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Con tem pora ry Da ta Comm s

• trends
– tra ffic grow th at a high & steady ra te

– deve lopment of new serv ices

– advances in techno logy

• s ign ifican t change in requ irem en ts
– emergence of h igh-speed LANs

– corpora te WAN needs

– d ig ita l e lectron ics



A Comm un ica tions M ode l



Comm un ica tions Tasks

Transmission system utilization Addressing

Interfacing Routing

Signal generation Recovery

Synchronization Message formatting

Exchange management Security

Error detection and correction Network management

Flow control



Data Comm un ica tions M ode l



T ransm iss ion M ed ium

• se lec tion is a bas ic cho ice
– in te rna l use entire ly up to business

– long-dis tance links made by carrie r

• rap id techno logy advances change m ix
– fiber optic

– w ire less

• transm iss ion costs still h igh

• hence in te res t in e ffic iency im provem en ts



Netw o rk ing

• g row th o f num ber & power o f com pu te rs is d riv ing 
need fo r in te rconnection

• a lso see ing rap id in teg ra tion o f vo ice , da ta ,  im age 
& video techno log ies

• tw o b road ca tego ries o f comm un ica tions ne tw o rks:
– Loca l A rea Network (LAN)

– W ide Area Network (WAN)



W ide A rea Ne tw orks

• span a la rge geog raph ica l a rea

• cross pub lic righ ts o f w ay

• re ly in pa rt on comm on ca rrie r c ircu its

• a lte rna tive techno log ies used inc lude:
– c ircu it sw itch ing

– packet sw itch ing

– fram e re lay

– Asynchronous Transfer Mode (ATM)



C ircu it Sw itch ing

• uses a ded ica ted comm un ica tions pa th estab lished 
fo r du ra tion o f conve rsa tion

• com pris ing a sequence o f phys ica l links

• w ith a ded ica ted log ica l channe l

• eg. te lephone ne tw o rk



Packe t Sw itch ing

• da ta sen t ou t o f sequence

• sm a ll chunks (packe ts) o f da ta a t a tim e

• packe ts passed from  node to node be tw een sou rce 
and destina tion

• used fo r te rm ina l to com pu te r and com pu te r to 
com pu te r comm un ica tions



F ram e Re lay

• packe t sw itch ing sys tem s have la rge ove rheads to 
com pensa te fo r e rro rs

• modern sys tem s are m ore re liab le

• e rro rs can be caugh t in end sys tem

• F ram e Re lay p rov ides h ighe r speeds

• w ith m ost e rro r con tro l ove rhead rem oved



Asynch ronous T rans fe r M ode

• ATM

• evo lu tion o f fram e re lay

• fixed packe t (ca lled ce ll) leng th

• w ith little ove rhead fo r e rro r con tro l

• anyth ing from  1 0M bps to G bps

• cons tan t da ta ra te us ing packe t sw itch ing techn ique 
w ith m u ltip le v irtua l c ircu its



Loca l A rea Netw orks

• sm a lle r scope
– Build ing or small campus

• usua lly ow ned by sam e organ iza tion as a ttached 
dev ices

• da ta ra tes m uch h ighe r

• sw itched LAN s, eg E the rne t

• w ire less LANs



Metropo litan A rea Netw o rks

• MAN

• m idd le g round be tw een LAN and W AN

• p riva te o r pub lic ne tw o rk

• h igh speed

• la rge area



The In te rne t

• In te rne t evo lved from  ARPANET
– firs t opera tiona l packet network

– applied to tactica l rad io & sate llite nets also

– had a need for in te roperab ility

– led to standard ized TCP/IP pro toco ls



In te rne t E lem en ts
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Need For P ro toco l A rch itec tu re

• da ta exchange can invo lve com p lex p rocedu res, 
e.g . file trans fe r

• be tte r if task b roken in to sub tasks

• im p lem en ted sepa ra te ly in laye rs in stack
– each layer prov ides functions needed to perform tasks 
for layers above

– using functions prov ided by layers be low

• pee r laye rs comm un ica te w ith a p ro toco l



Key E lem en ts o f a P ro toco l

• syn tax - da ta fo rm a t

• sem an tics - con tro l in fo & erro r hand ling

• tim ing - speed m atch ing & sequenc ing



TCP/IP P ro toco l A rch itec tu re

• no o ffic ia l m ode l bu t a work ing one 
– Applica tion layer

– Host-to-host, or transport layer

– In ternet layer

– Network access layer

– Physica l layer



Phys ica l Laye r

• conce rned w ith phys ica l in te rface be tw een com pu te r 
and ne tw o rk

• conce rned w ith issues like :
– characteris tics of transm iss ion medium

– s igna l leve ls

– data rates

– other re la ted matte rs



Netw ork Access Laye r

• exchange o f da ta be tw een an end sys tem  and 
a ttached ne tw o rk

• conce rned w ith issues like :
– destina tion address prov is ion

– invoking specific serv ices like prio rity

– access to & routing data across a network link between 
two attached system s

• a llow s laye rs above to igno re link spec ifics



In te rne t Laye r (IP)

