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Le spectre électromagneétique
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@ Agence nationale des fréequences (www.afnr.fr)

@ Bandes de fréquences : attribuées aux différents services de
radiocommunication par le Reglement des radiocommunications de
I'Union internationale des télécommunications, élaboré par les

conférences mondiales des radiocommunications.

@ En France, les bandes ainsi attribuées sont réparties entre 9
affectataires (7 administrations et 2 autorités indépendantes)

® AC
© DEF
© ESP
@ INT
®© MTO
®© PNM

® RST

® CSA
® ART

Administration de I’aviation civile
Ministere de la défense

Espace

Ministere de l'intérieur
Administration de la météorologie

Administration des ports et de |la navigation maritime
(ex phares et balises)

Ministere de I’éducation nationale, de la recherche et
de la technologie

Conseil supérieur de l'audiovisuel
Autorité de régulation des Télécommunications



Aviation Civile
ARCEP
CSA
Défense
Espace
Intérieur

Port et Navigation Maritime
Radioastronomie
Bandes de fréquence non attribuées

Liaisons HF

Bande de 9 kHz a 29,7 MHz

MTO 0,6% RST0,6%

PNM 2,5%

DEF 23,9%

CSA 15,5%

AC13,3%

Répartition des attributions de bandes de fréquences entre
affectataires a titre primaire dans les principales gammes de
fréquences Satellites

Bande de 10 GHz 4 65 GHz

e ARCEP 33.3%

DEF 31,4%

Fixe Bande de 3,4 GHz 2 10 GHz

PRMODE  non ambube 65%

RST26% Ac24

H

ARCEP 33,3%

MTO0S%

WTL

Mobile,
radiolocalisation ESP 18,0%
et radiodiffusion DEF 31,4%

Bande de 29,7 MHz a 3,4 GHz
R L 2o ARCEP 26.3%

ARCEP 34.3% DEF 37,2% CSA 13,4%

9 kHz

29,7 MHz 3,4 GHz 10 GHz 65 GHz



Wireless networks: WiFi
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Ethernet developed at Xerox's
Palo Alto Research Center (PARC)

1999

802.11a Standar

The 802.11b and 802.11a stan-
dards are created. 802.11b drives
the implementation of widespread
use of WLAN technology. It is con-
sidered the first generation of
wireless local area network tech-
nology. Products use 2.4 GHz and
have a maximum data rate of 11
Mbps. 802.11a s considered the
second generation. Products use
the 5 GHz band and have a maxi-
mum data rate of 54 Mbps.

Mbps

1977

Ethernet patented by Xerox

Xerox @)

2003

802.11g Standard

The 802.11g standard is con-
sidered third generation; this
standard permits products to
use the 2.4 GHz band and match
the 54 Mbps throughput of

5 GHz devices.

GHz

1997

802.11 Standard

The 802.11 standard is created.
Products using the 2.4 GHz band
have a maximum data rate of

2 Mbps

D

GHz
Mbps

2005

802.11e Standard

The 802.11e standard is created.
It is intended to take 11b and 11a
to the next level with quality of
service (QoS) features capable

of prioritizing data, talk and video
transmissions. Networks using 11e
operate at radio frequencies of up
to 5.850 GHz. It is most suitable
for networks with multimedia
capabilities.

5.85

GHz

2007

802.11n Standard (I)

The 802.11n standard is consid-
ered the fourth generation.
Products are created for 2.4 GHz
and 5 GHz bands and both have a
maximum data rate of 450 Mbps.

lax Data Rate

2 ) 480

Mbps

2013

802.11ac Standard (I)

The 802.11ac standard, so-called
gigabit Wi-Fi, is ratified. In the
first wave, Wi-Fi certified prod-
ucts have a maximum data rate
of 1.3 Gbps and operate only in
the 5 GHz band. Among other
technological enhancements,
this standard allows APs to send
multiple streams to one client at
atime. Itis considered the fifth
generation.

x Data Rate

e 1.3

Ghps

802.11ac

HOW DID WE GET HERE?

2009

802.11 Standard (II)

The second wave of 802.11nis
created and products operating
in both the 2.4 GHz and 5 GHz
bands now support a maximum
data rate of 600 Mbps.

= ) 600

Mbps

2014

802.11ac Standard (II)

Second-wave 802.11ac products
hit the market. These products
also use the 5 GHz band, but at
aspeed of 6.93 Gbps. It expands
AP capabilities through the sup-
port of multiple input, multiple
output (MIMO) technology, which
enables APs to send multiple
streams to multiple clients
instead of just one at a time.

The second wave also employs
wider 160 MHz channels that can
be used to give high-throughput
applications their own exclusive
pathways, thus further improving
performance.

20M

The 802.11v, 802.11k and
802.11u standards are created.
11k is designed to improve the
way wireless traffic is distributed
through a network by determining
which access points (APs) have
available capacity. 11u allows
users to know what wireless
services a network offers before
they are connected to it. It is most
beneficial in crowded areas with
multiple wireless services.
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Wireless networks: 2G/3G/4G/5G/6G/...




