal element is the shortestunitin =~

time of a digital signal (a baud) = ©9%0st
" Data elements are what we need to send |
" Signals elements are what we can send

* The ratio, r, is defined as the number of
data elements carried by each signal

element

gl clesen! o g e

48
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Figure 4.2 Signal element versus data element

\\
1 data element

CLQ:&(\ \ aS =Y 1 data element
. . | | 1 I 0 1 1 |
Al eJeMe.(\\’ i ! i 0 i 1 I ! ! ; !
Sopnal M4y ™ —
i el@me(\{‘ Tsignal 2-] ,
| t signa
i M v e elements
Sianol clement a. One data element per one signal b. One data elem(lent per two signal
@B“Q‘M\»ﬁb\bﬁ\\ element (r=1) elements (f= 3
(s e plaslag Y
‘\“GJ\;»\\\S Qo) 2 data elements 4 data elements
WaDlguaedy o) ¢
. ‘.-(EQQ):\Q’Q:.‘A§§5‘ (z\} 1MW 101 ! M .: : 1101 ':
Spspis\ahs glall § — —— e !
S22l oroR Qasa\\ (48 __—
Rl 2 =
%‘9@\’ ‘Q}W\*‘S\ 1 signal 3 signal
%&h\\@mﬁ%\?\\\ element elements
5 [qnal fq'!‘t$@ c. Two data elements per one signal d. Four data elements per three signal
9
\),-7()@1\ element (r=2) elements (r= 3)
\
4.7
\= Pato y K )
(MMl odnginy) mm;AM\mG\Jg\\@ﬂ

_&ﬁ‘f\[fata Rate vs. Signal Rate

-

i £ The data rate (or bit rate), N, is the number of
sz s data elements (bits) sent in one second

! The signal rate (or baud rate or pulse rate or
o gymkd < Modulation rate), S, is the number of signal
—— ¢elements (bauds) sent in one second

fes wany ® The goal is to increase the data rat

- e (and

%lum hence the speed of transmission) whijle
decreasing the Signal rate (and hence the

required bandwidth)

S=¢xNx 1
.“.9)\,..)&% Ger I Qage Yo vims s o r

" Where c is the case factor that depends on
the case

4.8
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= Example 4.1
' \_”h—rrm;_‘

ignal is carrying datq :
A Slgna g datq In WhiCh 0 .
. ne d element 1S
encoded as one signal eleme i

' nt (r = 1). If the bit rate is
100 kbps, what is the average are S
petween 0 and 1? ge value of the baud rate if c is

Solution

We assume that the average value of c is 1/2 . The baud
rate is then

181080
S=exNx = = 2 100,000 x % = 50,000 = 50 kbaud

% TGignad Rate Ny s Hodd %

49

The Bandwidth

' As learned previously, a digital signal that
carries information is nonperiodic and its
bandwidth is continuous and infinite

2 Also, many of its components have very small —

ampli be ignored Yoo Llequenciede seile Maldy
. mplitude that“can . g P ?ﬁz‘\w\'@“\é}é
= Therefore, the effect_lwléci b'in wi 0 5 = Qo%mxk
real-life digital signal is finite S
£ The bamdiath i< proportiona to the signal 512,
S 34 3 Q) Wl
: rate . cXNXI e A M"{ﬂiﬁ&u O
! Gi _ = - A : it e
Iven N: min 1 r 59&
2 Given B:  Nma =g X5
4-10 %‘Bw@\ NSNS Do Gde I\ J._e).\\csdé-ﬁ-l

CamScanner


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

Example 4.2

The maximum data rate of a channel (see (?hapter 3) is
| Nmex =2 x B % log, L (defined by the Nyquist formulq)_

Does this agree withlthe previous formula for N,..2

% of dote. eloments

ol lemetdd
Solution o

A signal with L levels actually can carry log,L bits per
level. If each level corresponds to one signal elemen; and
We assume the average case (c = 1/2), then we have

Nmax=% ><B><r=2><Bxlog2L

 Although the actual bandwigi o=
digital signal is Infinite, the eff -

_ e effective
_bandwidth is finite,

12
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3 | o):.;‘g:‘;,{\}\\&p" ;‘.,‘\J\A (eticnes }b‘{' ;
Ay W macud L U507 |

‘

e It g )
@gﬂne Wandering cpirath S o0 foek

((UM\“\‘B/‘\\‘CMZ q}ﬂj}
_ while decoding the recejyeq signal, the

= receiver, Calculates the running average of

the received signal power, called the
upaseline

. The incoming signal power is evaluated

= against the baseline in order to determine
the value of the data element

« Long strings of 0’s or 1's can cause a drift of
~ the baseline, called “baseline wandering”,
which makes it hard for the receijver to
correctly decode the signal |

= A good line coding scheme should prevent
baseline wandering _ bl adssscaey

113 Sl VAW Aeed Vit @:ﬁ% ;
anamittion Vine NedmGléas |
oo fuss L d RS Bl Y

s e |
DC Components” ssidaisdimeys S50 |

DC campotert idasis LN 3 et ¢ O 8 el

! Long constant voltage levels (DC) in
digital signals create low-frequency
components

* DC components are mostly filtered
out in systems that can’t pass low
frequencies

* A good line coding scheme should
have no DC components

414
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Uepndechas

\)\' 3\\3‘2,1&\_5\-03\0\ A\ ‘-\-‘-‘-‘\9&‘3 (83—\93553\»_2.3
LS VoD &Y
‘Self-synchronization' ¢

\_gg\s-d&ﬁk\w‘uaum\ss\n-\§
* The sender and receiver must be_exactly
N « synchronized in order for the receive\qAS|gnals
aStJnchrgmaQ! to be interpreted correctly- R sy i\ i

o)
tk& B|t duration, the start, and the end of the bits
&&?Eﬁ‘ should be exactly identified by the receiver

" ® |f the sender and the receiver are runm_ng at
different clock rates, the bit intervals will not
match and the receiver may misinterpret the
signals

2 A good “self-synchronized” line coding
scheme should keep the receiver well-
synchronized

4.15

\

Figure 4.3 Effect of lack of synchronizﬁtion Qcé:\(zlf ?&?t_\

*)53&:\\ 52 O
\-b*d\t&oa};g,_b\\ A
NG ¢ s te 1

%\)Q\\S ng
eglen 5o g J

\

O

Usis of Qeckk Mfos
bt .\\‘\m

M@fba Sent \;

\ aya o= 7
:\\)&\ \? voe %@65\\33/1\3“&&\&&9 A\ c\p\s‘gbq\\g

395 ¢ s M A |
M,‘! M‘ 111
| 2N e g.‘o :
Ny [

o
—
o

[
0 : 1 |
[

o

I
I
I
|
]
|
I

b. Received

\
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"\L&r\ wd%' s ) ‘
, B C R
bt digital transmission, the "CCeiv\ SCR\PHR VPRI
faster tgmels ttl;li ::nd.er clock, How many extra bits per
S(CO"d . th dCewer receive if the data rate is 1 kbps?
oW many if the data rate js 1 Mbps?

er clock is 0.1 percent

olution

yt 1 kbps; the receiver receives 1001 bps instead of 1000
bps-

ITOOO bits sent

| S

1001 bits receijved 1 extra bps

4t 1 Mbps, the receiver receives 1,001,000 bps instead
1,000,000 bps. ,001,000 bps instead of |

1,000,000 bits sent 1,001,000 bits received 1000 extra bps

a7

F

"W W

Figure 4.4 Line coding schemes — lue Codingy .\\5\93'\

Unipolar —— NRZ
Polar and diforential Manchester
~——
» Line coding Bipolar  -|—— AMland pseudoternary
\—‘ -
Multilevel ——— 2B/1Q, 8B/6T, and 4D-PAMS
- —
Multitransition  §—— MLT-3

P
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Wy Zeted@riala bit ) JLaLa oye WX}

A 38“:\\ Figure 4.5 Unipolar NRZ (Non-Return to Zero) scheme
’ a\JL Gk
Amplitude Arithvotic * P yﬁ' R > BN
2alliyg e 4 | . ;\Q* X= % RPIX)
N 1T 1 0 1 1 1 1 I 3\e e
L= Baselne , I | ey LA A 1o
P T
Cosss \3 mm | I ' l | Time’%‘:—, _\iNormalrzed power (ayg)
SIREN

o'h\cfi' Unipolar: All signal levels at one side of the time
k‘f’m axis -» \13{ (\e.sdwcqga\.n
S = NRZ since the signal does not return to zero in the

2= middle of the bit =Bt Ydbelss Qo garde sty
e Relatively very costly scheme in terms of

normalized power - Perser N _naMig

Hence, not a popular scheme nowadays

4.19

' *\oaie 02v/ \ogic \t -V At : - R
s\« Figure 4.6 Polar NRZ-L (NRZ-Level) and NRZ-I (NRZ-Invert) schemes
e Ly Decavse ur heve +, - Volthges
dSs A s u X
- ST R R RS 1o Sl Sl TR Cseew
Campon ' ! | ! :
kbﬁgw NRZ-L : : —-T Ld"ﬁ*’“‘“* P faver dersi
Seyetee oseclVs| | i l o A Time 1 (Powes per hnarkz)
G ! t — ! Bandwidth
S8Iode ) P i sy . o 03
\sjog —o—— | || Time R
ek ot S\ I - 1 2 N
\\;\\Vmw \= O Noinversion: Next bitis0 e Inversionm -?fem N Yo -\ of F(mv\ <\ *'b-\'V
ﬁsgn " Polar: The signal levels are on both sides of the time axis
Wsasas) ® NRZ-L: the voltage level determines the value of the bit

o'

i 1

c\(&a‘:’f;r N m NRZ-I': the change or lack of change determines the value
(55 " Basellr)e Wandering and Synchronization problems: in both,
Wb but twice as severe in NRZ-L

desy= - Both have the DC Component problem
N L T XNk, ya i, Qe T 0 ey
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"NRZ-L and NRZ-1 both haye an average
| Signal rate of N/2 Bd.

o

421

Note II
 NRZ-L and NRZ-l both have a DC l
~_component problem. - w
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_Example 4.4

A system is using NRZ-I to transfer 1 Mbps data. Whq;
are the average signal rate and minimum bandwidth?

Solution

The average signal rate is S = N/2 = 500 kbaud. The

minimum bandwidth for this average baud rate is B,,;, = §
=500 kHz.

4.23

NS5 VAV e Sl el Wk Ay, e deiladt

. 8 Sicsm..k Q,\amd\!(
Figure 4.7 Polar RZ (Return-to-Zero) scheme =~ \doke

Lo
Pw Uss Shement
LS \latunx © 08 Bl oo x [ Bk

i3 2y o 1 o
\B G - ol : o
bandudi AL I, | !_'L !

o

0 1

me

=

* RZ:the signal changes at the beginning and in middle of bit
LV u

Wl Solves the synchronization problem in NRZ schemes
PR KA
Siiasday ® No DC Component problem

beud A8 Needs two signal levels to encode a bit 9 more bandwidth
wﬁ?{: Uses 3 signal levels & more complex
Signed N m Not a popular scheme \G
De\o 15mae (eciapMamas|
SR Ty -
La&.»_a 4.24 N
ot
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fi nd differential Manchester schemes ‘
//—T—\ Yekorn - ta- Zefo »D |
(ot MGasie (a )

-\‘
A (ate _\\usﬂ;_ao ;.9-“'" e
0 : ! : 0 : 0 ' 4 k%t%m h*e) o‘lﬁ ACSEG N aam o
| 1 )
S A A 2 (ate
[ Inln -3 D
Manchester " T e Y LAV A3
— = W " s B3
: E _:\:\:\r\ 1 Bandwidth N Q‘Q"\dw'é“"h ‘
TR | R
Differenﬂal " | | : 04 : . 3 — _\L y ¢
Manchester ! Ll I ] '—':_“:—-h—)- 0 ] 2 f/N ?ou:ef\ﬁ"\
! LQ—— ! 1 Time
] ] | - ] \
[ | | | 2 \eue)s 0“3 S(%(\Q-l ) d\s. \AA(.»*}CPH‘ ,
O Noinversion: Nextbitis| o Inversion: Next bit i S <-> < N &d\du-h .
| : tis0 =K.\Qk_»b\

s Qvercome the problems of NRZ-| & NRZ-|

- The cost is doubling the signal rate and hence the
minimum bandwidth

2

Note I
~ In Manchester and differential
Manchester encoding, the transition

at the middle of the bit is used for
synchronization.
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-—

| Note'
The minimum bandWidth ofl\ll_é-hchestéﬁfi
and differential Manchester is 2 times
that of NRZ.

-

In bipolar encoding, we use three levels:
positive, zero, and negative.

4,28
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P W o say

Figure 4.9 Bipolar schemes: AMT qnqg pseudoternary

O\ =\ % T —
Amplitude ‘;, .\? : : %35‘ W ey 51y S
Lo v i 101 g lks_\m W aye Sy = %N
o 5 ' ; L r=1 e
|
el i : I : : ;
1 -
: : | ' Tim Bandwidth
| | | \ | | me 1 .
: : | I : L’) &S
aty ! : ! 0.5 w_sanl
eudotern .~ '
i : : . Time 06 T ; ' 2 fAN
|

» AMI (Alternate Mark Inversion) = Alternate 1 Inversion

» AMI: 0 = zero volt, 1 = alternating positive and negative
pseudoternary: 1 = zero volt, 0 = alter. pos. and neg. —> MM\ wds
No DC component. Why? - becouse ang=0

ario o > M Yoo LM\ :
What about synchronization UoReddemargs 4 L 3t o Naloys e

A1y B _edaad i Ve & o= A0y Sequene of os .\‘r\ §f I
129 S oadisdy Ruselite M,Aeﬁ@\\g;n&.g&.ue }‘

st Lol o Signalindbods \Wadsls pynacgdy Synchronization N * * |
EEOTENNE

Multi-Level Line Encoding Schemes (mBnL) Nk 5

' The goal is to increase the number of bits per baud —

~ by encoding a pattern of m DE’s into a pattern of n gusbetads

SE'S os N og pdoss Ssalsn
Binary data elements = 2m data patterns ot AA NS e VS
L signal levels = L signal patterns

* [f2m = Ln & each data pattern has a signal pattern

® |f2m < Ln = data patterns form a subset of the signal

atterns
?'_ Extra signal patterns can be used for better synch. and error

detecti :
. 2: icl_l:r:) not enough signal patterns (not allowed)

: th m, signal patt I
= nary patterns of leng gnal patterns ‘
crI}Bl(re]rI;g_t)hE,r'1I wit¥\ ?. signal levels — =% RS
" Lcan be replaced by:' -
" B (Binary) -)_)sza(ezégé, '
" T (Ternary) @ L=3 (&9
" Q (Quaternary) 2 L=4 (e.g.; 2B1Q)
4.30

\m

1)

|-

A L ————— L —— i
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Notel
~ In mBnL schemes, a pattern of m data
elements is encoded as a pattern of n
signal elements in which 2m < L".

Bbaielas Sl s o by Galls
4.31
Signal et
2 doda clement enaddad in L € 1 > L=U\evel

Figure 4.10 Multilevel: 2B1Q (2 Binary 1 Quaternary) scheme

Previous level:  Previous level:

positive negative
Next Next Next
bits level level
00 +1 -1
01 +3 -3
10 -1 +1
n -3 +3
Transition table —> 7\5 £
. e b
L
I L I A =4, Spve=N/4
+31 | b !
1 | ) : P
+1 ' : I 1 > ! 5‘9‘
; po—t—> 1 Bandwidth -
-1 4 | | t Time 0.5 s
: P i\l
-3 | : 0-  — T —
! \ H i o 1”2 2 N
/ ] ] ] ! :
f‘/"x*‘:*b Assuming positive original level

LT cewges  Facter data rate., Why? becace =%
feckivel {_w | 4o complex recelver & 22 = 41 < no extra signal patterns
L " What about the DC Comp.? Not balanced (scrambling used to help)
o2 * What about synchronization and baseline wandering? (same)

4.32
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| <

level: D
g e 4.11 Multilevel: 8B6T (Eight Binary (?c ;jjnaf;ﬁime

/mnoom T _
) | 01010011 I 1
! 01010000 !
N | Inverted :
. \ : pattern | o i
x Resthive : Time .:, o-
V- N v L— -4+ -0~
! *‘*‘\}fgl ?—0-0-&-{- \}o\.{'abc: | i | = &
Y el ' “+e+40 | \wolid & -} =

» 20 re
, 36-28 = 473t'extra signal patterns 3 good * (bt b3 5 e
synchronization and error detection ki 8350 et

« Each pattern has a weight of either 0 or +1 DC values °

« |f two consecutive patterns with +1_v-veigh‘t, the sender
inverts the second pattern. Why?4e el e baeline wondemms)

« How does the receiver recognize the inverted pattern?