• rou ting func tions across m u ltip le ne tw o rks

• fo r sys tem s a ttached to d iffe ren t ne tw o rks

• us ing IP p ro toco l

• im p lem en ted in end system s and rou te rs

• rou te rs connect tw o ne tw o rks and re lays da ta 
be tw een them



T ranspo rt Laye r (TCP , UDP)

• comm on laye r sha red by a ll app lica tions

• p rov ides re liab le de live ry o f da ta

• in sam e o rde r as sen t

• comm on ly uses TCP
– Connection orien ted

– Error contro l, flow contro l

• A lte rna tive p ro toco l UDP
– No overhead like TCP



App lica tion Laye r

• p rov ide suppo rt fo r use r app lica tions

• need a sepa ra te m odu le fo r each type o f app lica tion

• La rge num ber o f p ro toco ls
– SMTP  for electron ic mail transfer

– HTTP for web access

– FTP for file transfer

– S IP , H .323 for vo ice and video communica tion

– RTP for transporting rea l-tim e data



Opera tion o f TCP and IP



Address ing Requ irem en ts

• tw o leve ls o f add ress ing requ ired

• each host on a subne t needs a un ique g loba l 
ne tw o rk add ress
– its IP address

• each app lica tion on a (m u lti-task ing) host needs a 
un ique add ress w ith in the host
– known as a port



Opera tion o f TCP/IP



OS I

• Open System s In te rconnection

• deve loped by the In te rna tiona l O rgan iza tion fo r 
S tanda rd iza tion (ISO)

• has seven laye rs

• is a theo re tica l sys tem  de live red too la te!

• TCP/IP is the de fac to standa rd



OS I Laye rs



The OS I Env ironm en t



OS I Laye rs (1 )

• Phys ica l: Phys ica l in te rface be tw een dev ices
• Mechan ica l – Phys ica l connec to r d im ens ions

• E lec trica l – Vo ltage leve ls fo r 1  and 0

• Func tiona l – Functions o f each conducto r in a connecto r

• P rocedura l – Sequence o f even ts fo r exchange o f b its 

• Da ta L ink
– Means o f ac tiva ting , m a in ta in ing and deactiva ting a re liab le link

– E rro r de tec tion and con tro l

– H ighe r laye rs m ay assum e erro r free transm iss ion

– F ram ing or group ing 1 s and 0s in to frames



OS I Laye rs (2)

• Ne tw ork
– T ranspo rt o f in fo rm a tion

– H ighe r laye rs do no t need to know abou t unde rly ing techno logy

– Not needed on d irec t links

• T ranspo rt
– Exchange o f da ta be tw een end system s

– E rro r free

– In sequence

– No losses

– No dup lica tes

– Qua lity o f se rv ice (perfo rm ance guaran tees)



OS I Laye rs (3)

• Sess ion
– Con tro l o f d ia logues be tween app lica tions

– D ia logue d isc ip line (ha lf dup lex or fu ll dup lex)

– G roup ing (grouped da ta w ith som e separa to r in be tw een )

– Recove ry (e.g. use m arke rs or checkpo in ts in s tream)

• P resen ta tion
– Data fo rm a ts and cod ing

– Data com press ion

– Encryp tion

• App lica tion
– Means fo r app lica tions (user prog ram s) to access OS I 

env ironm en t



Use o f a Re lay



OS I v TCP/IP
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T ransm iss ion Term ino logy

• da ta transm iss ion occu rs be tw een a transm itte r & 
rece ive r v ia som e m ed ium

• gu ided m ed ium
– eg. tw is ted pa ir, coaxia l cab le, optica l fiber

• ungu ided / w ire less m ed ium
– eg. a ir, water, vacuum



T ransm iss ion Term ino logy

• d irec t link
– no in te rm ed ia te devices

• po in t-to-po in t
– d irect link 

– on ly 2 devices share link

• mu lti-po in t
– more than two devices share the link



T ransm iss ion Term ino logy

• s im p lex
– one direction
• eg. te lev is ion

• ha lf dup lex
– e ither d irection, but on ly one way at a tim e
• eg. po lice rad io

• fu ll dup lex
– both d irections at the same tim e
• eg. te lephone



Frequency, Spectrum and Bandw id th

• tim e dom a in concep ts
– analog signa l
• va rious in a sm oo th way ove r tim e

– d ig ita l s igna l
• ma in ta ins a constan t leve l then changes to ano the r cons tan t 
leve l

– period ic signa l
• pa tte rn repea ted ove r tim e

– aperiod ic signa l
• pa tte rn no t repea ted ove r tim e



Ana logue & D ig ita l S igna ls



Spectrum  & Bandw id th

• spectrum
– range o f frequenc ies con ta ined in s igna l

• abso lu te bandw idth
– w id th o f spectrum

• effective bandw id th

– often just bandwidth
– narrow band o f frequenc ies con ta in ing m ost ene rgy

