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Transmitter, channel, receiver

(1111t

Basic element of a wireless communication are a transmitter, a receiver and a
radio channel

Transmitter transforms digital data (bits) originated by a source to a radio signal
Radio channel propagates the signal
Receiver recovers digital data from the signal and sends it to the data sink

* Receiver should also overcome distortions and disturbance that occurs over the communication
channel

Source Sink

Channel
B - — = = === === =====—=—— Receiver
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A/D sampling converts from analog to digital

Source encoder makes a kind of data “compression”

Protocols provide communication features (networking, reliability, security, etc.)
Modulator converts bits in analog waveforms

RF section amplifies and shifts the signal to the required frequency (e.g. 2GHz)
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—> Digital information (jpg, mpeg, AMR)
Analog source V
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Sampling Protocols Modulator ——
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Reception chain

RF section filters, amplifies and moves signal to baseband

Demodulator converts waveforms to bits
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Protocols provide communication features (networking, reliability, security, etc.)

Source decoder decompress information
D/A sampling converts from digital to analog
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Sampling and Quantization Process

Periodical extraction of values from a continuous-time analog signal s(t) to
generate a discrete-time signal sg(t)

Nyquist—Shannon sampling theorem: if the bandwidth of s(t) is B (Hz) then perfect
reconstruction occurs if the sampling rate 1/Ts >= 2B. Otherwise aliasing occurs

which degrades the quality of reconstructed signal
Quantization: sampled values are

approximated to a finite number of
levels (quantization error)

ss(t)
4 s(t)

T e Aliasing No aliasing
T T Spatial frequency bandwidth and sampling density:
»

sampling theorem applied to image
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Modulation: from bits to waveforms
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The sequences of bits arriving to the modulator are grouped in blocks of b bits,
forming a finite symbol set of M (=2%) symbols.

A system using M symbols is referred to as an M-ary system (M aka mod. order)
* b=1, M=2, binary system
* b=2, M=4, quaternary system

For each symbol the modulator uses a different waveform

4 : : : Symbol duration T
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Modulation

An ideal modulator generates symbols from bits and then a selector triggers the
transmission of the waveform associated to the symbol

Modulation schemes differ on the used waveforms

And different waveforms are more or less robust versus transmission impairments

éneric Modulator . [ \
. V/\\/\ A
100001 o am | Wavef e
; (100)(001) averorm
BIt/SymbOI | Se|ect0r BaSEband Signal
Waveform M

\ Bit Ra'ice Symbc;l Rate /
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1,Q Modulation

10

In-phase and quadrature modulation is a family of modulations whose waveforms
are characterized by:

* Constant central frequency(f) and symbol duration (Ts)
e Variable sine (Q - Quadrature amplitude) and cosine amplitude(l — In phase amplitude)

Ts

1,Q Modulator |

cos(2mrft)

ENSNBA NN NGRSO
I e |-n---|+/— I*Rect (Ts) ® %ﬁ\/\u\/\/\/\)\/\/ en

—_— Bit/Symbol sin(2nft)
\_ /\U baseband
Qe Q.. Q*Rect (Ts)

n

signal

Note: Rect is actually replaced by more bandwidth limited /
pulse shapes, e.g. Gaussian
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1,Q Symbol representation
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The symbols of a I,Q modulation can be arranged on a 2D plane

Points of the X axis represents the in-phase (I) amplitude; points of the Y axis

represents the quadrature (Q) amplitude

The possible (X,Y) point forms the “constellation diagram”

Distance of a point from the center is a measure of the square root of the energy

associated to the symbol (E)
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Modulation

Typical I,Q modulation schemes are
* PSK: Phase Shift Key, M symbols are located around a circle
* QAM: Quadrature Amplitude Modulation, M symbols are uniformly located in a square area

Frequency Shift Keying Modulation (FSK)
* Base waveforms transmitted at difference frequency

*  Minimum Shift Keying (MSK): continuous phase frequency shift key with minimum frequency
separation in order to have waveform ortogonality

* GMSK: MSK with Gaussian shape

Differential modulation (e.g. DPSK, DQAM): like PSK/QAM but symbol are
associated to the difference between current bit block and previous block. E.g.
difference=0 symbol n.1, difference=1, symbol n.2, etc.

