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Examplesof Wir elessApplications
� how many wireless communicationapplica-

tionscanyou list?

� why is wirelessanadvantagefor theseapplica-
tions?

� what aresomeexamplesof wired communica-
tionssystems?why aren’t they wireless?

Advantages
� main advantages: mobility and wide-area

broadcasting

� other?

Disadvantages
� cost

� limited spectrum

� security

� other?

Growth of Wir eless
� microelectronicshasdriventhegrowth of wire-

lesscommunicationsover last30 years

� how many hada cell phonein your family 10
yearsago?5? 2? 1? now?

Important Cellular Standards
� AMPS (“Advanced Mobile Phone System).

1983. first-generationUS analogcellular sys-
tem.850MHz. FM. 30kHz perchannel.

� GSM (originally “Groupe Special Mobile”).
1990. most popular second-generation(digi-
tal) cellularsystem.developedin Europe.900
MHz. GMSK. 200kHz per8 or 16 time slots.
Also usedin US at1.9GHz for PCS.

� IS-54 (“Digital AMPS”). 1991. US digital cel-
lular standard.850MHz. π

�
4 DQPSK.30 kHz

per3 time slots.

� IS-95(“CDMA”). 1993.Qualcom’s proprietary
digital cellular standard. second-generation
(digital) system.850MHz. QPSK/BPSK.1.25
MHz for ? users(CDMA).

� PHS(Personal“Handyphone”System). 1993.
low-cost, short-rangeJapanesedigital cellular.
1.8GHz. π

�
4 DQPSK.300kHz for ? users.

� IMT-2000/3GPP/CDMA-2000.2002?. third-
generation(digital) system,still in development
stage.1.9GHz. BPSK/QPSK.4 (?) MHz for ?
users(W-CDMA).

CordlessTelephones

� householdsystems:“wirelessextensioncord”

� second-generationdigital systemsto allow mo-
bility in workplaceandpublicusewith limited-
coveragein urbanareas

� low-power, outgoing calls only, no roaming,
smallcells,TDMA andTDD, low-cost

� CT-2 (cordlesstelephonestandard#2): (UK
“Rabbit”, “Orange”).

� DECT: (Digital EuropeanCordlessTelephone)

Paging

� simplex, digital

� high-power multicasttransmitters

� FLEX: Motorola

� POCSAG: European
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Terminology
� mobile- mobileradiouser, typically attachedto

vehicle

� portable- mobileradiouser, typically hand-held

� base- fixed radio terminal, typically in good
(high) locationandconnectedto wirednetwork
(PSTN

� cell - geographicalareaservicedby a basesta-
tion

� simplex - communicationin onedirectiononly

� duplex, full-duplex - communicationin bothdi-
rectionsat sametime

� half-duplex - communicationin bothdirections,
onedirectionata time

� HLR - homelocation register, uniquestorage
location for a user’s authenticationandbilling
information

� FDMA - frequency-division multiple access-
bandwidthdividedinto channelsby frequency

� TDMA - time-division multiple access- band-
width dividedinto slotsby time

� CDMA - code-division multiple access- band-
width dividedinto codesby correlators

� FDD - frequency division duplex - differ-
entcommunicationdirectionsusedifferentfre-
quencies

� TDD - time division duplex - differentcommu-
nicationdirectionsusedifferenttimeslots

� PSTN- publicswitchedtelephonenetwork - the
conventionalpublicphonenetwork

� backbone- thewirednetwork

� forwardchannel- from baseto mobile

� reversechannel- from mobileto base

� controlchannel- channel(time slot or channel)
usedto sendcontrol information (pagea mo-
bile, makeacall, etc)

� traffic channel- channelusedto sendtheuser’s
voiceor data

� RSSI- received signalstrengthindicator- cir-
cuit (or it’s output)indicatingthe received sig-
nal strength

� roamer- mobile operatingoutsideits normal
servicearea

� handoff - commandto mobile to usea basein
anothercell for its traffic channel

� MSC - mobile switching center - telephone
switchthatalsocontrolsbasestations

� page- messageto mobilethatthereis anincom-
ing call (or containingmessagedatafor simplex
pagers)

� transceiver - receiver/transmittercombination

� duplexer - device thatallows transmitterandre-
ceiver to beconnectedto sameantenna

� SMR- specializedmobileradio,privatecellular
network

� PCS- personalcommunicationsystem/service
- typically second-generationcellular-like ser-
vices operatingat 1.8 GHz, typically includ-
ing enhancednetwork services(but many other
meanings)

� FPLMTS/IMT-2000 - ITU standardization
group trying to develop a standardfor a 3-rd
cellularsystem

� ANSI/IEEE/ETSI/ITU- otherstandardsbodies

� LEO - low earthorbit, alsothesatellitesprovid-
ing cellularsatelliteservicefrom theseorbits

Wavelength

� propagationvelocity: c � 300m/µs

� wavelength:λ � c
�

f � 300
�

f ( f in MHz)
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Overview of Cellular Radio

� the cellular concept has made mass-market
“cellular” servicepossible

� uses“frequency reuse” to provide radio tele-
phoneserviceto a large numberof useswith
afixedfrequency allocation

