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Impact of Data Communications

T

| | and Networking

" Imnmediate access to information
" Quicker decision making

" Accuracy

" Efficiency
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Data Communication

What is Data?
What is Communication?
= Communications vs. Telecommunications

= 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 /
WL |
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._Concepts of Data Communication

»Components
>Data Representation

>Direction of Data Flow
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Figul‘e 1.1 Five components of datq communication
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~ Data Representation ==
_—

2 Text: represented using bit patterns

ASCII: 7-bit (128 symbols)

Extended ASCII: 8-bit (256 symbols)

Unicode: 16-bit (65,536 symbols)

ISO: 32-bit (4B symbols) —Egi‘r
umbers: represented in binary - "%
Images: bit patterns for pixels and colors
Audio: analog or digitized form

Video: analog or digitized form
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Types of Data Flow

% 2 Simplex: one direction

" Single link -

* Examples: keyboard and te,,,rma__l
Half-Duplex: either direction with time sharing

* Single link

2 Example: Walkie-Talkie _
Full-Duplex: both directions at the same time
Single link with shared bandwidth or dual link
Example: telephone network

McG Hill ©The McGraw-Hill Companies, In¢
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Figure 1.2 Data flow (simplex, half-duplex, and full-duplex)

Direction of data
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« What is a network? %

T set of devices or nodes connected via
* communication links

» Networking Concepts:

- = Distributed Processing

Network Criteria

Physical Structures

» Network Models

= Categories of Networks

m \im Ym

Internetwork

McGraw-Hill

* Interconnection of Networks: /

©The McGraw-Hill Companies, Inc

2 Decentralized processing
Tasks are processed by several nodes

Example: Web pages are centrally and
remotely stored but locally processed

Overhead of distributed processing
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Network Criteria

2 Performance
* Bit rate vs. packet rate Vs. throughput
"5"_”‘]"?"& «— * Transit time (or propagation delay) N
cw) o\2 R . . bo
K . - delay)-» 4=
31 * Response time (round trip S’*XJ N B i G
Sae/akecis] 2 Reliability "_’O
= Bit error rate vs. packet error rate -
- . * P
-~ Error detection and co_rrectlon by
2 Link failure recovery time N Line
= Robustness to disasters  bake 1%
. Ly ot 225 bogls W Wl
= Security b Y
2 Protect against unauthorized access

" Protect against alteration .
2 Validity of sender

McGraw-Hill : ©The McGraw-Hill Companies, Inc

Types of Network Connections

A Point-to-point link

% +* Dedicated link between two nodes
** Full link capacity -» oW & sk

] ) ) L bl W Znodes o
3 Multi-point link A
** Shared link among Many nodes
*u Spatially shared: simultaneous access

*= Temporally shared: timely shared

\ink A@@M\ 135 Vst sas e ld
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Figure 1.3 Types of connections: point-fo-point and multipoint
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Figure 1.4 Categories of topology

,\J, Topology I

l Mesh | ‘ Star I ‘ Bus | Ring

K

M s .
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ve devices)
Figure 1.5 A fully connected mesh topology (ff

2 Point-to-point
L n(n-1)/2 dedicated links
2 (n-1) 1/O ports per device
& Advantages:

+* Full capacity

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

+* Privacy and security
" Easy fault detection and

Station

isolation Station K
2 Disadvantages: B
+®* Cabling (installation) %*o*\'gz“\sﬁ\\\&.s%s%k;%‘{ﬁ*
= 1/0 ports bekes yibidail misladyGin
{a 8
' pace AN PP Ty
~* Cost— K e _
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Figure 1.6 Astar topology connecting Jour stations

Point-to-point to the hub

Indirect connections Hub
among the nodes

n dedicated links to a hub
One I/0 port per device
Advantages:

~£* Robustness

¥ Easy fault detection
and isolation

-~ Disadvantages:
+* Single point of failyre

e g
E
at the hub

* “H‘B -.)1 G.-_,L ¥ » = . %
S~ Bottleneck at the hup | s by [ 52, Shabivs )l

@ store-and-forwarq
(in case of a SWitch)

McGraw-Hill ,

CamScanner

We |la

falulla

Station

Station [

S, Sew;b Jl


https://v3.camscanner.com/user/download

Figure 1.7 A bus topology connecting three stations

Advantages:

o m————— e e
Station Station. Station
Drop line Drop line Drop line
. . Cableend J Cable end

. One backbone link

= oOne I/O port per device )

5 (ehiakdity X Ao BLmNS

| |

-—

+= Ease of installation

%« Minimum cabling at installation

Disadvantages:

[1m

xs Limited taps and distance to node
s Limited node addition after initial installation

Cotk WL n 2>

S TeRelogy § ia
(RAdb)

%+ Limited quality due to signal reflection at taps '
C Qo Vded))

x* Difficult fault isolation

.C‘?_....}U/')}.:a bus | %

gzl e, a0 Wal i by bl o6 b O NS Sikee ¥4l ¥
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Figure 1.8 A ring topology connecting six stations

Station

Station

Repeater

. Repeater

Repeater
Repeater Station i

Repeater

Point-to-point

n dedicated links

Two 1/0 ports per device
Advantages:

** Easy installation

m Um Ym m

N

Station l

** Easy fault detection and isolation

Yau

Disadvantages:

¥ Speed: store-and-forward at each

hode

#* Ring length and number of nodes

Stationl
bkea 1 azg Lr” ]

.L:a_.._\._(l_)b
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star backbone with three bus networks
a

Figure 1.9 A hybrid topology: —_—
bopeley 01 3 Lo Met uCm ¥ -
. Station ¥
Station l
Station i Station i Station |
Hub
Station i Station E Station |§
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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.qg. specifications, drawings,
etc.)

Data rates up to(gigabits per second )

Size is limited to a few kilomete@

©The McGraw-Hill Companies, Inc
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LAN (Continued)

2224

Backbone
b. Multiple-building LAN

McGraw-Hijj
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(L Data Communications Forouzan
il and Networkin‘g Fourth Edition
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Chapter 3

Data and Signals
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3-1 ANALOG AND DIGITAL
m

Data can be analog or digital. The ter™ fl"l“l;ft :‘fa Fefe
to information that is continuous; @D efers |
. . Cdsate s L2 S ..' ) Analﬂg data take
information that has discrete states. B ;
continuous values. Digital data take on discrete values,

o owess olf bl

CO"\#- _J{d.,*l Moo
< a Y Zas NS

A

| 0N
Analog and Digital Data

Analog and Digital Signals

Periodic and Nonperiodic Signals

3.3 e,\ec“(c«*c@&\d\’c. A i apall
Qs Qi o) B Use Syl
| Qoo Noage N ot |
P - Signel S
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S|gnals can bé a

Analog S|gnals canf,'have ar 1L
il 1ge; di

b‘-}.\) Eyiy
Sl e

3.5

Figure 3.1 Comparison of analog and digital signals

Value .| Value
A \olk 3‘1&1\
of
Pm.) /
i » o
Time Time
—
a. Analog signa| b. Digital signal .
n C . .
r()f:_’c.lrlms " Discrete
no Nite number of " Finite number of possible
Rossible values values |
e
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Periodic and Aperiodic Signals

'- {
2= e Sgnals 3\\\5@ To = onman® 53210
*® Periodic signal = ®*" B o frame called a perigg

In a certaln ,
= Completes a pattern withi t identical periods called

r subsequen
2 Repeats the pattern ove ettt

Sa A0 a8 ¥

cycles Paten 2! FIVE
s " Aperiodic signal > Lo 2@\
= Changes with no patterns or cycles over time
= Both analog and digital signals can be either perlodLCJor
v i Keo be O dar ¥

aperlodlc analey ; ipikal

! J‘(\'J'\“'”J.Lsuf\u’l:)._n__'l_: -F}ul. Jl
NOfe - Le 3000

% " Indata commumcatlons, we commonly use
perlodlc analog sugnals (for less bandwidth
N ‘use) and nonperiodic digital SIgnaIS (for

338,

if\?a“’ - representing the varlatlon in data).
Doka Mo 340\ \euels Jeaud

3.7

Periodic analog signals can be classified as simple or
wiliirk composite. A simple periodic analog signal, a sine wave
)

!J Wave

cannot be decomposed into simpler s
periodic analog signal is
waves.

ignals, A composite
Composed of multiple sine

Sine Wave
Wavelength

Time and Frequency Domaijp
Composite Signals
Bandwidth

3.8
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Figure 3.2 A sine wave

— Value [Fees of Vs\¥an)

Instantaneous Peak Frequency Phase
Amplitude \Amplitude QMo q_.é&z‘:e\s-—c) ,
: N

Characteristics of the sine wave

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

Amplitude
A

L —

a. A signal with high peak amplitude

Amplitude
A

; ‘Péak amplitude

/\ /’-\ see

b. A signal with low peak amplitude

3.10
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3.11

Figure 3.4 Two signals with the same amplitude and phase,
but different frequencies

Amplitude
A

Cefcles N0 LU 8 oy dals A

12 periods in 1 s —= Frequency is 12 Hz

1s

—]

AN N |
"v/\/ A AAAAT ey

Penod —5 - %d_ﬂ%\d \\'L

a.A signal witha frequencyof 12Hz =~ —m—nou |

Amplitude
A
|
\ T I
Gyele L |
s Per|od.3 5

24192

6 periodsin1 s ——s Frequency i5 6 Hz

b. A signal with a frequency of Hz

—

1s

Time

—d
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Table 3.1 Units of period and frequency

—

| . ivalent

i Unit Equivalent Unit E‘I“”‘i"_’_.______
Seconds (8) ls Hertz (Hz) 1 Hz
Milliseconds (ms) 10735 Kilohertz (kHz) IOZ Hz
Microseconds ([s) 10_6 S Megaherlz (MHz) 109 Hz
Nanoseconds (ns) 1077 Gigahertz (GHz) 10° Hz

12 17.

Picoseconds (ps) 107125 Terahertz (THz) 102 Hz

3.13

Example 3.3

(L,__‘nggif\gﬂ Ho Hz = Q_n_;tz!\—t —
The power we use at home (in the USA)
of 60 Hz. The period of this sine wave can be determined

as follows:

T'=

— —_—

11
7 60

100166

s = 0.0166 x 10° ms = 16.6 ms

has a frequency

CamScanner
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| ’ Example 3.4 I

Express a period of 100 ms in microseconds.

Solution

From Table 3.1 we find the equivalents of 1 ms (I ms g
10 s) and 1 s (I s is 10° ps). We make the following
substitutions:.

_ 6 j
T 100 1075 = 100 x 1073 x 109 ps = 102 x 107 x 107ps = 10@

3.15

Example 3.5

The period of a signal is 700 ms. What is its frequency it
kilohertz?
|

Solution

First we change 100 ms to seconds, and then "

4
calculate the frequency from the period (1 Hy =10
kH?z).

100ms=100x 103s=10""s

=1 _ 1
/= T F Hz=10Hz = 10x 107° kHz = 1072 kHz

3.16 |

|

|
CamScanner
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l Not;El
Frequency is the rate of change with |
respect to time.
. eveny Tone, \"_BJ_;SJb_\CBQRe éb
Change in a short span of time
means high frequency.

Change over a long span of
time means low frequency.

3.17

I
T

Note E
A e

If a signal does not change at all, its —~

frequency is zero (DC Signal). 72 ?ﬁiﬁ

If a signal chang'es‘instantaneously,i/t;_’fe;;?bn
frequency is infinite (only in theory).

I

——

T

L—ﬁ’o
"
sy Haell .9 oo W
3.18 e =%
@ Arr, Y O-T Xo X, _Z_.,_
T
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Note |

The phase describes the p

waveform relative

05|t|on of the
o time 0.

3.19

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

but different phases  » of 0l (koo "

e o A1

co(ut - P
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oy« L
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CFE A
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Sine wave examples

Amplitude
A

A=5 f=4 $=0
s() =5sin (2nds+ 0)

S'-M_Pfc S.'jnql

casls 3F TJ

_:'g[ t

) —

Amplitude A=10 f=8 $=0
A s() = 10 sin (2n8¢+ 0)
10 Z\ /\ [\

n Plots UUUUISUUUV
BRI et
3.21 |
Example 3.6

A sine wave is offset 1/6 cycle with respect to time 0.
What is its phase in degrees and radians?

2&0’ F— ZF \&S

fn) Jh :H\]P)"‘\':‘
£4

36o

Solution

D Qe

We know that 1 complete cyc
cycle is

le is 360°. Therefore, 1/6

1

1 o 21 T I
6 X360 = 60° = 60 x %6 rad = g rad = 1.046 rad

3.22
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Figure 3.6 Wavelength and period -

Wavelength
ol ]
Transmission medium W
At time t \% E i Direction of
| : Propagation
Transmission medium /\ W
Attimet+ T \/

-2 Wavelength is the distance traveled by a simple signal in

one period . . ' to th
2 Relates the frequency or period of a simple signal to the
propagation speed of the signal in medium |
& = Wavelength = Propagation Speed x Signal Period
.s,"lc:i,\{:‘ﬁ:* l:C'T:C/f

3N Qs —=2 " O ba)l

E Wadelensth 5Y s } 2\2e

3.23

Figure 3.7 The time-domain and frequency-domain plots of a sine wave

Amplitude

4 @:6&
-0
ﬂ.—uc 5 Peakva u__S_V ‘.l

s |IREA N
\/ \/ Time
a. Asine wave in the time domain (peak va lue: 5y freque ’
15V, ncy: 6 Hz)

Amplitude  —_

Peak value; 5V
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3.25

e e et e T ——

domain can be represented by one
single spike in the frequency domain.

Figure 3.8 The time domain and frequency domain of three sine waves

Amplitude ke o TAsg b Sigml Ga301 ¥

Amplitude
A

15
10

5 -
| ,

»

0 8 16 Frequency

a.Time-domain representation of three sine waves with
frequencies 0,8,and 16

Example 3.7

The fr equenc
with

b. Frequency-domain representation of
the same three signals

y domain is more compact and useful when we are dealing
More than one sine wave. For example, Figure 3.8 shows three sine

waves, each with different amplitude and frequency. All can be
representeq by three spikes in the frequency domain.

3.26
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A single-frequency sine wave IS rTot
* useful in data communications;
we need to send a composnte signal, a
Mwéfélﬁaismade of many simple sine waves.

Yaxt

uen

i : fin=+e9
=T ST
-x ¢ (o - TR
3.27 o g
Syl Frep (bl = Smd Y Lieg b = Bk,
Be fou- rﬂi,zw.m_m :

&

Accordmg to Fouhrler analyS|s any
composite signal is is a'combination of
simple sine waves with different
frequencies, amplitudes, and/or phases.
Fourier analysis is discussed in
Appendix C.

3.28
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If the composite) signal |s_p_§_|_'1_q_d_1_g the
decomposition) gives a series of 5|gnals
with discrete frequenmes

iro JA-’; U:Lv UJ

If the compOSIte sugnal is nonperlod ic,
the decomposmon glves a combmatlon
of sme waves with contmuousi*‘* i
frequenmes

3.29

Figure 3.9 A composite periodic signal

D Comporeat v Lo ¥
g o X o &
C‘l‘lﬁsﬁ’rg ¥

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 q sood understanding of how to decompose signals.

3.30
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Figure 3.10 Decomposition of a composite
frequency domains

eriodic signal in the time ang
Y4

— Frequency f

sy Lo dS 2 A
P.uv)lls: er 2l

— Frequency 3f
— Frequency of

f .
a. Time-domain dec7‘hpositlon of a composite signal \
\
‘-‘-R'—l!-.-_. 131 Amplitude 1st Harmonic 3rd Harmonic gth l;ar[n?nlc
L\, Seva Aor fundamental o/ Ws
. frequency)
L ! pads B2 AL St
e i ! : =
o s f 3f of Frequency

b. Frequency-domain decomposition of the composite signal
!
/0

Figure 3.11 The time and frequency domains of a nonperiodic signal

3.31

0% par e Amplitude 239 e Amplitude
- } .
I\ g A Erey. 2 3-.._, et A Amplitude for sine Cof;,,
i ﬂ Wave offrequencyf
bme 1 e ] | ﬂ A 4
5 il
o v N” ! Time 0 f >
V'N 4kHz  Frequent
Timed i
a. Time domain W,J
Example 3.9 Gt
Figure 3.11 shows q no fodi
g hperiodic Compog;

signal created by a microphone Or qa te]
Iwo Is pronounced, I, thi D

. IS case, the .
periodic, because that implieg th;t " Composite S
€ ar,

or words with exactly the Same toy e €r epeating

when q word 0"
ISnal cannot b
the same wort

3.32
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the difference between the

highest and the lowest frequenCIes |

contamed in that signal.

The bandwndth of a comp05|te s,_g_a_ll IS

3.33

bandeodth chamel M cse st bandwidth %‘t@*

Figure 3.12 The bandwidth of periodic and nonperiodic composite signals

Amplitude

5000 Frequency

Ml

1000 Max Mg
Bandwidth = 5000 - 1000 = 4000 Hz

-~
F

a. Bandwidth of a periodic signal

Amplitude
1000 5000 Freque
re
l— Bandwidth = 5000 - 1000 = 4000 Hz HEnsy
| ——
b. Bandwidth of a nonperiodic signal I

E ){xfg\w_ Compratal.

kS P'!/I‘Q)I'(

M
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e | Example 3.10

If a periodic signal is decomp
with frequencies of 100, 300, 500, t um
is its bandwidth? Draw the spectr py ,0f10 v
components have a maximum amplitu

osed into five Sine vy,

assummg QI]

e&

Solution |
Let f, be the highest frequency, fi the lowest fi requenc
and B the bandwidth. Then —

B=f,~f =900-—100:800HZ|

The spectrum has only five spikes, at 100, 300, 500, 700
and 900 Hz (see Figure 3.13).

3.35

—_—

Figure 3.13 The banawidsm for Example 3.10

W aid Petied e (S, (5 ful
Amplitude -~ -Ck\gcfde W\'&&D

10V f-----.

500
700
; 90
Bandw:dth =900-100 = 80 0 Frequency
m'q For, \O\EZ

;.3_6\ /

CamScanner



https://v3.camscanner.com/user/download

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=fi=(fi}= 20=60 - f = fi=60-20=40H |

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

3.37

Figure 3.14 The bandwidtn Sfor Example 3.11

LG k40

UL

58 59 60 Frequency
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Example312______ ——
| {%-f:‘_l 3

has &bandwidth of 20
0f 1__4_;‘_l kHZ and peal{
frequencies have a

A nonperiodic composite signal
kHz, with a middle frequeniy s
re
amplitude of 20 V. The two €x -
amﬁlimde of 0. Draw the frequency domain of g,

signal. —~ (s Fioete il s
. %«Wﬁj’ﬂ@f\

Solution .
The lowest frequency must be at 40 kHz and the highey
at 240 kHz. Figure 3.15 shows the frequency domaiy

and the bandwidth.

3.39

\

Figure 3.15 The bandwidth for Example 3.12

Amplitude
A
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| LExample 3.13 m Fs 3 26
i w

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@ﬂ
battdtv{tf{ilﬁ._,z he total bandwidth dedicated to AM radio

ranges fr om(330to kHz. We will show the rationale
behind this 10-kHz bandwidth in Chapter 5.

o0 — Sawrevar, U B o
*AM}VM — C@‘Y\TQL‘)QOS _“Gs.'c.lin; - ;\_ls_j.‘:'ki baa 08¢/ 5L ) 15, &
i UL Syl o1 Ll g 13) %

( Noices %) F(eqpej\'ij

-_\lg:- Poaw Ca G
_ - -

O____._JD ¢ Sigd I @] JaJI (4

Condwidbh - [1- f.

3.41
Fle fo Fo R
L

ﬂ__l Example 3.14 ==X

Setty=ASin(uct+ @
S bte-2 kiz 4. oLy

bon Lo 1

— o —gont;_K_“E:\;;,;
.\:’l(_,_r. i

E b & A

n‘.L e d_’::j;wui): :E\j%&_q He 2 A‘Quuﬂ
Another example of a nonperiodic composite signal is ﬂ
the signal propagated by an FM radio station. In the * !
United States, each FM radio station is assigned a @
@bandwidth. The total bandwidth dedicated to FM
radio ranges from 88 to 108 MHz. We will show the
Yationale behind this 200-kHz7 bandwidth in Chapter 5. |

SRR Yooox2 * 8§ Liks P,
Poge Loz WU st g Fof Sefdes | Samgle .‘
I
- Uses J 1@ = {L{ KLPS
3.42 Ftl F(t
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Another example of
the signal received by an

is
and—white@ A T V scret;nZ .
assume a resolution of 322 7

pixels per screer.
second, this is 367,500 X

second. The worst-cas€

jod
a nonperlo=’ . i
piastioned 4" O

made Up
200

osite signal

ic oM analog black.

pixel:
e have 367.50)

Sc?és;nh30 times per

nario 1S altern

ating black ang

& Therefore
white pixels. We cdﬁ%gn)JZ pixels per ICJ’CI; secon{l , 0;
we need 11,025,000/ 2 = 5,512,500 cyc esp

Hz. The bandwidtg‘e u{zeeded Is

l ‘ S I ofl¥ S = o
\- Bit P,.', e i T — WH_ :
02 P———————' 1
I?fuk'—‘zu‘%‘* sey (DS /\/\/ e
J \oMawam
3.43 l P T

5.5125 MHZ. sefi>

* Véo los lool- -

el o}

CadtL I°SIGDS’G IO {o -—

--- ‘ Lo

Toes dopy G W
-..I__‘y-‘l bl__-—_“

4

r“t‘hx, __’_
TmaX

< Emax “sr hafmen

In addition to being represented

trotimiad . .
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. A digital signal can have more
than two levels. In this case, we can send more than 1 bil

for each level.

L) 'S .

his sections
Bit Rate
Bit Length
Digital Signal as a Composite Ap .
Application Layer alog Signa|
3.44
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ther

Figure 3.16 Two digital signals: one with two signal levels and the 0
with four signal levels
/_
Amplitude 8 bits sentin 1 s,
Jf Bitrate =8 bps
I« 0 1 ¢« 1 v 0 v 0 0 + 1
i ] ] ] ] ] i {
Level 2 , : !
1 ] ]
1 1 ]
evel 1 : . I —
e A CR
| ' i i 1 ] 1
a A digital signal with two levels
"
Amplitude =
¥ A 16 bits sent in 1 s, c&a'/%'—'l \Y\‘@)\SS-\} 5\ e
Bit rate = 16 bps :
Nom N o R
11 10 ¢ 01« 01y 00« 00 v 00 10 1
Level 4 I : ) ] i ! { i g&_&l\‘ ‘ QQ‘ lSJQXS
' i | | | : | 4 &
Level 3 : E ! ! :I —-I s \3 P \_ﬂa& >
Level 2 | : : E E s Time Nosedt s
1 ] 1 ] ]
Level 1 : : : : :
1 1 i i ' i i

b. A digital signal with four levels

e e N ——

3.45

Example 3.16

A digital signal has eight levels. How many bits are

heeded per level?