' 5,0 = 72 X N X 6/8 = 3N/8

Rageline uméemﬁﬁ\d\@*

02 M dasol sgran Ropend D 2%
-Dwrsal\ Qesihilily N\

Figure 4.12* Multilevel: 4D-PAM5 scheme

00011110 1 Gbps
A 250 Mbps
\ » Wire 1 (125 MBd)
.‘
1
[
[ —-—1 250 Mbps
: > > Wire 2 (125 MBd)
]
+2 1
]
+1 9 I : > 250 Mbps
> Wire 3 (125 MBd)
-1 4 |
-2 :
| 250 Mbps
> Wire 4 (125 MBd
1 ’

* 4.dimentional five-level pulse amplitude modulation

* Level-0 is only used for error-correction
" Equivalent to 8B4Q scheme With S.ux = N X 4/8 = N/2
* Four signal aré sent slmultaneously over four different wires

" Spa = N/B

{34 " Used in Gigabit LANs over 4 copper cables

| N T
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Figure 4.13 *Multi-transition: MLT-3 scheme

4.35

0
+V
ov

B " Time
-V ' P ST B
a.Typical case
A
1, LT ! L
‘ ]
+V Ve ]
| 1 1 |
ov -
1 1 | Time
1 | \
V1 ! ' |

b.Worse case

Next bit: 0

Next bit: 1

Next bit: 1

2/ Last Last
non-zero nhon-zero

Nextbit:0  level: +V  level:-V

Next bit: 1

Next bit: 0

c. Transition states

* |If next bit is 0 <& no transition (problematic long string of 0's)
* |f next bitis 1 and current level is not zero = next level is 0

* |f next bitis 1 and current level is zero = alternate the
nonzero level

®* The worst case is a periodic signal with period of 4/N

= 35, =N/4

Table 4.1 Summary of line coding schemes

Bandwidth
Category Scheme (average) Characteristics

Unipolar NRZ B =NI2 Costly. no self-synchronization if long Os or 1s, DC

NRZ-L B=N/P2 No self-synchronization if long Os or 1s, DC
Unipolar NRZ-1 B =NI2 No self-synchronization for long Os, DC

Biphase B=N Self-synchronization, no DC, high bandwidth
Bipolar AMI B=Nj/2 No self-synchronization for long Os, DC

2B1Q B=N/4 No self-synchronization for long same double bits
Multilevel 8B6T B=3N/4 Self-synchronization, no DC

4D-PAMS | B=N/8 Self-synchronization, no bcC
Multiline MLT-3 B=N/3 No self-synchronization for long Os

4.36
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r M ole A Ol Al e deay
Bl/OQ—KCOdlng A ASM s Mol

, The process of stuffing the bit stream
“ with redundant bits in order to:

« Ensure synchronization
» Detect errors

s+ The bit stream is divided into groups of
m bits (called blocks)

' Each group is substituted with a
different (usually larger) group of n bits

(a code) Lsm
t This is referred to as mB/nB coding
} Pasol Nepe

»

Block coding is normally referred to as
mBInB coding;
it replaces each m-bit group with an

n-bit group.
S ————— B—— —————
b —
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Steps in Block Coding Transformation

2 Step 1: Division |
= The bit stream is divided into groups of m bits

= Step 2: Substitution

The m-bit groups are substituted with n-bit codes, where n>m

A number of n-bit codes are carefully chosen to ensure that th,
synchronization and error detection are achieved

Notice that at most only one half of the n-bit codes are needec
Why? berarte o \s most \odoer Maan  —

e um

.

= Step 4: Combination WY FESHETCS |
> The n-bit groups are combined together to form a new bit
stream

= Step 3: Line Coding

= A simple line coding scheme is used to convert the new bit
stream into signals

L No need for a complex line coding scheme since block coding
€nsures at least the synchronization

4.39 Bleck coding 3\ ooty

_—

Figure 4.14 Biock coding concept

Division of a stream into m-bit groups

m bits m bits m bits
110 -+ 1 000 ---1 eee 1010 -+ 1

N

mB-to-nB
: substitution

i |

010 101 000 -+ 001 e [OTT =111
n bits n bits n bits

Combining n-bit groups into a stream

4.40
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z

!, gvery 4-bit block of g

. The 5-bit codes are li

. gach code has no more than one leading 0 and no more

han two trailing 0’s (j = .
1(:)’5 will ever bE%rans(r:iiet't'e%? more than 3 consecutive

» What about consecutive 1's7 why is it not handled?

= 20% more bauds on NRZ-| dye tq using redundant bits

« Unused codes provide 3 kind of error detection. How? R

» What about the DC component problem with NRZ-1?  |ueps

=

Ne encoded with NRZ-I

« 88/10B Code T
* Same as 4B/5B except f i b
o betituted Pt for the number of bits 7 .
* More codes are available for better error detectionssss - 5T
capability “&Vraj_ ,c,\_s\\

4l

Figure 4.15 Using block coding 4B/5B with NRZ-I line coding scheme

Sender

Digital signal

NRZ-| — g 1— 4B/58 1
encoding Link decoding decoding
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e ————————— e ey

Figure 4.16 Substitution in 4B/5B block coding

4.43

4-bit blocks
111 ] ... [ooo1 | [ 0000 |
Y Y Y ]
11111 | [ 11110 [ 11101 | ... [ 01001 ] -e. [ 00000 ]
5-bit blocks

S\Qam\bg%'swg_@maggg\:
( L 2es o 340 egion (son ) \eest 2y o

Qesy 'bg 2 \eméms 2efo's (LS9 @,Lun‘égs.\'la dst
(oo 3 owm\s meet Significant bit b 382)

Shis it eued
Table 4.2 4B/5B mapping codes S" b suS
Datra Sequence Encoded Sequence Control Seqitence Encoded Sequence
0000 11110 Q (Quiet) 7 , Gnedlayl 00000
0001 01001 I(dle) 3 (2 S\&s s 11111
0010 10100 H (Halt) 00100
0011 10101 J (Start delimiter) 11000
0100 01010 K (Start delimiter) 10001
0101 01011 T (End delimiter) 01101
0110 01110 S (Set) 11001
0111 01111 R (Reset) 00111
1000 10010
1001 10011
1010 10110
1011 10111
1100 11010
1101 11011
1110 11100
1111 11101

4.44
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Example 4.5

need to send dqgq |
e . : A a 1-Mbps rate. What is the
",,'nnnl;l::d';;?{llzlrfd bandwidth, uS.-ﬁg a combination of
BB Or Mancheste, coding?
outioﬂ

gluics -
- 4B/5B block coding Increases

\bps- The minimum bandyy
525 kHz. The Manchester

( the bit rate to 1.25
idth using NRZ-I is N/2 or

. scheme needs a minimum
ba"dWldth of 1 MH;. The first choice needs a lower

pndwidth, but has a DC component problem; the second

foice needs a higher bandwidth, but does not have a DC
omponent problem.

15

N
Figure 4.17 8B/10B block encoding — Comsinakion Ssisisos *
} Olecks WG

8B/10Bencoder - Swasl\s s GulbaGas G

—_—

5B/6B E
encoding

Disparity

a—1—> 10-bit block
controller |/

8-bit block

38/4B |
encoding P

' Itis a combination of 5B/6B and 3B/4B encoding for simpler

mapping

" The disparity controller is used prevent long consecutive 0's
orl's | |

' If the bits in the current block creetes a dls.pa|j|ty that
contributes to the previous disparity, the bits in the current

block are complemented tant code th
4 The coding has 2° ;-21’_126“8*Zeiiyl{fj_illhc&:i at can be

ttmm ] Lme Almm il
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We have seen in Chapter 3 that a digital signal is
superior to an analog signal. The tendency today is to
change an analog signal to digital data. In this section
we describe two techniques, pulse code modulation

and delta modulation® Lmee compel

Oigptald algs gyl Goiinds
C \%&369'65\\‘5:»

i .
Pulse Code Modulation (PCM)
Delta Modulation (DM)

4.47

Figure 4.21 Components of PCM encoder

Quantized signal

& —
SN VCPRELY o S “

PCM encoder

I/\/ > Sampling > Quantizing ' > “—Eﬁéoéi.hg&l 11+++1100
> — Digital data

PAM signal

Analog signal

% 1. The analog signal is sampled
% 2. The sampled signal is quantized
% 3. The quantized values are encoded as streams of bits

4.48
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. €rting
py taking samples ¢

called sampling inter
, The inverse of the
" sampling rate (
sampling is also calleq
Modulation (PAM)
+ The idea started by
" long distance servic

* The analog voice
cables and theref

= Amplifiers distort

X
Va
'

\J.

es

camplin - Definition and

g signals into digital

Certain uniform intervals

Samp]
or Samp“

signal |oses
ore require 3

the signal due

analo
rt

| (or sampling

period), Ts

Ng frequency
P

ing interval is called

), f5= 1/Ts

ulse Amplitude

mplifiers

spectrum and ph
' Since digital Sig
~ distortion, digiti

19

ower on long distance

to their own frequency

telephone carriers to provide —

nase changes and they also add noise

nal; are more immune to noise and
zation is used

: C o o \ %
osis\e Seyral S 1’_‘)&,&“&\33?3;, Q(e.:t\_)f_u\c Y QS\&Q)QA\__Q)aB\n\s\.

; Sc.m@\u% Rake I\ ol

N
Figure 4.22 Three different sampling methods for PCM

inplitude AmpJ:tude
e \C/Analog signal 1T .~ Analog signal
fT I S Tige AN, Tine
PR || P NaniE
mﬂg —\S, b. Natural sampling — Q*"“‘\?‘A\Bi\'c& gb\,é' |
i “ |
bani\e . Dt Sl |
‘gl [ . Sgrelllhit Sdas Y
) -- Analog signa .
%k\‘bmw /"— ‘t/ 2 W:‘ hbg\n‘\"t‘\ 5\(:-‘3-3- sl
\-AA\—U J/ I‘Tl\ Time e \Vakue AQQN‘V\Q(- AN
J" R U U_U‘r &\3\5@3 Skl N Sudagy
- -u .~

¢. Flat-top sampling

e —— e ————
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Sampling Rate: Nyquist Theorem

2 Question: How many samples are
needed to digitally reproduce the
analog signal accurately?

> 2 |deally, infinite number of samples

> 2 Nyquist Theorem: the sampling rate
should be at least twice the highest
frequency component in the original
analog signal

4.51

| Note!
Ac':co'rding to the NquiSt th'eorem, the
sampling rate must be

at least 2 times the highest frequency
contained in the signal.

4.52
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ol
Nyquist rate =
' te=2x rmax
Low-pass signa| PR
T t o
o frax Frequency
de
Nyquist rate = 3 f
ax
Bandpass signal
° fin Freax Frecrquency
(83
Example 4.6

For an intuitive example of the Nyquist theorem, let us sample a
simple sine wave at three sampling rates: f, = 4f (2 times the
Nyquist rate), f.=2f (Nyquist rate), and f, = 4f/3 (a little more
than one-half the Nyquist rate). Figure 4.24 shows the sampling
and the subsequent recovery of the signal.

It can be seen that sampling at the Nyquist rate can create a
good approximation of the original sine wave (part a).
Oversampling in part b can also create the same approximation,
but it js redundant and unnecessary. Sampling below the
Nyquist rate (part c) does not produce a signal that looks like the

riginal sine wave.

%
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1 o 2 s

%m\\m-l-

a. Nyquist rate sampling: fg=2f

Bhah ate

Xa A\ Samples ‘ x s
KL‘S.“\\RL\Q))\

dechae [

' %
.
K2
.
p

b. Oversampling: f, = 4 f

wmefA A A

gt |V

. Undersampling: f, = f

[
[
Y

Example 4.9

Telephone companies digitize voice by assuming a

maximum frequency of 4000 Hz. The sampling rate
therefore is 8000 samples per second.

(NS ooyl 3\a NMewme N (’3@&\.\
AN\ Qe 3 M%\m\&rs Wa q..s\,l.b 20\ F{mv\e

4.56
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4

« Example 4.1¢
A ] 7y
/m e

lution

the bandu.ndth of a low-pass signal is between 0 and f,
yhere f IS the maximum frequency in the signal-
Therefore, we can sample this signal at 2 times the
tighest frequency (200 kHz). The sampling rate is
erefore 400,000 samples per second.

&

*Example 4.11 -

A complex bandpass signal has a bandwidth of 200
kHz. What is the minimum sampling rate for this
signal?

Solution - . '
We cannot find the minimum sampling rate in this

case because we do not know where the bandwidth
starts or ends. We do not know the maximum

frequency in the signal.

h R D -~
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(Soliediis fange Nmud
\Xf).‘:.._x %-.e:\ Chaac Oniform)

Quantization

*® Quantization: assigning values |

sampled instances

n a specific range of

= Each value is translated into a binary equivalent

number (i.e.; Binary Encoding) | o .
= The binary digits are converted into digital signal using

~ line coding

2 Steps of quantization:
*® 1. Assume that the analog signal ranges between Vp;, and V,,,,

% * 2. Divide the range into L zones each of height A (delta)

A=

V

max

-V

min

(Se-Sa3& x%= 3, Assign quantized vaIueLs of 0 to L-1 to the midpoint of the

- e\

Zone

L * 4. Approximate the sample amplitude to the quantized value

Vidpmiok M anis el yshh Gy &8 \ave st

4.59

&yl gl
cex e Qe By

Figure 4.26 Quantization and encoding of a sampled signal

Encoded words 010 101 m

4.60

m

Quantization Normalized
codes amplitude
1
4D
7 197
16.2
P 3D : R
2D 110
3 7.5
3 0 .
l l Time
2 D¢.c1 =33 -60
-2D -94
1 -113
0 -3D
¢ -4D
« Normalized -1.22 1.50 324 3.94 2.20 1.10 2.26
) . : ; - 4188 -120
PAM values efSel G\-’- t-\ \_, itk L‘! 12
Normelized 150 150 350 350 250 . g
quantized values L -0 150 -15
Normalized -0.38 0 4026 -044 4030 .040  -024 +038  -030
error : ’ '
Quantization code 2 5 7 7 6 2 1 2 2

Wy, =-20v
By =+20v
B =8

B A=5v

J_)

N max= Vet

L
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J |

guantization Levels and Error

, The number of levels, |, depends on:
g = The amplitude range of the analog signal

_= The accuracy needed in recovering the signal
, choosing low values of L may increase the
quantizatlon error if the signal changes a lot
. The quantization error for each sample is l€ss than
Z A2 (A2 < error = A[2)
. The contribution of the quantization error to theber
® gNRys Of the signal depends on L or n, (the nuM

of bits per sample) by b A% 8 A

Ny =\03?_\— %—-J:»\S ks W e
SNRg = 6.02 np, + 1.76 dB

(Caozmod R ks Wass SV O
=) ﬁ\&\s)lm) N M dsdost)

61

- ‘ Example 4.12 -

What is the SNRgyg in the example of Figure 4.26?

g_ms:(\&g L A of bits )\c__»a:\ V’:‘_)\é QR Nt %
T o lesels N\ ol s 3

Solution o
We can use the formula to fmd the quantlzatlon. We have

tight levels and 3 bits per sample, so

SNR,, = 6.02(3) + 1.76 = 19.82 dB

f—r‘ —_— w/A~—*"““/-k#—-—_Jf,ﬁ.\/——
1 . of levels increases the SNR.
nereasing the number of leve’s INCT

4‘62 . \QQM'SUD\'A'“\ \ )\__e)ﬁ\,\m 6)
|
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R .. . ..
— T s S ) ST VIl

S t
E Example 4.13 sl '

i
criber line must have an SNRgg above |
f bits per sample?

