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Material Covered Last Term: 145a / 218a
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145b / 218b Outline (1)
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145b / 218b Outline (2)
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Radio Waves,
Propagation,

and Antennas
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The Radio Spectrum 
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Frequencies of a Few Services (Rough #s)
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Choice of Transmission Frequency

earth  theof Curvature

beam. blocking of Ease

size. antenna Required

bad. and weather good :nattenuatio cAtmospheri

.allocationfrequency  Government
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Atmospheric Attenuation
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Propagation: Fog

Extreme Fog (1g/m3)

~(25 dB/km)x(frequency/500 GHz)

Rosker, Wallace, 2007 IEEE International microwave symposium
Olsen, Rogers, Hodge,   IEEE Trans Antennas  & Propagation Mar 1978 
Liebe, Manabe, Hufford,  IEEE Trans Antennas and Propagation, Dec. 1989 
Liebe, IEEE Trans Ant and Pro, Vol 31, No. 1, Jan 1983
Karasawa, Maekawa, IEEE Proc, Vol 85 , #6 , June 1997 
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Curvature of the earth, reflection from the ionosphere

earth.  theof curvature by the limited

ision  transmissradio range-Long

ion  transmissrange-long enables

ionosphere  thefrom Reflection

ionosphere in the MHz 10order  of

frequency, resonance plasmaelectron  the

below sfrequencie requires This

(Marconi) carriersfrequency -lowor 

satellites requires radio nentalInterconti
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Fresnel Zone:  Where the Radio Beam Carriers The Signal
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Fresnel Zone:  Where the Radio Beam Carries The Signal

blocked. be likely to less are

 signals frequency)-(lowerelength Longer wav

beam. in thepower   theofmost block   will

.2/ area  hence  2/ diameter   ofobject an 

 ,  and   assuming   Still
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Nearly Isotropic Antennas

/2~ islenght y when effectivel radiates :antenna Dipole 

antenna" wave-quarter"

plane. ground  wideusingby 

length in   1:2 reduced becan  Antenna

plane lin vertica )cos(~ as  variesand

plane, lin vertica isotropic ispattern radiation 



http://en.wikipedia.org/wiki/File:Elem-doub-rad-pat-pers.jpg
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Directional Antennas

Uda-Yagi

http://en.wikipedia.org/wiki/File:Two_meter_yagi.jpg http://en.wikipedia.org/wiki/Log-periodic_antenna

http://en.wikipedia.org/wiki/File:SuperDISH121.jpg

periodic-log

reflector

parabolic

patternradiation 

ofplot  Typical

http://en.wikipedia.org/wiki/Radiation_pattern
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Antenna Directivity

antenna isotropic ofintensity  radiated

radiatedintensity peak 
ydirectivit =

http://en.wikipedia.org/wiki/Radiation_pattern

steradiansin  angle) (solidbeamwidth angular 

4
                

steradiansin  angle) (solidbeamwidth angular 

sphere a of angle solid
ydirectivit


=



1.64. ofy directivit a have antennas dipole wave-half Simple



17

class notes, M. Rodwell, copyrighted 2012-2023

Received 
Signal Strenght
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Friis Transmission Formula
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Plane Wave Incident on a Barrier

?pattern  field-far  theis....what 

:aperturean th barrier wi aon incident   wavePlane
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Angular beamwidth of an aperture
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Directivity vs Area
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Directivity vs Area
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Transmit vs receive antenna
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Received power→ Friis Transmission Formula
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To summarize
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Phased Arrays
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An array of antennas: 

.by    size overall     

 : themofarray  large a Make

.by    size     

 :antenna small a Take

WH

wh

*antennaarray *an  is This

receive.on or  t,on transmi

phasein   themDrive

HverticaldB /beamwidth power -half Vertical ,3  

WhorizontaldB /beamwidth power -half Horizontal ,3  
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An array of antennas: 

→examplean  of Picture

steering *mechanical*by  aimed

isarray   that theNote

  possible. also is

ngbeamsteeri *Electronic*
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Beamwidth of antenna array: element phases
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sin differencelength Path 

. separationelement  Vertical

. angle Physical

:phase-in antennas  theDrive









l

cD

Dl

D

v

v

v

=

=

=

hH /not  ,/ isbeamwidth angular  why is This

phase.-in addnot  do signals ,0 If



 



30

class notes, M. Rodwell, copyrighted 2012-2023

Electronic Beamsteering, a.k.a. phased array
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Why phased arrays ?