Solution

We calculate the number of bits using the formula

>l< Number of bits per level:= lo

o Ee——

g 8=3"

i

Each o
“h signal leyel i represented by 3 bits.

CamScanner
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Example 3.17 [

b-
A digital signal has nine levels. How many bits g,

needed per level?

Solution . .
We calculate the number of bits by using the fo"mula.

Each signal level is represented by 3.17 bits. H(.)Weve,,
this answer is not realistic. The number of bits Sen
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 the

rate of 100 pages per minute. What is the required b
rate of the channel?

obbsacs
A& o
A page has an average of 24 i, . ,
. es with i

each line. If we assume thay 80 characters

. . One ¢ :
bits, the bit rate is haracter r equires f

Solution

100x24x 80 x 8§ =1'536Mbits

_ per minute
- 25. 6 kbps

100 - I
‘)( 24 X 80 X 8 = 1,636,000 b S

€ wros

CamScanner
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Example 3.19

A digitized voice channel, as we will see in Chapter 4,. s
made by digitizing a 4-kHz bandwidth analog .vmce
signal. We need to sample the signal at twice the highest
frequency (two samples per hertz or 8k samples/second).
We assume that each sample requires 8 bits. What is the
required bit rate?

Solution
The bit rate can be calculated as

[2: 4000 8 = 64,000 bps = 64 kbps |

3.49

Example 3.20

What is the bit rate for high-definition TV (HDTV)?

Solution

HDTV ugses 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. T wenty-four bits
Tépresent one color pixel.

[ 1920 % 1080 % 30 x 24 = 1.492.993.000 or 15 Gbps |

The TV stations reduce this rate 10 20 to 40 Mppg
throygp, compression. g
3.50
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Bit Lellgih that one Cyclq

. : ce e
% « The wavelength IS the d,'st-arr: mediur, which
=~ occupies on the transmlssmalog zignal.
is a characteristic of the an

| o)
Wavelength = ELQW

L= N o aad X Period
that one bit

« The bit length is the distance e yhich

= : mission Ime
occupies on the trans Sigital signal. |

is a characteristic of the ald! L

. T
Bit Length = Progaga@jﬂ,e,@d x_Blt I:uratlon
3it Rate

= Propagation Speed / B

3.51
/

Figure 3.17 The time and frequency domains of periodic and nonperiodic
digital signals

Walmene Dl gyzaedSa. Poses S ()
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Time ¢

b. Time and frequency domains of nonperiodic dj

gital signal Fr end

equ
/
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Figure 3.18 Baseband transmission

Digital signal

Channel

= Baseband transmission:
+ * Sending a digital signal over a channel without

changing it to analog (i.e.; without modulation)

" Requires low-pass channel ¥ Uil

_® The low-pass channel has a bandwidth that

starts from zero
+ " E.g. acable connecting two or more computers
sk = Narrow-band versus wide-band low-pass channels

3.54
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e

p-pass channels

ndwidths of W0 loy

Figure 3.19 Ba —

- T

Amplitude

0 Fe,
a. Low-pass channel, wide bandwidth
-
—
Amplitude
0 ] =l

b. Low-pass channel, narrow bandwidth

_______—___—

3.55

32 Case 1: Low-Pass Channel with Wide Bandwidth
/

Figure 3.20 Baseband transmission using a dedicated medium

I
Input signal bandwidth Bandwidth supported by medium Output signal bandwid" |
- _EE)
fI f2 f'l fz
IT l . aa R A i ;':"-’.l'w'!)
nput signal . —
Wide-bandwidth channel Qutput sig nal

s Ll W a7, G\ : /

3.56 @ },}b g@}»
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el

(] F _

Baseband transmission of a digital
signal that preserves the shape of the
digital signal is possible only if we have
a low-pass channel with an infinite or

ol

very wide bandwidth. b s

— -

3.57

) _1| Example 3.21

g

An example of a dedicated channel where the entire bandwidth of
the medium is usedlﬁs one single channel is a LAN.
Almost every wired LAN today uses a dedicated channel Jor two
Stations communicating with each other.
*In a bus topology LAN with multipoint connections, only two
Stations can communicate with each other at each moment in
time (timesharing); the other stations need to refrain from
sending data.
In a star topology LAN, the entire channel between each

Station and the hub is used Jor communication between these
wo entities.

* LANs will be covered in Chapter 14.
3.58
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" . 'd
Case 2: Low-Pass Channel with W

nal with an anglog
ilable bandwidth

-

7. B Approximate the digital sig

Q’c’:\,ﬁ signal depending on the ava

0;?3 = Consider a digital signal of Mﬁ?)—':

= Roughrapproximation-
4" Usesfirstharmonicronly (least ban
4 The worst case is a sequence of alter
1's
J ® To simulate the worst case, we nee
frequency with f=N/2
4 * More signal components are need
different patterns. For example, the signal p
= Better-approximation
¢ ® Use.more.harmonics (more bandwidth usage)
st case ¥ * RESUIES in @ better representation of the digital sig

M:Gfl—)/s )oll‘lofllo!f_" M"g._LT:;i‘:Z(_.‘L_-)':.ZiC [ q .

C: -L '\f\‘ sk £ N
o p & hemaqic =
S « s,

dwidth usage)
nating bits of 0's &

d an analog signal of

ed to represent the
hase

nal

-
¥ rfrsk' \\MMonKC%‘Rﬁw s\ #iE
N
T

Figure 3.21 Rough approximation of a digital signal using the first harmonic
for worst case

Amplitude

A digital signal Y o
g g f Bandwidth = i gl g (= .A_/_
3 - z_
with 3-bit pattern ‘ I l
i) miy b P iy Freque:c_y
Sapose \ % S e
\—Ef)%‘“ wae Digital: bit rate N Digital: bit rate N Digital: bit rate N Digital: bit rate N
p 10, 0,0, ‘,o:oi 0, 1,0, IR
- B) i 1 H 1
Sify,. wane v —— : : -}jQ
X e
@‘Oga\\&kSv ) o TR ———— —_—
. 1 1 1 1 N 1 H '
: 1 '

o B = - N N
Analag: f=0,p =180 Analog: f ‘;J/‘:.p-wo Analog:(=N/2,p=180  AnatogiioniT oo Ty
- ) A3 = L p=
Digital: bit rate N Digital: bk‘men Digital: bit rate N P=270

Q\"*P lllo:o: 1 1,0,1, 1,10, Digi:akbilrateN
] - e ——]— ——
——— "

Pl —

Analog;f= N/4, p=@
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Figure 3.22 Simulating a digital signal with first three harmonics

/—

Am;;litude M ’ & .
LI I I 0 1 _ WSy Cose
0 N/4 N/2 /4 /2 5N/A SN/2 Frequency Wetnedioe Erehns,
afd ones,
Digital: bit rate N 2 Wl e Analog: f=N/2 and 3N/2
TR TIRT TN , Qmﬂu%ex?es N
i 1f_\ G555 Degpene wmwed
5 A U | covods esen
L ) ' S\ G Bl
b~ . Sin Wab ¢ apphh
':/-\ \/\]\’\: \aybonyis SN
Analog: f=N/2 Analog:f=N/2,3N/2,and 5N/2 3 h~meade
3L pNT0 doidih — Yoke ofe hamenic .
3.61 AP 2> B8 5 N Wamonie 2ot i ¥
el B banduwrdth 3 s 5 anduwdtidrsay
.o \)\D'D'C')&r\.m_mg BV

In baseband transmission, the required
bandwidth is proportional to the bit rate;
if we need to send bits faster, we need
More bandwidth.

Y (¥ s a2 0 KON A
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| | Example 3.22
i

' N-1f
,{ .
l;:fVe have a low-pass channel with bandwidth 10

What is the maximum bit rate of this channel?

0 kHz.

Solution . ' ) t
The maximum bit rate can be achieved if we use the firs

harmonic. The bit rate is 2 times the available
pandwidth, or 200 kbps.

& WA s el
/5 Booaiy Q*ﬁ\%&f:s (costief)
)ﬁsg\.n'cnaﬁm POMK%&&)EJPJQAS\QA J*(@Sm:#:on Qe \t \ons
WG;‘S’;B. anliDignal g\ =) 3&9-‘-5&2}.\,&5 gé\a%w
%\i;c(\:b\J\ .rojfe{ A\%D 39 \“oclo\o:honﬁ\c 5&3\%\%%3} %3-9‘

3.65 Norncbosdthlt St dasslszh sl Gozyog

Broadband Trémsmission (Using- Modulation)

2 Changing the digital signal to an analog
signal for transmission (or carrying the
digital signal on top of an analog signal
called carrier signal)

2 Allows-for-bandpass channel usage, which
IS the channel that does not start from zero

® Bandpass is m '
" Why?p ore available than low-pass.
= Bandpass channels can be divided into
Smaller channels for bandwidth sharing
(€.9. FDMAY\> Radt o 4o endusdih o tee: i
3.66 L Teqpenet) dlvsien Holiplexiog Qolan 4\ ::;M&?
R T A%@W&\M\@&Q) ey
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Figure 3.23 Bandwidtn of a bandpass channel
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% Ifthe avallable channel |s a bandpass
channel, we cannot send the digital
e ,:,,gs\qu— signal dlrectly to the channel

{

- A\%\%}\we need to convert the dlgltal Slgnal to
\ Co
e ean analog signal before transm|ss|on
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. ass
24 Modulation of a digital signal for transmission on a bandp

tipurc 3
Kig channel
/
: = (\d\_?er‘\e:é\(‘. OL;t ut digital signal
|nputdigita1 signal \Omseﬂond P
Digital/analog Analog/digital
converter converter

Input analog signal bandwidth

Available bandwidth
TN

ot aralod Skanal Input analog signal
3.69
Example 3.24
An  example of broadband ransmission  using
modulation is the sending of computer datq through q

telephone subscriber line, the line conn
to the central telephone office. T hese I

o

ecting a resident
ines are designed

to carry voice with a limited bandwidth. The channel is
considered q bandpass channel. We convert the digital

Signal from the computer to an
the analog signal. We can in
change the digital signal to ana
receiving end. The converter,
Mmodem which we discuss in detail in Chapter 5.

3.70
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stall two converters to
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Example 3.25

A second example is the digital cellular telephone_ FO;

better reception, digital cellulai: phones gzn"‘”’ t
analog voice signal to a digital SIg nal (see Chapter 1§

Although the bandwidth allocated 10 @ Compg,
providing digital cellular phone service 1S VEIY Wide, ,
still cannot send the digital signal without conversiy,
The reason is that we only have a bandpass Chany,
available between caller and callee. We need to cony,,
the digitized voice to a composite analog signal befy,
sending.

Sl

Signals travel through transmission media, which are no
petfect. The imperfection causes signal impairment. This
means that the signal at the beginning of the medium is
not the same as the signal at the end of the medium
What is sent is not what is veceived. Three causes f
impairment are attenuation, distortion, and noise.

T [ L3 L3 » n .
Attenuation
Distortion “\

Noise N

(%)

3.72
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Figure 3.25 Causes of impairment
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fs 16 @M‘“‘B =Ps)8+7 )8 )
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. Chiad \gmdu
Decibel (dB)- >
-Signed 1) \Ioﬂnae.“
& Measures the relative strengths (or power levels) of
two signals or a signal at two different points
: 8 dBz==30 |Og1o'(P=2/P1) .
% = Baositive value > (gaip’ (or amplification) e

-= Negative value >(los9)(or attenuation)

_" dB values can be added or subtracted easily for
several points (cascading)

" 10 logi(P2/P1) = 3 dB =& P2 is as twice as P1

3d
" 10 logio(P2/P1) = 3 dB & P2 is as half as P1
" 10 logw(P2/P1) = 10 dB = P: is ten times P:
n 19 0910(P2/P1) = -10 dB = P2 is 10% of P1

e e

2 F:
3.75 OS—= Pos = Lo Loy, (27)
. W= o logy, %_? in ks

P
F:}Bm: lo [i)lo [Im)
Example 3.26

c 90 Gl dal )

Suppose a signal travels through/:z transmission medium and
its power is reduced to one-half. ‘This means that P, is (1/2)P,

In this case, the attenuation (loss of power) can be calculated
as

P 0.5P
10 log g P—3 =10 log;g —1

1 o 101og10.5=10(0.3)= _3 dB

|
t—b-é) Peusme Noad S pls A

Aloss of 3 dB (=3 dB) Is equivalent to losing one-half the power

3.76
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Example 3.27

A signal travels through an am_gltf ler, and its power is increased

10 times. This means that|PpP 10P,). In this case, the
amplification (gain of power) can be calculated as

P, 10P,
10 Ioglo F)— =10 IOgIO -.P_
|

1

|= IOIOgIO 10= 10(1) = 10 dB I

3.77

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 (cascadmg) 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\ Cyo
[dB=-3+7-3=+1 | s

eBNs Ly s b

lo loj,o%_’ - 16
3-78 pq:[iFIICG\“;on )
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Figure 3.27 Decibels for Example 3.28

1dB

-3dB . 7dB -3dB q
|
|
|
|

|
|
|
n M Amplifier

i Transmission ; Point 3 Transm'ission Poi
Point medium Point 2 medium 4
e i @l ypatlady

. 5__,&59

Example 3.29

Sometimes the decibel is used to measure signal power in
milliwatts. In this case, it is referred to as dB, and is calculated
as dB, = 10 log,, P, , where P, is the power in milliwatts.
Calculate the power of a signal with dB, = —3(),

Solution *dBu <o log P
We can calculate the power in the signal as o )
Wdazy pole os®x . asal

‘dBm= 1010g10 Pm‘_‘__30
logg P, =3 me = 1073 mw

¥
3 AN e \ e
\’_(3:) k@!% h)((ca/lo‘)m \03 — Pﬁ\ » \;5

3.80

-

CamScanner



https://v3.camscanner.com/user/download

Example 3.30

The loss in a cable is usually defined in decibels per kilometer

- fowesJl peas s
dB/km). o
gfthe signal at the beginning of a cable with —0.3 dB/km has a

power of 2 m W, what is the power of the signal at 5 km?
Bianal N 0305 Jud 33

Solution b e
The loss in the cable in decibels is 5 x (=0.3) =—1.5 dB.

We can calculate the power as

S
P > o aapeRs
dB = 1010ng2 157 | =
1

T

2 _ 1n-0.15 _ ,
Cp AN QoG A &

1 A . s
3.81 0, 2mwc_\.h5»s'\g'a§,>
whotwla of -dB = \o \‘33@? (Gt soie\alladal Bl

7~ Prase Oickethion - Ao\ cuniifey MOWad4
. T ' e
Flglll‘e 3.28 '>\_|; - u./;& L BN a..'m.ép\ s, (,Q (A-Y«:Q

go(\dbf\%%\& U Ne = ) e_\)eloci-\tj
(£ hada)) Mediaw Mo © Wis Ve

Y wse
. Sinalpe

EENINCIN : as UNW._‘; o=

Composite signal

mes A A
Composite signal
‘mpse{r:jv\g \/ \/ \/ \/ Mecei;\d?
NANAN \A AN
lJVJ l.NJ e-*l:l’h:/u DIt VVVV L\,\J
%?Tg ) Components, . Components, ‘%L'jl"“";w': 2,'?l°

in phase out of phase alqe, - i Zoa
d /E.ﬂeq{-gf

At the sender At the receiver

- dihetron Wsom By ilisn Ay sish Medra Wob lfernt freq | %
Catinnod Mogn@N Ges Ao Bathue 28 \s yCotin ond
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\

Figure 3.29 ‘//—-—'d
N\

= foise Wb o\\\

e Received J}
\,—-\a\,a Mo
W Ly 25 Transmitted Qable N0|se
Q) wals Y
({:wisleb Yo of
|

8 v o= Wl .
; Transm|55|onmed|um A === T Point 2
Ponr‘1E1 R N .
; :
}
v _ BN 2o Bxe R JI ; LI

ML_’)\,% %mls Neels Q-:uef Yo *

Aesiee W uoed Pessed M\

Slqnal -to-Noise Ratlo (SNR)

2 SNR is the ratio of the signal power to the noise
power |

= SNR=average signal power/average noise power

—

= Since SNR is ratio of two powers, it is usually
expressed in decibel, SNRgg

Cop
SNRgg = 10 logi, SNR = 10 logy, (P,/ P,)

o= SR Yo o = peistpoy TS 4)

. )P_}A) \_F:A ’&_v

3.84
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Figure 3.30 Two cases of SNR: q high SNR and a low SNR
R

T L‘SPJE'A \Qci
020830 Vel Dl W sy i) Sl A\mu@ 3y

fl
A Stg nal A No|5e
- "M——» >

Y

a.Large SNR
cSN'R J .L
bm;mk,\ﬂ‘% Mms&_\\s%\qnm\ AN Q—M;h&\ %«qf\u\S\ \;N\)sﬁ \3.9:'\::

A Signal Noise Signal + noise
_.I

b. Small SNR

3.85

Example 3.31

The power of a signal is 10 mW and the power of the noise is
I uW; what are the values of SNR and SNR ,, ?

Solution

—ctfiUn:

The valyes of SNR and SNR 5 can be calculated as follows:

_ 10,000 uW' _ 14000
SNR = 1 mW ==

SNRp = 10 log; 10,000 = 10 log;o 10* =40

3.86
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Example 3.32

s The values of SNR and SNR ; for a Qiseless f_hannel are

signal power _ __ Y
deol cnge [ SNR = BRSPS = o [ e o

:J : ?\65 (ak) SNRdB=1010g10°°=°°

We can never achieve this ratio in real life; it is an ideal case,

A very important consideration in data communicationsi
how fast we can send data, in bits per second, over a chan
Data rate depends on three factors:

% 1. The bandwidth available (chur))

+ 2. The number of signal levels used

4 3. The quality of the channel (the level of noise)

syl Clamel 0\ S0 Fhannen \sxi)
68 L 5] Jdarate Jas |

. ‘N"_bj

» » Noiseless Channel: Nyquist Bit Rate —s Clastplipte e
# % Noisy Channel: Shannon Capacity — Yol lafe (s |
* # Using Both Limits S Nasyy 6\ 15

® b > *

3.88
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| Noiseless Channel: Nyquist Bit Rate

« Defines the theoretical maximum bit rate
~ possible for noiseless channels

- U 3pope e 4\..

> Synal
;M‘x Bandwidth x log,(L)) il
= Bit rate is the maximum bit rate in bps Caaliss @ Vs
= Bandwidth is the channel bandwidth in Hz ot M o))
= L is the number of signal levels used PEANCERRS
\r\wwonacac%?@ N\eg g =13
* Increasing the number ofﬁels is not
~ practical:

" [t imposes a burden on the receiveu—» &%5\5@\@1@%
= |t complicates the receiver design (3553393 ) .+ Geped

\u/Jl %

" It reduces the reliability of the system (i.e.; “:;“;}J Cad%
increase the probability of reception errors) S :
3.89 Bik rate = 2 X Bx loy (U —
Wessh e S(-:'-n-nh"o . ) - uﬂ-’b o=
T L2 R
A AL fepelde® U7
e ot
T

Lu\'. in lest Cae Scm-/.'o
c s (h«m‘.m-” 109 N\ \ of W\ 0)

Bit ratey= 2x B x o9, (2)
- 2xB
I 25 b)Y Al 3 fu e

U,,\..G\‘B-;'Jl ST

vels of a signal may
'—;,,reduce the;ﬁ ,;ellablllty of the system.
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Example 3.33 ——

e r—

=,

pit rate agree With i,

st theorem _
Does the Nyquist seband transmission?

intuitive bit rate described in ba

Solution

They match when we have on 2 4
baseband_transmission, the bit rate IS < UMes th

bandwidth if we use only the first har monic in the wors
case. However, the Nyquist formula is more general thay
what we derived intuitively; it can be applied to basel;lgd
transmission and modulation. Also, it can be appliei
when we have two or more levels of signals.

ly two levels. We said, j,

3.91

Example 3.34

e ]

4
3

o

Consider a noiseless channel with a bandwidth 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
—_—— =<
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Example 3.35

Consider the same noiseless channel transmitting a
signal with four signal levels (for each level, we send
2 bits). The maximum bit rate can be calculated as

I BitRate =2 X 3000 x log, 4 = 12,000 bps I

édgplqone. [ine —_ Y k H=
L Banduidv\,

3.93

Example 3.36

We need to send 265 kbps over a noiseless channel with
a bandwidth of 20 kHz. How many signal levels do we
need?

Solution

We can use the Nyquist formula as shown:

R

265,000 = 2 X 20,000 X log, L
' J 6.625 _ ¢ i} ra
logyL=6.625 L=277"=987levels J—s 1284 e
S 2t e macofgeny T T

Since this result is not a power of 2, we need to either
increase the number of levels or reduce the bit rate. If we
have 1_2§ levels, the bit rate is 280 kbps. If we have 64

levels, the bit rate is 240 kbps.
3.94
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: _ on Capacity
Noisy Channel: Shani]

* ND;_SJ éCLQI"JI 8| J&J‘ L'.—L.
. : um bit rate
- retical maximu
= Defines the theo N i

possible for noisy channels Bo,_néw._ié-& g
Channel Capacity = Bandwidtn™X")v. ;" pde
logz2(1+SNR)" o Rede 3 Hads QRIS b\l
+®% Capacity is the maximum possible bit rate in bps
+= Bandwidth is the channel bandwidth in Hz

- ¥® SNR is the signal-to-noise power ratio
P P

N2

= Defines-a-channel-characteristic not the
method of transmission

3.95

«---l Example 3.37

B

Consider an extremely noisy channel in which the value
(::B‘S of the signal.-to-noise ratio is almost In other
words, the noise is so strong that the signal is faint. For

L

this channel the capacity C is calculated as Jamy

[C=Blog, (1 +SNR)=Blog, (I +0)= B log, | = Fx 0=0

L Yo Sl a8l Repdwidth Yo, M\km\\p\euh@j

This means that the capacity of this channel is zer0

regardless of the bandwidth. In other words, we cannot

receive any data through this channel. R
recetve
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| Example 3.38

oy

v R Yooo uesas \Ss L p

We can calculate|the theoreticq] highest bit rate of a
regular telephone/line. A telephone line normally has a
pandwidth of 3000 Hz. The signal-to-noise ratio is
usually 3162. For this channel the capacity is calculated
as

= 3000 x 11.62 ={34.860 bps)
B0 55 SRt &) e T N U
This means that the highest bit rate for a telephone line
is 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.

fNeise I\ o
3.97 Sigml foors N x5 (Y
bk dh Of 2y

Example 3.39

i
v P
=
m|

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

MHz. The theoretical channel capacity can be calculated
as

{0SNReB/10) wmp  SNR = 10 3.6 — 3081

SNRyg = 10 log;g SNR == [SNR=
¥ C=Blog, (1+SNR)=2 X
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Example 3.40 S

S

I
R
AN

Yt \ex 5\ @u\%&qﬁﬁ Syud S INR N o . hi
0 BN 5308 Syt . ve ivh

e\ F or practical purposes, when the SNR is vV Ij]fs' S/,(;[ ]; e
can assume that SNR + 1 is almost the same & o Iy
these cases, the theoretical channel capactly can p,

simplified to 1 of s oy G LL %

wneal \o\S L SNR
e [eman

For example, we can calculate the theoretical capacity of
the previous example as

IC=2MHz><3?6=24MbpSI

3.99 Gen =09

Example 3.41

We have a channel with a 1-MH7 bandwidth. The SNR
for this channel is 63. What are the appropriate bit rate

and signal level?

