Outline

* A preliminary overview
* Propagation characteristics
e |SO-0OSI Model

* Physical layer: modulation
* MAC layer:

— Fixed resource assignment

— Random access
* Ethernet (CSMA/CD)
«  WiFi (CSMA/CA)

* Personal Area Networks

— Bluetooth

— Zigbee
e Cellular network dimensioning
e Cellular networks

— From GSM (2G) to UMTS (3G)
— LTE (4G)
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Mc128k
Elimina ridondanza dal segnale, algoritmi di compressione

Mc128k
Codifica in bit

Mc128k
Introduce ridondanza, ma non nello stesso modo, fa in modo di aggiungere piccoli checksum per combattere il rumore

Mc128k
Decide come trasmettere bit su un canale

Mc128k
Riceve e de-modula il segnale, estrae i bit

Mc128k
Se ci sono errori nel canale non si riesce a ricostruire il segnale, per esempio nella telefonia si perde temporaneamente voce oppure suono metallico


DII

Channel Capacity (C)
— the maximum rate at which data can be transmitted over a given
communication path, or channel, under given conditions

Data rate (bps)

— rate at which data can be communicated , impairments, such as
noise, limit data rate that can be achieved

Bandwidth (B)

— the bandwidth of the transmitted signal as constrained by the
transmitter and the nature of the transmission medium (Hertz)

Noise (N)
— 1mpairments on the communications path
Error rate - rate at which errors occur (BER)
— Error = transmit 1 and receive 0: transmit 0 and receive 1
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Mc128k
Dato sistema precedente, qual è la massima velocità trasmissiva

Ogni canale ha la propria capacità, non si può trasmettere ad una velocità superiore a quella del canale

Mc128k
Come il limite della velocità della luce (analogia)

Più la banda aumenta più è alto il bitrate (densità spettrale di potenza)

Mc128k
Rumore additivo gaussiano bianco, densità spettrale quindi piatta

Mc128k
Probabilità di sbagliare un bit

per es. in sistema di comunicazione radio serve 10^-4 quindi sbagliare 1 bit ogni 10000 o 100,000

Per fibra ottica si può sbagliare un bit ogni migliardo, quindi è più affidabile delle trasmissioni radio


Digital data, digital signal
— Equipment less complex and expensive than digital-to-analog
modulation equipment

Analog data, digital signal

— Permits use of modern digital transmission and switching equipment

Digital data, analog signal
— Some transmission media will only propagate analog signals

— E.g..,unguided media (air)

Analog data, analog signal
— Analog data in electrical form can be transmitted easily and cheaply
— E.g., AM Radio
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Mc128k
Le modulazioni possono essere analogiche o digitali

In quelle analogiche il segnale modulante (quello che porta l’informazione) è analogico, in quelle digitali il segnale è digitale

Mc128k
Il segnale modulato (quindi quello spedito sul canale) è sempre analogico


.
DII
* Modulation = Adding information to a carrier signal
x(t) = A cos(2nft + @) O
e A—amplitude
e f—frequency
e @ — phase (initial angle of the sinusoidal function at its origin

* The sine wave on which the characteristics of the information signal
are modulated is called a carrier signal

Modify a
Signal
"Modulate”

Detect the Modifications
"Demodulate”

Any reliably detectable change in
signal characteristics can carry information


Mc128k
Carrier = portante, sinusoide


.
DII

Analog-to-analog conversion is the representation of
analog information by an analog signal. One may ask
why we need to modulate an analog signal; it 1s already
analog. Modulation 1s needed 1f the medium 1s bandpass
in nature or if only a bandpass channel 1s available to
us.

"  Amplitude Modulation
" Frequency Modulation
" Phase Modulation



e
DII

Analog-to-analog
conversion

Amplitude modulation Frequency modulation Phase modulation

AA 2013/2014 Prof. Gianluigi Ferrari - UniPR - DI 71



8
DII

* A carrier signal is modulated only in amplitude value
 The modulating signal is the envelope of the carrier

 The required bandwidth is 2B, where B is the
bandwidth of the modulating signal

* Since on both sides of the carrier freq. f, the
spectrum is identical, we can discard one half, thus
requiring a smaller bandwidth for transmission.
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Amplitude Modulation (AM) - ctd

=)
A .

