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Introduction

ERSLab The following large scale major propagation mechanisms
F Nunziata affecting a radio link are reviewed.

Introduction

Frils transmission
equation

Reflection: It describes the interaction between em

Reflestion waves and an object whose size is larger than the

Plans Earth wavelength, e.g.; the earth’s surface and large

Surface buildings.

::::t':i Diffraction: It describes the interaction between em

Knieodge waves and an object characterized by sharp edges that

: obstruct the radio link.

Refraction: It occurs when a wave passes through an
interface and the angle of the wave vector is changed.
An important example is atmospheric refraction.

Surface scattering: It occurs when the em wave

interacts with a rough surface.

Fresnel | zones
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Friis formula

ERSLab We consider two antennas in free space (no obstructions

F Nunziata nearby) separated by a distance R.
Introduction

z:fal‘zzzsmissicn | Let Pt the pOWGI’
Reflection delivered to the lossless
TX antenna whose gain
Surf - . is Gy.
scaterng Tansmiing Recehving “

Diffraction

m Let P, the power

' 4 received by the lossless
>\4 ’ ) ‘/< RX antenna which is in
! ‘ the far field wrt the TX
G. Gr antenna.
m Let A = 22 G, be the
effective aperture of the
RX antenna.
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Friis formula

m The power density associated with the wave incident on
the RX antenna is given by:

ERSLab

F. Nunziata

P
Introduction t
=— 1
; s transmission S 47‘(‘R2 G[ ( )
F;Zt'fiffﬁ” m The power received by the RX antenna is given by:
Surface
scatterin P, = —aa@ui 2
lef:tactloi £ 4 RZ i ( )
S m The latter can be written replacing Ae with G;:
P; GG )\?
Pr=————7- 3
" (47R)? )



Path loss

m The difference between the TX and RX powers is
termed as path loss.

Friis formula - LOS vs NLOS

ERSLab

F. Nunziata

Introduction

Friis tran: sion
equati

Reflection

Pane et Friis transmission equation (3) refers to a radio link where
e only one propagation path, i.e.; the Line of Sight (LOS)
scattering path, is present.

Diffraction

Knife-edge
Fresnel zones

m Realistic radio links very often include also non-LOS
(NLOS) paths due to obstacles that partially or totally
obstruct the LOS path.

m NLOS propagation mainly involves reflection, refraction,
diffraction and scattering mechanisms.
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The geometry

ERSLab It is the most significant source of reflection introduced by

F Nunziata the environment when dealing with terrestrial links.
Introduction
Frils transmission X Ejcase E. case
equation =L'_"_'_"-L-‘. ............... r®LOSpagh R ® RX
Reflection [ .\7"*-.’&08 ....................... T
o ” & e, oo 0 '],
Surface 4 - :?gstypeéacrt)h
scattering o
Diffraction
Knife-edge . g
i m There is a direct (LOS) path and a reflected one.

m The E-field is depicted in the TE and TM case.

m The reflected wave exhibits a 180° phase shift wrt the LOS
wave. This results from grazing angle (¢; —+90°) reflection at
a lossy interface. Grazing condition relies on the fact that
hy, ho < D.

m There is also a path difference between LOS and reflected W

I |
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_ image
plane

H=hi+h

m We invoke a “modified” image theory that allows accounting
for the 180° phase shift due to the sign of the reflection
coefficient.

m We need to evaluate the path difference between the LOS
and the reflected paths.

m We consider that the direct and the reflected paths consist of
a common length (equal to the horizontal separation D) plus

an extra length equal to a and b, respectively.
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Evaluating the received power

L m The E-field at the receiver is given by the superposition
F. Nunziata of the LOS and the reflected waves. Note that, due to
grazing conditions, the reflection coefficient is equal to

iy P il OO
reflection + — — = —

Surface d r H S R S/R
scattering

Diffraction (4)
W m The term outside the parentheses is just a standard

Fresnel | zones

LOS propagation term.

m The term in parentheses can be seen as a correction
term that describes the reflection. To specify this term,
S — Rand S/R are to be evaluated.

S-R=D+b-D-a=b-a ; S/R=1 (5
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Evaluating the received power

m To evaluate the excess paths a and b, the large and
small triangles in the previous figure must be analyzed.