Solution

First, we use the Shannon formy]

.. a to find er

= — 100
I C =B log, (1 + SNR) =10° log, (1 +63) =10 log, 64 = ¢ Mbps

CamScanner
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V

.- ‘ Example 3.41 (continued)

The Shannon formula gives us 6 Mbps, the upper limit.
For better performance we choose something lower, 4
Mbps, for example. Then we use the Nyquist formula to

jind the number of signal levels. 2 Sormoles N sl
LGEmE

4Mbps =2 X | MHz X logy L ==+ L=4 I
A
Ao\ e \nisd

G
u&@\ﬂé (& Heps)

Ve

3.101

* Qoiseless, 4 5 %Mo oise hrannel IS WA aladk

Note E

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

3.102
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x\h(c ouu, SRR Y ER SR TR \Q\é&\bé)
) \W\\*\&DM\M / b:/lm
ne important issue in networking is 1';13 performance of

the network—now good is it? We discuss quahty of
service, an overall measurement of network perfor Manc,
in greater detail in Chapter 24. In this section, We
introduce terms that we need for future chapters.

.
)
= L] - hd .

Bandwidth - onts &Jc\es/% > ya’Satn = botls fer Seeend
Throughput
Latency (Delay)
Bandwidth-Delay Product
3.103

%

L as N Networking, we use the term

o bandwidth in two contexts.

s «.[] The first, band |
\_‘ width

L&\.ﬁf Léme\\%zﬁ‘ne? the ra " lortz, refers to

Wiy nge of frequencies in a

e uég\j\“’f‘ composite signal o the range of

. Sigpolde requegmes that a channel can pass.

Ghw -] The second bandwidth

omn = in  bits per
‘second, refer _
A\ TNE | N S to the ¢
¢ Yoy transmission in a channe| okl speed of bl
bps
3.104
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Example 3.42

The bandwidth of a subscriber line is 4 kHz for voice or
data. The bandwidth of this line for data transmission
can be up to 56,000 bps using a sophisticated modem to
change the digital|signal to analog.
LR Al 8 ks on F bily it SESWA\ \X\Z@\»@l\
\Bsﬁﬁh\ NSRS A @V Ahades) > Y>3 hOe
Buyncfonise Ll — 315

3.105

Example 3.43

If the telephone company improves the quality of the line
and increases the bandwidth to 8 kHz, we can send

112,000 bps by using the same technology as mentioned
in Example 3.42. |

3.106
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- 2339 Teciever N s ] Cuckeh (,4 )??_,)&,w)\»sws’. |
& hroughput versus Bam’lr_V_l__f_,_M_,,, *

, wd’f = Bandusidth NI = i
Ao b bess Nands Sl Apal 43

(SessS> U The Bandwidth is a potential me.asur ement of
2% how much we can send data over the link

dcda \ink \ovjer M tsgle 5 Bl <At 3\61:‘353’\ ¥
yaorxs 7 The ThroZghput is the tLC_t_l!!!L measurement of

2 how fast we can send data over the link

U The throughput can bellimited)by the Cflpal-)i.lities
of the communicating devices 0F the availability of
the network resources

0@

N @\emc:\PU{' " '\"nfwa\\pu* W pPs MWA\W%SS*
3107  0tp - AeplagedGoudss) Som el Sslide
( Negex

) } Example 3.44

A network with bandwidth of 10 Mbps can pass only an
average of 12,000 frames per minute with each frame

carrying an average of 10,000 bits. What is the
throughput of this network?

Solution

We can calculate the throughput qs =% »
DC.:_) \.I.\ Ue %Zn

Throughput = 12:000 X 10,000
eipu 60 =2 Mb[}S

The throughput is almost one-fify, o
this case. fifth of the bandwidth!

3.108
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Latency (or Delay)

one way delay

The latency (or delay) defines the total time needed
tfo transfer an entire message from source to

destination  (BLo2\) (-t bime ol £5 4 %
((Gyne 3oz X)) Ack L Send S

) N WAL
&l The total delay consists of four components: - >\

ol Aptrotie s | Bl dppio P
2 Propagation delay = Distance / Propagaﬂ@
= Transmission delay = Message Size / Bandwidth (b ~Y_
pn2 Queuing delay: depends on the current network status

® Processing delay: depends on the speed and

IV r— -

capabilities of the nodes 3 o0 r & () Gome
g T Lk

51 o5 A &
. e A el
Q The Jitter defines the variations in'the delay

—

l—) v\ {5

=

3.109 (;\:\Hm)h A oo 555 delay D)
- Ppps -
(C,\B)j-l:-r)_ﬁ/v-‘)):( FASSR Y

Example 3.45

c_’,}x‘] L SL

What is the propagation time if the distance between the
two points is 12,000 km? Assume the propagation speed
to be 2.4 x 10° m/s in cable.

Solution
We can calculate the propagation time as

: 2,000 X 1000
Propagation time = ] =

2.4%10°

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
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Example 3.46 S

, . ransmisg;
What are the propagation time and th:. n:ail) ijlpsszton
time for a 2.5-kbyte message (a’; Assume that .
bandwidth of the network is 1 Gbps: . 1 the
d the receiver 1s 12,0y,

distance between the sender an -y
km and that light travels at 2.4 < 10° nvs.

Solution o |
We can calculate the propagation and transmission tiy,

as shown on the next slide:

3.111

|  Example 3.46 (continued)

12,000 x 1200 =50 ing
24x10

Propagation time =

Transmission time = 2500 9>< 8 =0.020 ms

10

Note that in this case, because the message is short ant
the bandwidth is high, the dominant factor is the
propagation  time, not the transmission fime. Tht

transmission time can be ignored,

3.112
CamScanner
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e

Example 3.47

what are the propagation time and the transmission
ime for a 5-Mbyte message (an image) if the bandwidth
of the network is 1 Mbps? Assume that the distance
petween the sender and the receiver is 12,000 km and
that light travels at 2.4 < 10° m/s.

Solution
We can calculate the propagation and transmission
times as shown on the next slide.

3113

| ’ Example 3.47 (continued)

Propagation time = 12,000 X 1200 =50 ms
2.4 %10
Transmission time = 5’000’0(20 X8 =40s
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

| -
CamScanner
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s

Figure 3.31 Filling the link with bits for cas¢ 1[4
— T e ket
bils s e 4 bie x Deloy = bodusid ey

. (%kﬁm\‘;\.&\ Pipe M\ \@\3.3_._\63 Receiver
Sender '

Bandwidth: 1 bps Delay: 5§'_
Bandwidth x delay = 5 bits

After1s 1st bit | —
After2s| 2andbit | 1stbit |—>
After3s| 3rdbit | 2ndbit | 1stbit | —
After4s| 4thbit | 3rdbit | 2ndbit | 1st bit | —>
After5s | Sthbit | 4thbr | 3rdbit | 2ndbit | Tstbit
| ' b,
> .-

D u!
1s s s 0 s 15)

. Receiver N d), bit { volas el hes D an
Goshs Transpedt 3o ARG S B R e Pipe VM %
loondA® hinve. ¢ Delay — v o Precogectyinbils/s %
3. o
Afen = B ( bewdusidth) BOP - Candanadh delay pedoe

- PR volome N Aeds B adwididll Ochuy 3 sWadd
Figure 3.32 Filling the link with bits in case 2

Sender Receiver

: Bandwidth: 44383 Delay: 5 s
ST Bandwidth X delay = 26-sits

First 5 bits
After1s ——— u\gw&h

FirstSbits  L15, lakol =5 g

First 5 bits

R PO R B b

After3s | | sl .
First 5 bits

N0 Y )

After4s g 15 4 FL 1
S C9 P P P T First 5 bits

AfterSs |- | |7 JENIE £ RN b B

! J 0

1s 1s 1s I .
1s 1s
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The bandW|dth-delay product defmes
the(numﬁh?”é"f bits that can fill the link.

E
i
f -‘U- h e 00
L

3.117
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U""l LY ke Plalt 33 I

Signal Il S5 fekwes I = ¥

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. is always needed; block
coding and scrambling may or may not be needed.

e

* (] [ L3 ()

Line Coding

Line Coding Schemes
Block Coding
Scrambling

4.2
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i fveceme. i the; gata to digital

Converting digital S<== o)
Signals (pigtal % Otk X
At the(sender) data elements are

“ﬁ; éncoded into signal elements
" r, signal elements

Loy ¥ At the receive t
ees™  are decoded into data elements

Al

c;‘—%%l b\ﬁijtoi N Ak \imi:&)noo\m %
il o0 51 Bt Mehrs g3 o3 Lo
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O CGns SN o8 AL Pousetly Conglexty Ny Yoz D0 B W %
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Figure 4.1 Line boding and decoding

Sender
| Receiver

Digital data

- A
0101+++101 Digital signal Digital date
aro1 10
Encoder -

T
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e sz esae®

. . WAL
Characteristics of line coding = we o=
. Qo ‘\f\fj)

‘® Data Element vs. Signal Element
>m Data Rate vs. Signal Rate

3 Bandwidth —= (vecwyw o
= Baseline Wanderlng\_\mQodmy\b%‘ﬁmu\gm&e. -
s® DC Components > . 0 = O conporen! Hequens

- oc o Sgiel sigrl 3%
Self-Synchronization @, s 3 desel s\haie iqsih
1T : 3o says- 2ot Respeney) &
Bu-[sla_\i ID Error Detection S, dighl eSS Wockey
= Immunity to noise and interference ™ S5
- A

|
. /¢
U8 COMPIEXILY” et 878 Do conporiaidasdichuneels 3

"m ''m

4

e Alock evatSsestuatd Ty 3
Re N ehide ok Nadadsadiutastasy
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Signal Elements vs. Data Elements K

. \‘,FIIP‘\\';II\ P_—}_ 'Jouo ;&]def

= A data element is the smallest entity that

can represent a piece of information (a
bit) = " Lleloo QY Mo\l

» A signal element is the shortest unit in
time of a digital signal (a baud) - s tobd yoil
» Data elements are what we need to send
® Signals elements are what we can send
» The ratio, r, is defined as the number of- (=g e

data elements carried by each signal ¥~ doih
element w6 ekl
—_—
f%\gmlelemeﬂjf e Dt clemeT S Srasme %
- (Gos)
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. ata ele !
F . tversus d
1gure 4.2 Signal elemen " gata element
—_// /‘Vl ] 1
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Vgnad Hedy [ |
) igna
% - ) Element ;
= ) PRy el
\_'ﬂt‘_“iqlto\gn\' - b'elements r= 7)

. : . a. One data element per one signal
@&'meja\kﬁ element (r=1) //’f"
aa e laallas w

lh( Q)\:..;\\g, Sodo)

- +— I

signal

L 2

1 signal /ilfm/enff_,,_J

element lements per three signal
3)

(saiGhadlalt
S5 %\sr\m\ tade MS . Two data elements per one signal d. Four d:tt: er: b
\5‘&;6\\ element (r=2) eleme 3
4.7 .

(M08 0dn s bandudid e S g;,:—-\ )Q_

x =0 .
e Data Rate vs. Signal Rate
Aol ara elemaliza, oz
h-ves— @ The data rate (or bit rate),@ is the number of
o s data elements (bits) sent in one second
® The signal rate (or baud rate or pulse rate or
o oy < Modulation rate), S, is the number of signal

elements (bauds) sent in one second

b “m ' '
- ey @ The goal is to increase the data ra
sarefelenalhance the speed of transmission) \Evehi(lznd

decreasing the signal rat
a e
oo required bandwidth) (and hence the

AYQTarg

Yane) (oY * 1
Q.) e "’S:CXNx_]_‘

Ashl\s 1 dQege Sevissdde o r

il m ' dep
¢ =L ® Where cis theﬁgsex%r that depengs on
t

1. B meerseH v
: Cé€Lod] Ce M e E
' ' «& : l‘jLL jl’i

4.8 Goe Fac\or - =
— C .__9 = 7 X BX lﬂje[_

~—
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| ‘ Example 4.1

A signal is carrying data in which one data element is
encoded as one signal element (r = 1). If the bit rate is
100 kbps, what is the average value of the baud rate if c is

between 0 and 1 ? Ew L

7!

Solution ‘.
—_— n-)u.\ fa¥e

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

J i
[

S=cxNX

= x 100,000 x i- = 50,000 = 50 kbaud

~
l\)

% %\%mi Rade X\& r\o&‘bfx

4.9

The Bandwidth "w

= As learned previously, afdigital signal that |
carries information is nonperiodic and its
bandwidth is continuous and infinite

= Also, many of its components have very small —
amplitude that can be ignored e fequencimde. sailo ¥eldls

, : L hepidode S\Y
= Therefore, the “effective bandwidth” of the " wwf
oq‘l»?s\;.& ¢ Q:;(‘
reaI life d\}gltal \g\gal IS ﬁmteD i\umi;::\\
® The bandW|dth is proportlon\@l to the signal  fespencieg
rate Q_/-A\—”“ 1% 5\ 6%‘“ O\“Ssaxs\:i\
nin ‘ o‘.pQS‘ ! QA&:) U
® Given N:"““““\{Bmm'—'CXNXF o2 @mmb&ug
mxﬁr\rnh (9‘:ii
Qns3 s )
* Given B: ¥ :'C’Xer
Attt
4.10 ¥ Boun S\ ooy Doda e M 4 spleddn
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‘I Example 4. 2

Chapter 3);

nel (S€€ i

- The maximum data rate of ¢ Chb the Nyquist formujg
Nuox = 2 x B x log, L (definé mula forNoma?

: . us
Does this agree w1thj’the previou form  ivrateds!

% of doln asstz“'“
clemet
Solution Shpel

A signal with L levels actually ¢a" “s’,-;?,’az element ag
level. If each level corresponds 10 Onethen we have
we assume the average case (c= 1/2),

INma*( "XBXI‘ ZXBXlOg”L |

E———

411

Although the actual bandwudth of a

>‘AD dlgltal SIgnaI is mfmlte the effective
bandW|dth |s fmlte
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T N2 Powes

. i g _ |
Baseline Wandering Comong e 273)

= While decoding the received signal, the L“{;"T‘;;r o
receiver, calculates the running average of ;i:.;.,: y
the received signal power, called the = 5
“baseline”

L] The incoming signal power is evaluated
against the baseline in order to determine
the value of the data element gL e =

; , , : S 4

» | ong strings of 0’s or 1's can cause€ a drift of ~

n Sv

the baseline, called “baseline Wa”de””g,iud\;l-@@

which makes it hard for the receiverto =" [ . | su)
correctly decode the signal L]

= A good line coding scheme should prevent
baseline wandering _ =)\ dsdssedicy

\';;_‘\., B-S'.\'-M. N s );.:.I

4.13 Donp M:u Sigaal Il . ‘ . \
Uy ad \ e Cci\‘)c(\ei\k as Qé\hﬁgﬂ %&oc‘a \ite QQ:X\“%
” ] Wansvithion Vine Nehn Qs
e Vacds Me sl

S0 Hraodefner Sost 203 effect
DC Components ek L

mx\f\:om ‘.DC- w«aoc\ei\sv GB§J\S:\5 um A\ e ¢ O N \deale

® Long constant voltage levels (DC) in  L.gus
digital signals create low-frequency =il
components F b b
= DC components are mostly filtered
out in systems that cgn’t pass low
frequenc_sigab S
* A good line coding’scheme should
have no DC components

-

4.14
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Qepd eSS
(e/c,\affl\»ja
bk S\Mucab‘\ 3\“”@('\ LS 95 &Y

Self-syn tion .y st
chronization .y

ST1-SVYI o :_h—/ o \esg\.:rx a\c él

-2 The sender and receiver mu ust ,,__y

a2 synchronized in order for the received d.signai
dmis fﬁ.:i‘;‘ 0 be interpreted correctly- -~ \,,5\ ST

d of the p;
S sas® Bit duration, the start, and the en its
2@? e should be exactly i |dentlﬁed by the receiver

o % If the sender and the receiver ar€ runnl.ng at
different clock rates, the bit intervals will not
match and the receiver may misinterpret the
signals

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

4.15

\
Figure 4.3 Effect of lack of synchromzatwn (é*\:'r Q!t ._\

‘Aabﬂ\ RSN
\h’rdmsoam\ A | ,
AN G ¢ Pante L
\nag\s Mgl ' \
u.m

\sws of gl.ods Mas -
N M L Gt Time

a Sent \a

\ o=
E{)&C\‘a 4 i d\o:gess\@uks.\&g 3 Balsposly
sdb cols M| 4

ame |10 e oo
| | ] [ ! ! !
\)PJ | [ | I A | L !

! I

| ' R .
| : — Time

’J b. Received \_’

| 4.16

l
00:1|
|
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Example 4.3

R W VR
sion, the receiver clock is 0.1 percent
faster than the sender clock. Fiow many extra bits per

second does the receiver recejye if the data rate is 1 kbps?
How many if the data rate is 1 Mbps?

In a digital transmis

Solution
At 1 kbps, the receiver receives 1001 bps instead of 1000
bps.

1000 bits sent 1001 bits received I extra bps

At 1 Mbps, the receiver receives 1,001,000 bps instead of
1,000,000 bps.

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

4.17

\

"

Figure 4.4 Line coding schemes — i Codingy Wl

CQ Unipolar — NRZ
@) Polar _ NRZRZand biphase (Manchester,
and differential Manchester)
L Line coding @ Bipolar  -}——— AMIand pseudoternary
@ Multilevel — 2B/1Q, 8B/6T, and 4D-PAMS
@ Multitransition §—— MLT-3

4.18
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N= 806 36 U, 0 IV e

0 Bl ) Mg S 7
ro) scheme

\eye )
A\F & _.’3' o\
Sgnel

] . 'Return to Ze
Figure 4.5 Unipolar NRZ (Non wps V2 SR=\
R

Amplitude H\frﬂﬁj; %Yz 2 WP

L- Baseline. I L R P @;}r + Yop= 12
(uanécﬂng-» ax Vv I ; | L \h(ci: 2 2
I Oghisa

het Qeptayl

¥ Pl

|
S 2353 \ > Ch gt [
2 S ‘\,\" 50 | ! r . ' Time T %Norma“ZEd Poer (%‘3\
Coss \3 =t b
(ST

=N one side of the time

Suadst " Unipolar: All signal levels at
\Nks\')\&ub aXiS N \fu{ f\esq']\'wcqp\.h

lgilbi = NRZ since the signal does not return to zero in the

ey middle of the bit -5t d¥gs (el sy
foet Relatively very costly scheme in terms of
normalized power >  Rawer Nt oid¥s
" Hence, not a popular scheme nowadays

| 4.19 58\ SiienGas

Seoiv & [opo S 2 L

‘ Yol aygporyg :
| _ L[] = SO 2
/‘1 'l n | £ *

. ( ék\c':%{c o=v/ \ogic 1t -\ A9 . R
(xs\\ & Figure 4.6 Polar NRZ-L (NRZ-Level) and NRZ-I (NRZ-Invert) schemes
i \-ﬁgﬂi > hecavse we hove 3‘)6 Votaes
ASsy e ) =V i
- o ! . Stanal e
N o:1'0'0'1'1'1101%‘%“01_,35“‘\-&'*= N Sae=N12
e e e R ] v S
o\l Yoa NRZD ; — > 1 P Pawer dersit
efke os o(l:s | |: 5 ! o Time 1 ( Powes per narkz)
SICER T —t —— 05 BN o, i
\DJ\JC\ 4 | : :I_+ : : ﬁr’n-e 0 ——
wbﬁg\\s\e(\’ I 1IN B B o 1 2
ﬁuﬁw \= O Noinversion: Next bitis0 @ Inversionm 'Q(QM ke Al F(OM N bty
ARV . i —
e o, " Polar: The signal levels are on both sides of the time axis
. Weasm) " NRZ-L:the voltage level determines the val ,
 hext M ~= NRZ-I: the change or lack of h ue of the bit
change determines the value

Baseline Wandering and s . .

‘ oS , nch ,

1 Uj’ou»b but twice as severe in NR y romia’?tlo(n S0 i
3 2- o uE

@ariersys Both have the DC Component bl [RVR

>\vos\7_-$3"c‘$ *S‘: C.XNXAF ) {:L 5 Cs (2. ( \;’.QAL‘X

(Y
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* Aoles i 0 gas Sync. IV Al oe |#lae.

+ Seares Dl guc gl Cleek A os )

NRZ L and NRZ-I both have an average
signal rate of(Z Bd) |

4.21

Note y

NRZ L and NRZ I both have a DC

component problem

4.22
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Example 4.4 4/__#

1 Mbps data, Wh
A system is using NRZ-I 10 d anff‘fr 1 bandwidth?
are the average signal rate and m!

|

Solution
The average signal rate is S = N/2
nunimum bandwidth for this average

= 500 kbﬂlld. The
paud rateis B, 2y

=500 kHz.
4.23 Swpr C XN YL
= ._l- AR S _L = N
2 L
2
S:;:J\ N Ao Sie il ik iy, 555 Ak o 2. Sigral clevenl V<
o 2,2 Figure 4.7 Polar RZ (Return-to-Zero) scheme ) date, s
s Y‘B.\_Us Las Shement
OC (Bletmx 1 © &3} -V Godiill o Mabomm % [ ;] Bondudii!
\"jé'i Cem?o'eﬁ\mplitud oWV 3 Go AWV e~ WS 3% | T 7 snrake = Sigaal f\\'gsave-: N

p
: Bandwidth ->q:3\9_

K%b.raaga oy 1o
Wartevrl Bl al
\-' RY :

0 0!

|

5 = RZithe signal changes at the pe
® Solves the synchronization probl

Susdgsy ' No DC Component problem

- Qewt M ® Needs two signal levels to encode a bijt >

| e < Uses 3 signal levels =& more complex S

-2 Not a popular scheme \"

ginn_ing and in middle of bit
em in NRZ Schemes

TN it leciamenay! «
| Gaw 4.24 P
h ort 3
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——— (LAY) ——
~ Ethenet 3V patue

Figure 4.8 Polar biphase: Manchest nd differential Manchester schemes
& P er and diff teforn ~ta- 2efo 43

(ot Meane (adam) .
Qms L s _rj (Srgnal e ) aug fate J\usﬁg.q:\'.srs*_“‘
} doda N cuios
L () (ecte
N A R =1 Se=N fesitiag onlie)
Manchester i ! l-— i —l r_! . P LAN DY \3
L T e RIS A
: : : : I : 1 Bandwidth . on\du.m:kﬂ'\
—_— 05 M‘}MM )‘j
| | 1 I . ™
rentia ! : i ! I : 0 e
h{:;tf\ihestte: u : I_] |_.| ; | > 0 1 2 /N Pouaef A3\
u\\ \ » : u Ll ! l_' Time r Ql \NAN
° .r:"'; - O Noinversion: Next bitis1 @ Inversion: Next bit is 0 3 %&»b\é -

Overcome the problems of NRZ-L & NRZ-]

The cost is doubling the signal rate and hence the
minimum bandwidth PC Gapotale 15 5l OF Zay 13

Q»ﬁnc. JARCN\E L-._, b 5 S| S HMS- t:a C'E-‘_J

W\m y\m

425 ol Mo vy WA O st e Lo ¥

Notel %

In Manchester and dlﬁerentlal ,
Manchester encodmg, the transntlon
at the mlddle of the b|t is used for

synchromz_gt_u_;g

492¢n
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The minimum_
ifferentid
and diff hat 0 NRZ.

