Chapter 4

Propagation effects
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Why channel modelling?

« The performance of a radio system
Is ultimately determined by the radio
channel

* The channel models basis for
— system design

— algorithm design
— antenna design etfc.

Without reliable
channel models, it
IS hard to design
radio systems that

work in rea/
« Trend towards more system environments.

Interaction with channel
- MINO (Muttiple In Multiple Out)

- UVWRB ulitrawide Band,

4G
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THE RADIO CHANNEL

It is more than just a loss

 Some examples:
— behavior in time/place?
— behavior in frequency?
— directional properties?
— bandwidth dependency?
— behavior in delay?

A majortechnicaladvancan wirelesscommunicationfiasbeento utilize thesechanne
problemsto anadvantagaevhich canbeimplementedvith the obviousassistancef
computationahorsepoweri.e., without computerst wouldn'thavebeenpossible.

If your handedemons- makelemonade.
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A major technical advance in wireless communications has been to utilize these channel problems to an advantage which can be implemented with the obvious assistance of computational horsepower, i.e., without computers it wouldn't have been possible.
If your handed lemons - make lemonade.
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Free-space loss

If we assume RX antenna to be isotropic:

Attenuation between two
isotropic antennas in free
space is (free-space loss):

o]

A

LdB = 20logf + 20log d - 147.56dB

{f in MHz, L in meters
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Free-space loss

Friis’ law

Received power, with antenna gains G;yx and Ggy:

G 2 Y
PRX (d ) — LRX—C(;;X) PTx — PTx (mj GRX GTX Inverse square relationship
free

<:> Valid in the far field only

measurement point not near the transmitting
antenna that is mathematically defined on the
next slide - the Rayleigh Distance

PRX|dB (d ) = PTX|dB + GTX|dB — I—free|dB (d )"‘ GRX|dB

47d )
= Prxas + Grxge —10log,, (7) + Gey e

recast as a log relationship (db) or Eq 4.7

if Gains dropped from equation
this leaves the free space loss factor ( .. )?, the path loss Prx/Prx = Pout/Pin
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if Gains dropped from equation 
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Free-space loss
What is far field?

Rayleigh distance:

—JI A2 dg =4/2

L, =2r
where L, is the largest dimesion of
2
the antenna. in practical terms this means d. = 8r
d>>\andd >>La R A

The effective area of the dish antenna is the area projected on the red line
minus the blockage caused by the feed point and its supports
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Reflection and transmission (1)

BrewsterAngle - angleat which no reflectior
occursin themediumof origin, which only
occursfor vertical(i.e. parallel)polarization
(seeslide85). Forair : waterinterface,

the Brewsterangleis 53 degreedor light.

When source is "low" to the medium ( ®; > 53°
for the air/water interface) it is all reflected, no
energy directed into the second medium (water).
However for waves that are reflected there is a
phase shift of 180° (reflection coefficient = -1) as
©; --> 90° which is important in wireless systems
when ground-reflected waves are considered.
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the Brewster angle is 53 degrees for light.
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Reflection and transmission (2)

« Snell's law
— Reflection angle O, =0,

sin ® e . . . .
. . t JE1
— Transmission angle : — relatlved|electr|c§onstanbf materlall_nfara(.j/meter
sin © J&€2 textbookformulationusesa complexdielectricconstar

(&

distinguish TE and TM waves

 Transmission and reflection:
™

TE

HorizontalPolarization
wheretheelectricfield is
parallelto the surface

Vertical Polarization (TM) where
7 the magnetic field component

is parallel to the surface
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the magnetic field component
is parallel to the surface
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relative dielectric constant of material in farad/meter
textbook formulation uses a complex dielectric constant


Reflection and transmission (3)

_ Je2 cos® — [e1 cos(O,) Je1 cos(®,)— [e7 cos(®,)
Reflection P = Prp =
Coefficien M JE2 cos® +fer cos(®)) JET cos(©,)+ JE5 cos(©,)
TM-waves TE-waves
1 1