Wireless networks: Bluetooth

How Bluetooth is Transforming m———
Consumer Electronics to stereo headsets

BT voice
headset for
(’ VOIP calls

View program guide
from web site and
use to control
viewing selection

Gestural Inputfor
Remote Control

Push favorite photos
and video clips
from phone to TV

Stream audio
to TV Speakers



Wireless networks: Satellites

Altitude Satellites
(km) Type Latence (ms) nécessaires
2 LYPE Lalence \ins, lecessaires |
35000, T T GEO 270 3
30 000 |
25 000 -
20 000 - .
Ceinture de Van
15 000 _ Allen extérieure
gve
10000 bt ™ MEO 35-85 10
5000 4
Ceinture de Van
o  Allenintérieure 1-7 50
‘| | ) LEO

Iridium, 66 satellites
Initially 77
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Wireless networks: Laser/Optical
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Visible Light Communications, con't

How li-fi sends data

@ H i g h th ro u g h p ut iS "e asy n The visible light spectrum is 10,000 times larger than the radio waves we use for

wi-fi today. Information can be encoded in light pulses, just like in traditional TV
remote controls.

@ Bi-directionality is still an issue & D

Modern LEDs, however, could transmit enough data for a stable broadband
connection - but still look like normal white light

@ VR is a perfect application for VL & D

 dm—.

*bits per second
Source: Professor Harald Haas [B|B|C|
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Wireless radio transmission basics
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Antenna types

REVITIS .H o

Directional antenna

l
¥

Omni-directional antennas
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PCB, patch,

ceramig,...

14
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Antennas in a smartphones!

Mini USB Caiata Flash LED
Audio Jack connector A 4
. |
\“--\ LTE MIMO Antenna
LTE MIMO Antenna ™ 2 Vertical Polarization
Horizontal Polarization %
> Speaker
Volume Key
»
Y Shieldi
Battery Socket \ 4 N

GPS B WiFi Tx/Rx Antenna

Antenna ‘\\ i S A

Lithium Batter);‘ s __» SIM Socket

-
PhonePCB "\ 2.45GHz Blutooth
N Antenna
o
Power Amplifier » PA Shielding
Chip
_— » Vibrator

Multiple connections = R

I/O socket - — \

PCS/CDMA < Microphone

Antenna

Wi-Fiantenna

5G antenna

Diversity
antennas

5G antenna

Three antennas
(low to midband, ~
midband, carrier
aggregation)
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Testing antennas

® Source: F. Ferrero,
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Antenna gain (1)

* Antenna gain

— Directional antennas FOCUS energy:
they DO NOT ADD energy

RF Essentials from Digi

* Antenna Gain

— Omni-directional antennas FOCUS energy:
they DO NOT ADD energy

17



Antenna gain (2)

® Antenna gain and its effective surface

dnA,  AnfA,

kz 02

G =

® with
= G =gain
A= effective surface
f = signal frequency
¢ = light speed in space 3.108 m/s
A= wave length of the signal=c/f

18



1st challenge: signal attenuation

BS

e ??

19



Attenuation limits the range!

® Attenuation depends mainly on distance

P.=P,d™®

® with:
= P, =transmitted power
= P,=received power
= d = distance between antennas
= afrom2to4

20

20



Attenuation in practice

® For an ideal antenna (theoretic)

P, (@nd} (Anfd)

P, A C

= P, =transmitted power

= P,=received power

= P_./P,is high when P,is small — high attenuation
= d =distance between antennas

= ¢ =light speed in space 3.108 m/s

= A= wave length of the signal=c/f

= Higher frequencies f means higher attenuation!

21
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Attenuation, values in watts

® Free Space Path Loss model

55 P, (4ndY (4nfd}
— > _ 5
A PI’ A C
2omw Pe c? 0.025 X 3000000002

(0.0000025W)

?7

; ‘ ' >
™ o 4™ 8em 16en Destance im
0.0025mW 0.00062mW 0.0000099526MmW
x10,000 smaller! x39,810 smaller! x2,511,886 smaller!

22



Attenuation in decibel (dB)

@ Decibel uses logarithmic scale as attenuation values can be very
large

@® Attenuation in dB: 10log10(P./P,), P, and P, in watts
® So P,/P,=1048/10

® Difference of 3dB~half (divided by 2) as P./P, =10%10=10%3=1,99526...
© = Gain = 10log10(P /P,)
® We can add various sections with attenuation or gain

— .

400mW  a=16dB ¢=20dB a=10dB 7?

-16dB + 20dB - 10dB = -6dB, so it is an attenuation

P./P. =100/10=1006=3.98 ® P, = P_/3.98 ~ 100mW
23



dB, dBm, ...

* Total net output power of transmitter
* Typically measured in dBm or mW

C]—

~—

' m V\' . milliwatts are a measurement of power (1000 mW = 1 Watt).

dB . decibel is a unit for expressing the ratio of two amounts of signal power equal to 10 times the
common logarithm of this ratio. So, a power measurement in dB has to be relative to something.