• DC Component
– com ponen t o f ze ro frequency



Data Ra te and Bandw id th

• any transm iss ion system has a lim ited band of frequencies

• th is lim its the data ra te tha t can be carried

• square have in fin ite components and hence bandw id th

• but most energy in firs t few components

• lim ited bandw id th increases dis to rtion

• have a direct re la tionsh ip between data ra te & bandw idth



Ana log and D ig ita l Data Transm ission

• da ta 
– entities tha t convey meaning

• s igna ls & signa lling
– e lectric or electromagnetic representa tions of data, 
phys ica lly propagates along medium

• transm iss ion
– communica tion of data by propagation and process ing of 
signa ls



Acoustic Spectrum  (Ana log)



Aud io S igna ls

• freq range 20Hz-20kHz (speech 1 00Hz-7kHz)

• easily converted in to e lectromagnetic signa ls

• vary ing vo lume converted to vary ing voltage

• can lim it frequency range for vo ice channel to 300-3400Hz



V ideo S igna ls

• USA - 483 lines per frame, at fram es per sec
– have 525 lines bu t 42 los t du ring vertica l re trace

• 525 lines x 30 scans = 1 5750 lines per sec
– 63.5s per line
– 1 1s fo r re trace, so 52.5 s per v ideo line

• max frequency if line a lte rna tes black and white

• horizon ta l reso lu tion is about 450 lines giv ing 225 cycles of 
wave in 52.5 s

• max frequency of 4.2MHz



D ig ita l Da ta

• as gene ra ted by com pu te rs e tc.

• has tw o dc com ponen ts

• bandw id th depends on da ta ra te



Ana log S igna ls



D ig ita l S igna ls



Advantages & D isadvantages 
of D ig ita l S igna ls

• cheape r

• le ss suscep tib le to no ise

• bu t g rea te r a ttenua tion

• d ig ita l now pre fe rred cho ice



T ransm iss ion Im pa irm en ts

• s igna l rece ived m ay d iffe r from  signa l transm itted 
caus ing :
– analog - degradation of signa l qua lity

– d ig ita l - bit errors

• most s ign ifican t im pa irm en ts a re
– attenuation and attenuation d is to rtion

– de lay d is to rtion

– no ise



A ttenua tion
• where signa l strength fa lls off w ith d is tance

• depends on medium

• rece ived signa l strength must be:
– s trong enough to be de tec ted

– su ffic ien tly h ighe r than no ise to rece ive w ithou t e rro r

• so increase strength using amplifie rs/repeaters

• is a lso an increasing function of frequency

• so equa lize attenuation across band of frequencies used
– eg. us ing load ing co ils o r am p lifie rs



De lay D is to rtion

• on ly occu rs in gu ided m ed ia

• p ropaga tion ve loc ity va ries w ith frequency

• hence va rious frequency com ponen ts a rrive a t 
d iffe ren t tim es

• pa rticu la rly critica l fo r d ig ita l da ta

• s ince pa rts o f one b it sp ill ove r in to o the rs

• caus ing in te rsym bo l in te rfe rence



No ise

• add itiona l s igna ls inse rted be tw een transm itte r and 
rece ive r

• the rm a l
– due to therm al ag ita tion of e lectrons

– un ifo rm ly d istribu ted

– white no ise

• in te rm odu la tion
– s igna ls tha t are the sum and diffe rence of orig ina l 
frequencies sharing a medium



No ise

• cross ta lk
– a signa l from one line is p icked up by another

• im pu lse
– irregu la r pu lses or spikes
• eg. exte rna l e lec trom agne tic in te rfe rence

– short dura tion

– h igh amplitude

– a m inor annoyance for ana log signa ls

– but a major source of error in dig ita l data
• a no ise sp ike cou ld co rrup t m any b its



Channe l Capac ity

• max poss ib le da ta ra te on comm s channe l 

• is a func tion o f
– data rate - in b its per second

– bandw id th - in cyc les per second or Hertz

– no ise - on comms link

– error rate - of corrup ted bits

• lim ita tions due to phys ica l p rope rties

• wan t m ost e ffic ien t use o f capac ity



Nyqu is t Bandw id th

• consider noise free channe ls

• if ra te of signa l transm ission is 2B then can carry signa l w ith 
frequencies no greater than B 
– ie . g iven bandw id th B , h ighest s igna l ra te is 2B

• fo r b inary signa ls, 2B bps needs bandw id th B Hz

• can increase ra te by using M signa l leve ls

• Nyquis t Form ula is: C = 2B log 2M

• so increase ra te by increasing signa ls
– a t cost o f rece ive r com p lex ity

– lim ited by no ise & othe r im pa irm en ts



Shannon Capac ity Fo rm u la

• consider re la tion of data ra te, no ise & error ra te
– fas te r da ta ra te shortens each b it so burs ts o f no ise a ffec ts m ore 

b its

– g iven no ise leve l, h ighe r ra tes m eans h ighe r e rro rs

• Shannon deve loped form ula re la ting these to signa l to no ise 
ra tio (in decibe ls)

• SNR db
=1 0 log 1 0 (signa l/no ise)