0.8 / 0.8 /l/
0.6 0.6

Magintude = . ,,/

Irl

4 0.4
0.2 ‘\ / 0.2
: L 0.0 0.0
Only occursfor verticalpolarizatior 0 20 80  s0 0 20 40 60 80
Brewster angle of incidence angle of incidence

angle
'hase inverted

[F
p/2 . p/2
H \Qr grazing angl
Phase 7 o = = 0
© \ ©
/2 P2
Both waves have a magnitude of 1 and L
a phase shift of 180° as the glazing ® 0 20 40 60 80 ® 0 20 40 60 80
incidence approaches 90° - a ground o o
reflected wave angle of incidence angle of incidence
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dijayer is the geometrical
length of the layer

This doesn't apply to Millimeter waves (30 - 300 GHz) which don't penetrate
much of anything since dielectrics have losses at these high frequencies
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The d* law

* For the following scenario

Figureshowsthatthereis adirect
waveanda ground-reflecteavave
for this'simplified' transmission

scenario. The d*law is NOT a
universal description of a
wireless channel just a case
to show that n = -4 is

Y 1% mathematically possible

S S S S S S

< »

* the power gOeS |Ike Thenominalequationusedin thewireless
hoh ) communicationsndustry. Thebreakpointis the
P (d) ~ P G G ( TX RX ) . transitionfrom d-2 to d-4 for themodel(nextslide).
RX TXTTXTRX d? TheEquationis derivedin Appendix4.A
obviouslyfor anominalrangesof antennaeights

. for d |StanceS reater than Thereceivedpowercanberelatedto areceiverinputvoltage
g aswell asto aninducedE-field (volts) atthereceiverantenne
Thisis basedn theintrinsicimpedancef free space
d break 2 4h TX h RX/A’ (3770ohms) the powerflux densityandthereceiverantenna
modeledasa matchedesistiveloadto thereceiver.
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The nominal equation used in the wireless
communications industry.  The break point is the
transition from d-2 to d-4 for the model (next slide).
The Equation is derived in Appendix 4.A
obviously for a nominal ranges of antenna heights
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Figure shows that there is a direct
wave and a ground-reflected wave
for this 'simplified' transmission
scenario.

Kenneth
Typewritten Text

Kenneth
Typewritten Text

Kenneth
Typewritten Text

Kenneth
Typewritten Text
The received power can be related to a receiver input voltage
as well as to an induced E-field (volts) at the receiver antenna.  This is based on the intrinsic impedance of free space
(377 ohms), the power flux density and the receiver antenna modeled as a matched resistive load to the receiver.
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T h e d -4 I aW (continued)

S L
40

——
—

\‘f\ 1. Fordistancesl < dbreakthereceivedpower
% \\ - IS proportionalto d-2

Th W T Il 2. Figureshowsthatfor d > dbreakthe poweris

‘ _4\ Tt proportionalto d-4

120 d 3. In therealworld thisis morelike

\ 1.5<n<5.5thusn=4is atbestameanvalue

b of variousenvironments

160 - 1 . ; , 4 Thetransitionbetweem = 2 andn =4 is neve

ataspecificpoint

5. Themodeldoesn'takeinto accounta second
breakpointwhenn > 6 whichis bestexplaine
by the curvatureof the earthwhichis an
obviousconstrainton LOS communications
which normallyappliesfor f >100MHz

M[ i - 1 SimpleBreakpointModel

80

/
\
|
|
|
\

Attenuation / dB
rd

Distance from TX/ m
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Simple Breakpoint Model
1.  For distances d < dbreak, the received power
     is proportional to d-2
2.  Figure shows that for d > dbreak the power is
     proportional to d-4
3.  In the real world this is more like
     1.5 < n < 5.5 thus n = 4 is at best a mean value
     of various environments
4.  The transition between n = 2 and n = 4 is never
     at a specific point
5.  The model doesn't take into account a second
      breakpoint when n > 6 which is best explained
      by the curvature of the earth which is an
      obvious constraint on LOS communications
      which normally applies for  f > 100 MHz
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!'_ Diffraction and Fresnel Zones

Material Related to Chapter 4
Textbook Pages 55 - 59



Wavefront Encountering an Obstacle

>

B

I
N

YYY
|

Advancing
Wavefront

YYYYY

(R ——— T ol TR R R O L o

BI

>

Consider the obstacle shown in green to be a knife-edge of known height (0 to 3)
and infinite width - into and out of the paper (your looking at the side)



i Blockage Signal Levels

Knife-edgé_
Diffraction
Gain )

dB

Note leakage of signal into
blocked/shadowed area (0-3)
but also that the field strength
above the top of the obstacle
( 0 to -2) 1s also disturbed.

