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Telecommunication systems
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Radio telecommunication systems
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ground are also possible
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CQ **:** Royal Observatory
* % * % of Belgium
Antennas

Isotropic antenna: theoretical antenna that
radiates equally in all directions with the same
Intensity

Has a “gain” of 1 (O dB) in the spherical space all @
around it and has an efficiency of 100%

Animated diagram of waves
from an isotropic radiator

210°

240 Trrrep,

27 27
Vertical Horizon

300" R S— -

Antenng Pattern of An isotropic antenna is used as a
an Isotropic Antenna reference to evaluate antenna “gain”



Antennas

Specialized transducers that converts
electric current into electromagnetic
waves or vice versa

Reciprocity principle
(Tx = Rx)

- Geometry (3D) plays an important role

- Dimension is linked to A

Q **:** Royal Observatory
* % % % Oof Belgium

Half-wave dipole antenna receiving a radio wave
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Antennas L
|dealized dipole

sin 6

Field components E-plane radiation pattern

J

- Geometry (3D) plays an important role

- Dimension is linked to A kj )

H-plane radiation pattern 3D pattern plot
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Electromagnetic spectrum

Penetrates Earth's
Y N Y N
Atmosphere? Y Y | ¢ = fi
¢ : speed of light
1 Radiation Type Infrared Visible Ultraviolet  X-ray Gamma ray
Wavelength (m) 107° 0.5x107° 1078 10712

Approximate Scale
of Wavelength

Buildings Humans Butterflies Needle Point Protozoans Molecules Atoms  Atomic Nuclei

10* 108 1012 10%° 106 108 10%°
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N

Electromagnetic spectrum

A

f

Penetrates Earth's
Atmosphere?

Radiation Type

Wavelength (m)

Approximate Scale
of Wavelength

Frequency (Hz)

Radio
10°

A

Buildings

10*

Microwave

1072

Wavelength
Frequency

Sources

c = f4

¢ : speed of light

Ihfrared Visible Ultraviolet  X-ray Gamma ray
10°° 0.5x1078 1078 10710 10712
»‘f
;-‘f/
10Km 1Km 100m 10m Im 10cm 1cm Imm
30KHz 300KHz 3MHz 30MHz 300MHz 3GHz 300GHz
VLF, Submarines AM Radio Shortwave VHF TV, Cellula LOS
Radio M network microwave
Radio 'WiF, !
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Radio bands

y) 10 000 km 1000 km 100 km 10km  Tkm 100m 10m Tm 10 cm Tcm Tmm

il L i

IEEE

ITU ELF SLF
f 1Hz 10‘Hz 100’Hz 1 kHz 10I;Hz 100 kHz 1 MHz 10 MHz 100 MHz 1GHz 10 GHz 100 GHz ‘ 1THz 10 THz
Extremely Super Ultra  Very Low Medium High  Very Ultra  Super @A’ Terahertz
Low Low Low Low High  High High @
&S
Frequency 89
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Primary modes of Propagation

ITU Designation Frequency Range Principal Propagation Mode Principal Uses

Ground wave and Earth-ionosphere Submarine communication

Extra low frequency (ELF) ~ 30-300 Hz waveguide mode

Navigation, standard-frequency and

Very low frequency (VLF) 3-30 kHz Same as above time dissemination

Low frequency (LF) 50-300 kHz Same as above Navigation LORAN-C

AM broadcasting, maritime,
aeronautical communication
Primarily sky wave, some ground Shortwave broadcasting, amateur,
wave fixed services

FM broadcasting, television,
aeronautical communication
Primarily LoS, some refraction and scattering  Television, radar, navigation,

by the ionosphere aeronautical communication

Medium frequency (MF) 300-3000 kHz Primarily ground wave, but sky wave at night
High frequency (HF) 5-30 MHz
Very high frequency (VHF)  30-300 MHz Primarily LoS, some sky wave at lower VHF

Ultrahigh frequency (UHF) ~ 300-3000 MHz

Superhigh frequency (SHF) ~ 3-30 GHz Same as above Radar, space communication



Fundamentals of radio waves
Electromagnetic wave

Electric
field
vibration

-

Direction
of wave
motion

Magnetic

field

vibration

Linearly polarised
electromagnetic wave
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c = f4

¢ 2300000 km/s
in a vacuum

| ‘ Wave Direction
|
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Fundamentals of radio waves
Free Space Attenuation & Absorption