4.27

Note }{ «

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

4.28

CamScanner


https://v3.camscanner.com/user/download

Figure 4.9 Bipolar schemes: AMI and pseudoternary

Os\ -V Bypy W Byelsy 5,
Amplitude \ . # | ST 1
L T NAey Su iy a0 e e Spe= N
1o -0 | 1T L0 10 10 ey Ll
volt | I I b=V el
| I | b aN oy U P
AMI ) I : == Bandwidth
[ I i i Time * 1 i
! | I I I ! (N AT
T e T i 05 auanll
I | =_—
Pseudoternary —>- 0 l : T >
| ] Time ' "y N
,I : (\);“:)‘\-A::L“ ! 2
230 B o s e W)

e e —

" AMI (Alternate Mark Inversion) = Alternateélnversion
" AMI: 0 = zero volt, 1 = alternating positive and negative
Pseudoternary: 1 = zero volt, 0 = alter. pos. and neg. —> M\ s
No DC component. Why? - \)acous;z oﬂ3=oki e
; 7 > M = ogd LG Y :

What about synchronization? LoRendditars s> L S © N slust )
T . , . s \3\ 3%

g oo\ \()Q)\)é)_ &53\0=A_JDQ§Q 3%090‘3&0#05'. ’
4.29 S P R

Bt Lol o Sigrali\Wide W adls sancgiy Synchronzation 3\
P ekl ie Tldpe s L &

Multi-Level Line Encoding Schemes (mBnL) o'y

* The goal is to increase the number of bits per baud —
g% encoding a pattern of m DE's into a pattern of n Dpambel 34
'S

CRE I

\oits W og yedoss sl sn

L signal levels =» Ln signal patterns
If 2m = Ln = each data pattern has a signal pattern

If 2m < Ln = data patterns form a subset of the signal
patterns

= Extra signal patterns can be used for better synch. and error
detection

If 2m > Ln 9 not enough signal patterns (not allowed)
mBnL =» Binary patterns of length m, Si

of length n wit FI)_signal Ievelsge sgmnﬂ\ggte&i
" L can be replaced by: |

" B (Binary) & L=2 (e.q.; 2B2B)

" T (Ternary) & L=3 (e.qg.; 8B6T)

* Q (Quaternary) 2 L=4 (e.g.; 2B1Q)

o o i

milm

4.30

Binary data elements = 2m data patterns  Gusldalads Meis

CamScanner
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4.31

2. dodo. clement enaddad in L 3E €1

In mBnL schemeés; | a
elements is encode€

s a pattern 'Of“lnt_.z,

< Ln_’" A

hich 2

signal elements inw

rgyel et
[% L=U \eue/B

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
o1 +3 -3
10 -1 +1
1 -3 +3
Transition table —> &'0\3 &';
e 3b
\
00 ! 11 ' o110 o0t -
I I T TR My 4 Rl
I 1 1 [
1 1 ] ] P
+1 l : I : ~
L 1 1 a
: \ | T 1 Bandwidth ‘&‘}5
214 : |I 1 Time 0.5 o
| . 3
1 1 1 O\J‘A\ES\Q‘J
-3 | Jl 1 : : 0 T |~ T >
A 0 112 g 2 N
Assuming positive original leve}

T T

A L-> "1 complen
(eckivef \_ »

R
,-ojgyb ]

4.32

Faster data rate. Why? \Jecm (=0
L = 4 = complex receiver & 22 =
What about the DC Comp.? Not

What about synchronization an

b4|1 = no extra signal patterns
d g anc.ed (scrambling used to help)
aseline Wandering? (same)
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M
Figure 4.11 Multilevel: 8B6T (Eighy pir Pletet Npppdiu

ary 6 Ternary) scheme
A 0001000 Al O\
m= 31 : 01010011 ] 01010000 1 + .“L“” s
+V T | | i sus ol g 60
] Inverted | = TN
0 — : pattern | \ — = ¥OF
“ —
v b n=6b : Tl:ne Y
-V N:h ‘,V:g;%]\‘iuc | : —xt-O-
8Q(;°;‘M-O-O++ ud%c{)c: e ! ' ios Wwoolid e -\ = &

Lysss Nalkid le
L P -5 S\ cudey

6. 78 — ¥ (2R Suelgizw> ¥ > E S G

" 3°- 2% =473 extra signal patterns’= good ;wm(gené o Cec@®

synchronization and error detection s elids &F T emeatioe

. "
Each pattern has a weight of either 0 or +1 DC values e

!f two consecutive patterns with +1 weight, the sender
inverts the second pattern. Why e fedice. bmdine wan

How does the receiver recognize the inverted pattern?

A\ W\ IR r=r

LIS T

" SaVQ:ZJZXNX?_J/S=3N/8 .g,mfgﬂ[_)-c‘:?ﬁ;ﬂ,(fﬁ’”*
c 1 & . g ' —l.
4.33 - Raseline voendentgdliosk

O M dosolt s Bopendin D 2%
‘el Qewhility N\

Figure 4.12* Multilevel: 4D-PAMS5 scheme

00011110 1 Gbps
A 250 Mbps
\ > Wire 1 (125 MBd)
: P
.
|
| . —| 250 Mbps
l - > Wire 2 (125 MBd)
1
+2 l 1
I
= |
+ T > 250 Mbps
B > Wire 3 (125 MBd)
-1 1 i
-2 :
* 250 Mbps
| > Wire 4 (125 MBd)

» 4-dimentional five-level pulse amplitude modulation

» Level-0 is only used for error-correction

= Equivalent to 8B4Q scheme with 5.,, = N x 4/8 = N/2

" Four signal are sent simultaneously over four different wires
= S .= N/8

4 = Used in Gigabit LANs over 4 copper cables
34
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\__/\

Figure 4.13 *Multi-transiti

4.35

o
-—

0:]
+V
ov

|

: : || Time
vr o IR
a. Typical case

A
LIS I IR TS TS O P
b B P
! | 1 1

! v Time
Vo Do

. ' | \ \ ]
b. Worse case

If next bit is 0 & no transition (
If next bit is 1 and current level IS not zero

non-zero
level:-V

non-zer

Next bit: 0
level: +V

Next bit: 0

¢. Transition states

= next lev

on: MLT-3 scheme

problematic long string of 0y

elisg

If next bit is 1 and current level is zero = alternate the
nonzero level -
The worst case is a periodic signal with period of 4/N

9 Smax = N/4

Table 4.1 Summary of line coding schemes )k

Bandwidth
Category Scheme (average) Characteristics
Unipolar NRZ B=Nn2 Costly. no self-synchronization if long Os or 1s.DC
NRZ-L B=N2 No self-synchronization if long Os or 1s,DC
Unipolar NRZ-I B=NP2 No self-synchronization for lone 0s, pC
Biphase B=N Self—synchronization, no DC, high bandwidth __
Bipolar AMI B=NI2 No self-synchronization for long 0s, DC
2BIQ | B=NA | Nosalr. izat p————TY
€ Synchronization for long same double biS
Multilevel 8B6T B=3N/4 Self-synchronization, no DC ~—1
4D-PAMS | B=N/I8 Self-synchronization, no DC ml
Pom—— MLT-3 B=NnR No self-synchronizatiog one 0 e
or long Os “
S -

CamScanner


https://v3.camscanner.com/user/download

W Ble 8 Jaale s ®

) e Mo 2
Block Coding ~ ™" >

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

= Ensure chronization

= Detect errors

® 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
2 This is referred to as mB/nB coding
REARY: Vo
437 Bleck codin

Note !)}c

Block codmg |s normally referred to as
mBlnB codlng,

replaces eah bt group with

_n-bit group.
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" Transformation

% Steps in Block Coding+-==—="""" "

n T .
= Step 1: Division . ps of m bits
" The bit stream is divided into o :

Lils o e PR

| H H .
* Step 2: Substitution . .1 n-bit codes, Where
The m-bit groups are substituted Y17 nﬁg“’é?an to ensure thy)

A number of n-bit codes aré Care-]curI,I);rce achieve t
synchronization and M‘ n-bit codes are negy
Notice that at most only oné hﬂ{\gg t:\e i &,
Why? becounse o 1o mwost odeg=r &h

Ul um

as

L CLptase St
» Step 4: Combination B her to form a new bit
* The n-bit groups are combined togethe
stream
* Step 3: Line Coding new bi
= A simple line coding schemé is used to convert the bit
stream into signals : ;
= No need for a complex line coding scheme since block coding

ensures at least the synchronization

4.39 Blexck cobirg 18353

/

Sigdl 31 wpa &
. fate

Figure 4.14 Block coding concept

Division of a stream into m-bit groups

m bits “m bits m bits
110-.-1 OOO---1 'R 010“'1

i |

) mB-to-nB
j"’“ & substitution

1

010 ---101(/ 000- 001 ».. 011...113
n bits n bits n bits

Combining n-bit groups into a stream
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Common Block Codes )4

2 4B/5B Code ™ &\ Lot ki

= Every 4-bit bloc i ; : _hi
codas k of data is substituted with a 5-bit

2 The 5-bit codes are line encoded with NRZ-I
* Each code has no m

tham t a Mmore than one leading 0 and no more
.anMLm%gs (i.e.; no more than %w

0's will ever pe ransmitted) — ds=¥=Ww

erat about consecutive 1's? Why is it not handled?

= 20% more bauds on NRZ-] due tq using redundant bits—\(
" Unused codes provide 3 kind of error detection. How?

" What about the DC component problem with NRZ-1?

n'lm

Ibps
—
" 8B/10B Code J, l
" Same as 4B/5B except for the number of bits =)
Substituted 2~ \-25
" More codes are available for better error detectionssss i
capability LPRRE M.s;.,is\\
4.41 T

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

Sender Receiver

Digital signal

48/58 NRZA I NRZ:| 4B/58
encoding encoding Link decoding decoding

Y

4.42
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/ N
coding
Figure 4.16 Substitution in 4B/58 block

4-bit blocks

01001 |

Y
ENNENN | BRENEN | ISEACI

5-bit blocks

(11 60 o Vool
——

3 Golins\y 2 onds LR Epine &S B

4.43 (21 Yy A lemding Zefes 572 @M"‘?ﬁ\i@ X
(oo o omr\s vest Signikeark bit B ER T
S g R
Table 4.2 4B/5B mapping codes Y BlseS
Data Sequence Encoded Sequence Control Seqiience Encoded Sequence
0000 - 11110 Q (Quiet) 7, cngdbail 00000
T e 5
0001 % 01001 Lade) 3, 23\ 38 1l
0010 10100 | H (Halt) 00100
0011 10101 J (Start delimiter) 11000 B
0100 01010 K (Start delimiter) 10001
0101 01011 T (End delimiter)
0110 01110 S (Set) ?iégi/
0111 01111 R (Reset) — |
1000 10010 it
5
1001 10011 —
1010 10110 Tl ]
1011 10111 W _
1100 11010 O
1101 11011 —
1110 £ 11100 — |
1111 11101 — |
ey
— ]
e e T
4.44
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Example 4.5 I—

What is the

- rate.
we need to send data at a 1-Mbps i ation of

minimum required bandwidth, "Si"? a com
4B/5B and NRZ-I or Manchester coding?

Solution .
First 4B/5B block coding

Mbps. The minimum ban
625 kHz. The Manchester scheme needs
bandwidth of 1 MHz. The first choice needs a lower
bandwidth, but has a DC component problem; the second
choice needs a higher bandwidth, but does not have a DC

component problem.

increases the bit rate to 1.25

dwidth using NRZ-I is N/2 or
a minimum

4.45

Comdinakton Sebscdes
Cocks MG
88/108 encoder - dwaisls 2y GallaCae s

Figure 4.17 8B/10B block encoding —>

sB/6B I
d' i DRt -2 A 0 B3 B R
e Disparity
8-bit block —

R ST T T controller
: 3B/4B E |
encoding

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

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

" If the bits in the current block creates 3 dispari

_ : rity th

contributes to the previous disparity, the bing insfcheact
block are complemented urrent

446 The coding has 21° - 28 = 768 redundant cod

timmal Fa Al A wibn s b Al

10-bit block

e mm Al ma o P I
P

—
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. 3 tha .
We have seen In Chapterl The tendenc today i to

® ] a ] )
superior to an analog S1gnc ital data. I"@th's S€Cliop

. dl
change an analog signal 10

we describe two techniques, P
and delta modulation®
B\bi\a\-\ alge \Je)e\b\g““%

U Snelilge . .
*

Pulse Code Modulation (PCM)

Delta Modulation (DM) Py Amky P AWE"
. g
o . V .‘oSﬁtj KRS e
Vigl B gl O Jeas pad YL g Gy \evel-
Al by b e
4.47 S\ Dighld daas S a)] '°".' g

N ITSACN LR FFY |

¢ a digital signq] is

ulse code_modulatiy,
Lmee Campel

. ..\-m\’; VA
Figure 4.21 Components of PCM encoder """

Quantized signal

-D:JHM;AQ;‘\&‘@AA @

(PCMencoder )
———
Cermpeniie eime iz ———
- ana\ 3 . < L.
o > %ﬁi_' Quantizing Encoding > 11441100
Analog signal s & Shrad s Digital data
|1 655)
Quan: eV _r_',\l.;)\) ch Lo (LR
My \e Catvny Ll

* 1. The analog signa| is Sampled
*2. The sampled signa jg Quantizeq
% 3.

4.48

The quantized Values ar
€ €ncoded 3¢ :
Streams of bits
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sampling: Definition and

.Bjﬁmmﬂg\/erting analog signals into digital

by taking samples at certain uniform mte.rvé‘:\IST
called sampling interval (or samplmg' period), Is
= The inverse of the sampling interval is called
sampling rate (or sampling frequency), fs = 1/Ts
= Sampling is also called w
Modulation (PAM) |
«» The idea started by telephone carriers to provide —
long distance services SRR
= The analog voice signal loses power on long distance RPN
cables and therefore require amplifiers
= Amplifiers distort the signal due to their own frequency
spectrum and phase changes and they also add noise

= Since digital signals are more immune to noise and

- distortion, digitization is used S\ paat 3
.ol hoise 3\ pow

4.49 \osminhe Sregel o Sindsgraneavency) Qe piv pEs\ >k
: S:.m@\u\s\-)%&e, RN

/
Figure 4.22 Three different sampling methods for PCM *

Amplitude Amplitude
A A

Analog signal - )
</ V\/Analog signal

1 ! U T*L 1T | /"(l ﬂﬂ h\\]\ [ his

a,ldeal sampling E b. Natural sampling ST %Q\‘%\&*t“mgg

(J—e\&\\ iﬁ“\n Amplitude é : k»\;&\ §

VTN AQMW - Analog signal 9 s
\i.q;b . e ‘f/ T 3 of

J \A;;,\%) 1’—" : 0 O de Bundch M almy sl

f— K S Time | 2390 Nalos AQakeatbor )
= 7 Sy Quﬁa ek D s

o ‘ 3

S c. Flat-top sampling (fwylf_ any i) .?,-\_m Tt S i
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Jist Theorem

. |
ds _ | |
' Sampling Rme'eSa:
s
® Question: HoOW manl}/eproduce the

' needed to digitally D7
& analog signal accurd ¥ amples
- .= ldeally, 'M
[ « o s, g 2 S °
mpling rate

the highest
the original

L.__!; Nyquist Theorem. th? 5@
should be at least twic€
frequency component I
analog signal

4.51

Note X

According to the Nyquist theorem, the
sampling rate must be

at least 2 times the highest frequency

~_____contained in the signa|
——\.—
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-

‘ signals
Figure 4.23 Nyquist sampling rate for low-pass and bandpass 19

== fom -t g5 (0 A 1l
Amplitude S
~~ Nyquistrate =2 fr, ™
| Low-pass signal | ok N
fin f e Freauency
Amplitude
Nyquistrate=2 X f_.,
: Banc‘lp:a'g's_’si_gn:a'l_’ _: :, N
0 f — — f Freauency

min max

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).
0ver§ampling in part b can also create the same approximation,
but it is redundant and unnecessary. Sampling below the

N}fquist rate (part c) does not produce a signal that looks like the
original sine wave.

4.54
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ne

. tes
Jed sl
Figure 4.24 Recovery _

’ ‘l. rll “-. '1" ;-)-
c\;:\\\-;\ YA o - [/\ /\ ot ¢
O .\}:.\\L\\ l v ‘//'

S\:LB(\L\\.

& Nyquist rate sampling: f, = 2f

\\‘i\’\b\ﬁ'\n t—
SRS
\e Vs Sanples
- \\S‘ '\1 rsampling: f, =
Rre N _&“‘Qﬁu) b Oversampling: f, = 4 | —
sostecl NN A b
Qg e ' \74\\'/ ’ g
) %\8(\%\ ¢ Undersampling: f, = f = . o\=C b\:‘
TEYS Jsusny WSl 521 Gpe UNserlly Fgwe 425 W Saie -
E.xl\nfl& 49 o
4.55 C{ ?/ 2 FM\K X
Fr ¥ 2Cma
Example 4.9 -

Telephone companies digitize vojce by assuming

maximum frequency of 4000 H The sampling rai
therefore is 8000 samples per second.
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| Example 4.10

/-? “T(ecﬁgera(m\_;fi\ _
A 99___'"2195. lg[V;})_ags S/l';l;al has a bandwidth of 200 kHz.

what is the minimum sampling rate for this signal?

Solution
The bandwidth of a low-pass signal is between 0 and f,
where f is the maximum frequency in the signal.
Therefore, we can sample this signal at 2 times the
highest frequency (200 kHz). The sampling rate is

therefore 400,000 samples per second.

4,57

| 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.
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538 s edd ¢ QoM NS Yrae l
AW Q._ﬁ%‘i\u\ Ndisd ‘Q}fsui}
i I Varkion <AOM ¥ s iy
Quantlzatlon, Q;,\oo“ IV A ERWSTTEN -
= Quantization: assigning values in a specific range of
~ sampled instances

* Each value is translated into a binary equivalent
~ number (i.e.; Binary Encoding) N
2 The binary digits are converted into digital signal Usin
~ line coding
2 Steps of quantization:

Sigaaly) LL‘(MDQ Jl L'-J\_g &.sC) w5
** 1. Assume that the analog signal ranges b

etween v, andy,
** 2. Divide the range into L Zones each of height A (delta) —~'

(SPdeddis fange Nunibn v
W20 o\ Q)I:um(()m%rm\ = Vmax me e
-5 == o
B E 3. Assign quantized valueI§ of 0 to L-1 to the
- Caud zone =

L- midpoint of the
% * 4. Approximate the sample amplitude to th
h\c\pa\(\\&\%g%-_\wéj&\ o 888 \aloe gt &S
459 Sddad
) S CT U PNRAY
'7‘% F

igure 4,26 Quantization and encoding of a sampled signal

€ quantized Value

Quantization  Normalizeq A= do+20 =5Sv
codes amplitude ? —
J
y 2oy 4D o 6 L‘h%
— 162 19.7 "y =.
6 1SV 3p :
-
[3 ‘D\| 2D . Vm
_ p 75 (I
- v D
tln 4(e-5
L._‘.L 3 ( 3 . I | |
— i
2 . T -6.1
" 0
N
-0 '
0 .
. -
K 40 - of w
)3___._.- &' Normatizeg RFY! 1.50 324 394 220 . - Slels estimale? -
TOD Pl i o2 10226 83 g9 et {
& ® Normatized 5 - F\ \_5 A 3 L 3?
- e N5 50 350 : 2
S Qumieduaies iy 3 AS?‘ 230150 a2s0 s s =
N Normalized 038 L g i
Qe\“l" € error

Quantizatlon Code

YY) Encoded word
\g,u_) e

ernd = Z{ |
0 +0.26 -0.44 +0.30 -0.40 -024° +0.38 - -0.30 !
2 5 7 7 6 2 |

0 m m 110 010 LS =
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Q@tization Levels and Error

., The number of levels, L, depends on: )
4x . The amplitude range of the analog signal —> "%
= The accuracy needed in recovering the signal —» (1) 2}
P Choosing low values of L may increase the
quanttzatlon error if the signal changes a lot

s« The quantization error for each sample is less than
= A2 (A2 < error = A/2)

»* The contribution of the quantization error to the
SNRgs Of the signal depends on L or n, (the number

of bits per sample) «dy 4 s & \ WIS L VRCS
Mg ._.\082\_ “\\—'\y_‘é \D\\S W\ 28 c&(\-.\ D) B

SNRys = 6.02 N, + 1.76 dB St ¢

Wie) 3% € (dumter of b) e
CCaaziy RN b&k\»sxe»\b&‘) S alath W 05\
d\_\.\iﬁ\&\@ Noee N agdanl) r\————-'br,s gl

4,61

* Example 4.12

What is the SNR 5 in the example of Figure 4.26?

w‘;ﬁa .. < of bt B\L_»u:r-\v’b\é R 5\&_»»0-3&_1‘ %
o levels N \@Y ol bds M\

Solution

We can use the formula to find the quantization. We have
eight levels and 3 bits per sample, so

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

Increasing the number of levels increases the SNR,

462 oaedsdth N x_spow e
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* Example 4.13 (7.1l s ——
¢ must have an SNRy; aboy,

A telephone subscriber lin .
40. What is the minimum number of bits per sample?

Solution .
We can calculate the number of bits as

SNRyg = 6.021, + 1.76 =40 == n= 6.35

* Telephone companies usually assign 7 or 8 bits pe

sample. %
* Home Rate 2 howw\adﬁ -Q‘mmes Per Qeeohid -

4.63
2 Qe Cote Modoladet 7y
V) \_y&\
" Al S
PCM Bandwidth :*
- \ow-Pegs (Dlm Zefo Q_m’\.km ?

%‘ 2 Consider a low-pass analog signa
Bit Rate = Sampling Rate x bits per sample

=f. x n, L hews Mol opnpPled Pex Second
= 2 X Banaiog X l0g, L (Nyquist Data Rate)

]
=
=

" Bmin=cxNx1/r=cxfsxnbx1/r
=CXZXBanalogxan]-/r
" When r=1 (for NR |
XRZ or Bipolar) and c=1/2,

BN s gl s
‘d‘h}"‘.‘)\?—' ﬁ‘.n )\ -_-_J:)‘ f;n} B . —
— min = Np X BanaIOg
4.64
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| Example 4.14

we want to digitize the human voice. What is the bit rate,
assuming 8 bits per sample?