� the geographicalserviceareais divided into a
numberof “cells” (eachcell being1-10 km in
radius)

� eachcell is assignedasetof radiochannels

� thesesamechannelscanbereusedby cellsthat
aresufficiently farawaythatthey don’t interfere
with eachother

� by reducingthe sizesof the cells we can in-
creasenumberof timesthechannelsarereused
andincreasethe total numberof usersthat can
besupported

Cluster Sizeand ReuseFactor

� modelcellsashexagonalareas

� only someclustersizes/patternscanbeusedto
tessellate(coverall theareausingaregularpat-
tern)

� allowed clustersizessuchthat the clustersize,
N is N � i2 � i j � j2

� somepossiblevalues:

i j N
0 1 1
0 2 4
0 3 9
0 4 16
1 1 3
1 2 7
1 3 13
2 2 12
2 3 19

� clustershapes:

1 3 4 7 9 12

� while hexagonalcellsareusefulapproximation
for systemdesign,propagationconditionsand
siteavailability will determinetheactualcover-
ageareas

Channel Assignmentand Capacity
� afixedsetof channels,S is available

� typically divided evenly with k channelsper
clusterof N cellssothatS � kN

� if a systemhasM clusters,the total numberof
availablechannelsin the systemis C � MS �
MkN

� frequency reusefactoris1
�
N (or oftenjust“N”)

� if the numberof cells is fixed, a smallerN re-
sults in more channelsper cell (larger k) and
thusahighercapacity

Co-ChannelInterfer ence
� value of N is determinedby interferencecon-

siderations:wemustmakesurethatat themini-
mumre-usedistance(determinedby thecluster
sizeandgeometry)no cell will causeinterfer-
enceto its neighbours

� exampleof potential co-channelinterferersin
otherclusters:

X�
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� interferenceis determinedby ratioof desiredto
interferingsignalstrengths

� signalstrengthis determinedby pathloss(cov-
eredlater)anddistance

� theSIR (signalto interferenceratio) is:

SIR � S
I
� S

∑N
i � 1 Ii

where Ii is the interferencepower of the i’ th
base(on theforwardchannel)

Cell Splitting
� asusagegrows, a cell canbe split into smaller

cellsusingthesameclustersize

� theSIRwill still bemaintained

Channel Assignment
� mostcellularsystemsusefixedchannelassign-

ment

� some improvement is possibleby using dy-
namic channelassignmentwhere more chan-
nelscanbeassignedto onecell within acluster

� westill needto ensurethatminimumre-usedis-
tanceis maintained

� many systemsuse manually-tunedfilters and
it’s notpracticalto reallocatechannels

Handoff
� mobileusersmaytravel outof acell

� base(and/ormobile) determinesthis by mea-
suringquality of link to currentbaseandto ad-
jacentbases

� if anotherbasewould provide betterservice,a
channelis allocatedin thatbaseandthemobile
switcheschannels

� hysteresis built into system to avoid too-
frequenthandovers

� “soft” handover (a mobile receiving from mul-
tiple bases)is possiblein somesystems.

Other Interfer enceSources
� ACI (AdjacentChannelInterference)is inter-

ferencedueto imperfectchannelizationfilters

� intermodulationdistortion(IMD) is dueto mix-
ing of signalsat two (or more) frequenciesto
produceasignalatanotherfrequency

� both ACI and IMD can be reducedby proper
selectionof channelsets

Grade of Service
� GOSis probability thatuserwill not beableto

make a call (becauseall channelsare in use)
at, for example,thebusiesthourof theday (or
week)

� the numberof channelsrequiredto meeta de-
sired GOS dependsnot only the traffic (calls
per hour andduration)but alsoon the number
of channelspercell

� the more channelsthe systemhas, the higher
theaverageusagecanbewhile still meetingthe
GOSrequirements

� (detailslater)

Antenna Basics

Power Density
� power densityat a given distanced in far field

(seebelow) is the total transmittedpower di-
videdby theareaof asphereof radiusd:

Pd � Pt
���

4πd2 �

Dir ectivity and Gain
� directivity (D): ratio maximumpower density

to averagepower density.

� gain (G): ratio of maximumpower densityto
power densityof a referenceantenna.relative
to referenceantenna.includeseffectof losses.

� typical referenceantennas: isotropic (dBi),
dipole(dBd)

� will assumedB relative to a losslessisotropic
radiatorif referenceantennais notgiven
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Effective Aperture
� effectiveapertureis theratioof powerdelivered

by anantennato thepowerdensity:

Ae � Pr
�
Pd

sothat the receivedpower is thepower density
timestheeffective area:

Pr � PdAe

� for any antenna,theeffective areais alsogiven
by:

Ae � λ2

4π
D

this equationrelatesdirectivity (unitless)to ef-
fective aperture(squaremetres)

� if the gain is defined relative to a lossless
isotropicradiator(G � D):

G � 4π
λ2 Ae

� received power, Pr , assuming transmitted
power, Pt , is given by Friis TransmissionFor-
mula:

Pr � PtAetAer
λ2d2

or, usingantennagains(again,referredto loss-
lessisotropic)Gt andGr :