Signal The signal’s power density
Source decreases with the square
of the distance

thermal
energy

b‘*llé/e)heavy

e neutral

) ) ) > atom

e ) )> >) ; No re-radiation
e ) ) ¢ (absorption)

Incoming

T .V >))”>>))> >)f)>>)>

radio wave
Lfs . Free space path loss [dB]

d : distance [km]

f . frequency [MHZ]
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Electromagnetic wave propagation
Refraction, Reflection & (Diffuse) Scattering

Flat surface: reflection angle = incidence angle

Bou ndary Reflected wave
Medium Incident wave
With Low
Refractive
Index

Direction of Waves

KUK
Angle of (g “““:‘:‘:‘:"‘ ‘» Angle of

incidence ~ X , reflection

Medium

With High Reflecting surface
Refractive .
Index Small particles: . . .
waves scatter = e, ¢
Radio waves bend at boundaries in all directions i\\i“ >
. ®
between media, as one part of the R —» o
wave slows before the other  —— -
4. l. ® o R
‘/ [} ;
® e



Electromagnetic wave propagation
Knife-edge Diffraction & Ground Wave

Diffraction at Knife-Edge

‘1\1\\\\\\\

' / Resulting Interference
\ N / / Pattern
% % / / /
< 7
7 / /
e
Barrier Shadow Zone
Signal Appears in the Shadow Zone

In free space, signals interfere uniformly, forming an

expanding wave. A knife-edge obstacle disrupts this,
creating a non-uniform pattern

*
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sighals spreading out

from the transmitter \

Transmitter
antenna

Wav e fronts angled downwards allowing
them to follow the earth's surface

Radio waves also “bend” over rounded edges.
Over Earth’s curved surface, the lower wave
front slows, tilting the wave and allowing
signals to travel beyond the horizon
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Sky-Wave Propagation and the Sun

Structure of the Earth's Atmosphere
800 —
. w00 Magnetosphere
e Atmosphere reaches more than 600 km altitude [~ oo Eaoephers)
ﬂ'
e Solar radiation affects all atmospheric layers "
e Surface heating drives weather (troposphere) | e ]
e Solar ultraviolet (UV) radiation creates small 500 ]
concentrations of ozone (O,) molecules at . e et
stratosphere S oo E.radion
;3 250
e Extreme UV (EUV) and X-ray radiation partially ionize ~ 3 A | tonosphere
50-650 km
atmOSpheI’IC gaseS %_ F, layer concentration (night)
e High altitudes: long-lasting ionization 50,5
120 F, layer concentration (day)
e Low altitudes: fast recombination T B
WA T e
60
e Continuous radiation sustain ionization N
| /\k-f 10-50 km

0-10 km



Sky-Wave Propagation and the Sun

The lonosphere
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- The ionosphere extends
from ~50-600 km and
strongly affects radio
propagation

- It consists mainly of
atomic/molecular oxygen,
nitrogen, and nitric oxide at
very low pressure

- Solar EUV and X-rays ionize
these gases, forming a region
rich in ions

- Isis divided into the D, E
and F layers

- Enables long-distance
communication at

1.8-30 MHz with weaker
effects up to ~ 432 MHz
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Sky-Wave Propagation and the Sun
Oblique Propagation

Radio waves become useful for terrestrial propagation only
when they are refracted enough to bring them back to Earth
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Sky-Wave Propagation and the Sun

lonospheric Refraction
e |onospheric refraction is often

treated as reflection

Virtual height = equivalent
/ |\ reflection altitude

\

Actual lonosphere
Refracting LSETER

. i u

Virtual Height Elevation |

Height \ Angle —

Lt



Refracted rays

e Real ionospheric profiles require ray tracing

. (a)
(too complex for analytical formulas)

= “ff.\: S
e Rays are traced from a transmitter by 2000
elevation and azimuth until returning or A et 7:5%%%?}‘12‘55
. (b) i WY
escaping pr . TN
}f e ; MR
. . . o 1000 2000 TP
e Increasing elevation angle first reduces, then 0 ) . |
. . . ~ Symmetric legs, as in an
increases ground range (- skip zone) P e o o et o