A

Modulating signal

Multiplier 5%‘% ! n% q A;

Carrier frequency

RAAAAA'ATAVATASS

Modulated signal

—— -

B 2B

A n AM = N
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Mc128k
Non si fa solo moltiplicazione altrimenti qui si capovolge

Si formano contro-oscillazioni

A livello pratico non si riesce a capire se c’è stata una inversione, diventa impossibile demodulare


* The total bandwidth required for AM can be determined
from the bandwidth of the audio signal: B,,, = 2B.

m(r) — 1nformation signal
Apcos|2x fot] —  camrier
fe — carrier frequency

Sy (®) =A. 1+ m®)]|cos[27 f.1] — transmitted signal

k, ©
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Mc128k
Comprime o allarga il segnale per farcelo stare


=l

M(f)

S(f)=%[5(f—fc>+5<f+ﬁ>]+

ka
2

S(f)

Upper B Lower
sideband sideband

Lowe_r__ Upper
sideband sideband

S

.
DII

LML) MU+ )]

h AL i i
2 0Uf 1)

Spectrum of baseband signal.

Band allocation

530
kHz

fom W —fe —fet W 0 fomW o for W
(b) @
Spectrum of AM signal.
(=)
f. f. f. f
DR 1700
10 kHz kHz


Mc128k
Trasformata di Fourier

Mc128k
Passa-basso con banda W

Con segnale banda passante si guarda banda unilatera

Mc128k
Passa-bnda con banda 2W

Mc128k
Si può fare in modo di tenere la metà sinistra della prima replica e la metà destra della seconda per ricostruire il segnale modulando

Vantaggio di poter trasmettere più bitrate


DII

* Unlike AM, the amplitude of the FM carrier is kept constant
(constant envelope) & the carrier frequency is varied proportional to
the modulating signal m(t) :

Seag (1) = A, cos[6(1)] ©

o(f) = Instatantaneous angular frequency

= a0 =27 f.+2mkem(t) <« desired

dt 5
— f. plus a deviation of k;m(t)
— k;: frequency deviation constant (in Hz/V) - defines amount magnitude
of allowable frequency change
 The total bandwidth required for FM can be determined from the
bandwidth of the audio signal: B, = 2(1 + 8)B, where 3 is usually 4
(Bey =10 B).


Mc128k

Mc128k
Fase che varia nel tempo, unifica trattazione di modulazione frequenza e fase

Modifica frequenza istantanea

Mc128k
Si vuole scegliere kf in modo che f_c+kf m(t) sia >=0 in modo da non produrre frequenze negative


o
i

Frequency Modulation (ctd) (%

ra e
\ s =/
Wiy B [k =f
\ g WU I ’/
< 4GS
- (2
=

)
.

Amplitude
A

Modulating signal (audio)

N NG

Carrier frequency

” VCO

\AAANAANANN

Voltage-controlled
oscillator

VUV VYV VYV VYV

FM signal

|« |

I ~

Time
. fc No fc fc No fc
Band allocation s A A s A
88 e 108
MHz @ 200 kHz MHz
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Mc128k
Quando tocca 0 la frequenza è nominalmente uguale a f_c

Mc128k
Densità spettrale di potenza non delimitata bene come AM. FM ha “codine” che andrebbero a danneggiare gli spettri adiacenti


DII

The modulating signal only changes the phase of the
carrier signal.

Spy(t)=A,. cos[2nf t+kpom(t)]

The phase change manifests itself as a frequency change
but the instantaneous frequency change is proportional to
the derivative of the amplitude.

The bandwidth is higher than for AM.

The total bandwidth required for PM can be determined
from the bandwidth and maximum amplitude of the
modulating signal: B,,, = 2(1 + 8)B, where 3 is usually 2
(Bpy, =6 B).