A telephone subs
40. What is the minimum number 0

Solution .
We can calculate the number of bits as

T 176=40 = n=0635]

SNR g = 6.021,

* Telephone companies usually assign 7 or 8 bits per

sample. %
* Hame Rate g ‘/\oww\ﬂd}j -QQJY\% (Per Seeofid -

4.63
W Aolafse® Ty )
2 R\se Cone -9

PCM Bandwidth 3
\ow-Pess PLs Zeto bbi\m.\ <
= Consider a low-pass analog signal

= Bjt Rate = Sampling Rate x bits per sample
= f. X N, L> hows mety Seaeples pex Secend

= 2 X Banaog X 1092 L (Nyquist Data Rate)

" Buin =CXNX1/r=cxf;xn,x1l/r
= C X 2 X Banaiog X Np X 1/r
* When r=1 (for NRZ or Bipolar) and c=1/2,

Bmln = Np X Banalog

4.64
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|4

(’ Example 4.14

e want to dlgitize the human voice. What is the bit rate,
gsuming 8 bits per sample?

s‘p’,“,‘io-'l

}he human voice normally contains frequencies from 0
p 4000 Hz. So the sampling rate and bit rate are
qlculated as follows:

sampling Rate = 4000 x 2 = 8000 samples per second
pit Rate = 8000 x 8 = 64,000 bps = 64 kbps

;‘55

* Example 4.15 -

We have a low-pass analog signal of 4 kHz. If we send the
malog signal, we need a channel with a minimum
bandwidth of 4 kHz. If we digitize the signal and send 8
bits: per sample, we need a channel with a minimum

bandwidth of 8 x 4 kHz = 32 kHz.
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e T ey
Fdefoder - L e

Figure 4.27 Components of a PCM decoder

Amplitude
[ l__l—_l_' Time
- =
Amplitude  pnajog signal

PCM decoder

Make and Low-pass
filter

11°+++1100 1> connect
samples

Digital data

-

4.67

Oeth Mo Sl adynd) asysd) (s “

Delta Modulation (DM)

PCM is a relatively complex A-to-D technique

DM is a much simpler technique than PCM:
Finds the delta change of the current sample compared to the

erwise, it sends

lm m

nm

previous sample
If the current sample is larger, it sends a 1. Oth

a0

Figure 4.28 The process of delta modulation
cdochl Stened M

hm

) 4 \odsb Amplitude o)
(}PA'QS\C'-A\D /"‘\ _’i T }‘— ol T e
‘ .o PR T g B o Ga d5\ ot
psiel A8 i 7/ =T | ewﬁoﬁaﬂ\c
= V’d __,,‘_," A _s'_ | J X
——1 R RN TSR O O A (- CesR
| fT/ So‘-‘“‘,lw N ST Nk s
R —(J 5 e s o e N 9 syl
Fo SE=SSEL S
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/—\_________

figure 4.29 Deltq Modulatjop Components

s
NN Gitngen Wy
(AN alpsly
DM modulator t -
L
f—— h
Analog signal Digital data
Staircase
. maker
N
T Gpuolasing
Dby A \aatad g g
189

Figure 4.30 Delta demodulation components

& A adst Sl
Shaic-cose Iy
DM demodulator /‘
11+++1100 Staircas'e_-‘ / »| Low-pass
maker filter
Digital data Y I >
sl Analog signal
enelppe
Delay ot ) )
unit (5oL

\———\

i
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The transmission of binary data across a link can be
accomplished in either parallel or sel.'ial mode. In
parallel mode, multiple bits are sent with each cl?ck
tick. In serial mode, 1 bit is sent with each clock tick.
While there is only one way to send parallel data, there
are three subclasses of serial transmission:
asynchronous, synchronous, and isochronous.

y
» L) [ [y . o O\-_:) @
- _,.:73
Parallel Transmission N °‘ 5
Serial Transmission A oWSHe
4.71

:

Figure 4.31 Data transmission and modes

Data transmission

| 1

Parallel J Serial 1

———

I Asynchronous I Synchronousil ‘ Isochronous |

Dol bebieen fames net bits. <

4,72
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ISSion K

s, Principle: use n wireg to s (B
- End n b .
1. Advantage: speed (n times Its simultaneously

i faster than serial transmission)
' Dlsadvantage: cost/g’nd G &I_E "tlw_a\ '
@ ¥y o om e S q

v, Usually limited to short XIty due to the extra wiring

distances - ) ) Yy saiialn
s Devices: older Centronics pr AE FRINERE AT HRVE
: Printers, ress buses
» Adapters: PIA (Par. Inte Internal data & add

rface Adapter), pp| (Par. Peripheral. Interface)

figure 4.32 Paralle] transmission
- —

\

Receiver

FYYVYY

We need eight lines

3 SO0 Al S Becal NBo bl Mg Wine %
A ke 10D

Serial Transmission

' Principle: use 1 wire to send 1 bit at a time

:; Advantage: cost and simplicity (almost a factor of n less than
parallel)

Requires serial-to-parallel and parallel-to-serial conversion

= Devices: Peripheral devices (e.g. mouse & keyboard),
modems, etc.

ﬁg%ﬁ?‘:ﬁirﬁvﬂ g?%‘@ﬁ‘d?ﬂonous Receiver Transmitter)

The 8 bits are sent
one after another.

01 1000 10

We need only

one line (wire).

rial Serlal/parallel
(e

Y

Sender Receiver

c—=Ccoo0o—=—0
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o Clecke (Bley Shep ot o Jval bit L2 o \m M
Asynchronous Serial
T‘p@imé@ﬁd and translated by agreed-upon Patterns

Usually, patterns are based on grouping the bits into bytes
" The sender handles each group independently |
* Each group is sent whenever it is ready without regard to a timer

® To alert the receiver to the arrival of a new group, a “start bit"”
(usually a 0 bit) is added to the beginning of the group

" To let the receiver know that the byte has finished, 1 or more “stqp,
bits” are appended to the end of the group

* Each group may be followed by a gap of random duration
* The gap can be an idle channel or a stream of stop bits

" The start and stop bits allow the receiver to synchronize with the
data stream within the group

® "Asynchronous” means that the sender and receiver do not have to
be synchronized at the group level, but at the bit level within the
group

" The receiver counts n bits after the start bit and looks for the stop
bit

4.75

| Notel

In asynchrohbdstrénélvrhi\é‘sidh-,vwe-éénd
1 start bit (0) at the beginning and 1 or
more stop bits (1s) at the end of each

byte. There may be a gap between
each byte.

4.76
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~

‘ Note I
: Asynchronous here means
asynchronous at the byte level,”
but the bits are still synchronized;
their durations are the same.

Figure 4.34 Asynchronous transmission -

{eciever NoTender N\ Guaaia e \ sl @58 %
ot NG de wstde Direction ofﬂom - - Aeck )\ LS
kg D) 8 Stop bit Dita S.t;:rt bit
(a0 @epvrs T[11111011]0
(PNoa\S © ro, =
Sender [ byle 3> 3\44‘54»\\_\;1@&, Receiver
01101|0 1111110110 Jrjoooronirfo| fafn

Gaps between
data units (Delg“!\

(.73
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e
@o@ﬁ; W

Synchronous Serial )
= 'R BISMR36 S @fbined into longer “frames”

= Each frame may contain multiple bytes without gaps
2 Mainly, the data is sent as a continuous stream of bjts

« = The receiver decides how to group them (e.g.; into
u."(ifs\ bytes, characters, numbers, etc.) for decoding purposes
" 2 If the sender sends the data in bursts, the gap must pe
o3 « filled with a special sequence of 0's & 1's (i.e.: idle)
=2« 2 Without start and stop bits, the receiver can’t adjust jts
o bit-level synchronization —>saile S50 Cleak 3 dys
= Therefore, strict timing between the sender and the
receiver is required in order to recejve the bits correctly

2 The a_glvantage of synchronous transmission is speed as
there is no overhead of synchronization bits

4.79

Note l
In synchronous transmission, we send
bits one after another without start or
stop bits or gaps. It is the responsibility
of the receiver to group the bits.

4.80
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N e o S

pig"l'e 4.35 Synchronous transmission

— i

Direction of flow

Y

Frame

Frame
Sender (s
110111 [Tnnon 11110110 «o« (11110111 11116

Isochronous Serial 1. . vdeo
Me applications, where:

® The synchronization between characters or
bytes is not enough but rather the Veley Nada s Saiy
synchronization of the entire stream > \B&éa\mu \pg;@

_* The delay between frames must be equal or ﬁ =5
none Ls oot ois Qila BINIEAY

= The data is received at a fixed rate MFec seal F(ames Mo,

. Examples. real-time audio and video streaming
em— —“\‘R

l b

L _ S — . o ik i
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Data Communications
and Networking Fourth Edition

Forouzan

Chapter 5

Analog Transmission

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

5-1 DIGITAL-TO-ANALOG CONVERSION

- Digital-to-analog conversion is the process of
| changing one of the characteristics of an analog

- signal based on the information in digital data. \
 Saeete 30U i \onndudii Buse \eiads Chrastel Nt
' '  Flequeney Non o sy wale

: E . E. . [ . F! - !\ e

- Aspects of Digital-to-Analog Conversion
. Amplitude Shift Keying

Frequency Shift Keying

Phase Shift Keying

Quadrature Amplitude Modulation

5.2
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&M{f: « signal to become a composite signal
dths  The digital information ca

Figure 5.1 Digital-to-analog conversion
—
s \goduai (ndsTg XS Zf:’l__
- &3&5'5&@\\ Dt cb*q \ii\ j
=) “pandeidth SIS

Sender

|
= el Analog signal .
Digital data @é‘bﬁ\&) ¢ - Qendsen
0101 °+°+101 (& ﬂﬁn n !"Culrg\m,\\)assﬁ\’(q

or shift keying): changing one of the
al based on the information of the

2 Digital-to-analog modulation (

characteristics of the analog sign , :
digital signaTTcarrying digital information onto analog signals)

= Remember: changing any of the characteristics of the simple signg

- : e) would change the nature of the
(amplitude, frequency, or phase) 1 Comencey (6 asmicoett

n be carried as predefined changes to one
"= O more of the characteristics (e.g., no-change = 0 and some-chang

= 1)

5.3

Figure 5.2 Types of digital-to-analog conversion

PSS
Digital-to-analog
conversion
i
Amplitude shift keying Frequency shift keying Phase shift keﬁ]‘
(ASK) (FSK)
Ps0_

Quadrature amplitud |
—————— e mOdUI
! > (QAM) A | D ;

M Dot Ratke " Ve el
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Aspects of Digital-to-Analog
conversion

*® Data Element vs. Signal Element
+® Data Rate vs. Signal Rate
= S =N/r
" r=10g; L, where L is the number of signal elements
2 Bandwidth:
= The required bandwidth for analog transmission of
digital data is proportional to the signal rate
*u Carrier Signal;

2 The digital data changes the carrier signal by
modifying one of its characteristics
® This is called modulation (or Shift Keying)

® The receiver is tuned to the carrier signal’s
frequency

Bit rate is the number of bits per

second. Baud rate is the number of
signal

elements per second.

In the analog transmission of digital
data, the baud rate is less than
' or equal to the bit rate.
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S

e

S,
.

signal elemep; "

An analog signal carries 4 bits per
cond, find the bi

1000 signal elements are sent per se

rate.

Solution
In this case,r =4, S =1
find the value of N from

000, and N is unknown. We

R — < r = 1000 X 4=4ooobpiJ
E
5.7
Example 5.2 -

An analog signal has a bit rate of 8000 bps and a baul

rate of 1000 baud. How many data elements art

carried by each signal element? How many signil

clements do we need?
In this example, S = 1000, N = 8000, and r and L'
unknown. We find first the value of r and then the V!

of L.

|
S=Nx- we pz¥ _ 8000 o

; s 7000 = 8 bits/baud
r= IUE-') 1 i = 2" - 28 = 256

5.8
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Amplitude Shift Keying (ASK) = osx

ASK: varying the peak amplitude of the carrier signal to represent binary lor0
Other signal characteristics remain constant as the amplitude changes

During each bit duration, the peak amplitude remains constant

Transmission medium noise is usually additive (i.e.; affects the amplitude),
therefore, ASK is very susceptible to noise interference

Binary ASK (BASK) or On/Off Keying (OOK) modulation technique:
*® One of the binary bits is represented by no voltage

%= Advantage: requires less transmission energy compared to two-level techniques
BASK spectrum is most significantly between [f; - S/2, f; + S/2], where f. 1s
frequency of the carrier signal and S is the baud rate /> Mggﬂ:?\g\‘z’éwd\ (e
The ASK bandwidth is Bgasx = (1+df) S,wheredisa factor'relatedcjtoﬁthe v
modulation process, of which the value is between 0 and 1 QéeWC 3 Oha by

The min. bandwidth required to transmit an ASK is equal to thf\t-)m{-fl rate_ S_ A\-;
The baud rate is the same as the bit rate > N =S TSR ﬁi&\:\
N

* é'=o — Min Eqnéu.s(&(‘/\ — Min B: S‘\gm\ Rade .
320 — Mox Randuidlh =5 HayB = 2% Signol Rete.

her

Figure 5.3 Binary amplitude shift keying

% Dqnal fede= Dok tete - s €2\ S\ ol
caVso\\

Amplitude Bit rate: 5

10

r=1 S=N B=(1+d)S

: I/RVAY Time | Bandwidth |
1 signal lsignal : 1 signal :
element | element | element |

1 signal : 1 signal

element : element

1s 0 f

Baud rate: 5 c

RessYoldds e L 3gmal Nepaudansy 3 NSK-T, 4

* Qanduidth -5 Synnekic abodt castier Hegpreney
L oound
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— N

mary ASK
Jlementation of binary AS

Figure 5.4 1111’_/_,.————’\
e
A \ TR T 0 W
|

1o

T |
' Carrler signal : [

AANAAAANAAN |
AAAARAAALY WA

|
} Modulated signal | i
| . i ' :
‘ I
; ] : ] | |
\

2L Sgnels N ool s G

Oscillator

| Example 5.3
| oty el Dode Neais

We have an available bandwidth of 100 kHz whid
spans from 200 to 300 kHz. What are the carri

frequency and the bit rate if we modulated our data}
using ASK with d = 1?

Solution e Coufick = w&\;ci;\i)\oam\wi&

The middle of the bandwidth is located at 250 kHz |
means that our carrier frequency can be at f, = = 250F

We can use the formula for bandwidth to find the bi
(witlz d=1andr=1).

B 1

.S=N “\_‘_\\453\)&.06 Lasd <

512 -
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Example 54 yoigng -

TERTRTEEW N
In data communications, we normally use full-duplex links with
communication in both directions. We need to divide the
bandwidth into two with two carrier frequencies, as shown in
Figure 5.5, The figure shows the positions of two carrier
Sfrequencies and the bandwidths. The available bandwidth for
cach direction is now 50 kHz, which leaves us with a data rate
of 25 kbps in each direction.

eSS 2P
Figure 8.5 Bandwidih of full-duplex ASK used in Example 5.4

B=50kHz | % Fequency division uu\’h'p{ﬂ“g%
I

Yoo ot fokt ofthe banddidthh
all Mee Yime.

* Gme division Hukkiplex X
Yo ot all the bandwidth
ok Ptk of the time.

Frequency Shift Keying (FSK)

E
-
=

FSK: varying the frequency of the carrier signal to represent
binary 1 or 0

Other signal characteristics remain constant as the frequency
changes

During each bit duratio& the frequency remains constant

. . TR B a s _ .
FSK is mostly immune to the transmission medium additive noise
interference since FSK only cares about Frequency changes

The Binary FSK (BFSK) can be thought of as two ASK signals,
cach with its own carrier frequency fiand f; % co-sf, , O\ fey

f, and f, are 2/\f apart b s L LG 2\l csdedes
The BFSK required bandwidth is Bygx = (1+d) S + 2Af

What is the minimum value of 2Af?