(c)

e Virtual ray paths form triangles with apexes on

a reflectrix curve !
600 L 5 ~ Reflectrix
e The reflectrix links virtual height and elevation o \\ /\— S voraon
2000 "hieed o
an9|e * &,,« 1066" 2000 3000 | opgT T

% Al 5000
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Sky-Wave Propagation and the Sun

Frequency, range and elevation angle

Elevation angle fixed, variable
frequency (f):

ray 4: frequency > MOF

e Asfisincreased, the wave is
reflected higher in the
ionosphere and the range
increases (rays 1and 2)

e Exactly at /= MUF maximum

T range is achieved (ray 3)
ray 2:

frequency < MOF

e If /> MUF, the wave penetrates
the ionosphere

e
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Sky-Wave Propagation and the Sun

Frequency, range and elevation angle
Path length fixed:

ray 4: frequency > MOF

ray 3: frequency = MOF L .
Critical (largest) antenna e Asfisincreased, the wave is

ke reflected higher in the
ionosphere = the elevation
angle must increase (rays 1 & 2)

ray 5: frequency = MOF

ray 2: frequency < MOF

e At f=MUF,critical angleis
reached (ray 3)

ray 1: frequency << MOF

e If /> MUF, the wave penetrates
the ionosphere
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Sky-Wave Propagation and the Sun

Frequency, range and elevation angle

Frequency fixed, variable elevation
angle:

e At low elevation angles the range
is greatest (ray 1)

e Aselevation angle is increased,
the range decreases and the ray
is reflected in higher zones in the
ionosphere (rays 2, 3 & 4)

ground wave

e |Ifthe elevation angle is increased
beyond the critical value for that
frequency, then the wave
penetrates the ionosphere (ray 5)
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Sky-Wave Propagation and the Sun
NVIS Propagation

Radio stations within the skip zone may
be able to communicate at a lower
frequency, or by ground wave if they are
close enough

lonosphere

NVIS

Near Vertical Incidence Skywave (NVIS)
propagation usually bridge the gap
between where ground wave is too weak

and where the skip zone ends antenna

R S

Propagation over short distances means

Ai , coverage area
igh elevation angles
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Sky-Wave Propagation and the Sun

lonospheric Fading

Upper decile MUF (10%
chance of success)

e |onospheric changes cause phase shifts
L signhal fading

e HF signal strength varies over seconds

_ to minutes
Median MUF (50%

chance of success)

OWE 0% chance . ® Fading sources include:

o Multiple propagation paths

o O-and X-wave interference
(polarization fade)

o Absorption changes

o Focusing effects
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Sky-Wave Propagation and the Sun

Polarization at HF

path 2

e The ionosphere splits waves into ordinary
(O) and extraordinary (X) modes

e O and X waves are orthogonal,
counter-rotating, and elliptically polarized

e Antenna polarization controls coupling into

O mod
mode O/X waves

e On HF =80 m, polarization choice is less

Multipath and multimode propagation critical
in the ionosphere .
e On 160 m, the X-wave is strongly absorbed

e \Vertical polarization usually performs best
on 160 M
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Sky-Wave Propagation and the Sun

The 11-year Solar Cycle — Sunspots

350

International sunspot number S : monthly mean and 13-month smoothed number

; : : ] i : —  Monthly
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i i i i L%
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i : ‘. $ 1 [ "
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Time (years)

SILSO graphics (http://sidc.be/silso) Royal Observatory of Belgium 2026 February 1

The Sun shows periodic sunspot cycles of
about 11 years

Sunspots mark cool, magnetically active
regions

Solar maxima bring more radiation and flares

Increased radiation strengthens ionospheric
lonization

This raises critical frequencies and improves
long-distance HF propagation

Sunspot number estimates overall solar
activity
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Sky-Wave Propagation and the Sun
The 11-year Solar Cycle — Solar Flux

20 e Solar flux measures the Sun’s 2800 MHz radio
2301 . ** emission
2101 . ° . L
= * . e |t estimates UV/X-ray activity, like sunspot
= 2 o numbers
S0
k5 il . 3 e Typical values range 60-300
S .,
= 1ol o« o e Penticton solar flux is used in propagation
= o .
= M0} . . predictions
g 2*
o LY 1 . .
90";’.;.- e Higher flux usually means higher MUF
10
i T B e Accurate MUF forecasts also depend on time,
0 20 40 60 80 100 120 140 160 180 200 season, and path geometry