Phase Modulation (ctd)

Amplitude
Modulating signal (audio)
> VCO >
Time
Carrier frequency
& =
-
Time
PM signal LBPMzz“ +b)[.3_l
| |
Time
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Mc128k
In questo caso si ha la derivata, quando la funzione è zero la derivata è la più alta possibile

Fare un ricevitore PM è più costoso


8
DII

analog
digital Ba-tuan
signal
data digital analog
101101001 modulation /\/\/ modulation radio transmitter
radio
carrier NVV
analog
e digital
signal R dat
analog synchronization a8
demodulation /V\/ decision 101101001 radio receiver

MW| 2
carrier

If the information is digital, changing parameters is called "keying"

AA 2013/2014
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I
DII
Digital modulation can be broadly classified as:
1. Linear (change Amplitude or phase)
2. Non linear modulation techniques (change frequency).

Linear Modulation Techniques:

e The amplitude/phase of the transmitted signal s(t) varies
linearly with the modulating digital signal m(t).

e They are bandwidth efficient (because the frequency does
not change) and, hence, are very attractive for use in
wireless communication systems where there is an
increasing demand to accommodate more and more users
within a limited spectrum.
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Mc128k
Direttamente proporzionale


Amplitude Shift Keying (ASK):
— change amplitude with each symbol
— frequency constant

— low bandwidth requirements
— very susceptible to interference

Frequency Shift Keying (FSK):
— change frequency with each symbol
— heeds larger bandwidth

Phase Shift Keying (PSK):
— Change phase with each symbol
— More complex
— robust against interference

AA 2013/2014 Prof. Gianluigi Ferrari - UniPR -
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* ASK On-off keying (OOK) — frequency is kept constant,
amplitude has 2 levels (for bit 1 and for bit 0)

2 T T T T

g O N
© ’\\ ] \[ ,\(QU ‘\J \L) | | ‘1 |

The binary sequence 0010110010
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Frequency shift keying (FSK)

sm(27af,t) forbitl The carrier frequency
FSK (1) = {sin(bg‘]r) for bit 0 can assume two
: values (f; and f,)
1.5 | I | [
'l ] F'l_:lf\ l' 17 ""l 'y :
£k (1) : : .
S Y RIRIR (VAT
i | III |
15 | | ! |

0 2 4 t 2 10

The binary sequence 0010110010 (as before)
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Mc128k
Qualcosa di sbagliato..?


sin(2z f1)  forbitl The phase offset can

. _ two values (0
in(27 f 1+ pirQ  OSUME
sw2zf1+7)  Jorb and 1) - BINARY

1.5 | | | |
N “ | :- -- :
k(1) IIIII
v [T ]

PSK (t)

-1.5 I I I
0 2 4 f : 10

The binary sequence 0010110010 (as before)
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If the sinusoidal carrier has energy per bit E, and bit duration T,,
then the transmitted BPSK signal is either:

g (1) = RE,
BPSK _Tb_cos (2nft+6,) 0<t< T, (binary 1)

/2E
SBPSK (¢) = —T—écos (2nfct+n+9)
b [

_ 2E,
—T—,b-cos (2nf.t + 0. 0<t< T, (binary 0)
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* A linear modulation scheme

* The phase of the carrier takes on 1 of 4 equally spaced values,
such as 0, /2, =, and 37/2, where each value of phase
corresponds to a unique pair of message bits.

* The QPSK signal for this set of symbol states may be defined
as:

RE. ¢ L
Sopsk (2) = II—T—(:{}Sl”***fr-I-(r,—l) J 0<t<T. i=1234.
o N %5

QPSK has twice the bandwidth efficiency of BPSK, since 2
bits are transmitted in a single modulation symbol.
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Mc128k



DII

=
Sorsx = {/Eyeos| (=1 3]6, (&) — [Eysin[ G- ]o,(0)) i = 1,2,3.4

o s(1)
PCM_| Dt oos(2rfl)
formation .gu

1. The classical method of implamenting &(t) for a QPSK modulator is shown by this block
diagrarm.

 QPSK can be interpreted as two independent BPSK systems (one
on the I-channel and one on Q-channel) 2 same performance
(bit error rate) but twice the bandwidth (spectrum) efficiency.
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Mc128k
phi1 e phi2 sono una base ortonormale per il segnale