The baud rate is the same as the bit rate 9 N = §

Ymum

\m

\m dm m m

> 5 H.in(lm‘)m pfd\(&.“ak&“\ = 2%

14
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re 5.6 Binary frequency shift keying

Bit rate: 5 r=1 S=N B=(1+d)S+2|

B=5(1+d)+2Df

N
S(1+d) S(1+d)

——  —

1 |
1 signal \ 1signal 1 1signal i 1signal | 1signal |
element | element , element | element | element J 0

‘ \ ' 0 fy f,
H
Baud rate: 5 | 2Df l

Contnusas — Nt Lo s alali Signal 31 sted
. Cenk E.&C%M\s Peciadic

5.15

Example 5.5

We have an available bandwidth of 100 kHz which spans from 20(
to 300 kHz. What should be the carrier frequency and the bit rate i
" we modulated our data by using FSK\with d =1?

. € B Uadsagds »
Solution -

|

| This problem is similar to Example 5.3, but we are modulating b
! using FSK. The midpoint of the band is at 250 kHz. We choose 24,
|

|

to be 50 kHz; this means
[B=(1+d)x 5 +2Af =100 => 25=50kHz §=25kbaud N=25kbps
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Figure 5.7 Implementation of BFSK

Voltage-controlled

| ' / oscillator
1 : N | : k"" \’0“'&“38. or? ohe %‘\%N’J

Q&toa\rﬂ F anstwes S;Smpb'm

AARARARANA, - | L[ Il

A7 i,
CHE Y

bb\y.ﬁ\ NECTE NI

Multi-Level FSK (MFSK) Ge 58\ Padtern B 0

Tt
Co-> ‘;c\. o\ fea, \o—Bgta
2 More than two frequencies can be used to represent =% ~

more than one bit each o<t 1 1tsue bandusdiih o), \ssdy M Aayds

*® For example: four different frequencies can be used to sendf“g
2 bits at a time B

lilm

However, each adjacent pair of frequencies must be

2T apart Y i’

The MFSK required bandwidth is/v,éf R
Bursk = (1+d) S + (L-1) 2Af
When d=0, the minimum Bandwidth Bypsx =L x S
4 of \euels Nsauipy, adsy €

\m

\m

18 _
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T
fv 0 T o a1,
SCwd) :_J__? e—_t.j\—-y S (wdy
2 ) 208 ' hy

= AnNf=50+d) —> il A:=0o s 2n0f-8
¥ 5.8 2 Misimum Banduwidth g

Y, = - % B % Bugsy = (d) S (L-V28F ;

{ _‘ \ { — \ " TN BMFR\L'—’S‘«-L%-%:LV-S%
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RS e T T

Example 5.6 ____— Bt

: sime at a bit rate of 3
We need to send data 3 bits @ @ L f

Mbps. The eamier center frequeney is 10 MHz. Calculag

7 . ies), the baud rq
- the number of levels (different freqie’ cies), le,

. . . - L_‘AS
- and the minimum bandwidth.

Solution % S= NIt % (=19, .
We have L = 2° = 8. The baud rate 1S S =3 MHZ3 =]

Mbaud = the carrier frequencies must be 1 MHz apart
24f = 1 MHz).>> =S

The bandwidih is B = 8 x IMHz = 8 MHz .
Figure 5.8 shows the allocation of frequencies and

bandwidth.

5.19

Figure 5.8 Bandwidth of MFSK used in Example 5.6

! Bandwidth =8 MHz o
|

f, fz f3 f4 fc fs fﬁ f7 f8
! 6.5 7.5 8.5 95 10 105 15 12,5 135
| MHz MHz MHz MHz MHz MHz MHz MHz MHz

520 ——— 1
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33080 Dnitade ey Asy 3 (o beie W Ghghaasls 331 %

]
Phase Shift Keying (PSK)
2 PSK: varying the phase of carrier signal to represent binary 1 or 0
B Other signal characteristics remain constant as the phase changes
2 During each bit du1at10n t@“ phase remains constant
2 PSK is mostly immune (iothe transmission medium additive noise Wi
interference since PSK only cares about phase changes 2y j?%ﬁ:f\
2 PSK spectrum and bandwidth requirements are similar to ASK® \7\\:;» 3
2 PSK is better than both ASK and FSK. Why? Phases
2 2-PSK or Binary PSK (BPSK): uses 2 different phases (usually 0
and 180) each representing 1 bit of data =» N =S
= 4-PSK or Quad PSK (QPSK): uses 4 different phases (€.g.; 45, -
45,135, and -135) each representing 2 bits of data =» N = 2S
2 PSK is represented by a Constellation (or Phase-State) diagram
2 PSK is limited by the ability of the receiver to distinguish smalj) oLt
phase difference, therefore, limiting the potentlal b1t 1ate i’
:‘ ég R\
.21

SIS JbGm Afa fode M Q@) ksh»&—u\\ Clechar ) Condd) \A\guq- \)_@
ks Doyt S s (e Yoomtblo 155 Hinne. S\ Chch pubioih 34k Bt sl o U phases

\m,&s\s 2390 Randwidhlg »\3Te:tm Q\.m; \g"i T Maandze\PSE 5\ %
Flgure 5.9 Binary phase shift keying (\ss Fox Mg Ak NP dolecdd ) - feise A

! r=1 S=N B=(1+d)S

; Bandwidth
AR I | Time p———
1 signal | 1svgna| : 1signal | 1signal ngnal i ETTT
I
I

element ' element ! element : element : element : 8
1

1s 0
Baud rate: 5

Deise 1| Elas st sty §anles it e dek Sigs-Tse Naya

22
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Figure 5

10 Implementation of BPSK

—

5.23

s b

il

Figure 5.11 QPSK and its implementation

A 00

J

\

(=]

%

—— -
-—

!

/

-l -



https://digital-camscanner.onelink.me/P3GL/g26ffx3k

Find the bandwidth for 4 signal transmitting at 12
Mbps for QPSK. The value of d = 0.

Solution

For QPSK, 2 bits is carried by one signal element. This
means that r = 2. So the signal rate (baud rate) is § = N *

(1/r) = 6 Mbaud. With a value of d = 0, we have B=8 =6
MHz. ‘

5.25

Figure 5.12 Concept of a constellation diagram

Y (Quadraturs crritar)

) RSk WAL @psk Weah iy k
TS ageheded e

Amplitude of
Q component
'f,‘

“

> X (In-phase carrier)

Amplitude of
| component

a

* Used to define the amplitude and phase of a signal element when
using two carriers or when dealing with multi-level shift keying
* Asignal element is represented by a dot in the diagram, of which:
* The projection on the X axis defines the peak amplitude of the in-phase
component
* The projection on the Y axis defines the peak amplitude of the quadrature

component .
* The length of the line connecting the point to the origin is the peak

526  amplitude of he slgnal element

PP I I S R TR o
T ———— 4 o — -

m CamScanner
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i \

Show the constellation diagrams for an ASK (OOK),
BPSK, and QPSK signals.

Solution

Figure 5.13 shows the three constellation diagrams.

Figure 5.13 Tiree constellation diagrams

—
01 /‘ ‘.\11
] \
—Q— @ o— ‘ | I
0 1 0 1 \ !
o@_ | @10
a. ASK (OOK) b. BPSK , c.QPSK :
w M
5.27
)

Quadrature Amplitude Modulation

o LMMB)-ying both the peak amplitude and the phase of the
carrier signal to represent binary combination

During each bit duration, the phase and amplitude remain constant

Theoretically, any number of measurable changes in phase and
amplitude can be combined to give several variations in the signal |
The number of phase shifts is always greater than the amplitude
shifts. Why?

® The greater the ratio of phase to amplitude shifts, the better the
noise immunity

QAM spectrum and bandwidth requirements are similar to ASK
and PSK

528

CamScanner
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5.29

Quadrature amplitude modulation is @
combination of ASK and PSK.

d

Figure 5.14 Constellation diagrams for some QAMs

N —
/ A

©—0 e—o °o—o

Y LR b

e o—o oo

oo °o—o

L P

°o—o °o—eo
a.4QAM b. 4-QAM c. 4-QAM d. 16-QAM

9.30
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s T R T e

Examples of 4-QAM and 8-QAM
constellations

A
011
01 o\ 000 ’010
St " 101 =
100[ ,_J 1000

106 s, T P10
#111
4-QAM 8-QAM

1 amplitude, 4 phases - amplitudes, 4 phases

K-cos S Ut o) v
. d&\;tl Haﬁf\r"\:ées
- PhaSC.u\.\/ Z“ﬁN‘PHuACS
5.31 B-oM — 2.8 —3biks

Examples of 16-QAM
constellations

+ 3 amplitudes, 12 phases % 4 amplitudes, 8 phases % 2 amplitudes, 8 phases

o © o ®
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|

| il Ie

i Eég_[_l[l__

A constellation diagram congig
soints on a circle. If the big ¢

paud rate? = hnphbude s / Mg e

Nuliol * 3-QOMM - 9?’:8_,3\0-‘\5 » %ﬂ‘ - s.Er_ -.-'*&:a

The constellation indicates 8-pgk with the points 45

degrees apart. Since 2° =18, 3 bits are transmitted with
cach signal unit. Therefore, the baud rate is

4800/3 =1600 baud

533

ls of eight equally spaced
ale 15 4800 bps, what is the

% Sz\eeo band , N:7,1- 2
Example - ow - de 4.y
* N=ST = fecor 4 = Yoso ops
Compute the bit rate for a 1000-baud 16-QAM signal.

Quame, Gha G Aok ede N ;,__:s)soa'i P 4:-X

.  anduidth M
Solution "

A 16-QAM signal has 4 bits per signal unit since

log,16 = 4.
Thus,
(1000)(4) = 4000 bps
5.34
—
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. _._—-»u----""""——".i

| R e pak YT
- Ex T 17,10 30 X 1A SE -
Example. . 72,000-bps 64-QAM signg|

" Ol f(“'
' Compute the baud rate &

. v - . :
A 04-QAM signal has 6 bits per Si2
log, 04 = 0.

nal unit since

e 72000 / 6 = 12,000 baud

5.35 —

Bit and baud rate comparison

Modulation Units Bits/Baud Baud rate  Bit Rate

RS ARl B o P e T ]

PR 1 (

ASK, FSK, 2-PSK

4-PSK, 4-QAM

8-PSK, 8-QAM

16-OAM
12-0AM
64-OAM

128-QOAM
256-QAM

5.36
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52 ANALOG-TO-ANALOG C/INVE “SICN |

Y ey |

Analog-to-analog conversion is the representation of

analog information by an analog signal. One may ask

why we need to modulate an analog signal; it is

already analog. Modulation is needed if ihe medium is

bandpass in nature or if only a bandpass channel is
available to us.

° L J

ics discu his sections
Amplitude Modulation

Frequency Modulation
Phase Modulation

l
5.37

Figure 5.15 Types of analog-to-ancivg msdulation

Mol ey
Analog-to-analog ﬁ DS‘S'“\ dx Sigpal
conversion =
s i
%
Amplitude modulation % Frequency medulation | Phase modulation
mj'ﬂ BTG, S ks TR o A T Y e —
lﬂ——-mmr:Amvw:rz_. oo A% O Tl Nl &

- veesa L )
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- o
Amplitude Modulation (AM)

V'.A:o Signal o Veice syl adels €~ . .
" The a{npuu?&% of the  nier (or modulated) signal changes with
ing signal

the amplitude changes of the modulat ! .
+® The frequency and phase of the modulated signal remain constang
%" The modulating signal becomes the envelope (i.e.; the outer

shape) of the modulated signal
g . : i ] to twice the bandwidth
® The bandwidth of the AM signal 1 equi X e SoSimall

of the modulating signal S sS¥\3 3e8s %) (8 777
nd music) is 5 kHz

%® The bandwidth of an audio signal (voice a

*®  AM radio stations are assigned 10 kHzﬁvbanngirs\C_};@ng 3

(Shondacd 5 Ass Aoy dBe anws ) 0 knys fache 2 <t
* . Everyu(()th_gr band ﬁseéﬁ?ﬁkﬁuard g‘éncﬁo prevent interference

among adjacent channels SE WS s el G e
T Y
- 2 b‘\cd\\ol S‘\St\qb;\ﬁ GE
s Mnt s sam b

5.39 MQ%M‘L%&LL—_ ,‘

Figure 5.16 Amplitude modulation

A

Modulating signal — \q-,._? .c@‘tﬂw‘& Maltiplier

Carrier frequency —> Wigh Hequeacs .
ANANNANAAN 2. (
VAVAVATAVAVATAVAY CA

Modulated signal —> &355(9\\\\.,3_%
-~ /’ - (St

'

\ /
SHiegrad Sigrel M ed s Nl b )
( emelope ) “Ousdorosild gl

5.40
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The total bandwidth required for AM
can be determined
from the bandwidth of the audio

signal: B,,, = 2B. 1

g
«aksiesl )

5.41

%
Figure 5.17 AM band allocation

> Qo koand
A5t tAM G B8 @ adall e
fe fe fe » fc i
530 |_ _"’_"'" _..l 1700
kHz 10 kHz kHz
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Frequency Modulation (FM)

" The frequency of the carrier (or modulated? Sigf}al changeg
with the amplitude changes of the modulating signal

" The peak amplitude and phase of the modulated signal rempg;;,
CONSIANt |\ o, s Cha M Ginsith Gy 3 Aol A

" The bandwidth of the FM signal is usually about 10 times the
bandwidth of the modulating signal

® The bandwidth of a stereo audio signal (voice and music) is
about 15 kHz

" M radio stations are assigned 200 kHz band per channel

® Every other band is used as a guard band to prevent
interference among adjacent channels

5.43

-

The total bandwidth required for FM can

be determined from the bandwidth
of the audio signal: B, = 2(1 + B)B.

.Y :33\33\_5 ¢ HDAU\K*\‘QQ .\\-\ NS Pasamstsr
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5 |8 Frequency modulation
. 'c 't
Fign!
fitude
An‘pmuodumung signal(audio)
TI:e
[ S~ o
A AAAAAAAN
o Voltage-controlled
U V V V \J V Time oscillator
BFM= 2(1 +b)B
FMsignal ‘ f———
0
Time fe
5.45
Figure 5.19 FM band allocation
fo No s fe No fe
* station * station +
88 108
MHz MHz
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Phase Modulation (PM)

jonal
%m | . (or modulated) 1804
The phase of the carrier (0f < of the

changes with the ampli de changg ==
modulating signal amitode DR Z T

* ® The peak amplitude and frequency O
signal remain constant

% ® PM is the same as FM € _
instantaneous change in the carrl
proportional to the amplitude of t
signal, while in PM it is proportional to
change of the amplitude

% The bandwidth of the PM signal is usually abut 6

times the bandwidth of the modulating signal
™M oMM K’AM\)A

xcept that in FM, the
er frequency 18
he modulating

“Fthe modulated

the rate of

5.47

Figure 5.20 Phase modulation

Amplitude

A
Modulating signal (audio)

> [ wco
L.

\J Tln:e
Carrier frequency

VAAAAAAARD o

NS

BPM = 2(] + b)B

<

PM signal
—
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HF

[Nore]

.The total bandwidth required for PM can
be determined from the bandwidth
and maximum amplitude of the
modulating signal:

Boy =2(1 + [|3)B.
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Data Communications
Forouzan
and NEtworklng Fourth Edition

Chapter 6

Bandwidth UtiIization'
Multiplexingand \3&%}:‘%\‘5
Spreading -

\D“‘“A*"*\IZ‘B\ b “5&} o vondwidh iy Wl A\ s
%er_mﬁjS\ ) Ss ?':L\\i.':bmwb\\)s\! A4
6.1 Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

(R Ssandie Maleya) oser N e\ s « Chasel *

P RS\ FERSR

Bandwidth utilization is themsé use of

available bandwidth to achleve
specmc goals.
Efficiency can be achieved by
multiplexing
Privacy and antj-jamming can be
achieved by spreading.

6.2
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devices is greater than the bandwidth needs of the
devices, the link can be shared. Multiplexing is the set
of
transmission of multiple signals across a single data

link. As data and telecommunications use increases, SO
does traffic.

° AJ L

"l.'l

techniques that allows the simultaneous

® » Frequency-Division Multiplexing

@ * Wavelength-Division Multiplexing

@ + Synchronous Time-Division Multiplexing
@ xStatistical Time-Division Multiplexing

6.3

?5& M\CQ L)-hﬁ

. . -~ ey =ty Wk S dsalhy
Multiplexing” Zw.See

> m

L’l\».