—Expectad?

v 18 the dimensionless
Fresnel-Kirchoff diffraction
parameter. The graph shows
- the loss in dB due to knife-
edge diffraction, a graphical
solution for finding the

v (position on line B-B9 Fresnel integral F(vg)

A i iy o | = 3

Signal Levels on the Far Side of the Shadowing Object



‘L Huygens’ Principle

Radioc energy from
wavelals anlers
shadowed region

Representation of Radio Waves as Wavelets



Diffraction, Huygen’s principle

Is it awaveor aparticle(a pointsource
emanatingzectorcomponents)?

Major advance diffraction andscattering

theorywereanoutcomeof stealthtechnology

Result (Erorar) at specific point is the superposition of the spherical
waves, both constructive and desctructive interference

Page 55 in textbook - see errata regarding Eq 4.27
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Is it a wave or a particle (a point source
           emanating vector components)?
Major advances in diffraction and scattering theory were an outcome of stealth technology.
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i Fresnel Zones

= To visualize what happens to radio waves when they
encounter an obstacle, we have to develop a picture of the
wavefront after the obstacle as a function of the wavefront
just before the obstacle

= How much space around the direct path between the
transmitter and receiver should be clear of obstacles

including the ground?

= Objects within a series of concentric circles around the line of sight between
transceivers have constructive/destructive effects on communication

= A radio path has first Fresnel zone clearance if no objects
capable of causing significant diffraction penetrate the
corresponding ellipsoid



i Fresnel Zones

Thezonesepresentetly each
successiv@athlengthfrom T to R
aren timesthe 1/2 wavelengtf
greaterthanthedirectLOS

Figure 411 Concentric circles which define the boundaries of successive Fresnel zones.
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The zones represented by each
successive path length from T to R
      are n times the 1/2 wavelength
       greater than the direct LOS
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i Fresnel Zone for a Radio Link

s Assume that there is one obstacle in
the Fresnel Zone, then we can look at
the resultant wavefront at destination
B (receiver 1n this case)

= Both blockage from the obstacle and
passing near the obstacle impacts the
received signal

m The resultant vector addition of ALL
the Huygens’ components is near the
free space magnitude (i.e., magnitude
with no obstacle)

For points along the direct path, radius of first Fresnel zone (most serious

interference region):
R — / ASD
S+D

S = obstacle distance from transmitter D = obstacle distance from receiver

mountain peak mountain peak




Fresnel Zone Formulation

= R =173 [ S, Din / (g, 4Skm T Dim )1

ﬂ\
Transmitter U Receiver

obstacle

b S hli D >

distance between Xmtr and Obstacle distance between Rcvr and Obstacle

Figure 11.10 The First Fresnel Zone

Note different units for R, S, D and f used for this simplified formula
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Diffraction

1. Singleor multiple edges
2. Makesit possibleto goaround
T cornersor behindobstacles
T 3. Objectdoesn'tevenneedto be
in thedirectLOS to impactthe
RFwave
4. Lesspronouncedvhenthe
wavelengths small (frequency
is large)comparedo theobjec

v
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1.  Single or multiple edges
2.  Makes it possible to go around
     corners or behind obstacles
3.  Object doesn't even need to be
     in the direct LOS to impact the
     RF wave
4.  Less pronounced when the
     wavelength is small (frequency
     is large) compared to the object


Diffraction Coefficient

fj O The Fresnel integral is defined
|
hi '

x s: F(vF) :j xp( ]n—) .

Y:'_'.'.‘ _____ { RX 0
__J:_____“_____________: _______ Cr_th with the Fresnel parameter

drx drx _ e J S diedre Eq 4..30 Eage 57

Total field H Aldicrdex) O mrdens

Bl = eXP(—jkox)(% - EX£(—F”ﬂF(vF) ) 6, = arctan [ (h, - hogldr ]+ arctan [ (b, - hg/dg ]
2

/ The Fresnel integral can be approximated
. using graphical or tabular numerical
Fresnel integral solutions for values of the Fresnel parameter.