• Capacity C=B log 2(1 +SNR)

– theo re tica l m ax im um  capac ity

– ge t low er in prac tise
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Des ign Facto rs

• bandw id th
– h igher bandw id th g ives h igher data ra te

• transm iss ion im pa irm en ts
– eg. attenuation

• in te rfe rence

• num be r o f rece ive rs in gu ided m ed ia
– more rece ivers in troduces more attenuation



E lec trom agne tic Spectrum



Transm ission Characte ris tics of Guided 
Media 

 

  Frequency 
Range

Typical 
Attenuation

Typical 
Delay

Repeater 
Spacing

Twisted pair 
(with loading)

0 to 3.5 kHz 0.2 dB/km @ 
1 kHz

50 µs/km 2 km

Twisted pairs 
(multi-pair 
cables)

0 to 1 MHz 0.7 dB/km @ 
1 kHz

5 µs/km 2 km

Coaxial cable 0 to 500 MHz 7 dB/km @ 10 
MHz

4 µs/km 1 to 9 km

Optical fiber 186 to 370 
THz

0.2 to 0.5 
dB/km

5 µs/km 40 km



Tw is ted Pa ir



Tw isted Pair - Transm ission Characte ris tics

• analog 
– needs am p lifie rs eve ry 5km to 6km

• d ig ita l
– can use e ithe r ana log o r d ig ita l s igna ls

– needs a repea te r eve ry 2-3km

• lim ited dis tance

• lim ited bandw id th (1 MHz)

• lim ited data ra te (1 00MHz)

• susceptib le to in te rference and no ise



Unsh ie lded vs Sh ie lded TP

• unsh ie lded Tw isted Pair (UTP)
– ord ina ry te lephone w ire

– cheapest

– eas ies t to ins ta ll

– su ffe rs from  exte rna l EM in te rfe rence

• sh ie lded Tw isted Pair (STP)
– meta l b ra id or shea th ing tha t reduces in te rfe rence

– more expens ive

– harde r to hand le (th ick, heavy)

• in a varie ty of categories - see E IA-568



UTP Ca tego ries

Category 3
Class C

Category 5
Class D

Category 5E Category 6
Class E

Category 7
Class F

Bandwidth 16 MHz 100 MHz 100 MHz 200 MHz 600 MHz

Cable Type UTP UTP/FTP UTP/FTP UTP/FTP SSTP

Link Cost
(Cat 5 =1)

0.7 1 1.2 1.5 2.2



Comparison of Shie lded and Unsh ie lded 
Tw isted Pair

Attenuation (dB per 100 m) Near-end Crosstalk (dB)

Frequency
(MHz)

Category 3
UTP

Category 5
UTP 150-ohm STP

Category 3
UTP

Category 5
UTP 150-ohm STP

1 2.6 2.0 1.1 41 62 58

4 5.6 4.1 2.2 32 53 58

16 13.1 8.2 4.4 23 44 50.4

25 — 10.4 6.2 — 41 47.5

100 — 22.0 12.3 — 32 38.5

300 — — 21.4 — — 31.3



Near End C ross ta lk

• coup ling o f s igna l from  one pa ir to ano the r

• occu rs when transm it s igna l en te ring the link 
coup les back to rece iv ing pa ir

• ie . nea r transm itted s igna l is p icked up by nea r 
rece iv ing pa ir



Coax ia l Cab le



Coaxia l Cab le - Transm iss ion 
Characte ris tics

• supe rio r frequency cha racte ris tics to TP

• pe rfo rm ance lim ited by a ttenua tion & no ise

• ana log s igna ls
– amplifie rs every few km

– c loser if h igher frequency

– up to 500MHz

• d ig ita l s igna ls
– repeater every 1 km

– c loser for h igher data ra tes



Optica l F ibe r



Optica l F ibe r - Bene fits

• g rea te r capac ity
– data rates of hundreds of Gbps

• sm a lle r s ize & we igh t

• low e r a ttenua tion

• e lec trom agne tic iso la tion

• g rea te r repea te r spac ing
– 1 0s of km at least



Optica l F iber - Transm iss ion Characte ris tics

• uses to ta l in te rna l re flec tion to transm it ligh t
– effective ly acts as wave gu ide for 1 01 4 to 1 01 5 Hz 

• can use seve ra l d iffe ren t ligh t sou rces
– L igh t Em itting D iode (LED)
• cheaper, w ide r opera ting tem p range, las ts longe r

– In jection Laser D iode (ILD)
• more e ffic ien t, has grea te r da ta ra te

• re la tion o f wave leng th , type & da ta ra te



Optica l F ibe r T ransm iss ion M odes



Frequency U tiliza tion for F iber App lica tions 

Wavelength (in
vacuum) range

(nm)

Frequency
Range (THz)

Band
Label

Fiber Type Application

820 to 900 366 to 333 Multimode LAN

1280 to 1350 234 to 222 S Single mode Various

1528 to 1561 196 to 192 C Single mode WDM

1561 to 1620 192 to 185 L Single mode WDM



A ttenua tion in G u ided M ed ia



W ire less T ransm iss ion F requenc ies

• 2GHz to 40GHz
– m icrow ave
– h igh ly d irec tiona l
– po in t to po in t
– sa te llite