+u

B

¥ m

6.4

If the link bandwidth is greaterf‘i’chan the bandwidth needed by bacdesdty
a single device, then the link can be shared by multiple devices 1" émf“f)

Multiplexing is the set of techniques used to simultaneously
transmit multiple signals across a single data link

Multiplexing creates multiple transmission channels over a
single communication link -  eer N \capdudh Mus 53\ Nas
Several recent transmission media such as optical fibers and

satellite microwave links have much higher bandwidth than
the average bandwidth needed for most applications

It is essential to optimize the utilization of a given bandwidth
in order to reduce costs and prevent wastage. That is, to
improve the cost-cffectiveness and utilization of the resources
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Figure 6.1 Dividing a link into channels

L
Lser M4 \ MUX: Multiplexer /—
Q\\m\ne\ e DEMUX: Demultiplexer } D
Sabyass T | ) GRS ¢
( Seaaco nl;wi};:: : X /\k:\‘:' TP R E TR U ; 'r;n(::ltput
1 link, nchannels X

*® The multiplexer (MUX) combines several channels into one
stream (many-to-one conversion)

*® The demultiplexer (DEMUX) separates the stream back into
the original channels (one-to-many conversion)

*® The link refers to the physical medium

% ® The channel refers to the portion of the link that carries the
transrnission between any pair of lines 3

6.5 5
N Nos Ve Naas

Figure 6.2 Categories of multiplexing

oo Digkal Misimse
. k(\olm\j LGS AN
Multiplexing
l | |
Frequency-division Wavelenéth-division Time-division
multiplexing multiplexing multiplexing
Analog Analog Digital
_—m\ A R
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Frequency Division Multiplexing

(EDM)

Chanpels N\ u
s\
AU PN
Qlhannels
SOeSags
6.7

FDM is an analog technique that can be applied when
the bandwidth of the link in Hertz is greater than the
combined bandwidths of the individual signals to be
transmitted

Each signal is modulated with a different carrier
frequency _'

The modulated signals are then combined to form a
composite signal, which is transmitted over the link

The carrier frequencies should be separated enough

&—.\\ 4
using guard bands fo prevent overlapping or

interfering with neighboring signals

\53\!;(@,\&3 3 band Uz Channel 3‘(. uer (_\:;‘;5(\ é’\\}é\\sﬁ

ek Mgt pardwidth )\ Gaia
Figure 6.3 Frequency-division multiplexing j

Input
lines

. sV chameldl vser A4 —7]
AN\ Gs D
S R e R R J ;
M s T ..,thran‘néll;;-«. s E Qutput
— U ‘ -Channel 2 = ’S lines
X [ Channe]: a x —
) s en sy 3 W o V03 = K

1Bk o USe(3 S0 w\—b’g’" - 1
A e G e e
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o], it
« |FDM is an analog "rﬁ:u|t'ip|exingteféhniqueé

" that combines@nalog)signals.

|

Phase \Ie A\ B\ =i\ s A HEES Ul ity \spiidso- 248 ha 3 %

6.9 1§ Armisie Be Al M ANSa ybe 332 \Bo

e

Figure 6.4 FDM process

Modulator - ) L ’\LS‘\§§
|| ARAA I"'I'A' o TSRS
Carrier fy IR oS \ \
i } Modulator / . ‘Dh:,' . ”3. K_-@.S
_Wcammﬂfﬁ lvil"i’i"' e bl 'J‘A‘“‘ll i \3_.3 Dass g\\u'
: ; > \sand-Dass Filtes 3;:4
Modulator "' ” Iv‘l“l“ll : ngoehc'j 5%- ce&\_\
o || omert il l“ dasiedy doareer N

#

~ ® The input signals have similar frequency‘iranges and bandwidth

requirements ‘
% ™ Each signal is shifted in frequency away from the other signals

% ® The modulated input signals are then combined to form a single
composite signal, whose bandwidth is equal to, at least, the sum

of the all input signals’ bandwidths A"
6.10 Stactly Geo
, quard band NS
‘ L oo
SANST S
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Figure 6.5 FpM demultiplexing example -Kn_‘:me. Domail)

\ { A= : Demodulator C :
‘06\25\8(\ p(&e&&)\ % Fﬁtter l ‘ AAA
SN\ yReon Bms AL corert
AN ey 2 (A3 ﬁ ¢ | Demedmer || TN
) f\& Fiker 'WM%‘
~ M Carrler f,

Demodulator d
Filtar I ] ‘ WMWWW Basebanc
ol Carrier fy analog signals
| N

* ® A series of filters are used to decompose the multiplexed signal
Into its originally modulated signals

*® The individual modulated signals are demodulated and shifted
back to their original frequency ranges

The original signals are then passed to their intended recipients

n

6.11

_‘ Example 6.1

P Size o \Ocmckwic\)(\rwq kile
Assume that a voice channel occupies a bandwidth of 4 kHz. We
need to combine three voice channels into a link with a
bandwidth of 12 kHz, from 20 to 32 kHz. Show the
configuration, using the frequency domain. Assume there are no
guard bands. - (a4,

Ghon

Solution

We shift (modulate) each of the three voice channels to a
different bandwidth, as shown in Figure 6.6. We use the 20- to
24-kHz bandwidth for the first channel, the 24- to 28-kHz
bandwidth for the second channel, and the 28- to 32-kHz

bandwidth for the third one. Then we combine them as shown in
Figure 6.6.

6.12
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Figure 6.6 Example 6.1

| Shift and combine
%> ! |
G 0 4 [| Modulator 53Eg \
AR — BB [ \oduator | — R —_— | @™
G@ 0 4 Y 24 28 ) + 20 32
Meodulator @ ‘
28 32
Higher-bandwidth link_
ki ‘
%?Sm\ MNasd
Retindie Gan e pass
L ne filter 20 24
Uanad Mo bt ]
| ter 24 28
Noi- PeXiodic
Bandpass m
filter 28 32

Filter and shift

6.13

Example 6.2

Five channels, each with a 100-kHz bandwidth, are to be
multiplexcd together. What is the minimum bandwidth of
the link if there is a need for a guard band of 10 kHz
between the channels to prevent interference?

Solution
For five channels, we need at least four guard bands. This

means that the required bandwidth is at least
5% 100 +4 x 10 = 540 kHz,
as shown in Figure 6.7. '

6.14
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Figure 6.7 Example 6.2

Guard band
of 10 kHz .
100 kHz IIL‘-OOkHz | 100 kHz
- . 1L lz | | 100kHz | 160 kHz
F\j T ]
-  —

: |
540 kHz T

Example 6.3

Date Rete o

Four data channels (digital), each "transmitting at 1 Mbps, use a
satellite channel of 1 MHz. Design an appropriate configuration,
using FDM. Ly Bardsidth of e channel

Solution
The satellite channel is analog.

We divide it into four channels, each channel having a 250-kHz
bandwidth.

Each digital channel of 1 Mbps is modulated such that each 4 bits
are modulated to 1 Hz.

One solution is to use 16-QAM modtllatiQn.
Figure 6.8 shows one possible configuration.

6.16
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Figure 6.8 Example 6.3

1 Mbps
. 'P 16-QAM 250 kHz
Digital Analog
1 Mbps 250 k
% | 16-QAM g
Digital Analog ‘ 1 MHz
' FDM
1 Mbps 250 kHz
e 16-QAM 'ﬁ
Digitai Analog
1 Mbps ;
Mbps [ ieiAm 250 kHz
Digital : Analog

6.17
A Somtl Slandad & oW (8 eisudl ARl %

Figure 6.9 Analog hierarchy —  s__ sj Yasdwsidth N\

2 T 48kHz ' ' )
“ ‘ 2 4kH 12 volce channels .o X
E 6@ Y kHz — :',.’l> >33 C @L&D
= > z ( 240 kHz ) i A AN SRS
¥ @4_@3\ F Group 60 voice channels / Sy (“\—2;1
BN : D . / 2.52 MHz N\t
< : M —_— . -
E ,ﬁ"\ 4 KkHz 2 E supergroup 600 voice channels ?)Lb‘dbcmd
SO g0 | 16.984 MHz
‘l:i —_— % - > Master group 3600 voice channels
— o ¢
Hm\)(\ico*\‘o(\ 3\) ¥ a * B m— : Jumbo
* C—— — 0 group
' s . o G
. i’.):li'mo“ (}\B‘\\\-)& gﬂs S - ;——»— M
H
o >

% ® Used by telcos to optimize the efficiency of the infrastructure
% ® Combines multiple low bandwidth lines into higher bandwidth

% ® Fewer but larger lines are used: —> M\s-bardudhGadet e
v'=  Advantages: optimized installation cost and easier long haul management
V' Disadvantages: less diversity and more down lines in case of a failure
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<M §h&\¥ al Ypp psaounisianton treloghap 5 dalls ~ &
say \y . . /
‘\m%sw;:s Other Applications of FDM

<" AM and FM radio broadcasting:

Air is the transmission medium ‘ |

A limited bandwidth is assigned for each modulation technique \
Each station shifts its signal into a predefined band \
Guard bands are automatically predefined

All signals are transmitted over the air simultaneously as if they are a
single composite signal

The radio receiver filters out the composite signal to a single desired
modulated signal, which is demodulated

TV broadcasting: similar to AM.,vand FM in concept

* " First generation of cellular telephones (called AMPS):
V" 3KkHz voice signal is FM modulated
Va® Two 30 kHz channels

Va Carrier frequencies ar,

X nm

are assigned for each user to receive and transmit
e dynamically assigned/reassigned based on usage

-”kfm\ge, of M2 53 -3 Foo kitz
- (FOM Rl ) ygmpen ediilien W2 %

. ezl o aailia W ¢
EdeEle 6.4 -wg‘\ \5..;_{;_}3 SQ;&_%\}NJS\:SY 3{

The Advanced Mobile Phone S
The first band of 824 to 849

6.19

ystem (AMPS) uses two bands.

MHz is used for sending, and 869
to 894 MHz is used for receiving. Each user has a bandwidth of

30 kHz in each direction. How many people can use their

cellular phones simultaneou‘iy? ey Al i
Solution T and \ed QP&\&E‘“ y
Each band is 25 MHz (849 — 824 = 25 & 894 — 869 =25)

If we divide 25 MHz by 30 kHz, we get 833.33 — wolt cose

In reality, the band is divided into 832 channels

Of these, 42 channels are used for control, which means only

790 channels are available for cellular phone users

\dependent and aadome

6.20

B
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Figure 6.10 Wavelength-division multiplexing ( WDM) —> Aj;d\gb\

- Gyd\Ry Phsicel Hedwa M G\SH

o\ NAN no,

WDM WDM

A+ A+ A ;
f\ 1 2 T A3 \ A .

~ ® Designed for the high- bandWJdth fiber-optic cable > fmm

* ® Similar in concept to FDM except that it is used ¢ mux and(?mm s
demusx optical signals transmltted over fiber-optic channels s M@\\ 5

“ ® Qptical signals are very hlgh frequency signals that are _ ‘i'sé-l"%' -
usually defined by their wavelengths

6.21

WDM is an analog multlplexmg
technique to combine optical S|gnals

6.22
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| '
' | \

A+ A+ Aq

Fiber-optic cable
!

\\-‘

Multipleer Demultiplexer

6.23

Multiple narrow band light siéna]s are combined into a
single wide band light signal using a prism

The prism bends a beam of light based on the signal
frequency and the angle of incidence

The prism is used both as mux and demux

r

—— e

. : . A\ 250 pissue
Figure 6.12 Time Division Multiplexing (7pM) 7 Tcl'gcwumicchm Hystem
1
\ Data flow - /L%W\M\A‘:b?b*
g SAap ) 23a) W
1 , } s DR 53 __“ -
D Uij4(3]2]1 41 3 2 1 431211 M s
Yy P—=
. " O ek N 50\s veer M4 x &
| | |2 A Se s K“ ==

6.24

_5(_\\\.\-)& RANA 5‘ dede s

T‘.«v‘d\'@iﬁfwi C‘L&q RANANY -§b.,\'_‘\mc s\et
' Conwie ,

TDM is o digital process\that allows several connections to
time-share a high-bandwidth link

The whole bandwidth is used in full by each connection only
during its time slots — ‘a_isyaues

The input devices are allowed to access the link based on either
a synchronous (or sequential) or a statistical (or probabilistic)

fashion | Lodtes daks s
q,\,&gﬂ\h:v_\,;&\; ks Ve siek
(dhoadall, 0251) Twe Slet
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Note I

TDM is a digital multiplexing technique
for combining several low-rate
channels into one hlgh-rate one.

| e %\Mcna&\@&\)&sed

6.25
. T N\ads W CsnasT 9 %
Figure 6.13 Synchronous time-division multiplexing o ;j— daka WP NS
- SR O

) T T TS Peciod of the bik (onih) |
A ' - | 7 A M

\’&((\,B,? 7782 A2][CT BT A
< L \ - ¢~,.-,.::,:.‘ équ)\\g 653-_)
Frame 2 Frame 1 USQ.()\LM u(\.
3 Each frame is 3 time slots.
Each time slot duration is T/3 s.
c3 @) C
o e S/ deveryT—s daka oks M4
Data are taken from each ; \s E
lineevery Ts. ! \5\“\

= - e T S —

* ® The data flow of each connection is divided into units * Haome é"(“*f(:

% ® Data units are combined into frames ot dotedion on lopot

% ® The frame consists of, at least, one data unit from each connection ‘K.

% ® For n connections, the frame has at least n time slots
% » The data rate of the link is n times faster than each connection and
hence the unit duration is » times shorter
6.26 e 3\ O EEATAES J
3 Andeasie (ede s

A\ TOM A Petformande k
“\\3\« \ead Wos Weay lead S
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Ve

G TR
—= S S Ry

In §ynchro'nou‘s_' TDM,'the' daté i'ate

of the link is n times faster, and the unit
duration is n

times shorter.

T A S——

6.27

*Example 6.5 -

Solution
We can answer the questions as follows:

a. The data rate of each input connection is ] kbps. This meang that
the bit duration is 1/1000 s of 1 ms. The duration of the input time
slotis 1 ms (same as bit duration),

b. The duraticn of each Octput time slot is one-third of the input time
slot. This means that the duration of the output time slot is 1/3 mg,

. Each frame carries three output time slots. So the duration of a

frame is 3 x 1/3 ms, or 1 ms. The duration of a frame is the same as
the duration of an input unit,

6.28
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z:iu;ztg- sl:'czl;?‘:‘ljri{HCIITOHOLIS TDM with a data strf:am‘for cach input and

durati o 1c output, 'Ijhc unit of data is | bit. Find (a) the input bit

on, (b) the output bit duration, (c) the output bit rate, and (d) the output

frame rate. .

Solution

We can answer the questions as follows:

a. The input bit duration is the inverse of the bit rate: 1/1 Mbps = 1 ps.

b. The output bit duration is one-fourth of the input bit duration, or 4 ps.

c. The output bit rate is the inverse of the output bit duration or 1/(Va us) or
4 Mbps. This can also be deduced from the fact that the output rate is 4
times as fast as any input rate; so the output rate =4 x 1 Mbps =4 Mbps.

d. The frame rate is always the same as any input rate. So the frame rate is
1,000,000 frames per second. Because we are sending 4 bits in each
frame, we can verify the result of the previous question by multiplying the
frame rate by the number of bits per frame.

6.29

\

Figure 6.14 Example 6.6

1 Mbps . '

1 Mbps .
eee 1.0 1 0!1
I

MUX '

® lopdr it dutadwon = —\&oz = | M Ll

1 Mbps
s e 0. © 1 ol o
P ' ® odvet bik dotokeon = LM - 025 He
: X
LC{SJ @ Fome fode = | fans | (o000 fove /s
s L s
l‘@ output dokn (ade= Lo, (&*exg(ome e
= \of x4 = A Mbes
”W'
6.30
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Example 6.7

Four 1-kbps connections arc multiplexed together. A unit is 1 bit. Find () the

duration of 1 bit before multiplexing, (b) the transmission rate of the link, (c) the

duration of a time slot, and (d) the duration of a frame.