Note that the Fresnel Integral can be larger
than 1 and actually be increased by the screen
but later decreased (no free energy)



Diffraction in real environments

Bullington'sMethod- Chapted Page59
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Diffraction — Bullington’s method

i-< ------- dtx ------------- >le- -\ --- drx ----- -2

equivalent screen

_ exp(—in/4 . 2dtxdrx
Ei = exp(—]kox)(—;— — Xp(‘é )F(VF)) Vi = O ‘/)L(dtx+drx)

Eq 4.29 on page 56 for angle in radians




Diffraction — Epstein-Petersen Method

compute diffraction loss for each
| screen separately and add the
> losses

Lit=LqtLotL;

Copyright: Wiley

More accuratehanBullington'sMethodbut still anapproximation
causedy thefar-field assumption.

Seepage63 for acomparisorof thevariousmethodsanda descriptive
of thesimple,semi-empiricaimodified I TU model.

Useof all modelsrequiresusingatool like Matlab
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More accurate than Bullington's Method but still an approximation
     caused by the far-field assumption.
See page 63 for a comparison of the various methods and a descriptive
    of the simple, semi-empirical modified ITU model.
Use of all models requires using a tool like Matlab
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Scattering

Specular Specular
reflection reflection

cattering

Impactswirelesscommunicationstheorywasanoutcom:
of radarstealthtechnology.
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of radar stealth technology.


Kirchhoff theory — scattering by rough surfaces

Notethatfor angleof incidencenear
zero(grazingincidence)thereflectior
becomespecular-> smoothsurface

(  )isknownastheRayleigh
roughness

for Gaussian surface distribution angle of incidence

Prough = Psmooth exp[—Z ( kogh sin W){ only dependenbn these2 parametel

standard deviation of height
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(       ) is known as the Rayleigh roughness
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Pertubation theory — scattering by rough surfaces

GﬁW(B) = E¢<{h (P)h(T+P) > Usesboththe probability densityfunction (pdf)
of the surfaceheight(like Kirchhoff Theory)anc
the spatialcorrelationfunction- how muchdoes

h(¥+7) the heightvary aswe movealongthe surface?
h(r) Allows shadowingof pointsonthesurface
unlike Kirchhoff

More accurate than Kirchhoff theory, especially for large angles of
incidence and “rougher” surfaces
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Uses both the probability density function (pdf)
of the surface height (like Kirchhoff Theory) and
the spatial correlation function - how much does
the height vary as we move along the surface?
Allows shadowing of points on the surface
unlike Kirchhoff
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Waveguiding

Waveguiding effects
often result in lower
propagation exponents

T- 15<n<5

This means lower path
loss along certain
street corridors

Impactscomefrom lossymaterialshon-
continuouswalls, very roughsurfacesand
waveguideshatarenot emptybutfilled
with metallic (cars)anddielectric(people)
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Impacts come from lossy materials, non-continuous walls, very rough surfaces and waveguides that are not empty but filled with metallic (cars) and dielectric (people)
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i Atmospheric Absorption

= Radio waves at frequencies above 10 GHz are

subject to molecular absorption

= Peak of water vapor absorption at 22 GHz
= Peak of oxygen absorption near 60 GHz

s Favorable windows for communication:

= From 28 GHz to 42 GHz
= From 75 GHz to 95 GHz
= Millimeter waves are generally considered to be from
30 to 300 GHz. These frequencies are an area of great
interest for 5G wireless systems; however, the signals
hardly penetrate anything which will probably lead to
utilizing mesh networks for system connectivity



i Effect of Rain

s Attenuation due to rain

= Presence of raindrops can severely degrade the
reliability and performance of communication links

= The effect of rain depends on drop shape, drop size,
rain rate, and frequency

s Estimated attenuation due to rain:
A =aRb

« A = attenuation (dB/km)

= R =rain rate (mm/hr)
= aand b depend on drop sizes and frequency



i Effects of Vegetation

= Trees near subscriber sites can lead to multipath
fading

= The tree canopy multipath effects are diffraction
and scattering

= Measurements in orchards found considerable
attenuation values when the foliage 1s within 60%
of the first Fresnel zone

= Multipath effects highly variable due to wind
since the leaves, tree limbs, .... move in the wind

in addition to the time of the year (season — path loss is
generally lower during the winter)