• 30MHz to 1 GHz
– om n id irec tiona l
– broadcas t rad io

• 3 x 1 01 1 to 2 x 1 01 4

– in fra red
– loca l



An tennas
• e lectrica l conductor used to rad ia te or collec t 

e lectrom agnetic energy

• transm iss ion antenna
– rad io frequency ene rgy from  transm itte r

– conve rted to e lec trom agne tic energy byy an tenna

– rad ia ted in to su rround ing env ironm en t

• reception antenna
– e lec trom agne tic energy im p ing ing on an tenna

– conve rted to rad io frequency e lec trica l energy

– fed to rece ive r

• same antenna is often used for both purposes



Rad ia tion Pa tte rn

• powe r rad ia ted in a ll d irec tions

• no t sam e perfo rm ance in a ll d irec tions
– as seen in a rad ia tion patte rn d iagram

• an iso trop ic an tenna is a (theo re tica l) po in t in space
– rad ia tes in a ll d irections equa lly

– w ith a spherica l rad ia tion patte rn



Parabo lic Re flec tive An tenna



Antenna Ga in

• measu re o f d irec tiona lity o f an tenna

• powe r ou tpu t in pa rticu la r d irec tion ve rses tha t 
p roduced by an iso trop ic an tenna

• measu red in dec ibe ls (dB)

• resu lts in loss in powe r in ano the r d irec tion

• e ffec tive a rea re la tes to s ize and shape
– re la ted to ga in



Terres tria l M icrow ave

• used for long hau l te lecommunica tions

• and short po in t-to-po in t links

• requ ires fewer repeaters but line of sight

• use a parabolic d ish to focus a narrow beam onto a rece iver 
antenna

• 1 -40GHz frequencies

• h igher frequencies g ive h igher data ra tes

• main source of loss is attenuation
– d is tance, ra in fa ll

• a lso in terfe rence



Sate llite M icrow ave

• sate llite is re lay sta tion
• rece ives on one frequency, amplifies or repeats signa l and 

transm its on another frequency
– eg. up link 5.925-6.425 GHz & down link 3.7-4.2 GHz

• typ ica lly requ ires geo-sta tionary orb it
– he igh t o f 35,784km
– spaced a t leas t 3-4° apart

• typ ica l uses
– te lev is ion
– long d is tance te lephone
– priva te bus iness ne tw orks
– g loba l pos ition ing



Sate llite Po in t to Po in t L ink



Sate llite B roadcas t L ink



B roadcas t R ad io

• rad io is 3kH z to 300GHz

• use broadcas t rad io , 30MHz - 1 GHz, fo r:
– FM rad io

– UHF and VHF te levis ion

• is om n id irec tiona l

• s till need line o f s igh t

• su ffe rs from  m u ltipa th in te rfe rence
– re flections from land, water, other ob jects



In fra red

• modu la te noncohe ren t in fra red ligh t

• end line o f s igh t (or re fle c tion)

• a re b locked by wa lls

• no licenses requ ired

• typ ica l uses
– TV remote contro l

– IRD port



W ire less P ropagation
G round W ave



W ire less P ropagation
Sky W ave



W ire less P ropagation
L ine of S igh t



Refrac tion

• ve locity of e lectrom agnetic wave is a function of density of 
materia l
~3 x 1 08 m/s in vacuum , less in anyth ing e lse

• speed changes as move between media
• Index of re fraction (refractive index) is
– sin(incidence)/sin(refraction)
– va ries w ith wave leng th

• have gradua l bend ing if m edium density varies
– dens ity o f a tm osphe re decreases w ith he igh t
– resu lts in bend ing tow ards earth o f rad io waves
– hence op tica l and rad io horizons d iffe r



L ine o f S igh t T ransm iss ion

• F ree space loss
– loss of signa l w ith d is tance

• A tm osphe ric Abso rp tion
– from water vapour and oxygen absorp tion

• Mu ltipa th
– multip le in te rfering signa ls from reflections

• Re frac tion
– bend ing signa l away from rece iver



F ree Space Loss



Multipa th In te rfe rence
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S igna l Encod ing Techn iques



D ig ita l Da ta , D ig ita l S igna l

• D ig ita l s igna l
– d iscre te, d iscontinuous vo ltage pu lses

– each pu lse is a signa l e lement

– b inary data encoded in to signa l elements



Som e Term s

• un ipo la r

• po la r

• da ta ra te

• du ra tion o r leng th o f a b it

• modu la tion ra te

• mark and space



In te rp re ting S igna ls

• need to know
– tim ing of b its - when they start and end

– s igna l leve ls

• fa c to rs a ffec ting s igna l in te rp re ta tion
– s igna l to no ise ra tio