The human voice normally contains frequencies from 0

to 4000 Hz. So the sampling rate and bit rate are
calculated as follows:

Sampling Rate = 4000 x 2 = 8000 samples per second
Bit Rate = 8000 x 8 = 64,000 bps = 64 kbps

4.65

- | | Example 4.15 e

We have g low-pass analog signal of 4 kHz. If we send the
nalog signal, we need a channel with a minimum
bandwidyh 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 kH_.
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a PCM decoder —

Figure 4.27 Components of

 RtewNe ) Lie
Amplitude
A
F—L— Time
L
PCM decoder T
Amplitude Analog signal
"‘ ...!
Make and. Low-pass > T Py . .
11221100 | connect fiter l . N T
Digital data samples F KISt
—
4.67

fem Jsw |
ala yo OeM WS by zdyall A 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

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

" ao0

Figure 4.28 The process of delta modulation
/

O daladoh AN o) S el
e : S TR S i Ll B FAN mi\mds\fﬂ\}a
Tt DM

Al Re'e
= S— d /. g $ - Sa ‘K_ et ] _“_}____ eu(- CesC
= °~ LT +/> £ &\b wﬁ\s

‘, \)31?.}7 3 - {nr W) ey

Lj\') : . . _,...‘_.“h_% _— .. % (= :
: Generated 0 . : !
blnarydata1111lloo°°o ‘
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Figure 4.29 Delta modulation components

—_
UM Gingden W
(A Q}o&\ 2\

DM modulator ’\\

AN TRTR N
+ .
Z\/> »-| Comparator >11+::1100

Analog signal Digital data
";‘-gté‘iq"ca PPy :
| ;. maker, -
wﬁ N Gluataduls g Vg D apy Ge

Figure 4.30 Delta demodulation components

g 2wl 2daull
%)fqi(—ccx%e_\\%\;\_
_ DM demodulator /"
P— 0 S, Rt Bl TR / S s
ll. *1100 >-| . Staircase: —»| Low-pass —» I/\/
o weimaker iy filter N
Digital data — I -
Nel) Analog signal
. ewelspe I
Delay Shwuat))
unit (ol
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data across a link can be
llel or serial mode, In
re sent with each clock
t with each clock tick
parallel data, they,

The transmission of binary
accomplished in either para
parallel mode, multiple bits a
tick. In serial mode, 1 bit is sen
While there is only one way (0 send

are three subclasses of serial transmission:
asynchronous, synchronous, and 1sqch;‘on0us.
. . . . L . d\‘)@
S 72
Parallel Transmission = T
Serial Transmission XS

4.71

e . A —

Figure 4.31 Data transmission and modes

Data transmission

l Parallel ' - I Serial I
l Asynchronous I l Synchronous I ‘ lsochrono¥’ i

)k Dda‘j Ee}wec_ﬂ j;(o.nr\es net bibs .

g
@ CamScanner
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parallel Transmission —-
j on
s, Principle: use n wires to send ‘
n bits simulta 1=
»_ Advantage: speed (n tlmes fastert an serlar;(et(r):rflsmA‘i&ssion) =

dvant
»_Disa age: COSt and co\mple\xm;_, djﬁe to the extra wiring S«

3 Usually limited to short distances > Aha A
\ \o
Devices: older Centronics printers, mternalk;j\g%a&&?\t]d\g:gjsm "
es

| |

=

« Adapters: PIA (P

8 P (Par. Interface Adapter), PPI (Par. Peripheral. Interface)

Figure 4.32 Parallel transmission

a——

o / ¥
A< !~. f——

Ll
1
1
T
!
]

0 wies

Sender

VVV'V¢

/
‘o A/
< S
We need eight lines

4.73 -
Sl oM S Dol Mg Roliel Mgy Wvo

o We 22

Serial Transmission

Principle: use 1 wire to send 1 bit at a time -iv
Advantage: cost and simplici
: plicity (almost a f
arollal y actor of n less than 1
. . :
= Requires serial-to-parallel and parallel-to-serial conversion-
2 Devices: Peripheral devices (e.g. mouse & keyboard)
modems, etc. |

Fi % '
ﬂ& TSE e ﬁgéﬁ’fonous?{eceiverTransmitter)

The 8 bits are sent
ne after another

‘.]. n=

i

lO—‘OOO—‘-—‘Oh

>]( Sender .
We need only
|/ one line (wire).
Parallel/serial Serial/parallel
converter converter

Receiver |§

v

oO—00Q0——=0

4.74
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S N
- Clock (Bhay Sp bt 5 Y bk B bu e
Asynchronous Serial

g MG RMSS{@ A and translated by agreed-upon patt,
.kiu\gs -I[]Zj%wme——,mari%gd on grouping the bits ﬁiﬁ’%ﬁ? Ns
* The sender handles each group independ§nt|y S

= Each group is sent whenever it is ready without regard to a timg,

» To alert the receiver to the arrival of a new group, a “start bt~
(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 “Stop
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 havye t,
be synchronized at the group level, but at the bit level within the
group

- g.hte receiver counts n bits after the start bit and looks for the stop

[

4.75

e In as‘ynt_:_hroho_us transmission, we send
1 start bit (0) at the beginning’and lor
- Mmore stop bits (1s) at the end of each
- byte "Th\_ere may be a gap between

S L U each byte., —
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Asynchronous here means i
“asynchronous at the byte Ievel 7.
- but the bits are still synchromzed
thelr durat|ons are the same.

4,77

%

Figure 4.34 Asynchronous transmission & < X

(eciever NoTender N\ Guosin (w \ st \ sl @3¢ %
W
>

ols S\Qﬁbw 2 d\e.  Direction of flo ok W (S
biks N M Stop bit Dot Start bit s
(394, @iy G 111110110 '
Sender \D‘-{‘\e b 6\@ \)L&@\ ol Receiver
o1101]0| [#[11111011 |0} [&jo00iorit]o

Gaps between

data units (Deisud\
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) 5’3’3‘?‘9 \
3 :_jpo \ W\

o

& Synchronous Serial )
Ira BSR4 6 G| @ MAbined into longer “frames”

" Each frame may contain multiple bytes w
% Mainly, the data is sent as a continuous stream of pjt

™ The receiver decides how to group them (e.q.; into

s bytes, characters, numbers, etc.) for decoding PUrposes

W 2 If the sender sends the data in bursts, the dap must pe
5 < filled with a special sequence of 0's & 1's (i.e.; idle)

ad =

=27\ & Without start and stop bits, the receiver can’t adjust jts

NS bit-level synchronization —cahle 350 cleck 3 (ys
= Therefore, strict timing between the sender and the
receiver is required in order to receive the bits correctly

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

475 Shop Mo St N it (Ancgys) <

bits Oone aﬂé'f another without start or
stop b‘nt_s O gaps. It is the responsibility
___Of the receiver to group the bits.
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Figure 4.35 Synchronous transmission
—

X

Direction of flow

Frame £
rame

Sender

Receiver
11110111 11114 & {

110111 11111011 (11110110 --;

4.81

Isochronous Serial 1. .1 vdeo
L (RNEAISSI9Re applications, where:

®* The synchronization between characters or

bytes is not enough but rather the Veley Nada s Sosy

synchronization of the entire stream > Q%éi\gﬁ;z
" The delay between frames must be equal or —, .

none Ls oot oids N FRIREAY

1 3 1\‘ \c-
® The data is received at a fixed rate Wred conl Rames N

2 Examples: real-time audio and video streaming

4 oA

CamScanner


https://v3.camscanner.com/user/download

-

4+ Data Communications
ol "’“d,Networking L Forouzan

Chapter 5

Analog Transmission

5 1 Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

5:1 DIGITAL-TO-ANALOG CONVERSION

An\es wiie Users )\ i st A RN PO S
‘_,l':la.:__.-_ L oo\ Lz, Ffu\ € RYia I s, Sl s )

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

i _

- signal based on the information in digital data. Y
- Sqmedl (g sised \omndudti B \oits Crannel Nt

-‘F(eqmncjs\cm&a welyedl wade
: )
e Y L S =6 cya Asia(wesd sl
1 T i)
Aspects of Digital-to-Analog Conversion M!ihwe‘“} )EFT P g,)
. . . o) L =
?m litude Shfftfl\(,gx%gg « 1 7/
MMY Shift Iffjggg 3 chwackeristicg N UsaB
f_lw_sqilﬁtgw e Sl i 1a o)
Quadrature Amplitude Modulation S o8 Bt ot 1
Amglitde_s Phase & 18:°¢
] EaE k= C
5_-\2\__1‘!‘::’ f‘é. ‘—'.S_ D eana N r‘-’)‘\ 5\“‘\ Q\S\‘\& :H\ i E

) Ls pe dulakisa.
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Figure 5.1 Digital-to-analog conversion

® Digital-to-analog modulati

on (or shift keying): changing one of the

g\;o\%&\abb-bmﬁﬁ‘ﬂﬁ Zenl =
atsssh Dghed &8 5 ) Jue
=] Bandwidlh s\':s\sdfnal g S |
_____QSS‘)‘UJ\L) A_D_a_l_qg_igf‘ __ Cb“ax')él _*&T\ | ltaldata "
Digital data S SOPES
Di Itfl. .atam (QETLNTY n ﬂ n n J_QU*Q,.&;PQSS Eilker 0101 0] l
0101 +++ 1 , U U g A ] T |
U U -Qe,quenc Jbl\-ql &q* |
A EENTETSE
Modulator Link & e Q)Zj‘es |

characteristics of the analog signal based on the information of the

)(z, digital signal (carrying digital information onto analog signals)

= Remember: changing any of the characteristics of the simple signal
- (amplitude, frequency, or phase)
sithin e < Signal to become a composite signal

Beand width m

dh\w, The digital information can be carried as predef?r?é‘d cuh‘“'aTrfgeS to one
‘ - or more of the characteristics (e.g., no-change = 0 and some-change

5.3

_ Castits
Siganl

would change the nature of th

NAASN eJ
1 frequency (05T compost)

Ll Bl ww fF Sigaal 3y x

Figure 5.2 Types of digital-to-analog conversion

Digital-to-analo
conversion
e ———

_

Amplitude shift keying
(ASK)
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Aspects of Digital-to-Analog — »s=susa

Conversion b 20 S CF
A S=C*N*-Ir-
.« Data Element vs. Signal Element (59 5 la
.» Data Rate vs. Signal Rate B = N

n G = N/r 5o dued) 2 Slelevelsy 2y, $g {\; , (2l

"= Iogz(ll,/v’vhere L is the number of signal elements
.« Bandwidth:

* The requireg idth for nsmission of
digital data is proportional to the signal rate (9
an Carrier Signal: Braduilth e B
= The digital data changes the carrier signal by Fres 7

modifying one of its characteristics s

* This is called madulation (or Shift Keying)
* The receiver is tuned to the carrier signal’s [/\

frequency N

o QRS VAN
5.5 waoll s ,,ls;_,_) Coinian a1 d@mcl, eaver )
. Siaaal
-

| ey O ST s X e %
| 3 CH Y Sles (\\T:;IJJ-:.J [ful Il

-

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

or equal to the bit rate. -
e ——

5.8
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B Example 5.1
* . )

An analog signal carries 4 bits

per signal element. [f

& 1000 signal elements are sent per second, find the bit
rate.
=2

Solution .
In this case, r = 4, S = 1000, and N is unknown. We can

find the value of N from

S=Nx% or N=Sxr=1000 x 4=4000 bps

5.7

* Example 5.2

An analog signal J o
o }groognzshzs a bit rate of 8000 bps and a baud
aud. How many data elements are

carried by each signql element? How many /
elements do we peeg? r=¢2 L-?7 v e

Solution

In this exqmp] —
unknown, W Py ;ﬁ— 501(1)0, N = 8000, and r apg [ are
of L rst the value of r and then the il

e ===

S=Nx1 . _ N _8000

r =5 = Tooo - & bits/baug
I=log, == 1 -27=928-256

CamScanner
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N P S | I T 3
Sapa 3 Coxfiex

A hendifde & (j

Ar_n__glitUde Shift Kiyi\ngL(ASK)-sow \

ASK: v.ary ing the peal:; a.mplitude of the carrier signal to represent binary 1 or 0
Other signal characteristics remain constant as the amplitude changes

Q}Ei_’lg-@h—hi—t ﬂwak amplitude remains constant

ission med] ise i ;
Tﬂrﬂg’s-{dmmmum (i.e.; affects the amplitude),
therefore, IS Very susceptible to noise interference —> - Nese N 3

. Wﬁ& (BASK) or 9-=“/(?__E£Keying (OOK) modulation technique:

+u One of the binary bits is represented by no voltage o J-;Si 2 .r\s\s L;.J., v s i ';kz
k= Advantage: requires less transmission energy comoar:d to mg:;ev; techj—‘l.i_ﬂques——'—r
» BASK spectrum is most significantly between [f, - $/2, f, + $/2], where £, is

frequency of the carrier signal and § is the baud rate /> Medulaftondl s 228 al\ fafenfuier

. . 7 ; SQMQ\? M
The ASI_< bandwidth 1S@K = (1+d) %Where d is a factor relate(‘.}lﬁtosthe b
modulation process, of which the value is between 0 and 1 AL C B Gha g

The min. bandwidth required to transmit an ASK s equal to the baud rate S
(The baud rate is the same as the biirate D N =5 = Coses FEUANESANETY

: \WESN
+ A:O - Min E-:d\cku.\:é“ﬁq Min B:S“%“QS\MQ. ( 33

"m \\m \m nwwwm

im

“Wm

“m

5.9 ¥ 320 = Max Randuadia — HoyB= 2% Sigal Rede.
K %\3004\ ete = Dot tede — aay (=\ S\, el s \
ca Vsl

Figure 5.3 Binary amplitude shift keying

M‘:L.‘p.-n:ﬂ'

A azas L1l W —
oMl 50 §) Taws £ Buovasy,

AmphtudeJ‘; A \-9_- \f:|JBit rate: 5 | o] | Jo lJD b:,D N é_ Ji&
v
1 : é : 1 : 0 : r=1 S=N B=(1+d)S
| 1 I 1 = _—
' I
. . | Time o Bandwidth |
H . | . 1
1signal | 1 signal : 1signal « 1signal | 1signal !
element | element ! element | element | element |
Baud rate: 5
w s Cad A=
A - VN u- C . @3‘\_‘ °° {_ \ *

% Rondusdih —> Symektic oloat castier Hegpeny
L)O\(ouﬂd
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¢ wlt] o b1 0 : Multiplier \
' . A, aril m WWW‘*
I
!

- T
Pt e \Mah @ 1 Capriersignal |
| I

5.11

v’—_\

Figure 5.4 fmplementation of binary ASK
—

=

i i 1 |
Modulated signal | | e
4 ! | R ‘--‘:";'K'Y
cillator
) I
! | I 1 1 (—3 ——

. . c -
2 Signeds N yal s Ciceo Wolainl (e (23S

| nb)nl-\}fan 2o J._L:..- . bunb-o.'

WO\

—
.

Example 5.3 |
lg dotils Dada Mesis

We have an available bandwidth of 100 kH7z which
spans from 200 to 300 kHz. What are the carrier
frequency and the bit rate if we modulated our data by

using ASK with d =12
K .
’ Couxfief = \-'LAAA\E OQ '“».e \)&n&um&“q
Solution -~ A e L

The middle of the bandwidth is located at 250 IkHz This
means that our carrier frequency can be at f. = 250 kHz.
We can use the formula for bandwidth to find the bit rate
(withd =1 andr=1). .

_ 1 _ _
E=(1+d)xs—2 XNX =~ =2XN=100kHz == N =50 kbps

{
SN A Be baud 4 <)
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3 N laad ool
. Example 5.4 /’\MA ) Sssad

SETRTRTCR N o

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

Figure 5.5 Bandwidth of full-duplex ASK used in Example 5.4 *

B=250 kHz % Fequeney division Mutkp SULES
| |
e | Yoo cwn Port oftbhe bandundth

¥ ke division Yukhiplexfeas
| Yoo ot all the banduwidth
(275) 300 ak part of the fime.

1damnds 8 Tl ww %
0% T\ 4
ol s ) \;,’\\&y
‘7-'-\—6"51”5‘?”.\ W)
.

Bﬂﬂonpeli.&.‘r__;_ J
Cu\\r- \.-J' ﬁ\ -u\.?r 20

Coaxtie(
A e et cdtaa aslue
(o=

.Bqn)—u-'lﬂ;)\ Crns\':_- & 3%[)“4\:\5

5.13

b 1z

Frequency Shift Keying (FSK) . "%

* 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\ri; the frequency remains constant

2 FSK is mostly immﬁng to the transmission medium additive noise
interference since FSK only cares about Frequency changes 205K VY

The Binary FSK (BFSK) can be thought of as two ASK signals, aer

each with its own carrier frequency f; andf, ’c,o__,er ol fg")—
A\ s T\ [E =T S
f, and f, are 2/A\f apart LT e L Lhin s 2ol cand

The BFSK required bandwidth is Bersk = (1+d) S +2Af

What is the minimum value of VAN W4
The baud rate is the same as the bit rate > N=S

* Mantvon Randuwidth = 28

m

lm im m |im

5.14 ]
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e e Eme o

\ o\Faye Gan¥ide) cfe

/ .
; ift keying
re 5.6 Binary frequency shifi
/ \
i3\ 38 -
L O30 r=1 S= B= (1 +d
Anplifude / Bit rate: 5 101 Rl )5+ 20 |
0 : = ] T e B=S(1+mi
| cgns e bssd SN |
1 =
|

bk M) s |

|V |
1signal | 1signal | 1signal | 1signal | 1signal 1

|
|
element | element | element | element | element |

1s s

Baud rate: 5 :
[y ] I
Confnoss — Det LeadS alall Bignal 3 (eizd 2a%
2N m) ,Qong"ch:f)(\qu Peciadic Noise 1 Tle 50 ¥

LU S Bandulb,

gLl r——— |
\‘-‘—\.D . |t L C/e-‘\. _J!, Lenl |
|

Ask .
M ‘

FK | b
515" hmiNtn n

B L T 'MVEUA

Example 5.5 \, N

7= —

W;gg o evatlable bandwidth of 100 ki which spans from 200
t0 300 kHz. What should be the carrier

re : :
we modulated our data by using FSK wgh ‘fiuf;?’ and the bit rate if

Solution e ladhids 1

This problem is similar to Example 5.3

. . but we a . b
using FSK. The midpoint of the band iy re modulating 0
to be 50 kHz; this means U 250 kHz. We choose 24f

[B=(L+d)X5 +24f =100 == 25=50 17,

=25 kbaud N =25 kbps
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Figure 5.7 Implementation of BFSK

Voltage-controlled

A -
' I S \Jo“'aase, of ene Digned

q%uem::& of ansthes SsMpb&"

547
P e
Multi-Level FSK (MFSK) il
Sequeres

Co—> ("'C\l o\ QQQ_, \0_3&3

2 More than two frequencies can be used to represent W=y
more than one bit each  seci s el anduidihdl as), \asby QU2 wﬂb

*® For example: four different frequencies can be used to send , ", “‘M
2 bits at a time

* However, each adjacent pair of frequencies must be
2 Ffv.-\ v L)

2Afapart < R 9'0\635‘9
* The MFSK required bandwidth 15/\9@5 \pi\(_.§
Byesk = (17d) S+ (L-1) PYAN §

= When d=0, the minimum Bandwidth Bypsk = L @
et s sl
T lenels Sk 2
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Example 5.6

e a
We need to send data 3_DUS bttS at a i 0 MHz. Calculat,

Mbps. The earrier center frequency is 1C Gies), the baud rate,
the number of levels (dszerentﬁ’eq uen

¢t a bit rate ij\‘\,
|
\

25 RS -1 sais
and the minimum bandwidth. : 379 yas
Fray
\aq L g 3 M3 = Jhbe
Solution * - nic k=\ey] '« § =3 MHzZ/3 =]

We have L = 23 = 8. The baud rate 1S
Mbaud = the carrier frequencies mus
(dezl MHZ),\* -3

The bandwidth is B = 8 x IMHz = 8 MHz . ]
Figure 5.8 shows the allocation of frequencies an

bandwidth. Ty

5.19 lfiHr. li?:'

t be 1 MHZ apart

Figure 5.8 Bandwidth of MFSK used in Example 5.6

5%(} $and) saas U )

|
.)5‘ b 1S Banawidth =8 MHz R
‘A__’__wv L

e | : P | _ 53
f fz 3 6 f7 fs
615 L2 & l\il—?z Nlllgz :L\o}fz 115 12,5 13.5
MHz ~ Mhz MRz MHz MHz MHz


https://v3.camscanner.com/user/download

\

o0 Begliale ey, Dsr N o8 teiee W bl s sle 541 %

X
Phase Shift Keying (PSK)

PSK: V'c.lrying the phase of carrier signal to represent binary 1 or 0
Other signal characteristics remain constant as the phase changes
During each bit duration, the phase remains constant

PSK is mostly immuné to'the transmission medium additive noise —
interference since PSK only cares about phase changes =~ 2 wasts

PSK §pectru1n and bandwidth requirements are similar to ASK “"%fed
PSK is bett@Lth_ail_l_)gth ASK and FSK. Why? [QECAREE ase]

” Ao — FPhe
-PSK or Binary P : '
R B D) o Bt s ol
or Quad PSK (QPSK): uses 4 different phases (e.g.; 45, -
z135) each representing 2 bits of data > N=2S
PSK is represented by a Constellation (or ﬁﬁse-State) diagram
PSK is limited by the ability of the receiver to distinguish smalj)
o
S

Phoe M2 o~

(milm \m(m

lm \\m |{|m

0

—

\s

phase difference, therefore, limiting the potential bt rate

o\ \maginauy
e el
-A< [lg:“ (A < > Mr’{‘\/{l‘h

—
SR\

s 9

3\
S

y

5’

) DS JbGu Soda tode MNahds sl Wledkor ) GRS 9as ¥
s M Gay Dl 2 €y 908 (fend Y3580 153 fiame. H e pudSdy) 340t p4s M o U phases,

o BeesiBls s Randuidhe soloTequensy ity 2 3N TSI Masndzs\BSK )
Figure 5.9 Binary phase shift keying (\ss ok Mo Al MCApaiilacdid ) -+ teise 3

P

I
1signal | 1 signal : 1 signal
element | element | element

P —

1s

] . | !
1 1signal | 1signal
! element | element |

I

Noise )\ plan st adeS sl

)

Baud rate: 5

x—t

-~ =

17N
\
y )
- f\‘ IE :|\ //'__“ -H(:.“lg@o

522 e Asia(ot-1ve)

Lo N D

N p% N
£° WP DG
@
Amplitude > © /,\E’o Bit rate: 5 Wﬂ” e
0 ! 1 1 : | r=1 S=N B=(1+d)s
1 : |
|
: Time

| Bandwidth |

S DS (oisy i) £9) dek e bsr Aya o

M) = Asia (4F)

V)
pco

)
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2T

|\

d

: 1 dul ',d | |= : Oscillator
' lN’lo ulated signal | T

5.23

Figure 5.11 QPSK and its implementation

Seriel 1505 2 Lits 0 %

NS \al A
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Figure 5,10 1mplementation of ' /”’SK/ —
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Example 5.7

Find the bandwidth for 4 ; o
ghnal tr

Mbps for OPSK. The valye of d = ¢, ansmitting at 12

Ak ;::—

| Solution

‘ For QPSK, 2 bits is carrieqd by one signal element. This

means that r = 2, So the signal rate (baud rate) is S = N x

(1/r) = 6 Mbaud. With a valye ofd=0,we have B=S=6
MH?z. (=) EL LR P

5.25

Figure 5.12 Concept of a constellation diagram

Y (Quadrature carrier) 5
A ASK NNt BPSK W et yosin
e \—> Mc.\tj«\i‘ru:\e)\ RS R0
G :‘é -'&.‘)bf', : 2‘]&\“-[5“72_,‘9.}'
g e Q\\/ ! l o —
ER & ! (fan ) 45" Sl
= E X
o ] S, !
E o Poyk 4 |
< QI \r’ |
e \Angle: phase :
’ L—>- X (In-phase carrier)
Amplitude of
_lcomponent

" 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 P
" The length of the line connecting the point to the origin is the peak
5-26 amplitude of the signal element o N
2 an l_—————‘l"._.'—‘_li ‘_—;—_‘——.——*——l—%__
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| Example5.8 _ ——

+ an ASK (0O0K),

N ) 0
‘Show the constellation diagrams f

BPSK, and QPSK signals.