Sunspot number

Annually averaged 1 =10.7 cm solar radio flux
vs. sunspot number (1947-2009).
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Sky-Wave Propagation and the Sun
The Sun's 2/-Day Rotation

DIFFERENTIAL ROTATION

EARTH VIEW &

27-DAY CYCLE

Sun rotates unevenly (fluid body)

Rotation = 25 days at equator, = 35 days at
poles

Earth-affecting sunspots rotate in ~26 days
Apparent rotation from Earth is ~27 days

Active regions must face Earth to affect the
lonosphere

Persistent regions create ~27-day activity
cycles
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Sky-Wave Propagation and the Sun

Disturbances to Propagation

Precipitation of
Bow shock auroral particles

i - — e ———— + —— b —
. ng i — —
e 7/ R
~, ourrent .~ /. it
. . . 3
R & I S -

Energetlc T

‘.

4 J : G
particles /1//4
/ Enhanced |
Mass solar wind 2
ejectlon \\‘
N

X Rays from flare \ ...... >
S . T g e Magnetopause
7 7 e SR N e S e it
7 i S \l\ _______________________ »

- Solar wind plasma flow transporting
Interplanetary magnatic field (I M F)
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Sky-Wave Propagation and the Sun

Disturbances to Propagation — Geomagnetic Storms

Geomagnetic Storm Impact Scale <z

G1 G3 Y G4 YA G5

Minor Moderate = Strong Severe Extreme

Weak power grid Transformer damage Power system voltage Possible widespread Blackouts or complete
fluctuations and minor is possible with long corrections may be voltage control problems  collapse of power grids
impacts on satellites duration storms. required. ~ onthe power grid. s Possible.
are possible. .

Corrective actionsto - Satellite and LF radio HF radio sporadic, Navigation systems may
Migratory animals are spacecraft orientation navigation problems satellite navigation be out for hours or days.
affected at this and may be required; may may occur. HF radio may R ENENRGIEITEN
higher levels. affect orbit predictions. be interrupted. radio navigation issues. Aurora may be seen as

low as Florida and

Aurora is commonly Aurora may be seen as Aurora may be seen as Aurora may be seen as southern Texas.
visible at high latitudes. Ml low as New York low as lllinois & Oregon. low as Alabama and

and Idaho. northern California.

spaceweather.gov

e (Geomagnetic storms near the equator
raise LUF, lower MUF = HF fadeouts

e |n polar regions, storms can raise MUF L
unexpected VHF propagation

Geomagnetic storms come from Coronal
Mass Ejections (CMEs) and high-speed solar
wind

CMEs originate in the corona of the Sun

Satellites observe CMEs using coronagraphs
(artificial eclipses)

Coronal holes release fast solar wind into
space

Earth-directed events cause major
lonospheric disturbances

Effects reach Earth after ~1-2 days
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Sky-Wave Propagation and the Sun

Disturbances to Propagation — Geomagnetic Storms

Monthly Average A-index and F10.7 Solar Flux | 1947 - 2025

= F10.7 Solar Flux (sfu)

(sfu)

F10.7 Solar Flux

Geomagnetic storms peak near solar maxima
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Sky-Wave Propagation and the Sun

Disturbances to Propagation — Radiation Storms & Radio Blackouts

MUF, OWF, LUF and Usable frequency window e Large solar flares on the Sun emit intense
151 radiation
N - Maximum . ' '
E Usable e X-rays trigger Sudden lonospheric Disturbances
\ o .
o /v \ Frequency (SID) » radio blackouts
Q /‘\
0:) 10- // . “‘ Blackout: in| £f | q1
= _/Optimum!, g~ /o= e SIDs mainly affect lower HF and last up to
5 -~ Working frequency ~1 hour
e Frequencyfill \indow
—— e 20 MHZ
| frequency /RN B -~
S w?ndowy - 10 MHz
S Lowest =) L ,
C
Usable due to solar flare o 2
17 5 MHz
Frequency E /
l<ol .. q 2 | pre-flare
normail solar actlwty no riares signalstrength levels
0 6 12 18 24 —tnor —— —
Local Time

flare onset
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Sky-Wave Propagation and the Sun

Disturbances to Propagation — Polar Cap Absorption

e Energetic protons cause Polar Cap
Absorption (PCA) events

e PCAsdisrupt polar HF propagation
for days

e Solar flares and CMEs are
independent

Highest Frequency Affected by 1dB Absorption Estimated Recovery Time
“ y = M

0 5 10 15 20 25 30
Deqraded Frequency (MHz)