– data rate

– bandw id th

– encod ing scheme



Com parison o f Encod ing Schem es

• s igna l spec trum

• c lock ing

• e rro r de tec tion

• s igna l in te rfe rence and no ise imm un ity

• cos t and com p lex ity



Encod ing Schem es



Nonre tu rn to Zero-Leve l
(NRZ-L)

• tw o d iffe ren t vo ltages fo r 0 and 1  b its

• vo ltage constan t du ring b it in te rva l
– no trans ition I.e. no re turn to zero vo ltage

– such as absence of vo ltage for zero, constan t positive 
voltage for one

– more often, negative vo ltage for one va lue and positive 
for the other



Nonre tu rn to Zero Inve rted

• nonre turn to zero inverted on ones

• constan t vo ltage pu lse for dura tion of b it

• data encoded as presence or absence of signa l trans ition at 
beginn ing of b it tim e
– trans ition (low to h igh or h igh to low) deno tes b ina ry 1

– no trans ition deno tes b ina ry 0

• example of d iffe ren tia l encod ing since have
– da ta rep resen ted by changes ra the r than leve ls

– more re liab le de tec tion o f trans ition ra the r than leve l

– easy to lose sense o f po la rity



NRZ P ros & Cons

• P ros
– easy to engineer

– make good use of bandw id th

• Cons
– dc component

– lack of synchron iza tion capab ility

• used fo r m agne tic reco rd ing

• no t o ften used fo r s igna l transm iss ion



Multileve l B inary
B ipo la r-AM I

• Use m ore than tw o leve ls

• B ipo la r-AM I
– zero represented by no line signa l

– one represented by positive or negative pu lse

– one pu lses alte rna te in po larity

– no loss of sync if a long string of ones

– long runs of zeros still a prob lem

– no net dc component

– lower bandw id th

– easy error detection



Multileve l B inary
Pseudoternary

• one rep resen ted by absence o f line s igna l

• ze ro rep resen ted by a lte rna ting pos itive and 
nega tive

• no advan tage or d isadvan tage ove r b ipo la r-AM I

• each used in som e app lica tions



Multileve l B ina ry Issues

• synchron iza tion w ith long runs of 0’s or 1 ’s
– can inse rt add itiona l b its, cf ISDN

– sc ram b le da ta (la te r)

• not as effic ien t as NRZ
– each s igna l e lem en t on ly rep resen ts one b it

• rece ive r d is tingu ishes be tw een th ree leve ls: +A , -A , 0

– a 3 leve l sys tem  cou ld rep resen t log 23 = 1 .58 b its

– requ ires approx. 3dB m ore s igna l power fo r sam e probab ility o f b it 
e rro r



Mancheste r Encod ing
• has trans ition in m idd le of each bit period

• trans ition serves as clock and data

• low to h igh represents one

• h igh to low represents zero

• used by IEEE 802.



D iffe ren tia l M ancheste r Encod ing

• m idb it transition is clock ing on ly

• trans ition at start of bit period representing 0

• no trans ition at start of b it period representing 1
– th is is a d iffe ren tia l encod ing schem e

• used by IEEE 802.5 



B iphase P ros and Cons

• Con
– a t leas t one trans ition per b it tim e and poss ib ly tw o

– max im um m odu la tion ra te is tw ice NRZ

– requ ires m ore bandw id th

• Pros
– synch ron iza tion on m id b it trans ition (se lf c lock ing)

– has no dc com ponen t

– has erro r de tec tion



Modu la tion Ra te



Scram b ling
• use scram bling to rep lace sequences that wou ld produce 

constan t vo ltage

• these filling sequences must
– produce enough trans itions to sync

– be recogn ized by rece ive r & rep laced w ith orig ina l

– be sam e leng th as orig ina l

• design goa ls
– have no dc com ponen t

– have no long sequences o f ze ro leve l line s igna l

– have no reduction in da ta ra te

– g ive erro r de tec tion capab ility



B8ZS and HDB3



D ig ita l Da ta , Ana log S igna l

• ma in use is pub lic te lephone sys tem
– has freq range of 300Hz to 3400Hz

– use modem (modula to r-demodu la to r)

• encod ing techn iques
– Amplitude sh ift keying (ASK)

– Frequency sh ift key ing (FSK)

– Phase sh ift key ing (PK)



Modu la tion Techn iques



Am p litude Sh ift Key ing
• encode 0/1  by d iffe ren t ca rrie r am p litudes
– usua lly have one amplitude zero

• suscep tib le to sudden ga in changes

• ine ffic ien t

• used fo r
– up to 1 200bps on vo ice grade lines

– very h igh speeds over optica l fiber



B ina ry F requency Sh ift Key ing

• most common is b inary FSK (BFSK)

• two binary values represented by two diffe ren t frequencies 
(near carrie r)

• less susceptib le to error than ASK

• used for
– up to 1 200bps on vo ice grade lines

– h igh frequency rad io

– even h ighe r frequency on LANs us ing co-ax



Multip le FSK

• each s igna lling e lem en t rep resen ts m ore than one 
b it

• more than tw o frequenc ies used

• more bandw id th e ffic ien t

• more prone to e rro r



Phase Sh ift Key ing

• phase o f ca rrie r s igna l is sh ifted to rep resen t da ta

• b ina ry PSK
– two phases represent two binary d ig its

• d iffe ren tia l PSK
– phase sh ifted re la tive to prev ious transm iss ion ra ther than 
some re ference signa l