Solution stellation diagrams.

Figure 5.13 shows the three con

Figure 5.13 Three constellation diagrams

— i‘—-—-‘:‘::‘
— | A detat
A -~ = & :
} ue | Tei |
4 > \
?— —@—> —@— .1 2 \ ! |
= 1 2 - oe_ | €10 |
| Cairiel —as\ o o i ¥ — \
| S ASK(OOK) AmriFYe b.BPSK | carries C.QPSK _cdfbace DY 221 |
! Lits J1 328) 7~ G B
| [ Sigaa) s
;5-27 __Ell.mt.n-l
N s I&_TP"”"”'B‘ N3 Phase N2 oM et b P
Qucinidl Jasl &2e> = =

%_

Quadrature Amplitude Modulation

" ( Ma}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

. L i
" Theoretically, any number of measurable changes in phase and

amplitude can be combined to Wriations in the signal
The number of phase shifts is always greater tha
shifts. Why?

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

" QAM spectrum and bandwidth requ;
S quirement L |
and PSK Pk S AR T — _‘__S_El;ejlmllar to ASK |

n the amplitude
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«Quadrature amplitude modulation is a
combination of ASK and PSK.

5.29

w

Figure 5.14 Constellation diagrams for some QAMs

Y )itfeutr Amphlae

Y Yo ffirat flf‘sk ~ Phase
Pmglibddt o
A A * 0
o —®
e Y=t BE | S
i: it | l [ Eficd
.‘ ey :‘:,;H. *—e -
2 LA d. 16-QAM
24U o o b. 4-QAM c.4-QAM s
& Y &g
(el =2
7
‘
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8-QAM
Examples of 4-OAM and
constellations
. + #Q_l_l
At o
[
9‘1.\\ /’.Q‘Q h!:{""""" -Q—].;Q
’,‘#'\\ — ];Q_Q! , ek 3 _Q_O_O
s FTT;
lg‘l \‘H pmivel
111
4-QAM 8-QAM
1 amplitude, 4 phases 2 amplitudes, 4 phases
qu["ZanSL Ue U \-E‘B ~erxis A Usod - Y .
e K-axs , ;&_\ik g 1
—*—)—P — phaseca\i/ 2. hmplludes
5.31 8- — £.3 __,@ N

Examples of 16-QAM

constellations
% 3 amplitudes, 12 phases % 4 amplitud ‘
)I; v P u €s, 8 phases x 2 amplitudes, 8 phases
& ® S bl
\\ ‘\ Il s ! ;
\\ \ ! 7 1’ . :
o. o / JOME " ¢ ,".
‘-.‘-.\\:’”,’.v”.' U ghrse ‘\ : 1. \
—"’,:4';‘:\~ - ." __. ._ ... \\\ :’1” —i.
r’, ," “‘ \\\\ i " E \‘.\ ’I’
o o e ‘o o ? e
i |
16-QAM i |
G e - L phee 16-QAM
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Exﬂm le L &

A constellation diagram consist

. S of eicht ‘
oints on a circle. If the bit rate 1« 4%nn 1 equally spaced

1 4800 bps, what is the
te? Wode @ ,\% e ,
pand 1AEE™ > hoibode <8 / phece y ¢,

_SQ_’_.’.!—t-l—Q—’1— *8“QRM“5 %:8_3%\0-‘\5 * .L"%.-:," - S,M

13

The constellation indicates 8-PSK with the points 45

| degree.s apart. Since 2° =38, 3 bits are transmitted with
each signal unit. Therefore, the baud rate is

4800 /3 =1600 baud

5.33

*N:‘-{aooh‘)s ,%._-"! )*r: _3T_ l
M “\%L.\éww
|
|
\
\

E *%:\Oww)nz?,'fs?
| xam le * 6- M > U bils — (:-‘i\-.—.‘—\
| % N=97 = {ecox Y ='~lboo\o?5

- Compute the bit rate for a 10(9)()-baud 16-AM signal.
(v) b
S Gt o o e Vorttndia
S l I L bﬁhc&u\'&'\q_\\
Wlution

A16-QAM signal has 4 bits per signal unit since
log,16 = 4.
Thus,

(1000)(4) = 4000 bps
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Example

Solution

Thus,

Compute the baud rate fora 72,000-bps 64-QAM signa,

L]
5

A 64-QAM Signal has 6 bits per signal unit since

log, 64 =6.

| 72000/ 6 = 12,000 baud

5.35

Y

—

Modulation

ASK, FSK, 2-PSK

Bit and baud rate comparison

' |4-PSK, 4-QAM

8-PSK, 8-QAM

16-QAM

32-QAM

64-QAM

128-QAM

256-QAM

nm

e R WA \ NI PO

P
g
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WO 8§ conversion iy tho
analog information by an g4
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dready analog. Modulatioy, ;s weeded :*“ ihe raedivin is
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~qvailable to us.
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———— ——ia ) g
) e e ey e i e

represcuiation of
#log signal. One may ask
“8 o eneicg cignaly it is
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l

Amplitude Modulation ;
Frequency Modulation i
|

!

I

Phase Modulation
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Amplitude M

¥® The amplitude of the carrier

the amplitude changes of th
The frequency and phase 0

The modulating signal bec':omes t
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AM radio stations are assigned 10 kHz
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S
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Figure 5.16 Amplitude modulation
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 4The total bandwidth required for AM

| can be determined

from the bandwidth of the audio
signal: B,, = 2B.

akses! M

5.41

/
Figure 5.17 AM band allocation
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-~ Frequency

,_»_1\1;‘\'/;-’“'“;(5 )\_j?""’ =

st S dulation (FM)

5.43

ignal changes
: r mOdUlated) SIZ :
The fi oy of the carrier (O . signal
w}i]tel; tr;:;] Zrerl:p]}i,tude changes of the moduldatll gzed&; A
The peak amplitude and phase of the moaula Majp

. ol AN
constant | \ooa,‘,@c;,.;&g.smc&i}“? zua\l?)'f ébou t‘—; 0 times the
The bandwidth of th@_P'__M__S;l_gE?l 15 U AP —

bandwidth of the modulating signal ' o
The bandwidth of a stereo audio signal (Vw) 15

s b\ e St
abOut 15 kI;IE._;, C-?S\ - A"" Chntne \¢
FM radio stations are assigned 200 kﬁz band per channel

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

*

' >
. ~

The total bandwidth required for FM can

WAL s (Fm) i:ﬁ:\ﬂ\sc Hbé““d'\‘oh,\\_\ Sz Py ™
SO\ Qe

be determfned from the bandwidth
.of the audio signal: BF,\,I =2(1 + B)B
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figure 5.18 Frequency modulation
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Figure 5.19 FM band allocation
L WA T
| basta,
B ;‘ = ofe 1 N PERAa o
_No : 5 ces A | station |[REAE
X station | + SR * + :
88 108
M |« — MHz
2 ™ 200 kHz

Plaate Q) fange o

CamScanner



https://v3.camscanner.com/user/download

Phse a2y ¢l . PM
on ,
Phase I\/]OdulatI odulated) signal

er (Or
*u The phase of the calTlf’i (de changes Of the "

ith the amp
changes with cohode S

modulating signal e late
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r frequency 1s
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" % The bandwidth of the PM signal is usually abut 6 ,
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| Figure 5.20 Phase modulation
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b
.The total bandwidth required for PM can
be determined from the bandwidth
and maximum amplitude of the
modulating signal:

* By =2(1 + B)B.
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Bandwidth Utilization:
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medium linking two

> Whenever the bandWidﬂ:thds of the

ek devices is. _greater than e Mu[tigllele'lgg is the set

\asast\ 2\ . s e S UL
e devices, the link can b simultaneous

ot of _techniques that allows _the

D
- altiple si - a single data
7" transmission of multiple signals across a sing

link. As nications use increases, So

does traffic.

Ec‘h

-~

.“\_\_ &
L&

Uhen

@ * Frequency-Division Multiplexing /
® * Wavelength-Division Multiplexing
@ -+ Synchronous Time-Division Multiplexing
@ xStatistical Time-Division Multiplexing

6.3

@ Devec 03 K
. " /\7 By=lg WK S
Multiplexing” 2.

™ If the link bandwidth is greater than the bandwidth needed b bagdudh

?A a single device, then the link can be shamui le dques —&% Sl

5 m Multlplexmgg the. set of techniques used to simultaneously
transmit multi nals across a single data link

Y
M 'qﬁ:;s ‘ [} > = b . .
Ay T Multiplexing creates multiple transmission channels over a
Lot single communication lind
,:,;“ L ogie nication ink < oeer W \copduidh Nom P Ed
“+® Several recent transmission media such as

= , optical fi Platittas
satellite microwave links have much hj Hoers LS

gher b i ,
the average bandwidth needed for mos andwidth than - e w
WSS Yo m

It . e t applications
e It is Tg_g‘s&j;t{%];.tg&[%t&mlze the utilization of 4 given bandwidth
in order to reduce costs and prevent wastage. That is. to
improve the cost-effectiveness and utilization of the ;e“OLIrces
3
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Figure 6.1 Dividing a link into channels
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- A\ \ MUX: Multiplexer | | /
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= @lnput  : X M *  nOutput
(Sd\of\'o lines i e i BTl lines P
L 11ink, n channels X
oY - 1. L ——
% \ g2 L~ :
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The multiplexer (MUX) co;fnbines several channels into one
stream (many-to-one conversion)

The demultiplexeg_(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
transraission between any pair of iines 3

b |

*xu

vy

Figure 6.2 Categories of multiplexing
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M_g_LtipIexing

Frequency Division

(FDM) | |
» that can be applied when

: hnique
FDM is an analog techniq . is greater than the

the bandwidth of the link in\He Z] _
combined bandwidths of the individual signals to be

" Fach signal is modulated with a different carrier
>%i frequenc e

" The modulated signals are then _c_o—r_n'_l_);@d to form a

& . sional. which is transmitted over the link

ot Dyfoasihans composite signal, which is trans

Chesn ?A\gﬁg\- The carrier frequencies should be separated enough
A\ Mﬁk&m guard bands fo prevent overlapping or

Q)f\CU\\\elS . . .4 . h‘ ‘ . 1
: ring with neighboring signals
g e interfering g g sig

6.7
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Figure 6.3 Frequency-division multiplexing
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~ FDM is an analog

Sk

multiplexing technique

that combines@nalogysignals.

g

Phase e \\ 1y q\m&\;%g N i\ siis. 2\ 4 e
6.9 SE NN I P MANE 2 e B3 \Bo

Figure 6.4 FDM process R T
&=L ’35 LS -
Ao \L‘.P—b Modulator ‘ ‘ ‘ N %"5\ 6&3\
H_P‘ b 7 aldade Carrier f, ‘\ " ! r> o : n\
— R LN e |l | 555y e
AL il O N e e
Modulator i ) l \OQ‘\A"QQSS \-'—\\\'Qf 3(
Baseb@nd I !r'ai!‘{l'lvi*r}p‘u qecLueacﬂ g\?- CEA\‘\!QIEA
A ely, SO ek

N‘\

“* ® The input signals have similar frequencyhranges and bandwidth

K\ 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 "

6.10
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he multiplexed signal

% m A series of filters are used to d'(—':coinpose t
o te originally modulated s1gnals -
o emodulated and shifted

{ * ™ The individual modulated signals are d
back to their original frequency Tanges N
tended recipients

%® The original signals are then passed to their 1n
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Example 6.1

I Size OQ b&hc\m%%’qﬂi

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

P s Vol

configuration, using the frequency domain. Assume there are no
guard bands. > (&)
Ly QS ORSA
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. Th - )

fore 66 €N we combine them as shown in

6.12
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Figure 6.6 Example 6.1 Fy 1\,

b"""-lh

Shih et §1s Shift and combine

(i’]@?‘* o — Modulator -2.—
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20 32

Modulator
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ki |
::gnal ANa¥

eredie Gas

EEARIR W
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Moi\- feliodic

Bandpass
filter

Bandpass
filter

Bandpass
filter

Filter and shift

6.13

Example 6.2

Five channels, each with a 100-kHz bandwidth, are to be
multiplexed together. What is the nyinimum 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

5x 100 +4 x 10 = 540 kHz,

: J
as shown in Figure 6.7. ¢,
BAVRARTE I

6.14
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Figure 6.7 Example 6.2 PRy

Guard band
of 10 kHz

1 ' .1 100 kHz
|1°°kHZ,11 100kHz | | _100kHz | F,l‘ﬂ‘fﬂ‘lq e =]

| <
N I I |

LF’W(—W

Fode

#’
6.15

;Example 6.3

Dale Rete e

o ) iy
Four data channels (digital), each transrﬁ,ijf':firiigJ at 1 Mbps, use a

( prain ) satellite channel of 1 MHz. Design an appropriate configuration

using FDM. Ly Qandaidily of the chantel
(tetal)
Solution

v 2o The satellite channel is analog.
#% we divide it into four channels, each channel havi
aving a 250-kHz

n \A\‘) .
b= pandwidth.
Each digital channel of 1 Mbps is modulated such that h 4
cach 4 bits

are modulated to 1 Hz.
One solution is to use 16-
Figure 6.8 shows one possi

QAM modulation.
ble configuration,

c1A
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Figure 6.8 Example 6.3 "
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4 Deghal Ygppomisonts A F DM

S8\ s~ FiNT
M%M;ﬁ Other A'Qpllf_,athDS of

%8 AM and FM radio broadcasting:’
" Air is the transmission medium
= A limited bandwidth is assigned for eachm
= Each station shifts its signal into a p,redeﬁncd band

s Guard bands are automatically predeﬁned e
= All signals are transmitted OVer the air simultaneously as 1 y

single composite signal . .
= The radio receiver filters out the composite signal to 2 single
modulated signal, which is demodulated |
. @broadcasting: similar to ',_A_l_\_/[:_and FM in concept
% ™ First generation of cellular telephones (called AMPS):

7% 3 KHz voice signal is FM modulated
Va2 Two 30 kHz channels are assigned for each user to receiv
V/» Carrier frequencies are dynamically assigned/reassigned b
*lange o AN3 530> \Foo itz
.(FoMm L R\ k_sa%\)\k\_x\*é“ Noa KEB“‘ X
Aesyegay s peshtlins B8 J
2 o ) 3 : 3 D : -
Exampie 6.4 o disiwhs slfeching Y215
: RN EL TGN oM Cpadb s

N

odulation technique

arc a

desired

e and transmit

ased on usage

6.19

. )9 el
The Advanced Mobile Phone System (AMPS) uses two bands.

S<! The first band of 824 to 849 MHz is used for sending, and 869
Y= | to 894 MHz is used for receiving. Each user has a bandwidth of
suroes 30 kHz in each direction. How many pe
: opl '
y puwlz e can use their

—

-s%2 232 cellular phones simultaneously?
Solution Ly “daadsendd’ T Al
/(-“"’."’-""- \.V_’&: L-" = C‘;.‘\A \\\c&e’?&\&eﬁ‘

Each band is 25 MHz (849 — 824 =25 & 860
A L - 894 - 86 =
If we c%mde 25 MHz by 30 kHz, we get 833.33 —3 wé(S)\r
In reality, the band is divided into 832 channels T
W31

Of these, 42 channels are used fo 0
I control, whi
790 channels are available for cellulari)C’Tmé usi:li'(s:h means only

2 DA T8
= ' irdependedt aod badome

+Jasd

6.20
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Figure 6.10 Wavelength-division multiplexing (WDM) Qe sun

3o\ a\>E, Sy
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f\ RAENNI (JM%\cc.l Heda S\ (\4 9
7&-1 | / kl
— A WDM ‘f\ f\- f\ | f\
f\ A+ A+ Ay WDM Ao
- N
3
spad ot em

+ " Designed for the h1gh-bandw1dth fiber-optic cable i QM

;g +® Similar in concept to FDM except that it is used t¢ mux and

demux optical signals transmitted over fiber-opiic channels ZT“‘\ JKA\
3y AP

*® QOptical signals are very high frequency signals that are RAFRTIRAN

usually defined by their wavelengths

CeaAe D) W) skasdb ;,\_»_-a, sl lowes 2%
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n analog mUItlplexmg

a
i WDM '5 bine optical sngnals

to comt
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s —
oo and demultiplexing
Figure 6.11 Prisms in wavelength-division multiplexing ’ a
- . Yot Sb piml Y )
1

IV L) AP Rspene g2 v 55 U]

& X
}‘ "J )‘1 ph
}"1 + )\.2 + )—3 12
Ay Fiber-optic cable
A | De-multiplxer Ay
3
bt cig ined into a
» Multiple narrow band light s1gn.als are c.:omblned 1
single wide band light signal using apism 1
" The prism bends a beam of light based on the signa |
frequency and the angle of incidence
®» The prism is used both as mux and demux

6.23

Figure 6.12 Time Division Multiplexing (TDM)”” Telecommunication Syt |

o e | : E E A ¥
! - e’ MAA_—'-—'
\ Data flow ] — = !

Ziejnped W b

T

(S )

Y

als|2|1|4|3|2|1]4|3|2]

xc=

o |

ol @ Nl OV 5s\e wser A4k a i
= | - JalNe Sy ., GRS

% ® TDM is ddigital 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_isyaue

“ ® The input devices are allowed to access the link based on either
a synchronous (or sequential) or a statistical (or probabilistic)

fashion |
6.24 ) Lodday ddan 2lis
Moy Shahe o) deke s Whea\e Eaks ,:3 e Sk

w ' S . o '
el A&“‘éﬁt I Time skt (LAl As51) “Tve St y
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T
‘i

TDM is a di \glt\al multlplexmg technlque

* fzr combining several low-rate
channels into one high-rate one. .
i (WY N\
o\e ' . Vwe %\\Qu(ﬂﬂ&\ﬁc,\)qseé
6.25
o LS S, VA
| Figure 6.13 Synchronous time-division multiplexing Ec;::} j\ sies M\l\c;: @?‘ik
l . mv«\\’\i\vL\n\ BIICHPY Frr WA, \-e.—-qtslxre)l A f) C‘\?) ;)Gm
33 Nek 17 @ > Peciod of the bt (Onik) it .
L e ‘\lu LA a2 A (T3] o ne o
Js<2”‘\:%,Qu“ ﬂg—“ﬁ G383 3] C7 62 2 [SHD - (olt) =y
,‘ ) I + ‘ la " | ) 1 1 1A
R, i\ T e
USBU Lg li‘ i. MUX "' rame;ach f{a:aerT:32t|me Slots US&IA\L_M 0“\
ven : : 'l ‘ Each time slot durationis T/3s.
) ! | ! A
C Ln C3 :iﬂczwl et % &vefj'T —> AOC&O; U\\\\S X\M \>§.\ o
s V- deid

ST T : : % Fleme dotetion
* % The data flow of each connection is divided into units Lt iR ASRY

Otk dotedion on oot
* % The frame consists of, at least, one data unit from each connection \wk.

% " Data units are combined into frames s S\ o) Sam

*® For 1 connections, the frame has at least n n time slots

%% The data rate of the link is 2 n times faster than each connection and

horter
hence the unit duration i 12 tlr’nf_S_g,__,

a3\ O EEASN
WIS B

A\ TOM N Pedotmaped sl %
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6.27

" In synchronous TDM, the datarate _ -
of the yk is n times faster, and the unit

ter,

of the link is n times fas’®h =
~ duration is n times SN97*~ - '
Example 6.5
(815 s

In Figure 6.13, the data rate for each input connection is% 1 kbps.
If 1 bit at a time is multiplexed (a unit is 1 bit), what is the duration
of (a) each input slot, (b) each output slot, and (¢) each frame?

Solution

We can answer the questions as follows:

d.

6.28

The Qata rat'e of each input connection jg 1 kbps. This means that
the l?1t duration is 1/1000 s or 1 ms. The duration of the input time
slot is 1 ms (same as bit duration). P
The duraticn of eack oot .
L Owteut time slot ig one-third of e j i
: : d of e
slot. This means that the duration of the output time ISlf(;teizn{)/gt rilsn

Each frame carries three 0 '

' g utput tim :
frame is 3 x 1/3 ms, or | ms. 1I“)he durftics)l()tsf o dusation ofid
the duration of an Input unit, "o
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ﬂ.ame rate.

we can answer the questions ag follows:
_ The input bit duration is the jnyeree.
p. The output bit duration is one-fo

.. 'The output bit rate is the inverg

rS‘?'_Of the bit rate: 1/1 Mbps =1 ps.
llrt.h of the input bit duration, or % ps.

¢ of the output bit duration or 1/(a ps) or

uced from the fact that the o I
- ) utput rate is 4
times as fast as any Input rate; so the output rate =4 x 1 Mbbsp= 4 Mbps

d. - ame as any inpuf r i
‘ rat€) So the frame rate is
11,000,000 frames.fper second. Because we are sending 4 bits in each
rame, we can verify the result of the previous question by multiplying the
frame rate by the number of bits per frame.
{E 2 L;“S w0 ks ﬂhﬁ : FX-HLL( ms\:,
q .’S e———-—’:q }‘; - 5
6.29 Sl 5 : Lol Uy dis ke
e g B0 el s E‘lu' i IUJ cin Clame N 9o
u M ‘ ) ‘. q;Ls b-'-:v-
Kﬂ'ﬂ. ﬂlT“m;‘::
Figure 6.14 Example 6.6 | Do < By
\ bk VP
coBf
| 0
Mbps —= 11 1 1] \[u Ms *J?—"’}:'\s \Ms Ve
| o Frames

1 Mbps e+ 0 0 00

}

1 Mbps eee 1 0 1 0.'

1Mbps .... 0 0 1 0|l 0
l

) @ OU*DU"- b-\‘\' &)(G*QO(\ = | Ms = 0.25 Ms - :\._:l
- A
T=\Ms ® Fone fode = ks ﬁ:\e“\mlw Hame /s

@ oo’réu* Ada (cde = fawe, Ghe % fone wize
| '-'\oéx‘-\=‘\Mbps
@D e o

w
6.3 WEY o Y My,

{ M3
) |
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_ Example 6.7 S

| . is 1 bit. Find (a) the
1-kbps connections are multiplexed tpgether. A 'uﬁltr;:e t) ¢ tlhe link, (c) the
duration of 1 bit before multiplexing, (b) the transmissio

. duration of a time slot, and (d) the duration of a frame.
[y}

A Solution

We can answer the questions as follows:

a. The duration of 1qbit before multiplexing is 1/ 1 kbps, Of 0.001 s (1 ms).

b. The rate of the link is 4 times the rate of a connection, or.4 kbps. T bfors

c. The duration of each time slot is one-fourth of the duration o{ eﬁwr 'jlis o
multiplexing, oi i/4 ms or 250 ys. Note that we can alsq ca cu? yf bt i
the data ratenf the link, 4 kop<. The bit duration 18 th.e*mV.CfS- of the cdala
rate, or 1/4 kbps or 250 ps. § . it bef

d. The duration of a frame is always the same as the duration of a unit betore
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.