immunitymutipath  and ceinterferen

signal received strong

beamwidth narrow

 y,directivithigh 

 aperture, Large

ng)beamsteeri c(electroni

 beam. narrow aimly mechanical

  toneed no But,

https://en.wikipedia.org/wiki/Phased_array
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Antenna & array basics

heightelement 
 steering vertical

(radians) 
dthelement wi

 steering horizontal

.range  ngbeamsteeri  maximum setselement   Individual
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areaarray 4
ty)(directiviGain 
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harray widt
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gain  and beamwidth   setsarray    Overall
















derive.-remust  Again,  .beamdwidth increasing ,diminishes areaarray  projected angle, steering largeAt 

derive.-remust   wespaces, are  thereif other;each  touch elementsarray  that assume Formulas
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Beamsteering electronics: Architectures

shifting-phase RF

shifting-phase LO
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Beamsteering electronics: Architectures

multiple independent beams
each carrying different data
each independently aimed
# beams = # array elements

Hardware: 
In effect, a separate phased array for each signal
Signal processing: matrix operations at baseband
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MultiPath Propagaion
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Multipath Propagation

n"propagatiopath -multi" :paths signalMany 

pattern. beam antennain  objectsMany 

antennas)y directivit-(lowbeamwidth angular  largeGiven 

reflection ofStrenght           

antennas ofy Directivit          

strenght signaldifferent  haspath Each 

shift. phase possible :conditionboundary  surface Reflecting

delay.different  length,different  haspath Each 
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Multipath Propagation: Delay Spread
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Fading vs Intersymbol interference

periods symbollonger :ODFM useor      

receiverin equalizer  adapitive need     

another with interfers periodbit  One     

ceinterferen lIntersymboperiod) Symbol spread(Delay 

separation eappropriatat  antennas receiving  two:fix     

signalery weak possibly vceinterferenphase ofout  are Carriers     

aligned~ periods symbol with arrive signals NLOS and LOS     

Fadingperiod) Symbol  spread(Delay 

→

→→

→
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Signals to be
Transmitted
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Signals we might want to transmit by radio

kb/s 320-32 :audio compressed MP3

Mb/s 100 ~ :WiFi

Mb/s 15about  : HDTV Compressed

Gb/sec 1.5about   :HDTV edUncompress

20kHz-20Hz :c)(optimisti hearinghuman  of Range

kHz 4-0.4 :ion transmisssoundquality -Voice

 waves.radioby  them transmit  toare  weif

frequency in  d translatebemust  signals These
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Generation of Digital Data Streams

.resolution bits of # some with digitized bemust then  Samples

n.compressioby  reduced becan  rates data 

,redundancy contains stream digital  theIf

on theory)(informati

MP3,... MPG, JPG,→
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Recall the Sampling Theorem

.2 rate aat  sampled bemust  ),( to

 limitedbandwidth  of signal  a aliasing, spectral avoid To

. sigsamplesigsig ffff +−

image shifted by +fsampleimage shifted by -fsample
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Bandlimiting of digital data streams (1)

bandwidth signal  thereduces and waveform

  therounds signal digital a Filtering

spectrumflat  a has impules ofA train 

)2//()2/sin( spectrum 

has train pulser rectangulaA 

bitbit =
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Bandlimiting of digital data streams (2)

),2/1,2/1(bandwidth 

  tofiltered wall-brick is  stream data  theIf

bitbit ff  +=−=

)./()//sin( shape a has pulse dataeach then bitbit tt 

stream. data in the bits sucessivebetween 

(ISI) ceinterferen lintersymbo zero is  thereso

.,etc,4,3,2for  zero

 is )/()//sin(function  The

bitbitbit

bitbit

t

tt





=
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Bandlimiting of digital data streams (3)

draw.  tohard is This pulses.  theseof

 sum a is  waveformdigital Overall

like. looks   waveform what theis Here

This is an eye pattern.

Trajectory is drawn repeatedly 

for all possible data sequences.
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Bandlimiting of digital data streams (4)

zero. be  willceinterferen lintersymbo then the

point, indicated about theration  degree 180 a with symmetric is  spectrum  theIf

rate.bit   the(1/2) -/an  greater thsomewhat bandwidth  required typical

broader, are filters Typical

rate.bit   the(1/2) -/  the toequal isbandwidth   totalminimum

)2/1,2/1( isbandwidth   Minimum

+→

+→

+− bitbit 

: theorem)sampling his (NOT  theoremsideband  vestigalsNyquist'
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Pulses with Raised Cosine Spectra : From  Wikipedia.

pulse of TransformFourier 

systemsion  transmissreal ingapproximatin  used are These signals. ISI-zero offamily  a of

onidealizati almathematic a is  waveformpulse cosine- Raised The

http://en.wikipedia.org/wiki/Raised-cosine_filter

pulse of  waveformTime

1.for , ),( i.e. )/1,/1( to

 , 0for  , )2/,2/( i.e. , )2/1,2/1(  from vary will

signal  digital baseband  theof rangefrequency    the1,  to0  from  varies As

=+−+−

=+−+−
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bitbitbitbit

ff

ff
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Pulses with Raised Cosine Spectra: Filters