Quadra tu re PSK

• ge t m ore e ffic ien t use if each s igna l e lem en t 
rep resen ts m ore than one b it
– eg. sh ifts of /2 (90o)

– each elem ent represents two bits

– sp lit input data stream in two & modula te onto carrie r & 
phase sh ifted carrie r

• can use 8 phase ang les & m ore than one am p litude
– 9600bps modem uses 1 2 ang les, four of which have two 
amplitudes



QPSK and OQPSK M odu la to rs



Perfo rm ance of D ig ita l to Ana log Modu la tion 
Schemes

• bandw id th
– ASK/PSK bandw id th d irectly re la tes to b it ra te

– multileve l PSK gives sign ificant im provements

• in p resence o f no ise :
– b it error ra te of PSK and QPSK are about 3dB superior to 
ASK and FSK

– fo r MFSK & MPSK have tradeoff between bandw id th 
effic iency and error perfo rm ance 



Quadra tu re Am p litude M odu la tion

• QAM used on asymmetric d ig ita l subscriber line (ADSL) and 
some w ire less

• combination of ASK and PSK

• log ica l extens ion of QPSK

• send two diffe ren t s igna ls sim ultaneously on same carrie r 
frequency
– use tw o cop ies o f ca rrie r, one sh ifted 90°

– each ca rrie r is ASK m odu la ted

– tw o independen t s igna ls ove r sam e m ed ium

– dem odu la te and com b ine fo r o rig ina l b ina ry ou tpu t



QAM M odu la to r



QAM Varian ts

• tw o leve l ASK
– each of two stream s in one of two sta tes

– four sta te system

– essentia lly QPSK

• fou r leve l ASK
– combined stream in one of 1 6 sta tes

• have 64 and 256 sta te system s 

• im p roved da ta ra te fo r g iven bandw id th
– but increased poten tia l error ra te



Ana log Da ta , D ig ita l S igna l

• d ig itiza tion is conve rs ion o f ana log da ta in to d ig ita l 
da ta wh ich can then:
– be transm itted using NRZ-L

– be transm itted using code other than NRZ-L

– be converted to ana log signa l

• ana log to d ig ita l conve rs ion done us ing a codec
– pu lse code modula tion

– de lta modu la tion



D ig itiz ing Ana log Da ta



Pu lse Code M odu la tion (PCM)

• sam p ling theo rem :
– “If a signa l is sampled at regu la r in te rva ls at a ra te h igher 
than tw ice the highest s igna l frequency, the samples 
conta in a ll in fo rm ation in orig ina l signa l”

– eg. 4000Hz vo ice data, requ ires 8000 sample per sec

• s tric tly have ana log sam p les 
– Pulse Amplitude Modula tion (PAM)

• so ass ign each a d ig ita l va lue



PCM Exam p le



PCM B lock D iag ram



Non-L inea r Cod ing



Com pand ing



De lta M odu la tion

• ana log inpu t is app rox im a ted by a sta ircase func tion
– can move up or down one leve l () at each sample 
in te rva l

• has b ina ry behav io r
– s ince function on ly moves up or down at each sample 
in te rva l

– hence can encode each sample as sing le b it

– 1  for up or 0 for down



De lta M odu la tion Exam p le



De lta M odu la tion O pera tion



PCM verses De lta M odu la tion

• DM has s im p lic ity com pared to PCM
• bu t has worse SNR
• issue o f bandw id th used
– eg. for good voice reproduction w ith PCM
• wan t 1 28 leve ls (7 b it) & vo ice bandw id th 4khz
• need 8000 x 7 = 56kbps

• da ta com press ion can im prove on th is
• s till g row ing dem and fo r d ig ita l s igna ls
– use of repeaters, TDM , effic ien t sw itch ing

• PCM pre fe rred to DM fo r ana log s igna ls
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Asynchronous and Synchronous 
Transm iss ion

• T ransm iss ion o f da ta requ ires co-opera tion and 
agreem en t be t. transm itte r and rece ive r 

• tim ing p rob lem s requ ire a m echan ism  to synch ron ize 
the transm itte r and rece ive r
– rece ive r sam p les stream  a t b it in te rva ls

– if the tw o clocks a re no t a ligned and drifting , rece ive r w ill 
sam p le a t w rong tim e a fte r su ffic ien t b its are sen t

• tw o so lu tions to synch ron iz ing c locks
– asynch ronous transm iss ion

– synch ronous transm iss ion



Asynch ronous T ransm iss ion



Asynch ronous  T ransm iss ion

• Send one characte r at a tim e
– each character begins with a start bit to alert the receiver 
– receiver samples each bit in the character
– the data bits are usually followed by a parity bit
– the final element is a stop element
– the stop element is the same as the idle state