Si possono vedere proiezioni su base ortonormale, diventano coordinate di punti in spazio, si parla di costellazione

decomposizione su base ortonormale

I coefficienti si possono rappresentare su piano complesso


DII

Carrier phases
{0, n/2, m, 31/2}

Carrier phases
{n/4, 3n/4, Sn/4, Tr/4}

 Quadrature Phase Shift Keying has twice the bandwidth
efficiency of BPSK since 2 bits are transmitted in a single

modulation symbol

AA 2013/2014
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Mc128k
A seconda di come si mettono coefficienti si creano costellazioni

Il raggio è la energia complessiva inviata dal segnale


=
o o|lo o . 0‘0. o
® 60 © : Q. . .. ....... ® ..—.
. ole s . » ’ ol e [
16QaM 16 PSK 16 APSK

Amplitude and phase shift keying can be combined to transmit several
bits per symbol.

— Often referred to as linear as they require linear amplification.

— More bandwidth-efficient, but more susceptible to noise.

For M=4, 16QAM has the largest distance between points, but requires
very linear amplification. 16PSK has less stringent linearity
requirements, but has less spacing between constellation points, and is
therefore more affected by noise.
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Mc128k
Variazione sia ampiezza che fase

Mc128k
Modulazione più robusta è questa, bisogna considerare distanza fra punti


Perfect channel White noise Phase jitter
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Mc128k
Probabilità di rumore circolare, gaussiano

Rumore additivo gaussiano a simmetria circolare e media nulla

Si allarga con varianza/dev. standard

Se rumore troppo grande le nuvole si intersecano

Mc128k
Rumore additivo trascurabile, ma il punto potrebbe oscillare


DII
QB ®
5 c1og,| 14560 | 1D =
w nw
/, = capacity (bits per second)
W = bandwidth of the modulating baseband signal (Hz)
E, = energy per bit
17 = noise power density (watts/Hz)
Thus
E, f, = total signal power
nW = total noise power
% = bandwidth use efficiency
= bits per second per Hz =
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Mc128k
Massima efficienza spettrale possibile

La velocità trasmissiva fb è sempre minore o uguale a C (capacità)

mc128k


mc128k
se si ha canale con una cercta banda afflitto da rumore, e si ha a disposizione potenza, deve esistere massima velocità

mc128k
Trasmissione in canale AWGN (additivo, bianco, gaussiano, con rumore)

mc128k
La prima volta in cui ci si è avvicinati è stato nel 1998 con la introduzione dei turbo codici da due elettronici

mc128k
Nei telefonini oggi vengono usati i codici LDPC (low density parity-check codes)

Quando vennero inventati nel 1961 non c'era abbastanza potenza di calcolo

Mc128k
La efficienza spettrale è data da
ro=fb/W

Eb/N0 rappresenta il signal-to-noise ratio

Mc128k
Esiste limite inferiore sotto il quale il segnale diventa incomprensibile

Eb/N0>ln 2 -> -1.6dB
Dimostrato da efficienza ro->0



DII

Modulation Bandwidth Log2(C/B) Error-free
Format efficiency C/B Eb/NO
16 PSK 4 2 18dB
16 QAM 4 2 15dB

8 PSK 3 1.6 14.5dB
4 PSK 2 1 10dB
4 QAM 2 1 10dB
BFSK 1 0 13dB

BPSK 1 0 10.5dB



Mc128k
Servono 4 bit per trasmettere 16 simboli

Mc128k
SNR per avere trasmissione affidabile con probabilità di errore intorno a 10^-5

Il segnale deve essere per esempio 18dB sopra la densità spettrale del segnale per avere questa probabilità di errore