ERSLab

F. Nunziata
H?+D?> =  S%2=(D+b)?=D?+b?+2DH6)
| H? ~2Db
F;:ie:m:n m The approximation is justified by the fact that D >> b.
Henges By & o)?
Diffraction b= (1% (7)
o m Similarly (considering the small triangle) one can find:
hy — hy)?
5 ] — 2) )
m Hence: 2hi b,
S—-R=b-a= 9)

D



Evaluating the received power

m The correction term in eq.(4) can be rewritten as:

ERSLab

F. Nunziata e_jﬁ(S_R) _j4l hiho
TR AT . (10)

Introduction S/R
e! sion om hiho 27 hiho 27 hiho

— e IETR (5 — e i XD?
Reflection =8 3 < ° <e/ *P ? *P )
Plane Earth 2 h h
reflection ¥ 2w hiho TR T2
Surface N 2 e_j 2 Si i
scattering j )\D

Diffraction

Plane Earth reflection term

m The square magnitude of this correction term is given

by:
27hy h2>

ool i, b, D) = asin (25 (1)
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Plane Earth reflection term

102 . . .
—100 MHz
—1 GHz
S T 4 ——10 GHz
10° yen
__10?
om
S
g
“ 10
10
10-8 L L L
10" 10? 10° 10* 10°
D (m)

The effects of constructive/destructive interference between the
LOS and reflected waves depend on hy, ho, D, \.

14/42



ERSLab

F. Nunziata

Introduction
Friis transmission
equation

Reflection
Plane Earth
reflection

Surface

scattering

Diffraction
Knife-edge

Fresnel zones

Surface scattering

It applies when the interacting surface is no longer smooth.

The reflected wave is scattered by a
large number of scattering points on
the surface. This process results in
a broadening of the scattered
energy.
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Rayleigh criterion

ERSLab Apparent roughness

F. Nunziata

The apparent roughness of the surface reduces:

Introduction

m for incidence close to grazing angle (0; ~ 3);
Reflection m for longer em wavelength.
Sun‘acg
seatiering A surface that results in reflected
i - waves whose phase shifts (with
respect to each other):
o 4drAhcos 6;
Ap=————r 1 (12)
T A~ 1ah

are very small can be considered
smooth.
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Rayleigh criterion

m If the maximum admitted phase shift is A¢ = g, one
obtains that:

A
16 cos 0;

Rayleigh criterion

Rayleigh criterion is important since it shows that the
apparent roughness depends on both em wavelength and
incidence angle. However, it does not include any
information on the correlation length of the surface.

o is also termed as Rayleigh parameter
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Surface scattering

ERSLab
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Introduction

m When the surface is considered rough, the amplitude of

the specular component is reduced.
e m This reduction is modeled by a roughness factor:
2
Surface 1 4d7og cos b,
scattering f(US) i eXp 3= N ( S I (14)
Diffraction 2 )\
Knife-edge

Fresnel zones

m Hence, an effective reflection coefficient can be used to
account for surface roughness: Rqs = Rf(os).
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Surface scattering
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f=1GHz; os=linspace(0,0.5,100)/lambda




Diffraction

ERS

F. Nunziata

Introduction
Friis transmission
equation

Reflection
Plane Earth

reflection

Surface
scattering

Diffraction
Knife-edge
Fresnel zones

Radio reception in a hilly area
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Huygens

wwel  CHRISTIAAN HUYGENS

Huygens is a Dutch physicist, mathematician, and

Reflection an astronomer. He is renowned for his arguments
FTIDE that light was in the form of waves.
reflection

Surface Huygens contributed in the field of astronomy by
ST discovering Saturn’s largest moon Titan in 1655.
Diffraction He also provided detailed studies about Saturn’s
Knife-edge rings and discovered that its rings are made up of
fssielzcnes rocks.
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Huygen'’s principle

ERSLab Huygens’ principle

F. Nunziata

N Each element of a given wavefront can be considered as a
Bph source of a secondary disturbance that produces spherical

Reflection wavelets. The envelope of all such wavelets gives rise to the
next wavefront.