Pr
�
d � � PtGtGrλ2	

4π 
 2d2

� notethatpower dropsoff assquareof distance

EIRP
� EIRPeffective isotropicradiatedpower is:

EIRP � PtGt

� it is the power that would needto be fed to a
losslessisotropic radiatorto producethe same
powerdensity

� oftenusedto specifypower densitylimits

Conversion to dB, dBm, dBW
� dB � 10log

�
p2
�
p1
� � 20log

�
v2
�
v1
�

� dBmis relative to 1 mW, dBW relative to 1 W

Far Field
� in thefar field radialfield componentsareneg-

ligible, only have transversecomponents(those
perpendicularto directionof propagation)

� for “practical purposes” (computing field
strengthswithin a few percenterror) the far-
field or “Fraunhoffer” region is:

d � 2D2

λ

whereD is largestdimensionof antenna

Free-SpacePath LossCalculations
� pathloss: ratio betweenreceived andtransmit-

ted powers (computationmay or may not in-
cludeantennagains)

� in free-spacethe power density(andthusfield
strength)dropsoff as1

�
d2

� textbook usesconceptof “referencedistance,”
d0 which is thepathlossor poweratareference
distance

� pathlossis thenPr
�
d � � Pr

�
d0
� � d0
�
d � 2

Field Strength
� intrinsic impedanceof free spaceis η � 120π

ohms

� power densityin far field is Pd � E2 � ηW
�
m2

Available Power
� if the antennais connectedto a matched(for

maximumpower transfer)load, the voltageat
the antennaterminalswill be half of the open-
circuit voltageand the power deliveredto the
load will be a quarterof the received power,
Pr
�
4

Lar ge-ScalePropagationPrediction
� propagationlossis thelossof signalpower be-

tweentransmitterandreceiver
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� some simple models (2-ray and knife-edge
diffraction)provideinsightinto themechanisms
involved

� for practicalpurposesuseempiricalmodelsde-
rived from measurementsor geometricalmod-
elspluscorrectionsderivedfrom measurements

� it’s not possible to predict path loss at any
given location, insteadmodels are statistical
(describedby a probability distribution, mean
andvariance,etc.)

� we’ll concentrateon pathlossmodelsandlink
budgetdesign

Non-LOS PropagationMechanisms
� mostwirelesssystems(exceptionsbeingsatel-

lite and terrestrialpoint-to-point)do not have
LOSpaths

� instead 3 mechanismsprovide propagation
when no LOS present: reflection,diffraction,
andscattering:

� reflection from a large (relative to λ) surface
(e.g.theground)

� re-radiationfrom sharpedges(e.g.rooftops)

� reflectionfrom many small (relative to λ) sur-
faces(e.g.trees)

Ground Reflection(2-ray) Model
� simplemodelfor propagationover ground

ht
hr

d
�

� assumetwo componentsarrive at receiver: one
LOSandonereflectedfrom theground

� for small angleof incidenceassumereflection
coefficient Γ �� 1

� at large distances(comparedto the antenna
heights)the two componentswill have approx-
imatelyequalamplitudeanda smallphasedif-
ference:

θδ � 2πδ
λ

whereδ is thepathlengthdifference:

δ � 2hthr

d

� for larged ( ��� hthr )

Pr � PtGtGr
h2

t h2
r

d4

� for this model path loss varies as d4, square
of antennaheightsand is independentof fre-
quency.

� approximationdoes not apply for short dis-
tances(seetext for otherequations)

Diffraction

� phenomenawhich causespropagationaround
obstructions

� diffraction fields canbe computedusingHuy-
gen’s principle: each point on a wavefront
launchesadditional“wavelets”

� resultsavailable for simple cases(e.g. single
knife-edge)

FresnelZones

� regions wherethe path differencebetweendi-
rectanddiffracted(or reflected)raysis a multi-
ple of λ

�
2

� causealternatedestructive andconstructive in-
terference
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Diffraction Loss
� dueto blockageof someof the“wavelets”

� notall waveletscontributeequally, mostcontri-
bution from waveletswithin first Fresnelzone

� asapproximation,if noobstructionswithin first
Fresnelzonethencanignorediffractionloss

Knife-Edge Diffraction Loss
� approximationto path loss due to diffraction

over, e.g.,roof tops

� computedfrom Fresnel-Kirchoff diffractionpa-
rameter, ν andtheFresnelintegral,F

�
ν �

� ν dependsongeometry:

ht
hr

d
�

1 d
�

2

α

ν � α
2d1d2

λ
�
d1
� d2

�
� F
�
ν � is computednumericallyor from graphs

� diffractionlossis addedto freespaceloss

Link Budgets
� a link budgetis the wirelesssystemdesigner’s

mostimportanttool

� link budget accountsfor all signal gains and
lossesbetweenthetransmitterandreceiver

� typically includesdozensof effects

� allows comparisonof systemdesign alterna-
tives(e.g. transmitterpower vs. antennagain)
andcanhelpmeetoverall systemgoals

� pathlossis a critical componentsinceit is the
singlelargestlossandoftenhasthe largestun-
certainty
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