Mc128k
Costellazione più robusta, serve meno discrepanza fra segnale e rumore


DII

 GSM Europe Digital Cellular
— Data Rate = 270kb/s; Bandwidth = 200kHz

— Bandwidth efficiency = 270/200 =
1.35bits/sec/Hz

* |S-95 North American Digital Cellular
— Data Rate = 48kb/s: Bandwidth = 30kHz
— Bandwidth efficiency = 48/30 = 1.6bits/sec/Hz



DII
N
S R S*
X —) RX —p Detection—p

Channel Model

R=S+N

Detection Performance:
— Correct Detection

e S=S*
— Erroneous Detection

e S#S*




BPSK Modulation over AWGN Channels

S e{—Es.Es | E. Energy per Symbol

=]

() ()
N\ N\

—JEs x Tic;os(znfct) JEs x \/TzCos(anct)
S S

(1] S (s [t
Channel Model
R=S+N
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Mc128k
Regione di decisione è un semipiano


BPSK Modulation over AWGN Channels

Ne ]—oo,oo[
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Mc128k
Nota
Rumore aggiunto al segnale?


BPSK Modulation over AWGN Channels

R & ]-o0,00] Received signal distribution given JE; transmitted
- _ 1 _(r—;/:E)
REs r)= 2mo*? ©

- ,ES
'~
o/

-—

(7] S (s i pesion—
Channel Model
R=S+N
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Mc128k
PDF del segnale ricevuto


Re | oo, 00 Error Calculation given E; transmitted
Pe‘ﬁzPr[r<O]=Pan<—\/§J : 1 _(r—ﬁ)z
-JEs 2 | f ry= e 202
= | pE—— 20" dn : RE( ) 2m0°
N U741 (o)
Symmetry of Gaussian Distribution :
- 2 2 I
J.ES | _ o dn = T !¢ *an '
. 2mo? J& N2mo? I
|
Let z:g,n:\/gzz:\/i_s,dnzodz :
|
o o _é © 22 |
P = e =— 2d I
e L .
|
— 1 2
e\E —erfc(,/ES/Zo ) B
()
N
1 s I R H
Q(x) ,_Ie 2dz ):Eerfc(x/\/ﬁ) | ——— o=~
R=S+N
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Mc128k
La probabilità che sia nell’altro semipiano è data dall’area sottesa dalla gaussiana


BPSK Modulation over AWGN Channels

R € | 00,00 Received signal distribution given- E; transmitted
1 _(r+ ES)2
_ 202
fRHg r)= 210> °

_\/Es i \/E
) ()
N N

-—

R

1| S (+ R} petecton—

Channel Model

R=S+N
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Re oo, 00 Error Calculation given-E, transmitted
1 (r+Es) , PeHg =Pr[r>0]=Pan >\/§J
f.—(r) e 2o |
R 210° | RN .
P _=[-———e?d
: o \/]';—S\/Z'ITO'Z °o
[
: Let Z——n JEs =>z= \/_dn odz
|
| 2 g 7 . 2 :
: Pe‘-\/g éome _f\/_-" 2dZ:Q(\’ES/0’ )
I
I 1
| P g =5e(VEs /202)‘
|
; |
O O
) )
0
(x) = Lerfc(x/+2 I i
Q(x) Ie 2dz )—Ee C(X ) | ——— o=~
.,’ R=S+N
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BPSK Modulation over AWGN Channels

E T= P, J Signal Power & Symbol Error Performance

E E
M M
/ /

|
0
e S
R=S+N
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BPSK Modulation over AWGN Channels

o’ l= P, J Signal Power & Symbol Error Performance

E E
M M
/ /

|
0
e S
R=S+N
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DII

P, = PrL—\/QJxPe‘_E +PrL\/§JxPeNE_

S

P, = %x %erfc(«/Es/Zoz ) +%x%erfc(,,/ES/202 )= %erfc(,\/ES/Zoz )

Notes:
Define N, Total Noise Power

— Ny/2 =» Noise Power over Cosine
axis, i.e., 02=N,/2

Each symbol corresponds to a single bit
- E,=E
- Pb= Pe

P, = %erfc(,/Eb N, )