&zlutiau !

We can answer the questions as follows: K

a. The duration of 1 bit before multiplexing is 1/ 1 kbps, or 0.001 s (1 ms).

b. The rate of the link is 4 times the rate of a connection, or 4 kbps.

¢. The duration of each time slot is one-fourth of the duration of each bit before
multiplexing, or 1/4 ms or 250 us. Note that we can also calcuiate this from
the data rate'nf the link, 4 kbps. The bit duration is the'inversé of the data
rate, or 1/4 kbps or 250 Us. s |

d. The duration of a frame is always the 's'ame as the duration of a unit before

multiplexing, or 1 ms, We can also calculate this in another way. Each

frame in this case has four time slots. So the duration of a frame is 4 times
250 ps, or 1 ms,

6.31
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* ® TDM can visualized as two synchronized fast-rotating %%“d‘{“’“@\‘\xii*
switches, one for muxing and the other for demuxing -

- ovedhend 3y
* ® The process of inserting one unit of data per connection in Vv

cach frame is called Interleaving and the data unit is called the (b“?\if\:&‘
interleaved unit ik i e s Mol
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Four channels are multiplexed using TDM.

If each channel

sends 100 bytes/s and we multiplex 1 byte per channel, show

the f}'amc traveling on the link, the size of the frame, the
duration of a frame, the frame rate, and the bit rate for the link.

Solution

OThe multiplexer is shown in Figure 6.16.
OEach frame carries 1 byte from each channel;

oThe size of each frame, therefore, is 4 bytes, or 32 bits.
oBecause each channel is sending 100 bytes/s and a frame carries
1 byte from each channel, the frame rate must be 100 frames per

second. : | byte
. . A
OThe bit rate is 100x32\, hc;{e 3200 bps. b=k | @ M
i E j_ ' : L U
6.33 cadl e 3 ol X
£ T :
ATy

(] Fameares
‘ 32 bits

" Frame 4 bytes
32 bits

MUX

3200 bps

Frame duration

100 bytes/s

\o mS
@ Qame mize = 4 bytes = 4 X3

B oulpul datey ke = Rane (ate X
: = 32co bops

M fame ?m*e- \ fame - \op frame /5

Y

100 frames/s

=——5

100

=32 bt

'g(o.me Size = leo(22)
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_| Example 6.9

A multiplexer combines four 100-kbps channels using a time slot

of 2 bits. Show the output with four arbitrary inputs.
OWhat is the frame rate?

OWhat is the frame duration?
OWhat is the bit rate?
OWhat is the bit duration?

Solution

Figure 6.17 shows the output for four arbitrary inputs.

OThe link carries 50,000 frames per second.

OThe frame duration ig therefore 1/50,000 s or 20 us.

OThe frame rate is 50,000 frames per second, and each frame
carries § bits;

OThe bit rate js 50,000 x 8 = 400,000 bits or 400 kbps.
OThe bit duration is 1/400,000 S, 0r2.5 us.
6.35 )

—————————

igure 6.17 Example 6.9

Frame duration = 1/50,000 s = 20 us
*++= 110010 ! .
100 kbps _Frame:8 bits  Frame: 8 bits Frame: 8 bits
LN 1 LI Y 0 ' 1
100 kbps 001010 : 90 10{00 1_‘], 0111110 00| 1101|1010
MUX
100 kbps ———r 101101 : 50,000 frames/s
P 400 kbps
eee 000111
100 kbps
L Qo st A1
Vomas (s A8 asla),
6.36 /|
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* ® Synchronous TDM may not be very efticient

¥ ® Ifno data is available at the input source, then the corresponding
time slot in the output frame will be empty = wasting resources

* = GStatistical TDM can improve the efficiency by removing the
empty slots

6.37

e
Non-Homogeneous TDM = 42 &

*#® Can we multiplex devices that have different data rates? < <%
% ® The answer is yes. How? o Fame Yon o by

% ® Faster devices may use more time slots per frame than slower devices
¥ = But remember that in a TDM system:
3 s The number of multiplexed devices, the number of time slots per frame, and the 3
time slot duration in the frame are always fixed Al &ou
4 u Therefore, for TDM to work optimally, fhe different data rates must be  \$Al Al »
integer multiples of each other. In this case) each device uses a number of .o
time slots that corresponds to the ratio of its data rate to data rate of the
slowest device :
% = For example: for three devices with data rates x, 2x, and 6x, the devices are 3> \glals
assigned 1, 2, and 6 time slots per frame respectively. 3\2y X axsn
& = What if data rates are not integer multiples of each others? Use Bit Padding Ss\sao>-
(or Pulse Stuffing) M,,&@g P R\ RN
% = Bit Padding is a technique used by the multiplexer to force the data rates of
the devices to be integer multiples of each other by adding extra dummy
bits in the source streams of the slow device

A
~

6.38
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Figure 6.19 Multilevel multzpicxmg

.

20 kbps 40 kbps
20 kbps
40 kbps 160 kbps
40 kbps 1 '
40 kbps
?(‘bi&ga‘hm M"ﬂ .\\\M ‘tﬁu\'s\s@% ,
ESERE ‘
6.39
Figure 6.20 Multiple-stoi nsttiplexing )
25 kbps
50 kbps 25 kbps
- | EEC .
25 kbps 125 kbps
The input with a
25 kbps "' 50-kHz data rate has two
slots in each frame.
25 kbps

6.40
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Figure 6.21 Pulse stuffing

-

|
50 kbps '
150 kb
50 kbps i
50 kbps
46 kb Pulse }
ps stuffing

6.41 '

Figure 6.22 Framing bits —> “ewe DEFERICTRRITPL AL Y

2’ Synchronization

Frame 3 Frame 2 Frame 1
I i 1 1 I 1

1 C3|'83:A3 5 -:BZ:AZ 1,C1: :A1
EEE |’ I ||E

= The major issue with TDM is the synchronization between the
multiplexer and the demultiplexer
" The lack of synchronization may cause the data to be delivered

to the wrong channel

® Therefore, one or more synchronization bits (called framing
bits) are usually added to the begiuning of each fiame

® The framing bits usually follow a predefined pattern known by

6.42 both sides such alternating 1’s and 0’s
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Example 6.10 g
8 ‘0\\'

We have four sources, each creating 250 characters per second. If the interleaveq

unit is a character and 1 synchronizing bit is added to f:ach frame, find (a) the data

rate of each source, (b) the duration of each character:m. eaf:h source, (c) the frame

rate, (d) the duration of each frame, (e) the number of bits in each frame, and (f) the

data rate of the link.

Selution

We can answer the questions as follows: o

a. The data rate of each source is 250 x 8 = 2000 bps = 2 kbps.

b. Each source sends 250 ch/sec; therefore, the duration of a character is 1/250 s,
or 4 ms. !

¢.  Each frame has one character from each source, which means the link needs to
send 250 frames/sec to keep the transmission rate of each source.

d. The duration of each frame is 1/250 s, or 4 ms. Note that the duration of each
frame is the same as the duration of each character of each source.

e. Each frame carries 4 characters and 1 extra synchronizing bit. This means that
each frameis 4 % & + 1 =133 bits.

f. The link sends 250 frames per second and each frame contains 33 bits. This

6.43 means that the data rate of the link is 250 x 33 = 8250 bps.

Example 6.10 (continued)

Note that the bit rate of the link is greater than the
combined bit rates of the four channels.

If we add the bit rates of the fours channels, we get
8000 bps.

Because 250 frames are traveling per second and each
contains 1 extra bit for synchronization, we need to add
250 to the sum to get 8250 bps.

6.44
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T\jvo channels, one with a bit rate of 100 kbps and another
with a bit rate of 200 kbps, are to be multiplexed. How can
this be achieved? What is the frame rate? What is the
frame duration? What is the bit rate of the link?

Solution

OWe can allocate one slot to the first channel and two slots |
to the second channel.

OEach frame carries 3 bits. |
OThe frame rate is 100,000 frames per second because it?’
carries 1 bit from the first channel. |
OThe bit rate is 100,000 frames/s X 3 bits per frame, or 300
kbps.

6.45

Figure 6.23 Digital hierarchy

6.312 Mbps
4DS-1

DS-0
_—
— T
24 . D 44,376 Mbps
: M DS-2 ( 7 DS-2 )
' r\\
— e _ / 274.176 Mbps
3 ‘T 6 DS-3
DS-3
— D >
64 kbps > M o T
—_— o DS-4
m—{ — -
) —— |
—
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f\\"\i‘- — Table 6.1 DS and T line rates

\33@3.\5\ Service Line - Rate (Mbps) Voice Chamle!sﬁ
R = T 1548 24
= T-2 6312 96
DS-3 T3 44,736 672
DS-4 T-4 1274.176 4032
6.47

> " ool A 15 pirian

Figure 6.24 7-1 iine for multiplexing telephone lines

Doty W\bclma\é C_m(\)t\‘(\ougs ¥ Sampling at 8000 samples/s
using 8 bits per sample

4

©
c : T-1 line 1.544 Mbps
.'z:c" /\ g 24 x 64 kbps + 8 kbps overhead
- ——
ke g M
2 :
N
4 kHz V64,000 bps |

6.48
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Figure 6.25 T-1 frame structure

Samplen

/ NTAUN

. ‘k“z_“ ,~1 B
3 bps = 1.544 Mbps

T-1: 8000 frames/s = 8000 X 19

6.49
ﬁ | f % --ﬂ’ :“
Table 6.2 E line rates " onih
Line Rate (Mbps) Voice Channels
E-l 2.048 0 .5
9 3L
E-2 8.448 120 hossias 3o
| E-3 34.368 . 480 N s
: | Conlol
E-4 139.264 1920
6.50
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Tree et N Dasdidle el =ueal bl
T A A B S

ki Synchronous TDM Application
Eﬁgﬁﬁ’é‘ " Second-generation cellular phone technology called
=3 @; TDMA (Time-Division Multiple Access):
C Gdedds " Digital version of the AMPS technology
“Nwe et & ® FDM is still used to divide the bandwidth into 30 KHz
bands
" TDM is used for each FDM band so that 6 phone calls can
share the band %
" Therefore, 6 time-slot frames are used for each band
" That is, the capacity is increased by 6 times over AMPS
8.51 Sendec Na, Loys s 55 )
o AN Gl inles Cociooes Ny — 3 oh

C 0 s b by S " ovechead
Statistical Time-Division
Multipiexing

" Synchronous TDM is inefficient when there are empty
slots

" |n statistical TDM:

* The time-slots are dynamically allocated to improve bandwidth
efficiency or utilization

The number of slots in each frame is less than the number of
input lines

Addressing per slot is needed to specify the destination
The ratio of the data size to the address size must be reasonable
No frame synchronization bit would be needed

The bandwidth of the link is usually less than the sum of the
bandwidth requirements of all'input channels

The link bandwidth is usually sized based on the traffic intensity
and statistics

#oe | A
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Figure 6.26 TDM siot comparison:

Line A
UneB—_ B2 | B
y REDRI T2 ] || i I _181AT
Line C MUX >
Uine D
LineE—{_ B2 }—
a. Synchronous TODM
—b;twc, Size N\
Uine A e
—{B2 B} ;
UneB—{ B2 H B1 | rﬂ@ mu
Line C MUX = Py i
Line D . Ay gs\v—\_:b\)ma.ne\&b
Line E ( Spehinise Wade)
b. Statistical TDM
#
6.53 ‘—eﬁmw&k& %cux(\g Ay Gl
A (N 55 as banduwidthll Lot

In spread spectrum (SS), we combine signals from
different sources to fit into a larger bandwidth, but our

goals are to prevent eavesdropping and iamming./To_\\' *
achieve these goals, spreaﬂ spectrum techniques add ;i;\\

redundancy. SUENMAWS Ul s bandusli o 5% s
Gy NEE TN N Leaontey g ieltine 5"&):3
Noandwdth N\ ad_3d\ss Caasilh . g»\ o
- Co Jaseansy o

» Frequency Hopping Spread Spectrum (FHSS) 3y Reauerey Nys\thapal %
¥ Direct Sequence Spread Spectrum (DSSS) Ve e5d ©ials sal\pat
. QO § 5‘ \Oo,.ﬁ;!\.u'\éik\\

(M A aardians et N %

6.54 . podet\\aa\aleasli
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I

Figure 6.27 Spread spectrum _
; ] BSS ]
= 1
- ( — ]
o Spreadiﬁg = >
g process
1 & vonihs
Spreading
code-
I T Y

% ®  Principles of spread spectrum:
The bandwidth allocated is much largcr than needed allowing redundancy/\,

1
2. The spreading process occurs after (i.e.; _@g]&de_g_t of) the signal @m gg\\@ i
= creation ( S.aml-s%\\) (-1 \-—w&mé \m“;u_, S\ ié,q\ *-
4 ®  The two most well-known spreading techniques used are: .
L. Frequency Hopping Spread Spectrum (FHSS) &
6.55 2. Direct Sequence Spread Spectrum (DSSS) ¢
§
. : ¢
Figure 6.28 Frequency hopping spread spectrum (FHSS)
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6.56 _; Advantages: privacy and antijamming

_,,___._“._,3_

s ——————— ——— — 23 - N

CamScanner


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

| .'- | \BN2 ) 2e72

(Hrequenaycsn 34 Qurtiee WNSR) Multiplex

=
| —

A‘%&W@M&Mﬂ%f \\qs\d\\ \,r\ (W4

%\\Ae &. 56 S (L socn ng%\a %E’M 2N i x f

| 1*3.-% T ~ -k(l;aﬁc(a.réom 3 _/}? R\z, :: '

e maaaaAA]

I I | | | | | ) ! | | Q@0 | | -9 v

Five Apple

CamScanner


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

Y

Figure 6.29 Frequency selection in FHSS
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Figure 6.31 Bandwidth sharing
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kigure 6.33 DSSS example
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Barker Sequence with n=11 is used in wireless LAN

Assume that the original signal and the chips use polar NRZ encoding

The rate of the spreading signal is 11 times that of the original signal. Therefore, the

required bandwidth of the spreading signal is 11 times that of the original

Y Y
% °

Advantages: privacy and immunity to interference

Can we share the bandwidth in DSSS?

Depends on the orthognality of the spreading code J*

. Pzl

code W gy s

If different channel is assigned a different code from a set of orthogonal codes, then yes.
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Some applications require that
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Figure 10.1 Singte.pis error
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Figure 10.2 Burst error of length 8
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Figure 10.3 Tne Structure of encoder and decoder
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In this book, we 'c@ghce‘htra‘te on block®
codes; we leave convolution codes
to advanced texts. =~
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|

0@0 =0 1 @1 =0 R T 8§
a. Two bits are the same, the result is 0. LA 1 0 |
2 L Lt g ol

0@1 =1 1®0=1 WIS T o
b. Two bits are different, the result is 1. c. Result of XORing\tWoms——J
|

|

CamScanner


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

In block coding, we divide o:[meim blocks,

each of k bits, called datawo We add r redundant
bits to each block to make the length n = k + . The
resulting n-bit blocks are called codewords. 3 ,cd=c

Addewad N e CodenddANOMNESI ¥

s S - . .
°

Error Detection

Error Correction

Hamming Distance
Minimum Hamming Distance

10.13

Figure 10.5 Datawords and codewords in block coding
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Example 10.1

and 2 = 32 codewords. We saw that 16 out of 32
codewords are used for message transfer and the rest are

The 4B/5B block coding discussed in Chapte.r 4 is a good
example of this type of coding. In this coding scheme,
k=4 and n =25 As we saw, we have 2* = 16 datawords

either used for other purposes or unused.

10.15

~ Figure 10.6 Process of error detection in block coding
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%Example 10.2
‘ A ~ 0° A.;.‘ﬂ’aunfés /‘7 2:5 Code Wo s

Let us assume that k = 2 and n = 3. Table 10.1 shows the
list of datawords and codewords. Later, we will see
how to derive a codeword from a dataword.