Normal X—ray Background Minor Proton Flux
Product Valid At : 2024-02-14 12:4Q0 UTC NOAA/SWPC Boulder, CO USA
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Sky-Wave Propagation and the Sun
D Layer Propagation

1000 £
Night

300

km

200

100

Plasmasphere

Day

Topside

F1 EUV

Soft X rays

Ly a, Hard X rays

Cosmic rays
1 | |
1610 10" 10'2

Electron density

The D layer lies at ~55-90 km altitude

It is ionized by UV and hard X-rays from the
Sun

It exists mainly during daylight

The D layer absorbs MF/HF signals, not refracts
them — Refraction works in VLF though

Absorption is strongest below ~5 MHz in
daytime

At night, ionization drops and low HF bands
propagate farther
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Sky-Wave Propagation and the Sun
D Layer Propagation

flare on Sun emits x-rays

e The D layer lies at ~55-90 km altitude

e |tisionized by UV and hard X-rays from the
Sun

e [t exists mainly during daylight

e The D layer absorbs MF/HF signals, not refracts
them — Refraction works in VLF though

e Absorption is strongest below ~5 MHz in
daytime

K
D region becomes /;:7

highly charged ~ ©

 HF radio wave
absorbed in D
region

e At night, ionization drops and low HF bands
propagate farther
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Sky-Wave Propagation and the Sun
E Layer Propagation

ALTITUDE (km)

800

700

600

500

400

300

200

100

(=3

1 Illllm LELLLAL

1 lllllm ] Illlln

Solar Solar

ELECTRONS/m’

The E layer lies at ~90-150 km altitude
lonized by UV and soft X-rays from the Sun
Exists mainly during daylight

Has less absorption than the D layer
Daytime critical frequency: ~3-4 MHz

At night it weakens but can still refract
low-band signals
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Sky-Wave Propagation and the Sun

E Layer Propagation — Daytime E Layer

500 prrerrrmT—r-rrm L AL | e The E layer has limited HF propagation role
700 |- & e Daytime D-layer absorption restricts E-layer
Solar Solar 5k|p

600

e |ow-angle 7-10 MHz signals are mostly
absorbed

500

. e High-angle E skip is limited to ~1200 km

290 - e At14 MHz E and F propagation may be hard to

-~ distinguish

e Supports special modes: sporadic E, aurora,
meteor scatter

100

ALTITUDE (km)

e Mainly useful on upper HF and low VHF

ELECTRONS/m’
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Sky-Wave Propagation and the Sun

E Layer Propagation — Sporadic E

Sporadic E cloud

F region

E region
Rx

Tx

Sporadic E (Es) = dense ionized
clouds at ~90-140 km

Occurs unpredictably, lasting
minutes to hours

Can reflect high frequencies like
the F layer

May block or replace F-layer
propagation (Es blanketing)

Causes signal fading or
intermittent reception

Most commmon in summer and
daytime (mid-latitudes)
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Sky-Wave Propagation and the Sun
F Layer Propagation

i ey e exosphere e The Fregion (~150-400+ km) enables
e long-distance HF propagation

500 -

electron|density

thermosphere e |onized mainly by UV radiation from the
Sun

400 -

F2 layer

e Daytime splits into F, (150-250 km) and F,
(>250 km) layers

Altitude (km)
w
o
o

F1layer

e [ disappears at night

200

e [, persists and supports long-range
propagation

meteor
sporadick

100 sporadicE

mesosphere

e |onization varies with time, season, and
balloon stratosphere
| troposphere SO|aI’ CyCle

| I I | I I | I | 1 I I
o 10 10® 10° 10 10° 10° 107 o 10 10° 10° 10° 10° 10° 107
Electron density (electrons/cm?)
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Sky-Wave Propagation and the Sun

F Layer Propagation — F, Layer

Winter Summer
€ | | | =y |
< 400 |- -{ 400 |- -
< F F F F
< 200 - = — 200 —
2 ~— ~—
= | | | | | |
= 0 6 12 18 24 0 6 12 18 24
Local time Local time

Average variation of ionospheric layer height as a
function of season and local time. Note the large
change in height of the F, layer in summer.