Surface

scattering

Diffracti

I B B

Fresnel zones

New Wave Front
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Diffraction

ERSLab

F. Nunziata

Introduction Huygen'’s principle provides the physical framework to

ot understand diffraction phenomena, i.e.; the behavior of em

Reflection waves at the edge of absorbing materials.

Surfacg

scattering

Diffraction Even if a region is shadowed by an

e J obstruction, diffraction around the
object’s edges produces waves that

propagate into the shadowed
region.
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Outline
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Knife-edge

ERSLab

A simplified model is assumed, termed as knife-edge
diffraction, which consists of approximating the obstruction
ntrodustion as a knife edge. This model can be used to conservatively
estimate more realistic diffraction effects.

F. Nunziata

equation

Reflection

Plane Earth
reflection

Ceornetric
Surface

scattering

Diffraction
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Fresnel zones

5 ‘Geom atric
Shadawy
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Single knife-edge diffraction

ERSLab

E Nunziata The single knife-edge diffraction model assumes that:

Introduction

m A knife-like obstruction
Reflection protrudes into the LOS

Plane Earth

reflection ! path .

Huygens secondary |

Surf: source | 5
iy oy m The obstacle is assumed
to have infinite extent.

scattering

m No signal can penetrate
L the obstruction,
therefore, some of the
rays emanating from the
transmitter will not reach
the receiver.

Diffraction
Knife-edge

Fresnel zones

Knife edge
bstruction
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Single knife-edge diffraction

ERSLab According to Huygen’s principle:

F. Nunziata

Introduction wavefronts
Friis transmission
equation

Reflection

Plane Earth
reflection

Surface Incident plane
scattering wave
Diffraction
Knife-edge
Fresnel zones
, Knife edge
B /.
- Diffracted ray

Shadow region

Absorbing plane

m In an imaginary plane
located in line with the
obstruction, points above
the obstruction can be
considered secondary
sources of wavelets,
which combine to form
waves propagating
toward the receiver to the
right of the screen.
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Single knife-edge diffracted waves

ERSLab To predict the diffracted waves, we start with the analysis of
F Nunziata a single wave; then the superposition principle is invoked to
deal with all the diffracted contributions.

Introduction

_,_o—'—'_'_'_'-
o
Surface Y f
scattering d-
Diffraction
Knife-edge
Fi | 2
eeeeeeeeee hnbs "
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Single knife-edge diffracted waves

ERSLab

F. Nunziata

®m hyps,hy and h, stand for the heights of the obstacle, TX
and RX, respectively.

m The distance TX/obstacle (d;) and RX/obstacle (d») are

Reflec

PlaneEarn considered wrt the LOS path.

e m The diffracted ray makes an angle g and ~ with respect
Diftraction to LOS path on the transmitter and receiver sides,

lfsece respectively.

Fresnel | zones

m Although in the picture h; = hy, this is not a limiting
assumption provided that the separation distance
between TX and RX is large compared to their heights.
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Diffracted wave
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Introduction
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Knife-edge
Diffracted wave

We are interested in finding the wave received from the
diffracted path with respect to the LOS path.
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Diffracted wave

m The path difference between the LOS and diffracted

paths is given by:

A

Q

VBt o+ 12— (d + )
h2 2

Oy [+ o + Oy |1+ = — o — d

1 +d12+ 2 +d22 1— 02

the approximation holds since (1 + x)” ~ (1 + nx).

(15)
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Diffracted wave

m Since the distances d;, d> are much larger than h:

ERSLab

AT B= tn'i~l (16)
y= i d (17)
iy a= By~ G (18)
smace m The electrical length of the path difference A is given
scattering by
Diffraction >
omer <ﬁwA=%%ﬁﬂfzgf (19)

. 2(d1 + d2) . 2d,d>
- h\/ Mids  C\ A(dy+ ) (20)

m where v, which is termed as Fresnel-Kirchhoff
parameter, is related to the height of the obstacle.
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Single knife-edge diffraction

m The diffracted wave that reaches RX, normalized wrt
the LOS wave, is given by (assuming the same

magnitude for both the waves):
Introduction E

sion d — e‘jﬁA _ e_jEV
Reflection ELOS

Plane Earth

m This is the effect of a single diffracted wave.