• Characte ris tics
– s im p le
– cheap
– ove rhead o f 2 or 3 b its per char (~20% )
– good fo r da ta w ith la rge gaps (keyboa rd)



Synch ronous T ransm iss ion

• b lock of data transm itted as a frame
• c locks must be synchron ized

– can use separa te c lock line

– or em bed c lock s igna l in da ta

• need to ind ica te start and end of b lock
– use pream b le and postam b le

• more effic ien t (lower overhead) than async



Types o f E rro r

• an error occurs when a bit is alte red between transm iss ion 
and reception

• s ing le b it erro rs
– on ly one b it a lte red

– caused by wh ite no ise

• burst erro rs
– con tiguous sequence o f B b its in wh ich firs t las t and any num ber 

o f in te rm ed ia te b its in erro r

– caused by im pu lse no ise or by fad ing in w ire less

– e ffec t g rea te r a t h ighe r da ta ra tes



E rro r De tec tion
• the re w ill be e rro rs in troduced by the tx. sys tem

• E rro r de tec tion done us ing e rro r-de tec ting code

• func tion o f da ta b its , ca lcu la ted by transm itte r and 
appended to the fram e 

• reca lcu la ted and checked by rece ive r

• s till chance o f unde tec ted erro r

• E rro r de tec tion us ing pa rity
– parity b it set so character has even (even parity) or odd 
(odd parity) number of ones

– even number of b it erro rs goes undetected



E rro r De tec tion P rocess



Cyc lic Redundancy Check

• one o f m ost comm on and powerfu l checks

• fo r b lock o f k b its transm itte r gene ra tes an n b it 
fram e check sequence (FCS)

• transm its k+n b its wh ich is exac tly d iv is ib le by 
som e num ber

• rece ive r d iv ides fram e by tha t num ber
– if no remainder, assume no error

– fo r math, see S ta llings chapter 6



E rro r Correc tion

• correction of detected errors usually requires data b lock to 
be re transm itted

• not appropria te for w ire less app lica tions
– b it e rro r ra te is h igh caus ing lo ts o f re transm iss ions

– when propaga tion de lay long (sa te llite) com pared w ith fram e 
transm iss ion tim e, resu lting in re transm iss ion o f fram e in erro r 
p lus m any subsequen t fram es

• ins tead need to correct errors on basis of bits rece ived

• error correction prov ides th is



E rro r Correc tion P rocess



How E rro r Correc tion W orks

• adds redundancy to transm itted m essage

• can deduce orig ina l desp ite som e e rro rs

• eg. b lock e rro r co rrec tion code
– map k b it input onto an n b it codeword
– each distinc tly d iffe ren t

– if get error assume codeword sent was closest to tha t 
rece ived

• fo r m a th , see S ta llings chap te r 6

• means have reduced e ffec tive da ta ra te



L ine Con figu ra tion - Topo logy

• phys ica l a rrangem en t o f s ta tions on m ed ium
– po in t to po in t - two sta tions

• such as be tween tw o rou te rs / com pu te rs 

– multi po in t - multip le sta tions
• trad itiona lly m a in fram e com pu te r and te rm ina ls

• now typ ica lly a loca l a rea ne two rk (LAN)



L ine Con figu ra tion - Topo logy



L ine Con figu ra tion - Dup lex

• c lassify data exchange as ha lf or fu ll dup lex

• ha lf dup lex (two-way alte rna te)
– on ly one sta tion m ay transm it a t a tim e

– requ ires one da ta pa th

• fu ll dup lex (two-way sim ultaneous)
– s im u ltaneous transm iss ion and recep tion be tween tw o sta tions

– requ ires two da ta pa ths
• sepa ra te m ed ia or frequenc ies used fo r each d irection

– or echo cance ling



Summ ary

• asynch ronous ve rses synch ronous transm iss ion

• e rro r de tec tion and co rrec tion

• line con figu ra tion issues



DIFFERENTIAL
MANCHESTER

(Assume odd no. of 
pulses since last
substitution)

1    0     1    0     0     0    0     1     1    1     1    0     1    0      1

NRZI

NRZ

AMI

PSEUDOTERNARY

HDB3 0    0    0    V

MANCHESTER

1    0     1    0     0     0    0     1     1    1     1    0     1    0      1

1    0     1    0     0     0    0     1     1    1     1    0     1    0      1

Q1

Q2.

Minimum modulation rate:   1.0 (bit pattern all 1s)  

Maximum modulation rate:  2.0 (bit pattern all 0s)

Differential manchester encoding scheme:



(a) QPSK - 4 phase shifts 

• 4 symbols = 22 
• bps = 2 baud 
• 4800 bps on 2400 baud 

(b) QAM-16

• 16 symbols = 24 
• bps = 4 baud 
• 9600 bps on 2400 baud 

(c) QAM-64

• 64 symbols = 26 
• bps = 6 baud 
• 14.4 kbps on 2400 baud 

(b) V.32. 4 data bits. 1 parity. 9600 bps. 

(c) V.32 bis. 6 data bits. 1 parity. 14.4 kbps.