The F, layer exists only during daytime

It has limited importance for HF
propagation

Signhals <10 MHz rarely reach it
Signhals > 20 MHz usually pass through it

Some propagation occurs at 10-20 MHz
(summer, ~3000 km range)

Most long-distance HF relies on the F,
layer
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Sky-Wave Propagation and the Sun

F Layer Propagation — F,and Nighttime F Layers

LAYERS OF THEIONOSPHERE o [ (~250-400 km) is the key layer for long-distance HF
nights

all year

e Present day and night (merges into single F region at night)
e Hasthe highest electron density

e MUF closely follows solar UV and the solar cycle

e One-hop range = 4000 km

e NVIS enables short-range (~200-300 km) coverage below
critical frequency

e MUF rises after sunrise, peaks after noon, drops at night
e Highest MUFs near the equator (transequatorial paths)

e \Winter anomaly: winter daytime MUF often higher than
summer
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Sky-Wave Propagation and the Sun
F Layer Propagation — Multihop

ionospheric tilt

e
! \

!
7
7

e HF paths > 4000 km use muiltiple
ionospheric hops

e FEach hop adds attenuation and
absorption

e Signals can travel halfway or fully around
the world

\ i
1F1E “ / 1F1Es1F}

\ e Chordal hops (within F layer) reduce

T ey ground-loss

e Mixed E, Es, and F hops are common

e Multi-path arrival increases fading
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Sky-Wave Propagation and the Sun

F Layer Propagation — Grayline & Backscatter

North pole

)

Twilight
(Gray Line)

o

: Night
Day (Low MUF)
(High MUF)

lonosphere
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Propagation in the Troposphere

lonosphere E layer
80km fo 120km

Warm Air Layer
Troposhere ",

Ground to 10km

e All radio waves pass through the troposphere, where refraction and
scattering affect propagation

e Effects are minor f< 30 MHz, but significant /> 50 MHz
e Long-distance links in VHF/UHF/microwave often relies on it

e Driven by terrestrial weather rather than solar or geomagnetic activity



Cb ****:**** 51? yBa;;E;ervatory
Propagation in the Troposphere
Line of Sight (LOS)

It Fresnel Zone — 70-90% of signal energy

r =8.66 (D /f)"?

D : distance between antennas [km]

f : frequency [GHZz]

¢ D >
Because of refraction (Beyond LOS = BLOS)
Clearance D’ = (17 h)'?
Maximum obstruction allowable is 40%
Recommended is 20% or less D’ : distance to the radio horizon [km]

h : height above average terrain [m]
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Propagation in the Troposphere
Atmospheric Absorption

e Atmospheric gases cause minor loss o |
below 10 GHz Gioroen Vapor

Vapor

10 —

e Rain attenuation becomes significant
above ~3 GHz |

e Losses increase rapidly with frequency

e Heavy fog affects signals mainly above
~5.6 GHz

Attenuation (dB / km)

Water

0.1

Attenuation caused by O, and water vapor at
10 g/m? (equivalent to 40% humidity at 25 °C). 001

10 24 47 76 120 142
Frequency (GHz)
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Propagation in the Troposphere
Troposcatter

- Lower bound -» Station take-off angle

- Upper bound » ~10 km (troposcatter limit)

Common volume - Bigger volume -» Stronger signal

Scatterer

Transmitter antenna

Receiver antenna
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Propagation in the Troposphere
Surface- and Elevated-Ducting

Tropospheric Refraction
Surface Tropospherc Duci'ng - Caused by gradients in refractive index (temp., RH, press)
- Extends radio horizon beyond visual line of sight

- Higher frequencies (microwave bands) show effects first

iy Faq mrom

Temperatune [naersion ™

MY 40N 1000

Elevated Tropospheric Ducting

Tropospheric Ducting

- Refraction bends radio waves back to Earth's surface
- Enables very strong signals up to 1500 km
- Caused by temperature inversions (temp. » with alt))

- Enhanced by a drop in humidity » higher refractivity



C‘ ****:**** Ij;yBa(ll;)iE?:rvatory
Propagation in the Troposphere
Tropospheric fading

- Atmospheric varies (density & humidity) » Signal refraction
- Multiple paths » Addition or cancellation
- Wind » Changing paths » Scintillation fading
L Stars twinkle = same process
- Effect increases with frequency & distance