Surface
scattering

ERSLab

F. Nunziata

(21)

Fresnel integral

Diffraction

e To include the effect of all the other rays produced by the
Huygen’s sources above the obstacle, we need to integrate
from v to oo:

Eq4 1+j/°° _nt?
=F(v)= —= e 2z dt 22
Eios ) 2 J, (22)

F(v) is termed as Fresnel integral
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Fy="1{ (1 -0m) =1 (3~ s0))}

A step drop is observed starting from v = —1.
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Outline
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Fresnel zones

ERSLab Let h be the height of the Huygen’s source in the diffraction

F. Nunziata prOblem Wrt the LOS path
Introduction . A
m If his suchthat A = 3,
Suracn Huygens source

Reflection

Plane Earth Huygens source
reflection

the phase shift ¢
between LOS and
diffracted wave is 7. A

Surface

!
scattering i o !
H 3

Difraction o i 5 destructive interference
i g oceurs (see M ).
| ’+ destructive m If his such that A = A, ¢
; - is 2. A constructive
e +‘ constructive interference occurs (see
interference h2 ) i

This is true over a locus of points forming a ring in the plane
of the screen that is termed as Fresnel zone.
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Fresnel zones

Cala m This process repeats when increasing h, i.e.; Fresnel

E Nunsia zones that provide constructive and destructive
interference to the total received signal alternate every
e % increase of h.

equation

Reflection

v nth Fresnel zone

reflection

Surface
scattering

The loci of points at which propagation produces an excess
Siracton path length A equal to n3 is termed as nth Fresnel zone.

Fresnel zones
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Radius of the Fresnel zones

el m To evaluate the radius of the nth Fresnel zone we
Nt consider the triangle ABC; where AB stands for the

LOS path and ACB stands for the diffracted path.
m The point C is in the nth Fresnel zone when the
Fofoe following equation is satisfied:

Plane Earth
reflection )\
Surface n+rn=ad+ad+ nE. (24)
scattering ¢ . }
m This equation can be rewritten as:

Diffraction

Knife-edge

Fresnel zones A
\/d12+F3+\/d22+F,§:d1+d2+n'é- (25)

m Since F, is much smaller than d;, ds, €q.(25) can be
approximated as follows:

FE Fﬁ_ A
d1+ﬂ+d2+27dz—d1+d2+n§. (26)
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Radius of the Fresnel zones

L m Hence, one obtains:

F. Nunziata Ff27 1 1 A
nf 4 ) =np 27
2 (d1 - dg) "2 @7)

Introduction

Radius of the nth Fresnel zone
The radius F, is given by:

Surface
scattering

Diffraction
v n\d; d.
— = 2 (28)
ady + b

m Each circle of radius F results in a A equal to \/2, ),
3\/2,etc.

m F,is maximum when d; = db.
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Fresnel zones

ERSLab

Fresnel zones are the geometric loci (ellipsoids)

characterized by all the points resulting in A equal to an
Introduction integer multiple of 3.
Reflection

Plane Earth
reflection

2nd Fresnel zone

3rd Fresnel zone
Surface
scattering

Diffraction 1st Fresnel zone

Knife-edge

Fresnel zones

Direct ray
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Total phase shift

S When a signal is reflected two things happen:

F. Nunziata

Introduction

The phase of the signal reverses and the signal

Reflection changes in phase by 180°.

= Since the signal is being reflected and not going in a

e direct line, it travels slightly further to the refection point

Diffraction and then on to the receiver. Therefore, the signal is

e shifted further in phase, by the difference in path length
¢ = KA.

This implies that the received signal results from the
coherent combination of the LOS signal and the
reflected one that will exhibit a phase shift equal to
T+ ¢.
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Fresnel zones

ERSLab

1st Fresnel zone

F. Nunziata

o Most of the energy associated with the em wave lies in the
Fefoction 1st Fresnel zone.

Plne Earty In fact, the reflected signal is shifted by 180° of path
. distance plus ¢ = k% = 7 from the actual reflection point
el totals 360° of phase shift. Hence, the LOS and reflected
" signals add together and they do not affect receiver
TS performance.

m An absorbing obstacle that enters this zone will
significantly affect the received power.
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