¥ dBm dB(mW) 1s power relative to 1 milliwatt (mW to dBm = 10Log,,(mW/1000) + 30).

. P(dBm) =10 - log10( P(mW) / 1mW)
dBl: dB(isotropic) is the forward gain of an antenna compared to the hypothetical isotropic antenna,
which uniformly distributes energy in all directions.

RF Essentials from Digi 24 24



dBm to mW conversion

P(dBm)=10.log1o(P(mW)/1mW)

P(dBm)

P(mW) =10 10

Ex:

14dBm

P(mwW) =10 10 = 10"* = 25.118mW

RF Essentials from Digi

dBm Watts
0 1.0 mW
1 1.3 mW
2 1.6 mW
3 2.0 mW
4 2.5 mW
5 3.2mW
6 4mwW
7 5mw
8 6 mW
9 8 mW
10 10 mwW
1 13 mW
12 16 mW
13 20 mw
14 25 mW
15 32 mwW

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

dBm Watts

40 mW
50 mW
63 mW
79 mW
100 mW
126 mW
158 mW
200 mW
250 mW
316 mW
398 mW
500 mW
630 mW
800 mW
1.0W
1.3W

25

dBm Watts
32 16W
33 20W
34 25W
35 32W
36 40W
37 50W
38 63W
39 80W
40 10W
41 13W
42 16 W
43 20W
44 25W
45 32W
46 40W
47 50w

25



Attenuation, using dBm & dB
H 5GHz EIRP = 14dBm

Amplitude & 14dBm ~ 25mW ® Free Space Path Loss model
L4s)= 20log(2.4GHz)
+ 20log(1m) Pe (4Jtd)2 ~ (4chd)2
-147,56 B 2 2
= 40dB i N c
— P, =P,/10000 !
0.0025mW @® Decibel: using log operator simplifies equation
14-47=-33dBm  0.0005mW
' Ligg) =10 log(%) - 20 /og(%) - 20 Iog( 472“)
r
3odBm L) = 20 log(f )+ 20 log(d )- 147,56 dB
I —45(.iBm
-51dBm
: -57dBm
| 6dB i edB | -6dB -6dB
0 1r=n 2rln 4:n 8r'n 16:n Distance (m)
—26dBm —32dBm L :
10— T ) 1075w Additional advantage of log scale: very large and
=102 = 10732

— 0.0025118mW = 0.00063mW very small values can be plotted on the same graph g



Impact of signal frequency

¥> FSPL:EG,G,.
_ ‘4ndf)2 r

C

P 4md 47 fd
b0 o )0 ] e

L 4, =20 log(f)+20 log(d)-147,55 dB

FSPL = (

@© Free Space Path Loss model

g

2.4GHz FSPLindB  =@=865MHz FSPL in dB
140.0000000

120.0000000

100.0000000 %
80.0000000 A4S, =
60.0000000 -

40.0000000

Loss in dB

20.0000000

0.0000000 I e e e e e e e e e e

HHHHH
Distance in meters




Link budget in wireless system

Pyy = Received power (d Bm)
PRX - P"'x o GTX iy L-rx o LFS s LM 2 p GRX Tt LRX Pry = Sender output power (dBm)
Gry = Sender antenna gain (dBi)
Lyy = Sender losses (connectors etc. ) (dB)
Lgg = Free space loss (dB)

Adapted from Peter R. Egli, INDIGOO.COM 2oy M Sxvn s (ol bwint s i) Gll0)

Gpy = Receiver antenna gain (dBi)
+dP Gy | Lyx Lgx = Receiver losses (connectors etc. )(dB)
(@B} [aB] /’ > \ 14dBm EIRP ~ 25mW Spx = Receiver sensitivity (d Bm)
P / \
: | -40dB o
0dB | = | _, Transmission
\ ! [dBm]
\ /
\ / Lo Gain
l S T 1251 [dB] e
dB (48] -26dBm ~ 0.0 _ s B
Receiver sensitivity 1S a measure
of how well the receiver
_50dBm ? performs and 1s defined as the

power of the weakest signal the
receiver can detect

Lgg) = 20 log(f )+ 20 log(d )- 147,56 dB .



Shadow fading & Multi-path fading

Transmitter

Multipath

® Things are getting

h(t)

even worse! on — *
: ) E I
® Shadow fading by % -

obstacles
@ MU|t|'path fad|ng Receiver

Directwave

Reflected wave

Diffracted wave WMVMM«WWMW

Signal Intensity

Reflected wave WWWW)MWA Composed wave

w— Distance loss
Shadowing

——— Multipath fading

Distance



Frequency re-use

Channel Channel
6
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Author: F. Dupond
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2"d challenge: energy-range dilemma
Low-power & long-range radios

Comparison of Wireless Technologies

Energy

High
F WiFi
N YRSIS
T
Q
1
o
L Medium
Bl :
" =
3 @ SIEDEC R, g
© ;
o
>
Low ) | WPAN
802.15.3

.dilemma.

Energy-Range

Long-range: 5-30kms
Low-power: 15-40mA

=

Short Medium

Range Capability

Very low throughput!
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