)2/sin(/2)/()(function  transfer havemust  (#2)filter  channel

  thespectrum, /2)/()2/sin( a hasalready  pulser rectangula a Since

.)( spectrum cosine-raised  thehavemust  which *pulse filtered*   theisIt 

bitbit

bitbit

fH

fH







hardware. realin present not  isfilter first    theso

impulses,not  pulses,r rectangula produce circuits digital real  course, Of
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Root Raised Cosine Spectra in Transmission Links

noise.receiver limit   toas soreceiver  thebandlimit further must  We

band.frequency  allowed n thestay withi er to transmittthebandlimit must   welink, radio aIn 

filters. *cosine-raised-root* using edaccomplish is This

criterion.Nyquist meet must  ISI; zero have alsomust  signal received final The
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Root Raised Cosine Spectra in Transmission Links

( ) )2/sin(/)2/()()(/)()(          

:is responsefilter er  transmitt thepulses,r rectangulaby driven  isit  Given that

)()(          

:responsefrequency  cosine-raised-root have alsomust then filter  receive The

)()(          

:signal ed transmittfor the spectrum *cosine-raised-root* a Choose

)()(          

  :function cosine-raised a is )( 

2

3

bitbitRCrectTF

RCF

RCT

RCfiltered

filtered

jHjHjHjH

jHjH

jHjH

jHjH
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Modulation and 
Frequency Conversion
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Frequency Conversion / Modulation

ation).(multiplic mixingby  done isit  ;modulation called is This

carrier.frequency -high on the signalour  imposemust   we this,do To

10
5

10
6

10
7

10
8

10
9

10
10

10
11

Frequency (Hz)

).-(DC   to)2/-(DCbetween  spectrum baseband a has stream data   the,on  Depending bitbit ff

GHz. 100  toMHz few perhapsbetween  sfrequencie radio using  signal the transmit We
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Mixing = Multiplication
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Mixing = Multiplication
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Mixing →  Convolution of Spectra
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Mixing with cosine ("I") local oscillator 
)(tVB

spectrum oscillator Local

)( jVRF

parts)imaginary  real, (note

spectrum signal Baseband

)cos()( Suppose tVtV LOLOLO =

spectrum signal RF



57

class notes, M. Rodwell, copyrighted 2012-2023

Mixing with sine ("Q") local oscillator 
)(tVB

spectrum oscillator Local

)( jVRF

parts)imaginary  real, (note

spectrum signal Baseband

)sin()( Suppose tVtV LOLOLO =

)()()()()( LOLOLOLOLO VjVjjV  −+−−=→

sidebands)  theof  phase flipped  the(note

spectrum signal RF
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IQ Modulation
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IQ Signal Representation
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IQ Signal Representation
)sin()()cos()()( ttVttVtV LOQLOIRF  −=

 wavecosine  wavesine

)cos(  +tLO
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frequency angular 
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Quadrature Phase Shift Keying (QPSK)

)(, tV IB

)(, tV QB

)sin()()cos()(           

)sin(
)(

)cos(
)(

)(
0

,

0

,

ttVttV

t
V

VtV
t

V

VtV
tV

LOQLOI

LO

LOQB

LO

LOIB

RF





−=

+=

)cos( tV LOLO 

)sin( tV LOLO 

sequencesbinary  are )( and )( ,, tVtV QBIB

QAM-4 as often) (lessknown  Also



62

class notes, M. Rodwell, copyrighted 2012-2023

16-Quadrature Amplitude Modulation (16-QAM)

etc. QAM,-256 QAM,-64 also is There
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)sin( tV LOLO 
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Demodulation
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1-Page Radio Link Summary
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Receiver Tuning
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Early (1910's) Receiver: Tuned Radio Frequency

 tuning.during filters multiple of  trackingMechanical   :Problem

bandwidth. uningnarrower t  filters cascaded Multiple

stations separate tobandwidth  a broad  toohas isfilter  LC singleA 

→
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Superheterodyne Receiver (Amstrong, 1918)

selection. channelfor  used are filters IF tuned-fixed Sharp

frequency. LO  theby varying  tunedis frequency  signal Received

detection. before

frequency  teintermediaan   toconverted is signal radio Receive
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Overall Block Diagrams
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QAM/QPSK reciever

odyneSuperheter

conversionDirect 

recovery data

andclock  to
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QAM/QPSK Transmitter

odyneSuperheter

conversionDirect 
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What are the design issues ?

Receiver sensitivity

     noise contribution of each block, total noise

Frequency conversion

    operation of mixers, image responses, necessary filters

Spurious responses leading to interference between other radios

    third-order intecepts

    receiver frequency plans, receiver gain distribution

Oscillators

    design, phase noise

PLLs and frequency synthesis

Power amplifier design
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Supplemental 
Material
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Derivations
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