¥
’
b

631 . 7R L Lo

M
omi) el U abadny 3 pestlon S GasIGS Usel Nesoaadesil Fames 3\ sol sailsyd
% Figure 6.15 Interleaving . Syrch@nze o ade ging (shlai s Ao (Mo

3, ) E::SL“\-“?\"&* fom———————— Synchron';zation ——————— A_" _\9_\\- "Q%Q@ %%“th(\m b\+ M
(il @im T d5riall sdenssus Gsdy Fame N\ a by of L

i k A3 A2 Al
POt NN oy s st

: '
i ;
1
A3 A2 Al -
1 ‘
Frame 3 Frame 2 Frame 1 ! I N \.59_333
i

.- \?ﬁ?’t\}s c31B31A3] (C2:821A2] [C11BI Al

srnslicgia) il iz, o | B | |
okl il e
20"\R LS

% ® TDM can visualized as two synchronized fast-rotatin g2 %%mm“m\\@*
+ches P ) d PPN
switches, one for muxing and the other for demuxing dend I

‘O

+ ® The process of inserting one unit of data per connection in
~each frame is called Interleaving and the data unit ig called the 2 &’k‘
‘interleaved unit RS-

il anchutetth Mese st gpn Bls ™
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‘Example 5.8

Four channels are multiplexed yg;
ends 100 Dytes/s and we multi Ing TDM. If each channel

: |
fhe frame traveling on the linp ex 1 byte per channel, show

. ) t
. 1 .

oThe muitiplexer is shown in Figure 6.16 |
oEach frame carries 1 byte from each <.:ha.nne1'
oThe size of each frame, therefoﬁe, is 4 byies,, ,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. Hhyre

0The bit rate is 100 X 32\’&3206 bps.  bebolsh

S :
6.33 oo d Ol
% s

oHEHE 3

= CT

=

6.0l 9= loms

S

Frame4bytes - - " Frame 4 bytes
32 bits e 32 bits |

Y

100 frames/s
3200 bps

[\ e

100 bytes/s

on =l
Frame duration —1005

@ Qa:.me P;*‘S = _\_&"—m—e— = \eo qume [
. o ms

@ Q(m wize = Y Eg’rﬁ = 4yB =3% birs

B odpot datey Ele = Diane ade X Sose Size = lea(32)
- = 32 bps
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Examplie 0.y ___——

nnels using 2 time slot
uts. '

- ’ cha
A multiplexer combines four 100 kbpi  rary D
of 2 bits. Show the output with four af
OWhat is the frzme 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 50,060 frames per second.
20 us.

OThe frame duration is therefore 1/50,000 s or y -
OThe frame rate is 50,000 frames pEr second, and each frame

carries 8 bits;
OThe bit rate is 50,000 x 8 = 400,000 bits or 400 kbps.

OThe bit duration is 1/400,000s, or2.548.. ¢
o-Ms ams Qfé = AL
6.35 @ln.oql-.' T- 2 T-b = 2(’ M ‘) { ———'26 v

T iR Tt B

Figure 6.17 Example 6.9

éhh GRS 2P
s W B

ﬁ/\-‘
100 kbps — " 1100’10 Frame duration = 1/50,000 s = 20 ps
P Frame: 8 bits  Frame: 8 bits  Frame: 8 bits
00j1 0 e R R = = =
100 kbps e+ [90[10100{11{ |07{11{10|00]| |11]01|10 10 1,
100 kb e T —
Ps 0} 50,000 frames/s
seee (0 01
100 kbps i B O 400 kbps
s s e e Fane Wbt Frane Sioe
ks @ 5 Seklag v § = Yoo KLE{?
\owesy (s ds T asliy, of
.(-. f.\l\ 3. CD f‘ﬂ"Q = % L:\') = L\m \KE?S
2« My
@ -Tbo - l = '2 g }AS
Yeo ¥ l0°
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| SSasaw ST

Figul‘e 6.18 Empty slots l_,aL- J..‘... Cae N3ls ¥ /f‘ai

v e Gu @ \os

m—

.. T
o N

et M s s i
FIR W AL ;’"’I7'f-!4~‘-{'-"‘fﬂ‘l'4;‘§, "«2

A EASEER A

AR

e T

X% n

VAW'_‘#
& s, e,

SYDChT"JHO'US may not be very efficient 7p.:,0\ sz 0 Tidbe
:it;;lg sdlziaiilst;‘;a(i)iible at the input source, then the correspb\:;zling
S put frame will be empty =» wasting [esources
Statistical TDM can improve the efficiency by removing the
empty slots ‘ —

6.37

T

% W

(okes A

Non-Homogeneous TDM .z
e multiplex devices that have different data rates? S Se¥s

Canw
The answer is yes. How? Trame Niss goiaucer @it
e slots per frame than slower devices

% » Faster devices may use more tim
% » But remember that in a TDM system:

£ time slots per frame, and the  —¥

3 = The number of multiplexed devices, the number 0
time slot duration in the frame are always fixed ol &
M Bk s

Y Therefore, for TDM t0 work optimally, the different daia rates must be
integer multiples of each other. In this chasé: ¢ach deviue uses a number of &S
time slots that corresponds to the ratio of itf de\lnt\a raif)tt) data rate of the
’ : o bim SeY  Lots
slowest device ; T ‘ - ]
ices with data rates X, 2x, and 6x, the devices are 3gdels

%= For example: for three devices ¥ _ r ‘

assigned 1, 2, and 6 time slots per frame respectively. 312Uy X ady

& = What if data rates aré not integer multiples of each others? Use Bit Padding Ga( oy
P X \fx .3\ \&

(or Pulse Stuffing) L by the multiplexer & O e data = of

% m Bi .o is a technique use y the multiplexer to orce the rates o

511(;[ g:sﬁ;:f to be integer multiples of each other by adding extra dummy
bits in the source streams of the slow device

6.38
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| S
B> ] /.—
Figure 6.12 Multilevel mult::f(g.:clltg |

—

19 Khgs 05 B\ 15
4z b 2o U

any 2o

20
==

. )-n\' l.'-J‘-

3
gOkbps——- \\\ igkbp

20 kbps /

40 kbps

160 kbps

40 kbps

40 kbps
- % Al \ B %k
Yegagetion Delay N knun = ;
e ¥
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Figure 6.20 Multiple-siet wucvrplexing

25 kbps
50 kbps | 25kbps
25 kbps , 125 kbps
25 kbps The input with a
p : 50-kHz data rate has two
25 kbps 7; slots in each frame.

—__\
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_—-
Figure 6.21 Pulse stuffing

— ' B
50 kbps . |
50 kbps - 150 kbps
46 kbps ———— Pulse | 50 kbps
2“3’ a8 9_}'\\

(e, ) AT AT S SR, T
]

6.41

Figure 6.22 Framing bits —> Todne ) odhsashatas e i

d 2B SAC U0 VSl Nalg, DM g
Ot/ W ‘ Synchronization

pattern

J  Frame3 ' Frame1

=

H—

" The major issue with TDM i§ 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 mMorc synchronizat.ion bits (c.alled framing
Q)f[s) are usually added to the begirrgpg of each fiame )
bits usually follow a predefined patteri known by
I’sand 0’s .

" The framing .
6.42 both sides such alternating

R
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3 ok e 4. 1f the interleaved
rs per seco me, find (a) the data

§ ‘ -
We have four sources, each creating 250 Cl}?‘m"
bit is adde ource, (¢) the frame

unit is a character and 1 synchronizing It 1 \ aracter o ea
rate of each source, (D) the duration of each C e bits In cach frame, and (f) the

rate, (d) the duration of cach frame, (¢) the pumber

__Example 610 __— o

| data rate of the link. (211 ji =N
We can answer the questions as follows: '
. — 0 bps = 2 kbps .
h source is 250 X 8 R character is 1/250s,

a. The datarate of eac .
duration ofa

b. [Each source sends 250 ch/sec;

or 4 ms.

c. [Each frame has one character from each source,
send 250 frames/sec to keep the transmission 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 frame it 4 & + 1 =230 Dits.

f  The link sends 250 frames per second

means that the data rate of the link is 2

therefore, the

and each frame contains 23 bits. This

50 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
« Ifwe add the bit rates of the fours ch .
a
e nnels, we get
« Because 250 frames are traveling per second and each

contains 1 extra bit for synchronizati
1
250 to the sum to get 8250 bps. Fon, wn.pesd e 4
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Two channels, one - .
. ; ’ 1th a bt S
with a bit rate of 2(2)0 kw’gl bit rate of 100 kut))ps and another

. : S

this be achieved? What isart;to fl‘)e multiplexed. How can
i . € Ira :

frame duration? What is the bit rage of et

Solution L Tate of the link?

oWe can allocate one " |

slot to .
1o the second channe]. the first channel and two slots

‘OEach frame carries 3 bitg.

:OTh.e frame rate is 100,0001 frames per second because it
carries 1 bit from the first channel.

‘0The bit rate is 100,000 frames/s x 3 bits per frame, or 300
kbps. o

6.45

Figure 6.23 Digital hierarchy

'6.312 Mbps.~
. ADS1

* 44376 Mbps
7052

EEL d 274.176 Mbps
BT 6DS-3
. DS- ‘\

emmm—-
DS-4
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dbsa _ Table 6.1 DS and Tline raie? = vaTie Chamnel?
: . Rate (Mbps) —
295530 Tomice Line — 24
3 AL T T-1 g‘;z— et 0
DS-2 T-2 —— 6712
o 44,736 e
DS-3 T3 e 6‘ 4032
DS-4 T4 274, —=—

6.47

n owl&\u\g\%\ _&3‘%‘:’-‘_»;\9 "

Figure 6.24 T-1 line for multiplexing telephone lines

.Nen pediodiecsd Cotfitioues % Sampling at 8000 samples/s>
_ using 8 bits persample /-

Q)
EN
>

Y/

T-1 line 1.544 Mbps
24 x 64 kbps + 8 kbps overhead

T >
) biF
Eumi_ﬂ)

24 Voice channels
Q\\
) -+ €N
()

4 kHz 64,000 bps

6.48
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jgure 6.25 T-1 frame structure

/ Samplen
|

|
|

\ [ ~J
v . \ 23ls A
|
o . U
i | kel | Channel || Channel
/\ “| 1bit 8bits 8bits 8bits
: N N : : A frame=‘1‘9)3’bit‘s’: .

Emdl

T-1: 8000 frames/s = 8000 x 193 bps = 1.5 4 Mbps

6.49
d e “
IR e
Table 6.2 E line rates DR
Line. " - Rare (Mbps) Voice Channels | e
E-1 2.048 30 'QM%\;
.44 120 Losiae e
E-2 8.448 . S e
| E-3 34.368 B0 | oo
_______-——-—-‘-’ / L
E-4 139.264 1920
(B4 | |
6.50
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ee et Ndan D hiales dai)=psalbll
ENANER] R VCR N Y ALCRTC A WS LE .t e

f\ii‘i\*f@Svnchronous TDM ADD|ICat|0n

SN v VAR ST g
%;ks\m\ s ™ Second-generation cellular phone technology called

e , TDMA (Time-Division Multiple Access):

ERCANS s
Qz’\g 14, " Digital version of the AMPS technology «1-2 *'
twe <t & @ FDM is still used to divide the bandwidth 1nt0}___g 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

mﬁfﬁl N Sender N, Ly s 45 ) “
: = LM\L\WP&»& (ecicoer 3\5 = 2\ s

'ﬂMh )\ < SJ )

"« Statistical Tlme D|V|5|on
Multipiexing

" = Synchronous TDM is mefﬁment when there are empty
ty ¥~ glots

Gs\s Vi \
assuses 2l ® |n statistical TDM: '

e U&= The time-slots are dynamically allocated to improve bandwidth
M

(B

e 101 efficiency or utilization
* The number of slots in each frame is less than the number of
input lines D

* Addressing per slot is needed to specify the destination
" The ratio of the data size to the address size must be reasonable
* No frame synchronizatio 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 j
and statistics

ntensity
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In spread spectrum (SS), we combine signals from
different sources to fit into a larger bandwidth, but our

goals are to prevent eavesdropping and jamming. Tp o
achieve these goals, spreaﬂspectrum techniques add é"’ \

R Sy
redundancy. %\;&\& TR . B\ii a
oty A st i S N 5
'3 3“"\“““3 —

* Direct Se_quenfe Spread Spec = G & Mmﬁ\
| A dlarlaha i 9 QCeutec \\ y

6.54 | - esetalaiedaiy
oy (et ol abatl dei) desinghd Ly,

o= AN (o dAy Wy e dada Adagy

-

CamScanner


https://v3.camscanner.com/user/download

3 ; T

Figure 6.27 Spread spectrum R
| E—
W
- Spreading
procesj, ’ e 2 \3/.
“: f\ . 9‘\4\}\&‘-\“\)‘
Spreading
code ———
e —— R
% ®  Principles of spread spectrum: '
1. The bandwidth allocated is much larger than ieeded allowmg.r_edﬂ__mf\z
2. The spreading process occurs after (i.e.; independent of) the signal se.z,d0 s
- m{w ( S‘ﬁmlﬁ‘%\l\) IB\C;E, \_:&L)MQJ . \h(‘c‘“-’\é"ﬁ\ \)s'é:\'a{)\'

S ®  The two most well-knowy spreading techniques used a7e:
Frequency Hopping Spread Spectrum (FHSS)
Direct Sequence Spread Spectrum (DSSS)

1L
2.

6.55

Figure 6.28 Frequency hopping sprea?l spectrum (FHSS)

10 _\,\wks,;\nsaﬂaeyb 25, FAAM, .
G“,&“"A\ k“m\b}‘bm Origina%)\ o N/ Spread
@&\@%Q\\QQ\@“%&N signal/ ‘ > X > signal B e 5\ &35:9\ )
5 | L Qe
( Scax\ HQ)’S\S’QQEQQ {_' ; Fré;éiﬁency %:h_\ deq -“ A g e 3
f\%'\ s ok \35.3 . synthesizer ' -5‘\\ 5 9)’5&5 %Eeé ._\\\)R.S(Sﬁ%\'
ALIGES. & F fewead SiGsame fatfndls) 38
L'. y fm* > o g2 3 - (2o e
£xe Sesd () ‘\5,,99%“?3 29 e P o
L \)»9’ g & " Cff_ ' o o,
5 2o L 100 ] (i oath Pseudo o
R 22 o | |58 ] | T T s )
[ 2 L},;f’:,\"‘ s Frequencytable.~-5 C(,LI ‘i; 'AS)- ) w\wu y
\0; | e;’\ ——— 3, €™ ks"))p (s.,,w' Mo
SO . &
® M different carrier frequencies to modulate the signal / ALk L::z
= A(pscudorandomycod: generator, also called pseudorandora noise (PN.)
creates a2 k-bit patteza fu: every hopping period Th > T &
= A frequency synthesizer creates a carrier signal with ‘MM
frequency according to a lookup table
6.56 — Advantages: privacy and antijamming
. = . = _——
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Figure 6.29 Frequency selection j;

e

t FHSS

e‘sk‘—"u‘“‘ 03 Aehe Sl Sayee alsn

: L it e First-hop frequenc
ﬂ__l('\'hya;_fnb“—:‘%'ﬁ')ﬁxﬁma-am byt o apreq y
Nbs 327 3NN Osashwie @l sator 1‘
540 St oy Pebecn, W 53004 %
‘ (%\t’e 4 ‘ k-bjt Frequency
ke-bit patterns ., 000 || 200 kHz
; 007 || 300kHz
101 111 001 000 010 110 017 100| |010| 400KHz
i 011 | 500kHz
First selection 100 | 600 kHz
] = —»(10D|| 700kHz
tel 05 Seay U1 cey b4 | 170 B00kHz
ey s 5, 111 || 900 kHz
! Frequency table

R " ; T ¢ h
Figure 6.30 FHSS cycles i il TR E o N

Carrier lb‘.u-:ﬂ ¥ Jus r

frequencies Cay wlos : 3 i %l<
(kHz) win 2 €, dol ¥ /_f\m‘s’u :L%e@_r_)
1 Y ktz Liea Qs LY
Cycle 1 Cycle2 ;

000 |— (N Z usel &?‘Eﬁ\\%"‘
800 e Sl
600 [—{——t—1—T""1 ; s dpeton y8N
500 {—1—t |l D . N N
400 -1 1o ‘ aells 5 SN
w0 | | [ e | Nden Qoo S i
200 |- +— il N eu B : Mottty Sauilia)
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oT periods
"
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Flgure 6.31 Bandwidth sharing ///7///_ —
Frequency
Frequency :
(3 p\ax .'
Q.Cb“\&\o(\
Fliss dL ;
PRRTANV IR\ e
Time
v < 3 FDM |

’k._.__ For M hOpplng frequenciesg M cl-@hg_l_s__g_all_b.e mUIFIDICXCddIHE)__} |
* 2 In FDM, each channel uses 1/M of W}l fixed allocation

. LY. .
<= In FHSSLeacn (,hanneL uses 1/M of the bandwidth but with a dynamic
allocation from hop to hop

6.59 % Stequencesy \nowmj_\\ o ikt N %

/
Figure 6.32 Direct Sequence Spread Spectrum (DSSS) e ble Niss aagra)
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Modulgtor
Original Spread
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gm-..»msu\\\ bits §\ ﬁ
(%’rmda(c\ﬁl\gg) ”
R

ATV J)J‘h(‘l
_®  Each data bii is repiaced with n bits using a spreading code S

: mwhbiissdgedacdeoinbisaledchips 355 =
= The chip rate is n times the data a rate o
6 6 \_)ntx:b :é( SAD qu\\ h@séﬁiﬁ(&*tﬁ\ )
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LJJP) % spreading [ ]

LLeds b o g g

Figure 6.33 Dsss example
e —
. — I o ' ;
Original | ~» - e . ! 1 d
signal [ - = ' .

10110111
~ 9»9_;0}_1-01'.10111000'10110111000:
'

code L e - =v.<' ]
e i, e OISR o o o LA

]

L}

]

et A \Spread =)=
¥ e signal [~ |

e
gcp:;:\=9 = Barker Sequence with n=11 is used in wireless LAN
X  Assume that the original signal and the chips use polar NRZ encoding
=  Therate 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

= Advantages: privacy and immunity to interference

2 Canwe share the bandwidth in DSSS? e ap ki NS e
» © Depends on the orthognality of the spreading code | P A\
% © If different channel is assigned a different code from a set of orthogonal codes, then yes.
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Let us first discuss some issues related, directly or

indirectly, to error detection and correction.
dcda fate Mo sasei %

b2 . Tepics discussed in this section: s> \s\s s
w\\\- .)I

. Regied of Ae tois2l)

Acta Comm .3\\3@.2.\3\ *

ETo Gus Dits Sepe opad ail,
Cocst lossy

eifefs o

TSy

% Coding

* Modular Arithmetic

et bt *Types of Errors

-+ Redundancy

~t Detection Versus Correction
* Forward Error Correction Versus Retransmission
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Figure 10.2 Burst error of length 8 S

mk&_gmmds\we— Length of burst

R SR error (8 bits) :
Sent < :
o[1]0 1lololof1{o]ofofO]?

O[1]0]
Received

10.7
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Figure 10.3 7he Structure of encoger and decoder
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— Encoder Decoder
Message aEd Message
l a Tor
/‘G Lonbty \%&_\b&\g;s sz, | discard
R | 0t [lsbins ot it g | Checer
l RSN QL—b\'\ bls Mg [ n sy T
As e Unrel o
Message 2and redundancy nreliable transmission Received information
L\
2130 2 elel N o
)d"!&\'hn e |
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Figure 10.4 XORing of two single bits or two words

()ob N Mba 7
o — NM-| o |
0 @0 =(0J 1®1=0
a. Two bits are the same, the result is 0. 1 0 1 1 0
® 1 o 0
_9 @'I_ = 1 1 @o = 1 0 L 0 1 0
b. Two bits are different, the result is 1.

¢. Result of XORing two patterns
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CamScanner


https://v3.camscanner.com/user/download

l‘e.\""“‘\'"&q LWWASTN
\TIAV CRyTSAN 9 e
G WA )55 Qe g1 Ll eR @) S

Inc?th:);'kkcg dmg, we d'Vlde W blocks,
o its, called datawo We add r redundant

bits to each I.)Iock to make the length n = k + r. The
resulting n-bit blocks are called codewords. o Lt
(edon

Qcdewed N iote Codeundd NONEPL¥

. . . - __V LYy
> ° k - 2 L-l‘ o n e 3
. 2 bh
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Error Correction o] .
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Figure 10.5 Datawords and codewords in block coding
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| Example 10.1

The 4B/5B block coding :
example of this type of coding.
k =4 and n = 5. As we saw, W€
and 2" = 32 codewords.

discussed in

We saw

codewords are used for messag
either used for other purposes 0r unuse

10.15

In this

d.