Assume the sender encodes the dataword 01 as 011 and

sends it to the receiver. Consider the following cases:

I. The receiver receives 011. It is a valid codeword. The

receiver extracts the dataword 01 from it. -
\oc’ls 'dz‘A

10.17

—‘ Example 10.2 (continued)

2. The codeword is corrupted during transmission, and
111 is received. This is not a valid codeword and is

discarded. s Y i defedides

3. The codeword is corrupted during transmission, and

000 is received. This is a valid codeword. The receiver

“incorrectly extracts the dataword 00. Two corrupted
bits have made the error undetectable. -

Q”\O‘S‘S’Lu\pb"ﬂ‘é o0 Vit O\ Qitzdkady

10.18
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Table 10.1 4 code for error detection (Example 10.2)

Datawords Codewords
00 | 000
01 011
10 101
11 110

dofa 5 \auins pdedmtn it i W g ) \
*EW% N \2lso A\ Cualiad § %

< \

o\ « i\ Dateqwerd @\ O‘\Dg* \'32;;

Wl Ada Mekra Yo wydid & % 2005 b Sl
s W Juas B g8 A iie® G Mo yS
1019  —daus domN\asprsn GisSocl (BT %) Qe

&NQX%( éci@?j‘c(\ \&3% Q\‘Sco-(é m ‘DJ\L b\ﬁg\%
e SNaals LBS q\'isbo\

An error-detectmg code can detect
only the types of errors for whrch it is
designed; other types of errors may
remain undetected.

10.20
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Figure 10.7 Structure of encoder and decoder in error correction
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Example 10.3

Let us add more redundant bits to Example 10.2 to see if
the receiver can correct an error without knowing what
was actually sent. We add 3 redundant bits to the 2-bit
dataword to make 5-bit codewords. Table 10.2 shows the
datawords and codewords. Assume the dataword is 01.

The sender creates the codeword 01011. The
corrupted during transmission, and 01001 ‘is received..

g),dgmatd's\(

s otk

First, the receiver finds that the received codeword is not \»&
in the table. This means an error has occurred, The >

receiver, assuming that there is only 1 bit corrupted, uses

the following strategy to guess the correct dataword,

10.22
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cadel eraradd) bt Camiyxe
Example 10.3 (continued) T S

1. Comparing the received (codeword with the (i
codeword in the table (01001 versus 00000), ,
receiver decides that the first codeword is not the One
that was sent because there are two different bits.

28 Jol st g o1 (et (i W) 18

2. By the same reasoning, the original codeword canny;

be the third or fourth one in the table.

3. The original codeword must be the second one in the
table because this is the only one that differs from the
received codeword by 1 bit. The receiver replaces

01001 with 01011 and consults the table to find the
dataword 01.

10.23

As ansdo il \3&»%‘&)\\6/_\,5&&
OSSO (A jails Aol

Table 10.2 A code for error correction (Example 10.3)

Dataw_ofd o ‘ - Codeword
00 00000
01 01011
10 10101
11 11110
A o\eco\ * o\eo\ * o\es)
OcocoQ O \o\\ \o\o\
oloo\ =2 ooo |0 =4 \\\oo =3
v’
. o\eo)

\il\e
10.24 \ol\lz=y
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Note I
x The Hamming distance between two ‘
words is the number of differences

~ between corresponding bits. |

Choodl dada o o Jua 1y W ypras sNieN)s
Co (e esfer )

?X%‘&A(C\,Cﬂ -0 —> e Mean"(\f@* Cy=
lo\\o L ello

% Q (01, C2) =\ =5 T meoh Yot CuECH (uodhn exter)
Weed  Lsteve

10.25

{ Example 10.4 _

Let us find the Hamming distance between two pairs of

words.

V1. The Hamming distance d(000, 011) is 2 because

000D 011is 011 (two 1s)

V2. The Hamming distance d(10101, 11110) is 3 because

10101 @D 11110is 01011 (three 1s)

10.26
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Note I

* The minimum Hamming distance is the |
smallest Hamming distance between
_ all possible pairs in a set of words.
b (eoiewer S\al&\mwvm\:ﬁ distance \ DS Hegp :Iv
agrses Gis s\ &m \-%%5& wiaian ) s s
A\ sasS (o @@ dednuoeds S\s

|
1
1

10.27

%ysxample 10.5 o

Find the minimum Hamming distance of the coding
scheme in Table 10.1.

Solution
We first find all Hamming distances.

d(000,011)=2 (000, 101) =
d011,110)=2  d(101, 110) =

2 d(000, 110) =2 d(011, 101) =2
? |

The d,,, in this case is 2.

10.28
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| xExample 10.6

Find the minimum Hamming distance of the coding
scheme in Table 10.2.

Solution [
We first find all the Hamming distances.

d(00000, 01011) =3 d(00000, 10101) =3 d(00000, 11110) =4
d(01011, 10101) =4 d(01011, 11110) =3 d(10101, 11110)=3 E

Thed . in this case is 3. | B

min L . -

| &gajb@\coaemdj\@emw\éssm

*To guarantee the detectlon of up to s
errors in all cases, the minimum
Hamming distance in ablock
~_code must bed,;, =s + 1.~

evarpe 2 L lbetol» S=1—> dmin =\ =2

10.30
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| Example 10.7

The minimum Hamming distance for our first cog,
scheme (Table 10.1) is 2. This code guarantees detectioy
of only a single error. For example, if the third codewory
(101) is sent and one error occuts, the received codewor|
does not match any valid codeword. If two errors occur,
however, the received codeword may match a valig

codeword and the errors are not detected, .
&1@&@&4’%@ N YaoleNMGainGan\ay), 835\ 38 4

émm‘l Cizoll — g’;i?‘g\ﬁ ACCx,C‘\'—'-\ - Ax(émmﬁ
Code @Nb@&\séﬁ\(ﬁm ’).\o'\‘(s-!“oé-}biés
con b Vs o\ ofd N\ T3NS
woerds \J&\g \ POGY ‘ES \59 y QCAS;(U T

d (cy,cn-=2
Fhotac, Mss))

&
2 b X
Example 10.8 o2 % bl alsies

T Lot s e Sudem \
‘ S\

Our second block code scheme (Table 1 0.2) has d,. =3,
p ™ o=t | .
This code can detect up to two errors. Again, we see that

when any of the valid codewords is Sent, two errors create
a codeword which is not in the table of valid codewords.
The receiver cannot be fooled,

However, some combinations of three errors change 0
valid codeword to another valid codeword. The receiver

accepts the received codeword and the errors are
w
undetected.

10.32
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7 T —————ee 71
> To guarantee correction of up to ¢ errors |
in all cases, the minimum Hamming ?
distance in a block code

must be d_;. = 2t + 1.

1Es

10.35

i Example 10.9 -

VA code scheme has a Hamming distance d,;, = 4. What is
the error detection and correction capability of this
scheme?

Solution
This code guarantees the detection of up to three errors
(s = 3), but it can correct up to one error. In other words,

if this code is used for error correction, part of its capability
'J/_. N .
o7 18 wasted. Error correction codes need to haye an odd
e /}\, minimum distance (3,5, 7, . . . ).

10.36
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Mb\)x\ S mns;\ Jgg\asg,sg %‘b-ub-

%Almost all block codes used today belong to a subset
called linear block codes. A linear block code is ‘a code

in which the exclusive OR (addition modulo-2) of two
valid codewords creates another valid codeword.

Ly Kec emm?\Eo clo\l @

\C) \ o\

(Talole o2 | Codensils Nnsos casrons Nold s (St o 11040
iyre . . * \ol\o) .
Minimum Distance for Linear Block Codes paeet B

Some Linear Block Codes Qgodbarling Vakid  e— lotol
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(\ex\) A

,ln a Ilnear block code the exclusive OR
(XOR) of any two valid codewords

i
; %) ———-———-”—
; creates another valld codeword

{
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Example 10.10

Let us see if the two codes we deﬁned in Table 10.1 and
Table 10.2 belong to the class of linear block codes.

I. The scheme in Table 10.1 is a linear blocI.c code
~ because the result of XORing any codeword with any
other codeword is a valid codeword. For example, the
XORing of the second and third codewords creates the
fourth one. — Besges ! g ekl dbalies
g
2. The scheme in Table 10.2 is also a linear block code.
—  We can create all four codewords by XORing two
other codewords.

090 e B 35 Vs Mo ot el

| Example 10.11 - etliboe Je

In our first code (Table 10.1), the numbers of Is in the
nonzero codewords are 2, 2, and 2. So the minimum

Hamming distance is d,, = 2. In our second code (Table

10.2), the numbers of Is in the nonzero codewords are 3,
3, and 4. So in this code we have d,in=3.

—_—

Copa=d Bk N jan o n U, Yt M G zasahell %
VaJaA C’oécwc(c&g‘)\‘l&gi; Py i\% 2 \abi Q‘DA&M@XAS &B\)\_
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Table 10.3 Simple parity-check code C(5,4) wn A = 2 — &e\b sizn

“x A S|mple parlty
single

-check code is a
-bit error-detectlng

code In which

n= k+1W|thd,,'~

\43

\__ (oY1

wm#ﬁk
I%Jr\‘{

’\o‘\al M L»>_x
Nombes of s~

Queht¢§sg

.g}'xr&hbﬁk
Tedoe o2 %

Datawords Codewmds Datawords  Codewords
0000 00000 1000 10001
- ooor 00011 1001 10010
o0 00101 1010 10100
0011 00110 1011 10111
0100 01001 1100 11000
0107 01010 1101 11011
0110 01100 1110 11101
011] 01111 1111 11110
0.4,

-
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Figure 10.10 Encoder and decoder for simple pamy-check code
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Example 10.12 AN By e
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Let us look at some transmission scenarios. Assume the
sender sends the dataword 1011. The codeword created

Srom this dataword is 10111, which is sent to the receiver.
We examine five cases:

Asdslet g das o
1. No error occurs; the received codeword i is 10111. The

syndrome is 0. The dataword 101 1011 is created.> ach 5:"‘75)’
2. One single-bit error changes a,. 1,. T) he received
~ codeword is 10011. The syndrome is 1. No dataword

is created. backy bk 4 e
_ 3. One single-bit error c anges Iy. The received codeword
is 10110. The syndrome is 1. No dataword is created.

104 R
( Pacy W Canding ) prbanl S0 plGedlany

> |
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{Example 10.12 (continued)

Ve ?Q;;ng
4. An error changes r, and a second error changes a;.

The received codeword is 00110. The syndrome is 0.
The dataword 0011 is created at the receiver. Note that
here the dataword is wrongly created due to the
syndrome value. ~Reuky Sssslas ddq N2 Olibs sl
5. Three bits—a;, a,, and ar—are changed by errors.
The received codeword is 01011. The syndrome is 1.
The dataword is not created. This shows that the simple
parity check, guaranteed to detect one single error, can
also find any odd number of errors.

10.45
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| Note ] | e

¥ A simple parity-chec':k code can detect
| an odd number of errors. > |
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Figure 10.11 Two-dimensionar parity-check code
s

Ny O R T s hiEeu ek e L
L0 T[] T e | B e o e ] fom M
L RS QRS E R R
DR o | & O 0 B RO R T o
T e T R

b. One error affects two parities c. Two errors affect two parities

% G55 dedetle it i s Tous 3 Eoten deka AN o %
#

10.49
.f
Figure 10.11 Two-dimensional parity-check code
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Table 10.4 Hamming code C(7, 4) o s

Datawords Codewords Datawords (,W
0000 0000000 1000 1000179
0001 0001101 1001 1001017
0010 0010111 1010 101000
0011 0011010 1011 1011100
0100 0100011 1100 1100101
0101 0101110 1101 1101000
0110 0110100 1110 1110010
0111 0111001 1111 uud

* ef(ef Ae}e:&tcn cu\c\ Qa,(('ecj&?cm %D
L_A\yp\\\g, ks\yAka\ot’bg K_n\)b\or\- 2\ (O (e

10.51
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Figure 10.12 The structure of the encoder and decoder JSor a Hamming code
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Table 10.5 Logi isi
ogical decision made by the correction logic analyzer

M

Syndrome 000 001 010 011 100
i 101
Erro None | g, q by 9 bo bs
C ok N Flp Ao s Yigs g\
10.53

‘ _Example 10.13

Let us trace the path of three datawords from the sender
to the destination:

_L; The dataword 0100 becomes
The codeword 01 00011 is receive

000, the final dataword is 0100.

2. The dataword 0111 becomes the ¢
= The syndrome is 01 1. After flipping b;

to 0), the final datawor
3. The dataword 11 01 becomes

— The syndro
the wrong dataword. This shows

correct two errors.

10.54

dis 0111. |
the codeword 1101000.

me is 101. After flipping by, we get 0000,
that our code cannot

the codeword 0100011.
d. The syndrome is

odeword 0111001.
(changing the 1
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m=4 -55:\,25 \\q\\?? ((;S‘\.\.\

Example 10.14

et word

We need a dataword of at least 7 bits. Calculate values of
k and n that satisfy this requirement.

Solution bis O\ a8

We need to make k = —@_D)greater than or equal to 7, or
5] @— I-m 27
L.If we set m =3, the result is n = 23 — | andk=7 -3,
or 4, which is not acceptable. - ¥~ farge)\ (g 42|
2. If we set m =d,thenn=24-1=15and k = 15§ -4 =
11, which satisfies the condition. So the code is

:
i C(15, 11)

2

10.55
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Figure 10.13 Burst error correction using Hamming code
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CRC «Cyclic Redundangy‘ééli}é\cl&(y S\“L s Code v @ 3 Ynfr w2

I Tt W o S

— Y

2:‘::0 c,-Odes °re special linear block codes wi o
cura property. In a cyclic code, if a codeword is ==

cyclically shifted (rotat ' alwis e
' ed), the re ; s

codeword. | : e i tg\gé(:tage}r Z“:I\‘\

o 5% Mty s Moo C@dad) M

in thi T *.apklayls

Hardware Implementation Sr>dan 2 A \ald Codeuetd

POIyl.lomials (Ieeesa %"Q\&\i’ Jenerah 3
Cyclic Code Analysis A= G ag ay @3 Q@ O Qg
Advantages of Cyclic Codes I « 7 e &Y
Other Cyclic Codes Wt gt ag Ay Az &z Ay A Y6
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Table 10.6 A CRC code with C(7,4)
_z _ _ La;méeunﬁﬁr
Dataword |  Codeword | Dataword |  Codeword
0000 0000000 1000 | 1000101
0001 0001011 1001 1001110
0010 ; 0010110 1010 1010011
0011 0011101 1011 1011000
0100 0100111 1100 1100010
0101 0101100 1101 1101001
0110 0110001 1110 1110100
0111 0111010 1111 1111111
10.58
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Figure 10.14 CRC encoder and decoder
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Figure 10.15 Division in CRC encoder
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Figure 10.16 Division in the CRC decoder for two cases
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Figure 10.17 Hardwired design of the divisor in CRC
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Figure 10.20 General design of encoder and decoder of a CRC code

Note:

The divisor line and XOR are
missing if the corresponding
bit in the divisor is 0.
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Figure 10.21 A polynomial to represent a binary word
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Figure 10.22 CRC division using polynomials
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In a CYC|Ic cOde '““'“‘""“.*“-m_~.,,_;

|f s(x) # 0, one or more bits js
1f s(x) = 0, either Corrupted.

~ a.No bit is corrupted. or
~ b. Some bits are corrupted, but the

|

decoder failed to detect them | |

' de those e(x) errors that

In a cycllc co |
are 'divisib‘le by g(x) are not caught.