- Minor for VHF/UHF, major for microwave links
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Earth-Space Propagation

Satellite LOS, Non-LOS, Multi-Path environment

Signal-to-Noise Ratio

signal

SNR =

noise

SNR[ i8] = 10 log(SNR)

i 34B

0dB

+3 dB

Shadow
Zone
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Earth-Space Propagation

Trans-ionospheric propagation

e |onospheric refractive index is dispersive and ’
. Total Electron Content (TEC
depends on electron density otal Elesion Lonlent(TEC) S
I n,dh =TEC 4
e First-order delay/range error o< TEC;
Ray path

dual-frequency GNSS estimates and

mitigates it :
JE>1,

Refraction

e Geomagnetic field causes anisotropy

L double refraction and Faraday rotation

300  Height h/km

e Refraction bends ray paths, impacting

200

. - . ENmF2
low-elevation positioning ;

100

e [rregularities (e.g., plasma bubbles) cause ETBeion GBnsiy .

scintillation, degrading signals <10 GHz w Wm
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Space Weather Impacts on Radio

lonospheric Scintillation

lonospheric scintillation causes signal
fading, dominant below ~2 GHz
(troposphere dominates above 2 GHz)
Caused by anisotropic, magnetically
aligned irregularities in the ionosphere
Depends on location, local time, season,
solar cycle, and geomagnetic storms.
Fade rates: ~1-2 Hz for slow-moving

sources (Moon/GEQ); faster for LEO

satellites.

Solar
Radio ,,“St
Bursts ‘. A
1l
Fluctuating lonosphere
Electtical Guttents

Spacecraft Signal
Scintillation

Radio
/\ Wave Reflection e
22 and Attenuation Radio Signal
Attenuation and
Absorption
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Space Weather Impacts on Radio
lonospheric Scintillation

(a) 8
e Degrades measurements and i B PN —~ rio7adoemssion| (P)
2ol - N . Y Tere s E[S4]
S DS | YR N <0.12
Frecelver traCk|ng performance 8, T T R - e
2013 2014 2015 2016 2017 R
> 0.18
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Space Weather Impacts on Radio
lonospheric Scintillation

e Strongest within £20° of the

Auroral Region

mMagnetic equator (up to
20-30 dB fades);
common near poles (<10 dB);

rare at mid-latitudes N
+ Equatorial Region

e Equatorial events typically :

Y
occur after sunset; polar s

Auroral Region

events can occur anytime

Regions of the world (shaded) where scintillation
fading effects can be especially severe.



Earth-Space Propagation

Electromagnetic wave Polarization

*
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Royal Observatory

e Polarization: direction of the electric field (E) oscillation.

e Linear: E-field oscillates in a fixed direction.

e Circular: E-field rotates at constant rate (RHCP/LHCP).

e Elliptical: E-field traces an ellipse.

Polarization
direction

Polarization
direction

Direction of
propagation

Direction of
propagation

This wave is polarized in a direction
at an angle of 60° with y-axis

This wave is polarized in z -direction

of Belgium
direction of
51 propagation
direction of
propagation

A

Electric z’ 90°
Fields
'\\/ Note the 90°

\f / \ phase difference
/\ < _/\ y

If this wave were approaching
an observer, its electric
vector would appear to be
rotating counterclockwise.
l This is called right -

circular polarization.
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Earth-Space Propagation
Faraday Rotation

e The ionosphere can rotate wave polarization

e Polarization mismatch (e.g., 90° shift) increases path loss and causes fading

e Rotation is time- and frequency- dependent, and hard to predict

Faraday rotation

Forward
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Earth-Space Propagation

Faraday Rotation

e Reflections reverse polarization

sense 5
%
: L : 2\ \?
e Circular polarization avoids Q ooo ooo
_ . neE | @E@ ooo
rotation effects, but reflections 0oog ¢ | 000 S, 0ooo
o ooo| ¢ ¥ |000 ooo| ¢ |O000
reverse polarization sense, 2) b)

requiring both LHCP and RHCP

systems e
,.:Cx)___‘___ 5

e At144 MHz, realignment may _— \ Mixed polarization

(angle dependent)

OCCUr in minutes; at 432 MHz, it

can take 30+ minutes
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Questions?

Panorama of the Humain Radio-Astronomy Station

Antonio Martinez Picar

antonio.martinez@oma.be



https://sidc.be/humain/home