Chapter 4 is a good
coding scheme,

have 2% = 16 datawords
that 16 out of 32
¢ transfer and the rest are

4 Figure 10.6 Process of error detection in block coding

v/ Sender v~ Receiver
Encoder | Cotfedlness\\ \_m%) % |Decoder '
- \memeitatiayy
kbits] Dataword (Pelfetnagica ) 2 Dataword |k bits
\O\thk N\ \L%&
€ C“-’du\g T Extract
Generator I Lak i |
s Checker
¢ Qutfedtiness 1) Discard
n bits| Codeword Unreliable transmission | -
”_" —> Codeword n bits
e
10.16
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_Example 19, ;

2
Let us assume thys ; /j 2" ddaundds S 2> Code wenks
list of dataw0r¢?;£ and n = 3. Table 10.1 shows the
how to deri > and codewords Later, we will see
Ve @ codeword from 4 dataword,

Assume the sender enco e WEDSY e

ds it to th _ s the dataword 01 as 011 and
sends It 1o the receiver. Consider the following cases:

1. The i:eceiver receives 011. It is a valid codeword. The
recewver extracts the dataword 01 from it. -

\0 o’fs 'd_?‘d&

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. N st dil dedefidas

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. o,

0. \ois a5 co Sl O\ dttdad
 Adarhiondes 33 \ed

10.18
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Table 10.1 A code for error detection
Datawords Codewords
00 000
01 011
0 o
T 110
Ak 5\ g el st ki W & B \¢
% Examples O\ \alsa ol kil § % a‘\,a_\sog_ﬁ_\
o\ w_i\4 Dai‘qux:té Qﬁp&ﬁ'ﬁ\%
W sl dda MWakas Zo st S % d;\; b GSial
Ehss W Joas bl wh A | u\s NGO S
10.19 =\\;n:.>5~53w$\\357‘59 Ghs 3o Sy S3) \S.e_n&&\%

Mo ‘e detecton Ms-th Sscod &s.\m 252 NS Ris
o m\a bls o\*is s\

/-
code can detect

b ‘only the types of errors for which it is

dﬁs@ﬂﬂﬂa\txp
other types of errors,gy
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Figure 10,7 Structype of encogpe

Fand decoge, in error CoFsciinn

Sender |
Encoder Receiver
| ] Decoder
k bits| Dataword
Dataword |k bits
édtﬁx\en\\ A
Generator ¢ (A'\S:qrc\_\\ (RN &y
Lkl (EC&UQ,('_“MS): - Checker
s Mfade |
Codeword Unreliable transmission .
el 3 el g Codeword  |n bits
Nall,

10.21

_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. Assum\}eimthe dataword is (1.
The sender creates the codeword (1011, The g'O—dfmrdiS\,
corrupted during transmission, and_ 01001 'is recc.zived.é;%b\,(
First, the receiver finds that the received codeword is not %\ii,
in the table. This means an error ha:s‘ occurred. The
receiver, assuming that there is only 1 bit corrupted, uses

the following strategy to guess the correct dataword,

(B8] N\s

10.22
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(2o qsesd ) it comfere

Example 10.3 (continued) I |

d /codeword with the first

(01001 versus 00000), the
deword is not the one

1. Comparing the receive
codeword in the table
receiver decides that the first co '
that was sent because there are two different bits.

i) jol cua-diy o ik (i (Sain L) 0

2. By the same reasoning, the original codeword cannot

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

M avsds ot U Giathodd A d &
s R Od (R i@l &

% Table 10.2 A code for error correction (Example 10.3)

Dataword | Codeword
00 | 00000
0l | 01011 dwia 83
10 10101
11 11110
£ o\oo | * oloo| * o\esl
CocoQ O \o\\ \o\e)\
oclocol =2 oo |0 =4 \\\ea =3
v’
3{,. Qb\@o\

\iile
10.24 \olll=y

AN Bas el siEal 2dass At %00 3 plomCampder M
(A DN ne Sy ot Nag) e
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. The Hamming distance between two
words is the number of differences
between corresponding bits.

L)&Dg@“\ &\c\QQ \\\ T )\V\ Ly .,)\\p\\ ) IS ~ ). r—’\’)
) AL A\ BT

Mok C=C2 (W os0x )
lo\\o “ \ \‘l\ -\
% A (a1, C) =\ =5 e venh ok Coif=Cy (woidn exter)

10.25 W\\o e \ k \o\\O

*Example 10.4

Let us find the Hamming distance between two pairs of
words.

TrS c\(C\,C‘q\ o —>We oean

V1. The Hamming distance d(000, 011) is 2 because

[000 ® 011 15 011 (two 1s)]

V2. The Hamming distance d(10101, 11110) is 3 because

10101 @ 11110 4s 01011 (three 1s)

10.26
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| + Example 10.5

Find the minimum Hamming distance of the coding
scheme in Table 10.1.

Solution
We first find all Hamming distances.

F/(ooo,on)'::z d(000, 101) -
d011, 110) = d(101,110) =

d(000, 110)=2 4011, 101) =2

—
—
—

2
2

The d,,, in this case is 2.

10.28
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pind the minimum Hamming distance of the coding
ccheme in Table 10.2.

Solution
We first find all the Hamming distances.

4(00000,01011) =3 d(00000, 10101)=3  d(00000, 11170) =3
401011 1010)=4  d(O1011, 11110)=3  d(10101, 11110)=3

The d,,;, in this case is 3.
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Example 10.7

The minimum Hamming distance for our first code
scheme (Table 10.1) is 2. This code guarantees detection
of only a single error. For example, if the third codeword
(101) is sent and one error OCCUrs, the received codeword
does not match any valid codeword. If two errors occur,
however, the received codeword may match a valid
codeword and the errors arg not detected: .., .. s.0p
\-—) Ci=0lUl — g*:_?g‘ﬁ dlex, V=1 > Ix L dwmin
Cg = Lot 7
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Our second block code scheme (Table 10.2) has d,,,, = 3.

. > =24\ .
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 a
valid codeword to another valid codeword. The receiver

accepts the received codeword and the errors are
! the errors Q1%
undetected.
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Figure 10.8 Geometric concept for finding d_, in error detection
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x To gUarantee correction of UP'".tO',t?r,l'olr,s.ﬁi

= inall cases, the minimum__Ham,mlng A
distance in @ block code

must be dnin =_2t+,;1'.' o
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| ‘ Example 10.9

A code scheme has a Hamming distance dupin = 4. What is
. . w .
the error detection and correction capability of this

scheme?  yicecion  Cotfedion
an:n = SA—‘ Amlp - Zl:-l"l
Y- =S Y- [ =2

Solution s
This code guarantees the éetecﬁon of up to three errors

(s = 3), but it can correct up to one error. In other words,
fzf this code is used for error correction, part of its capability
& is wasted. Error correction codes need to have an odd

O
! N . . s
-’é-\)\fi%@ minimum distance (3, 5,7, ... )-
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*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.
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| Example 10.10

Let us see if the two codes we deﬁned in T abled 10.1 and
Table 10.2 belong to the class of linear block coaes.

1. The scheme in Table 10.1 is a linear blocl.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. — Besper 9\ g il R

2. The scheme in Table 10.2 is also a linear block code.
~ We can create all four codewords by XORing two
other codewords.

10.39 .
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nonzero codewords are 2, 2, and 2. So the minimum

%amming distance is d,., = 2. In our second code (Table
.2), the numbers of Is in the no
nzer
3, and 4. So in this code we have 4 =,03’ codewords are >
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_Table 10.3 Simple panty—checcl;:i;c}g C(5, 4) b:;r\:““ .A” 9 — sxalbesiap\d
Datawo\rd; _ ‘;\\"“ Codewords Data?vs?dg - Codewords

0000 00000 1000 10001

0001 00011 1001 10010

0010 00101 1010 10100
&0011 00110 1011 10111
\0100 01001 1100 11000
o0l 01010 1101 11011
| 0110 01100 1110 11101
TR o111l 1111 11110

—oves Was 1 I e ¢oVs
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Figure 10. 10 Encoder and decoder for simple par ity-check gode
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Example 10.12 Cffg \WU\G\;\;\@

jssion scenarios. Assume the
011. The codeword created
h is sent to the receiver.

Let us look at some transm
sender sends the dataword 1
from this dataword is 10111, whic
We examine five cases:

T R O

e _i_ No error occurs; the received codeword is 10111. The
syndrome is 0. The dataword 1011 is created.; ) 55?%&
2. One single-bit error changes a;. The received I

—

N e (:odeword is 10011. The syndrome is 1. No dataword
is created, | mea——
it single-bit error changes r,. The received codeword

is 10110. The syndrome is 1. No dataword is created.
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‘ Example 10.12 (continued)

ﬁ PQK'\SY
4 An error changes r, and a second error changes a;.

The received codeword is 00110. The syndrome is 0. = }\i:)%
The dataword 0011 is created at the receiver. Note that )g: i
here the dataword is wrongly created due to the -\ . .
syndrome value. —a@c.rlfj Nosslog dede W sle Labd (e

5. Three bits—as, a,, and a,—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
ABlis\ss Siple ciahNgls *

\Ea\ Voo aedes N\ pElagso~k
m\*j‘&? oot N ééﬁeg%&ﬁn R\
0 N o\ e ety pal e K

(bl o SRt A defets
Q 3 (CRC et

L Qyelie codes W

Nevy (\EEE Bo2N ) W

tect
arli -check code can de
¢ A Slmple £ ¥ ber of errors. %

__ anoddnumberotFOR £

CamScanner


https://v3.camscanner.com/user/download

Note I %

<Al Hammlng codes dlscussed in this -

book have dmln = 3.

Con deted up Yo L esreta L\
Lo e=2

* The relationship between m and n |n
these codes is n = 2m i
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Figure 10.11 Two-dimensionqy parity-

check code
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Figure 10.11 Two-dimensional parity-check code
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Table 10.4 Hamming code C(7, ) DL e B

Dataworﬁr- Codewords Datawords Codewords
0000 0000000 1000 1000110 |
0001 0001101 1001 1001011 |
0010 0010111 1010 1010001
0011 0011010 1011 1011100
0100 0100011 1100 1100101
0101 0101110 1101 1101000
0110 0110100 1110 1110010 |
0111 0111001 1111 1111111

% e Aejfedton and Cof (eci&?cn %D

Cgyaiss Wby oo (s (o (B9
sdeal palcdive
10.51

Figure 10.12 The structure of the encoder and decoder for a Hamming code
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Table 10.5 Logical decision made by the correction logic analyzer

syndmnme 000 001 010 | o11 100 101 110 111
For None | ¢ qi b, ¢ by bs b,

COENTHE by oo Binn psaun)d

10.53

B ‘ Example 10.13

Let us trace the path of three datawords from the sender

to the destination:

1. The dataword 0100 becomes the codeword 0100011.

" The codeword 0100011 is received. The syndrome is

“~ 000, the final dataword is 0100 T=* .
2. The dataword 0111 becomes the codeword 0111001.

= The syndrome is Q11. After flipping b; (changing the 1

to 0), the final dataword is 0111.
3. The dataword 1101 becomes the codeword 1101000.

" The syndrome is 101. After flipping by, we get 0000,
the wrong dataword. This shows that our code cannot

2l ==C
correct two _errors. A

10.54
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Example 10.14

3 — Yes U — 4= (wre:(\%j
ves W= W=F (TGgnt)

Ao word (K

We need a dataword of at least 7 bits. Calculate values of

k and n that satisfy this requirement.
s O\ 8

—65 greater than or equal to 7, or

Solution
We need to make k=n

Fem-1-m 2 7.
ultisn=23—-1andk=7-3,

2" 1. If we set m =3, the res
or 4, which is not acceptable. — s fanee N a3

2. Ifwesetm =4, thenn —24-1=15andk=15-4=
% 11, which satisfies the condition. So the code is

s, 11) |
10.55
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ic codes are special linear block codes with oﬁ .
/— . * o ool w
oxtra property. In a cyclic code, if a codeword is "> -

clically shifted (rotated), the result is agt\?aot“l}%r sl

c)
d. N
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. > > N N . ® ) C‘fh \—98\'5 A

TR e Codevad 3 Dnfh A S
g a5 \atd Codewetd

Hardware Implementation <5<

Polynomials (e ‘{’\,‘\\i\) Jeneted 3
Cyclic Code Analysis A= G Qs aq @3 Az A 9o
Advantages of Cyclic Codes « /Q g gt g go tg 4
. =]
Other Cyclic Codes Nk i 5 94 93z G2 M ¢
Ls B.-: bé \;)5 bq bg bz \31 bo
10.57 _ Qm’te( - '
: o f int N
Bos elids Q;%\,%ﬁ\ﬂgms}*“ c@geworé.
20T Gt defect \alasis\oo Gyt
Bt \WEN = Daka, word
Table 10.6 A CRC code with C(7, 4)
Ls code word
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
Uil G e g e

N
AW 2y gawarerd s \edy Codewed X " 1
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Figure 10.14 CRC encoder and decoder
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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 encogey and decoder of a CRC code

/
Note:
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Figure 10.21 A polynomial to represent a binary word
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/
2 CRC division using polynomtals

Figure 10.2 —
mPuJEL\\

\shent L& \,\@:@y&‘\“’ Co
LL@: 3 bti\a.(j .\\-\ Dataword
. ?f___, u),b\\_».\_,n»;\&\% *
3 + X Dividend:
Di:isor N )—x6 . = — augmenteg
3 + X dataword
6 + xt+ x3
-

2 ) K% e
x ( \’5-*'\3 & 2 Codeword| .
= 7\6"\' A * X+ X Dataword Remalnder

10.67
k_f;\e»&q)\»}\w\o o« Nabae sl
_: RTINS E ECES U SR WWATY

The(divisodin a cycllc code is normally
called the generator polynomial |

or simply the generator.
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1f s(x) # O;fibne\or.:*mbreifb,iat,_
If s(x) 0 elther

a. No blt |s corrupted aor,
b. Some bits are e"rljupt
decoder falled tedetect;h

10.69

Note é

Ina cycllc code thosef‘;e(x)*'“""";rrors that
are d|V|S|bIe by g(x) are not caught

10.70
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Note I

 If the generator has more tha(\)n ;1
and the coefﬁment of x%is 1,~
all single errors can be caught

T: looelacl aﬂ‘: \caS\’ two C>§}_ ﬁg\\ C\oov/,\.rm'tz‘.:"—b Ga

' ol ol
fr= essis 68 B Yelfmns .
EE)(]- oloslloco X i &

st G0 g B0 S a

’\,’y)\@, s el 5 8 W) Sall S

. 2 L\'\a zmn%tfo
10.71 (/\00)\6\1 = "g ZJ _der25S

_ﬁ Example 10.15

v Which of the following g(x) values guarantees 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 by x + 1. Any single-bit error can
be caught.

b. If i is equal to or greater than 3, xiis divisible by g(x).
All single-bit errors in positions 1 to 3 are caught.

¢. All values of i make x' divisible by g(x). No single-bit
error can be caught. This g(x) is useless.
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Figure 10.23 Representation of two isolated single-bit errors using polynomials
o

- :
ol1lol1|1]1]o|1]o|1]|o|olo]o|1]1
Xn-1 Xj Xi XO

XJ*')(L
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If a generato"r; ca,
(tbetweenOandn—
then aII |sol7altedﬁdoup}leferrors o
__canbedetected.

Vorlht Wilery 3\§ )

cai ¥ S e gD N v
3 BN
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__*Example 10.16 -

owing generators related to ty,

Find the status of the foll
J inole-bit errors
llflsollfaie;{, s";)gx“ + 1 c. X7 +xt+1 d xP+x4+]
Solution
e for a generator. Any two

a. This is a very poor choic
errors next to each other
b. This generator cannot detect
positions apart.
c. This is a good choice for this purpose.
d. This polynomial cannot divide x* + 1 if tis less than
32,768. A codeword with two isolated errors up to
32,768 bits apart can be detected by this generator.
\)*5*&\-‘ Py &l ASAESRWN

cannot be detected.
two errors that are four

10.75

X aa s -

238
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O All burst errors with
‘detected. ooV, , e
O All burst errors with L =u;“5|-~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,

Lsrwillbe

10.77

Example 10.17

Find the suitability of the following generators in relation
to burst errors of different lengths.
a. x5+ 1 b.x¥+x"+x+1 . X2 +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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| Example 1017 ( continued)

ct all burst errors with a length,
blt . § out of 1 million burst
- 4 out of 1 million

p. This generalor can dete

less than or equa
errors with length

burst errors of len

gth 20 or more will slip by.

purst errors with a length
5 out of 10 billion burst
3 out of 10 billion

will slip by.

can detect all

less than or equal to 32 bits;
errors with length 33 will slip bys

burst errors of length 34 or more

10.79

KA good polynomlal generator needs to
have the foIIowmg characterlstlcs
1. It should have at Ieast two terms
2. :)'2?' coefflment of the term x° should‘

3.1t should not d|
| VIde
~ between 2 and n - 1xt + 1 for t

4.1t should have the factor x + 1.
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Table 10.7 Standard polyhomials CRC I\ S e

Name Polynomial \_-XPTITT_—
C
CR/C—S—’f xs + x2 +x+1 -—A?Mpmj\?__
CRC-10 xlo+x9+x5+x4+x2+1 \_\i
— | 16, 12__ 5. ATM AAL
(RC-16 | X" +x“+x+1 —
0 | 2420 B DT LC
X8 x4 S 4,2 LANs —
F A A tat] (wih) i
1R Ny azyalais T
CawPo{'e( Neim(\«s 3\5 SN Qmmnicniion&\;:‘.m\ Ans) Uy \)g\g y Q_NZ;M, e
2 s N Py

(Stsard efer Coflartian ) bW

gt wh Aabs A Qe iy g iz vz el
V ( Atomehed peit (Sqpesh)

T

Gleck Wiy sogron b MM ms Mol aiid) B B :\\

Comuty Smm)) o S L Rty \ g s 0 e | AT, Complomant
avlT} i

il he last error detection method we discuss here is
wealled 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 " w0 —3 4

Wnul\uel 1 osele safoelns llnmlnoJ

/ D (98 ANYH! 1S S€ Center b,p:;w_;j
Idea |oolloal )
I [] oo le -
One’s Complement =TT dﬂ Aolooloo
Internet Checksum & ! -y 0
oltllilgo

' poloofoe | [, llesils

-—SDO\ coleoo $ 2looDo
ole o L T O A |
10.82 él—; I Laces]g DJ Conglemat a0 0 oe e R
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e chuksim 1 bllo] © —— -‘
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Example 10. 18 [ ——

a is a list of five 4-bit numbers tha; we
destination. In addition to sending these

numbers, we send the sum of the numbers. F (:; ;xtllllnpll;,
if the set of numbers is (7, 11, 12, 0, 6), we.se.zn (75 I’; ’
0, 6, 36), where 36 is the sunt of the original numbers.
The receiver adds the five numbers and compares .the
result with the sum. If the two are the same, the rt?celver
assumes no error, accepts the five numbers, and discards
the sum. Otherwise, there is an error somewhere and the

data are not accepted.

Suppose our dat
want to send to a

10.83

Examplev 10.19

We can make the job of the receiver easier if we send the
negative (complement) of the sum, called the checksun.
In this case, we send (7, 11, 12, 0, 6, —36). The receiver
can add all the numbers received (including the

checksum). If the result is 0, it assumes

. . no error;
otherwise, there is an error. | ’

1N Q4
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: | Example 10,20

How can Wwe represent the ,

umber 2] in ’
. : i One
cmnplement arithmetic Using on >

ly four bits?

Solution

The number 21 in binary is 10101 (it needs five bits). We

can wrap the leftmost bit qnd add it to the four rightmost
bits. We have (0101 + 1) = 0119 or .

10.85

Example 10.21

How can we represent the number —§ in one’s
complement arithmetic using only four bits?

Solution

In one’s complement arithmetic, the negative or
complement of a number is found by inverting all bits.
Positive 6 is 0110; negative 6 is 1001. If we consider only
unsigned numbers, this is 9. In other words, the
complement of 6 is 9. Another way to find the complement
of a number in one’s complement arithmetic is to subtract
the number from 2" — 1 (16 — 1 in this case).

10.86
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ne’s complement

: g O
iy Exer;z;;llsol.llos:vsu;:zg rocess at the sender
1.’ he sender initializes the checksum

‘ nd the checksum (the
data item and is shown in
36 cannot be expresse d
ed and added with
lue 6. In theﬁgure,

The sum is then

Let us
arithmetic. Fignre
and at the receiver.
to 0 and adds all
checksum is consi

color). The result is 30-
j wrapp

in 4 bits. The extra tw
the sum to create the wrappé€

we have shown the details in binary.
complemented, resulting in the checksum value 9 (15— 6
items to the receiver

= 9). The sender now sends six data
including the checksum 9.

10.87

Example 10.22 (continued)

T Z; receiver f(.)llows the same procedure as the sender. It
Zg 4; a1111h data items (including the checksum); the res.ult
. The sum is wrapped and becom ,

is 5. es 15. Thew
ﬂt:;n Cl-;; ;:l;;zplem'ented and becomes (. Since the v;‘llpped
corrupted lll"ll? s 0, this means that the dat i o
. The receiver drops the checksum “dl*;{ s
and keeps

the other data i
. items. If th
entire packet is droppedf e checksum is not zero, the

10.88
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/ 10.24 Exumple 10.22

m@
/‘—_—_

7
11
12
0
6
0

Sum _'_>¥’

\\7 A\ yi3\n

fig"

U bt arthaadkic

Wrapped sum —>= 6
Checksum —> 9

G -8 Qm&yipl( 488 A Receiver site

7,11,12,0,6,9

Packet

L

700100 36

u{:.\u\brw
L oit <4S
&\)

10
0110 6
1001} 9

Details of wrapping
and complementing

7

1"

12

0

6

2

Sum —>» 45
Wrapped sum —~ 15

Checksum —» 0

101101 45

“E i
0110 15
1000 0

Details of wrapping
and complementing

K

10.89

Sender S|te

* 1. The message is d|V|ded mto 16-bit words.

* 2. The value of the checksum word is set to 0.

¥ 3. All words mcludmg the checksum are
added using one’s complement addition.

* 4. The sum is complemented and becomes the

checksum.

*+ 3. The checksum is sent with the data.

10.90
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jver site: _ .
% I1.2(?1'(;::\r’neessage mcludmg checks ) o
o divided into 16-bit worSi:‘;.g ne's
Mg ¥ 2. All words aré adc-le'd u
et complementaddltlon.
Choksmdly 3 The sum is complemé
T e of ¢ cksum is 0, the_message

% 4. Ifthevalueofche ity | ge
is accepted; otherwise, It is rejected.

nted and becomes the

10.91

- Example 10.23

ot us calculate the checksum for a text of 8 characters
(“Forouzan”). The text needs to be divided into 2-byte
(16-bit) words. We use ASCII (see Appendix A) to change
each byte to a 2-digit hexadecimal number. For example,
F is represented as Ox46 and o is represented as 0x6F.
Figure 10.25 shows how the checksum is calculated at the
sender and receiver sites. In part a of the figure, the value
of partial sum for the first column is Ox36 W; keep the
rightmost digit (6) and insert the leftmost d.igit 3) 611; the

carry i

eac’I;V éloihtlll’ffnsef\?ont‘ei ;:;; ll;n?n. The process is repeated for
(] a - .

checksum recalculated p y there is any corruption, the

| th ver i
1019€ave this an exercise y the receiver is not all 0s. W¢
.92 '

CamScanner


https://v3.camscanner.com/user/download

Figure 10.25 Example 10,23

/ \
T—; 3 Carries M
4 6 6 F WO) 4 6 6 F (Fo)
757 A (UZ) 7 5 7 A (uz)

6 1 6 E (an) 6 1 6 E (an)
0000 Checksum (initial) 7 0 3 g8 Checksum(received)

8 F C 6 Sum (partial) F F F E Sum (partial)
— 5 — ]

8 F C 7 - Sum 8 F C 7 Sum

70 3 8 Checksun1&osend) 0 0 0o Checkann(nemd
a.Checksum at the sender site a. Checksum at the receiver site

NN Gy \sin 9145y
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