10_70

CamScanner


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

—_SLH 9023 aﬂl wcr\( an Modulo 2

_\_&_&% em AR aiLj&SALQRC_Co Ae | l\_’_/Lb\‘s Dl r c}\eJ( bu{s
kn ks code tueed :
Po\u A omiek Degfes <4 \oils
Deda ward (V) Yxy l2-\ K
b CRC check s — — Y
P Senctedog pdyronal (A r £
P Rematndec = R -l . e
P Quebtied A N, by~
P Divdend (£ YY) O Ko+ () Kt
i Tansmitted code T () St _ Waxrv
word (TY : D
Recicued cale T MKty F lmcdr” AT
woed CTH)
Erfel wod @A KAty o (4 K ar

A QX | D(M—Cotx\e\(x\-\-R(x\

T %féd’n(‘ 3\9\5&\Am ¢

60ﬂ D) D ea+Rex) = Q (R G ON —>Tm QM G

C e SEARON S ~

_;;‘-_C‘AA_\S_CamP\EieAﬂ_ANJS\b\s by &

detemc oo aploalglbiac oo - f BB X Y YOS mea) Jashede
D R YOO A skt

VWPV PORPIIPIRPPIPDPO®®W®

R 3
=

»

Five Apple

CamScanner


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

R eqate Ondefededism ¢
Mdea_eie&_exc@rs in CRC %
w_ o~ =\ + T — Modulo-2
Po%mm:alt% s:(x\ = 1) + T x)
of T = TR EW
= M Yo (ecienin®_end

ﬁ\ﬂ | e -

o~

V' Q@

T\CX\ = - Vi0k) A £ ) > =0 |
G &K Gx) [ N Sudetmpe
= Remaindec r—T\ &N \ = (@matoater r’r’(x\ »EE (K
B, .tk it | JBE. e

8

— Remainder U Ecy T

\_G\(x\j e :
Wﬁe@_um@ﬂ_&_&m

ot FMX) bu GQ) 1S Zeta- . o in Qelynomial
_Exg.g&n\c 2 T- Ve oo l\lo al —’Sexxéer —-»_\'Cx\ -‘*J\"K 41
fesiouec <T:=\\00o®\ 2\ , T = Faend +~A+&
Ez21® o\ \ 00 B AP A D W b
% Ondededed esoce Wil % :
M Single it eme(s 2 . i
E(x\ s : ‘ ‘- \W
6 WD, DS L il Rshon o ercer b
G ) U* B¥ = o '

La at \ms’r Tue Terms ("'e-fms S\L&uﬂ X \\n‘:é.\ \ :
=& () \\as ot \eest tun ‘f‘ennq,. &x)_uall Never huide a Qm%\c —*erm_ '

=0x)

v rdoolleei N ddect Me il Cimastan

Tf/’

r? (

Five Apple

m CamScanner


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

@_Dl_m\z;\e_l\o:\‘ie(g;@; L {

"“.““““‘*“'M*-AMMmmnbM,u“auwmmww-v

| | I | |

: R

Eilnte fay e (x il el aid s
- B o xEd ay i
&\ & (X)

T4 s el b Toah Vhies S il nan e it em,f;r
'QoLNe%_\Q%c:_\m‘:LciRni( (W ys) Valve of (j-1 Lo X (" ‘*\\
_Cannat_Cottain_.ol of the faders of Gx) ufless (- i) is large _;' ‘
eyt Talilgay W ;
O+ 0+ +---

. all_dechle - bit ears are dskscted £ AKX Cotfains 'Hn(ee, Temns. .
OOOB Aucaoer o effafe 1 EQ=0+04 -0 - odd coraber of Yens,

Lo g;Lme\oer of exore, TGO wsll cantain any odd agmbec of +e[ms
eq. EM) = P+ xb+ x®. & canbe easly Q\f\mun Yok aney Sach
Dc\unnm.al (with 3 tems) Ccu\[\c\’\' he diviclad \’\u X4l - :
wnll\m{' Emaindec ( i.e. ¥+l is act.a —(’ndmr of- guch - Dnlur\ﬂnn.n

Eoy = (xa\) RO
) = (V) RN = 0 _\numbdncjce(modd 3

| - . Xél camd bea Qador ol £OX0)- _
_sssesell eac NAA A&d&ux& A\ ) <bs Genefdne \ Son\alse :
% B /GK) 7 B conect be diided by (xal) :

5/1/ 223 ' e \,\%A\\ \

@ Buet e o \emc\'\n < X

_@ ) hssumme Aot Hmc* el _of \mq‘\‘h RN Lot o U ,
“eh Q&ASM bt field. 2ol eva Mits WL caMins
i C{d\N= xf\+__x ----- +X+‘:L_\e"‘ gﬁﬁaiﬂ’&m%a&d&n_
ﬁ____&._u»&\wi 4_e_§¢>b LA T | Asyailal L\&
' - [%/L—"—“\‘_./*———\( bits
B e @0l L )
Gt b s degee SC Y N DGR
L e G R hf-\'\.‘L'.\-na'A-.‘\A'lsh-\.- sl o o S 0 ks jn—%’gtf_
Five Apple

CamScanner


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

| | | | | | | | | | | |

El(x\' = 'x"‘l+ x"'2+' sl S

SN 0D VRS A S

Ly will_tever dwide  ECXY.

_@OMMé_Mmﬁ_me e\se im\\«xe

_Cadewed.

E =t (e ™ x+1\ \N/‘-—ﬂ\\\—/;\
2|

A=~

2 B0 W g L e

. . Chbs ibds
S s g ' as fadler of Q) Qurest efor

all_buest edacs of lengh ¢ irespedive ( palasyy of Hasic \occthon
_will be detected. <7l s

B Rost e of \ex\q\\n C+\ 3

ﬁ Asesome buest edoc of \enq“n (a\ ogge,c)\'% e, Y\c\\\" mest Wils.

E\ = x'¢=o0 e\ ot"(gms i M&\ Bi o

SAx  Fems Ecx\ lbefcen | N

(5 (Mo:l'dr\e‘"l*erm bc:ll "'efml v N‘_f_m"

¢ aoly whea GO0 =BG, GO Ll vk, Vg T

_ divide G AW E= \5-\ \i\ * Mol 3,-5\\
ral bits ;

-Y-(‘-m\u et eatap- 9T Ccml)‘(vd’hms will adt be detected.

o@\h})l{u of ok defechg (11 =ik lony st etec is ey

: 2““)

_®T\~e ezt in O 18 Ye Q‘o(‘ all \ocd\‘io(\_s.

Five Apple

CamScanner


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

@ Bud atc i \eae > (a1 A AR
_®lﬁ__‘\'\ms_w\\eh e lourek e xcac \ : 3‘\ \ ‘ L :
___Covefs, e whde Code uxd, e e S exter
B~ 111 \r\c\s *__Ae%c_cc of Raeed 5
— Sty S i%_)(‘ .y, (0e,a.,02,0mn--,Byacy )

ol |

Wy W N W e

'y

oy oy

e ww oy

O RN B R

v

———— s e s S e

- eﬂa{_\)»&.\%.dﬁwxéx o AL’ .) Jo
i(émem\gex_-'dmi [EYEA ‘/nsa Aem(ee og W e can mr-’ce 3
SE Y= G (X 50 X' »

CYPARE \\.l,a,\m\\ \

\‘f\e_mmher_ﬁg_ccbmhnoimn_(._o I ~--~,Olk\\,
2‘(_'_ ellac oly nem.dsmhmh@mjp—

QK

/11 2002
o Gaadhe s xS Pﬂ-&n’o H’\-I oQ U(\Ae'fa;keck e.{(o(%

m,\,)—/——\ f-ﬂ\\/\—scor \aj‘n(" K
(2o (A2 A/

ﬁgcmﬁ c\eﬂceckecl o 8 e i
_ g

o %Qmmanj 3 i

%.6;::9\9_ esor ® \oa % N \ :
——>._Da.’ble_e£(‘cnf 2 \ao o ée‘l'ed‘ AV \wv&mgﬁﬁd_
— s auvbee of exera \oo % o oTn
— 5 Buek eecef EA&'\(\ALMQ_ZQ :

-\

f—»-y__EuISL e (+\ . r___..(__z,.
—_— Boret extar > \ S _\-_(\1

S A (et & deteded e )

(

Five Apple

CamScanner


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

Note I

- If the generato'r has more 'thar! one term
and the coefficient of x° is 1, G
all single errors can be caught.

of least Ywo oy el AT/ACN YRGS
Yelons .

10.71

%’ Example 10,15

\/Which of the Sollowing g(x) values Suarantees that a

single-bit error is caught? For each case, what is the
error that cannot be caught?

a. x+1 b. x3 c. 1
Solution
a. No x' can be divisible byx +1. Any single-bit error can

be caught.
b. If i is equal to or greater than
All single-bit errors in Positions | ¢ 3 are caught

c. All values of i make xi divisible by g(x). No single-bit

error can be caught. This g(x) ;s useless

3, X'is divisible by g(x).

10.72
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rFigure 10.23 Representatiop, of two isolated single-

i SR T TR bit errors using polynomials

Fifference:j-i |
olt{ol " [hTol1ToTH
xn-1 xJ

| Note E

If a generator cannot divide xt+ 1
(t between 0 and n — 1),
then all isolated double errors
can be detected.

10.74

CamScanner


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

Example 10.16 o

Find the status of the following generators relateq i

isolated, single-bit errors.
ax+1 b+l eox+txit1  dxP+xiyg

Solution
a. This is a very poor choice for a generator. Any ty,

errors next to each other cannot be detected.

b. This generator cannot detect two errors that are four
positions apart.

c. This is a good choice for this purpose.

d. This polynomial cannot divide x* + 1 if t is less than
32,768. A codeword with two isolated errors up to
32,768 bits apart can be detected by this generator.

10.75 <500 Podg @ Aldotia) .

A generator that contains a factor of
X+ 1 can detect all odd-numbered
errors il

10.76
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[ All burst errors with L < rwill be

| detected.

ad All burst errors with L = r + 1 will be
detected with probability 1 — (1/2)~".

O All burst errors with L > r + 1 will be |
(detected with probability 1- (1/2).

10.77

—‘ Example 10.17

Find the suitability of the following generators in relation

to burst errors of different lengths.
a xf+1 b.x8+x"+x+1 c.x?+x¥+x"+1

Solution .
a. This generator can detect all burst errors with a length

less than or equal to 6 bits; 3 out of 100 burst errors
with length 7 will slip by; 16 out of 1000 burst errors of

length 8 or more will slip by.

10.78
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le 10.17 (continued) -

Examp

b. This generator can detect.all burst er;ors. l};lth a lengy
less than or equal to 1 8 btts,: 8 out of 1 mi 1011' b.urst
errors with length 19 will slip by; 4 .out (.Jf I millioy,
burst errors of length 20 or more will slip by.

c. This generator can detect all burst errors ?vi.th a lengy,
less than or equal to 32 bits; 5 oul of 10 billion burg;
errors with length 33 will slip by; 3 out of 10 billion
burst errors of length 34 or more will slip by.

A good polynomial generator needs to

have the following characteristics:

1. It should have at least two terms.

2. The coefficient of the term x° should
be 1. ~-

3. It should not divide xt + 1, for ¢
between 2 and n - 1. |

4. It should have the factor x + 1. |

kel - St o

10.80
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Table 10.7 Standard polynomials SR s e

Name Polynomial B Application
CRC-8 Brd+x+l ATM header
CRC-10 | x4+ %+ P+t x2+1 ATM AAL
CRC-16 | x104x12 47 +1 HDLC
CRC-32 | 242204123+ x22 4 410 +x12 4 x4 6104 LANs e
S+ +xt 422 +x+1 (wif) dm
TTep Mg ass \sdes % dedachion
= R

Q:m\)u'te( Ne'imo(\&s No data Qunwaicﬁioﬁ&\é?M\L\A@ K—‘f“-‘\slb\_'-‘—' % Ceffechon s
Cotiack Oy agron ik e ol Coaiad) B bedl
( gc:(wa.(é ef(e C_m«'ez)k?oﬂ ) ‘D\‘c l&

ALl s M Aot Ly sl L_giad) el
10.81° S S | (Mom ( =y

The last error detection method we discuss here is
called the checksum. The checksum is used in the
Internet by several protocols although not at the data
link layer. However, we briefly discuss it here to
complete our discussion on error checking

Idea
One’s Complement
Internet Checksum

10.82
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Example 10.18 __——

Suppose our data is a list of five 4".17'” numbel";‘. that ye
want to send to a destination. In addition 10 Senaing these
numbers, we send the sum of the numbers. Fzr ;x‘;mple’
if the set of numbers is (7, 11, 12, 0, 6), we sen (7, 11, 12,
0, 6, 36), where 36 is the sum of the original numbers,
The receiver adds the five numbers and compares the
result with the sum. If the two are the same, the receiver
assumes no error, accepts the five numbers, and discards

the sum. Otherwise, there is an error somewhere and the

data are not accepted. |

Example 10.19

We can make the job of the receiver easier if we send the

negat.ive (complement) of the sum, called the checksum.
In this case, we send (7, 11, ]2, 0, 6, —36). The receiver

can add all the numbers receiv ) .
ed
checksum). If the result s g (including the

- . it assum r-
otherwise, there is an erroy. €s no errol

10.84
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g”‘ Example 10.2¢

How can we. répresent the numpey 21 in one’s
& ,,,plement arithmetic using only four bits?

Solution

The number 21 in binary is 10101 (it needs five bits). We
can wrap the leftmost bit and add it to the four rightmost
pits. We have (0101 + 1) = 0110 or 6.

- Example 10.21 -

number —6 in one’s

How can we represent the .
ly four bits?

complement arithmetic using on

Solution ' .
In one’s complement arithmetic, tfle n.egatnlzle bi;)Sr
complement of a number is found by inverting (clz ; onl.
Positive 6 is 0110; negative 615 1 031. Iftzzrco:;zr ;s th);
] o n o )
unsigned numbers, this 9.
Complement of 6 is g,) Another way 10 find t{ze'cimpl(;;nrzyg
%f @ number in one’s complement qrithmetic is 1o Su

the number from 2" — 1 (16 - 1 in this case).

10.8¢
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*Example 10.22

Let us redo Exercise 10.19 using one’s complemey,
arithmetic. Figure 10.24 shows the'lfi‘oocess at the sende,
and at the receiver. The sender initializes the checksyy,
to 0 and adds all data items and the checksum (the
checksum is considered as one data item and is shown iy,
color). The result is 36. However, 36 cannot be expresse
in 4 bits. The extra two bits are wrapped and added wig,
the sum to create the wrapped sum value 6. In the Sigure,

we have shown the details in binary. The sum is then

complemented, resulting in the checksum value 9 (15 -4

=9). The sender now sends six data items to the receiver
including the checksum 9,

10.87

i_EXanzple 10.22 (contin ued )

corrupted. The receivey drops the checksum and keeps

the other data items, If the checksum is not zero, the
entire packet is dropped,

10.88
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re 10.24 Example 10.22

Figy

/ } L" b‘\\~ Qr(\‘x\w‘x(:
sender site - o
/_—_T — 0GeNie D8y d Receiver sita
n 7
12 1
0 12
6 0
0 6
Sum —» 36 7111,12,0,6,9 | 9
Sum —> 45
Wrapped sum —>» 6 L ) P'acket Wrapped sum 18
Checksum —> 9 Ao\ 3\ Checksum —3= @
t o
100100 36 QééQ\b‘f\". TRELE =
10 Lbit v el
-@L)J 10

0110 6 0110 15
100) 9 1000 0

Details of wrapping Details of wrapping

and complementing and complementing
o

10.89

* i

Sender site: '
1. The message is d|V|ded into 16-bit worf:s.o
v 2. The value of the checksum word is set to 0.
"3Al words including the Che(:ksu":i::'tei n
 added using one's complement a 0 s. X
4 The e complemented and become
.« Checksum,

'\"(*Checksum is se

nt with the data.

10.\,0

.



https://digital-camscanner.onelink.me/P3GL/g26ffx3k

Receiver site: \ g
X 'Ilz.eT‘;e message (including checksum) is
 divided into 16-bit worqs-' .

\ew % 2. All words are added using one’s

s\ complement addition. i
chedsodly 3 The sum is complemented and becomes the

new checksum. |
+ 4. If the value of checksum is 0, the message
is accepted; otherwise, itis rejected. |

10.91

 Example 10.23

Let us calculate the checksum for a text of 8 characters
(“Forouzan®). The text needs to be divided into 2-byt
(16-bit) words. We use ASCII (see Appendix A) to changé
each byte to a 2-digit hexadecimal number. For example,
F _is represented as 0x46 and o is represented as Ox6F.
Figure 10.25 shows how the checksum is calculated at the
sender and receiver sites. In part a of the figure, the vali¢
of partial sum for the first column is 0x36. We keep th
rightmost digit (6) and insert the leftmost digit (3) a5
carry in the second column, The process is repellted for
each column. Note that if there is any corruption the

checksum recalculated by the receiver is not all 05. ' ¥

leave this an exercise,
10.92
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Figure 10.25 Example 19,23

———
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