12
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Nyquist Bandwidth = I

Theoretical minimum baseband bandwidth B, required for transmission of R
symbols per second (no noise)

B, = (1+B) = R(1 + B) One symbol per sec requires
T (at minimum) 1 Hz

B roll-off factor due to the pulse shape (e.g. raised cosing). Trade-off between
bandwidth and time extension of the signal

* The more the time duration, the lower the bandwidth (small beta), but the higher inter-symbol

interference
P Nﬂﬂ
2 —— =025
— p=05
 bandwidth

H(f)
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Spectral Efficiencies

14

Tor Vergata

In case of a modulation using M symbols the number of bit per symbol is log,M
Relation between bit rate and symbol rate R, =R, log,M

Modulation spectral efficiency: how much modulation exploits the Hz

Ry — logoM bit/s/Hz Modulation Efficiency can be increased
B, (1+ B) increasing the number of symbols

Link spectral efficiency of a cellular system usually takes into account also for
physical layer overheads (unused times, channel coding, etc.)

* 4G LTE (MIMO 4x4, 20 MHz) = 16.32 (peak)

« 5G NR (MIMO 8x8, 20 MHz) > 30 (peak)
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Demodulation — I
Tor Vergata

On the receiving side a demodulator transforms back waveforms to digital symbols
and bits, but

The channel introduces degradations
* Power attenuation, waveform distortion
* Interference (from other transmitters)
* Noise (thermal noise, amplifier noise, etc.)

And these impairments leads to errors after the demodulation process
e Bit Error Rate (BER)

15
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Demodulation

The optimum demodulation process in case of AWGN channel and symbol with
equal probability is realized by means of a bank of matched filters

* Correlation of the incoming signal with a waveform
* Highest output means best similarity

Demodulation with matched filter

Correlator
waveform 1 \ bits
Decision

: (highest value)
Correlator /
waveform M

Baseband Signal

16
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Demodulation

In case of (I,Q) modulation scheme, the matched filter demodulator can be
implemented in a simple way....

Demodulator for (I,Q) modulations A: channel attenuation

n;: channel in-phase noise
ng : channel quadrature noise

cos(2nft)

*
LPF A*l+n;
Baseband Signal IntearaliTs _\ :
gral(Ts) Decision bits

(closest symbol)
LPF /

Integral(Ts) A*Qen
q

sin(2mft)
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Demodulation

18

For I,Q modulation the optimal demodulation process can resemble the following

rule:

* Report the received symbol in the constellation plane

* Select the closest symbol among the M possible ones

A similar reasoning could be repeated for other modulating schemes

0000
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a Received symbol 5
0100 il 1100 1000 0000 0100 + 1100 1000
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S16 O Demodulation O O 150 ©
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https://web.stanford.edu/group/cioffi/book/chap1.pdf
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Demodulation

Channel introduces signal attenuation and noise (which include waveform distortion for simplicity)
Let we see these effects on the constellation plane

Attenuation: reduce energy, i.e. distance of the symbols from the origin. Symbols in the
constellation get more closer

Constellation at the tx antenna Constellation at the rx antenna
Q
A
Qo000 0100 1100 1000 R N
Q001 0101 1101 1001 ” 0000 woo | 1vo0 1000
Attenuation 8 8l8 &8
" > >
O O O O 0011 Ocll)l 1111 1011
0011 0111 1111 1011 0010 (nolo 1110 1010
19 0010 0110 1110 1010 .-
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Demodulation

Noise: the noise randomly moves the transmitted signal on the constellating plane,
indeed change the I,Q values in a not uniform way.

O Tx symbol
Q
A O Rx symbol
0000 0100 1100 1000
1 X X
0001 01 01 11 01 1001 0000 0100 150 1000 0000 0100 1100 1000
O O T O O 0001 0101 1101 1001 0001 0101 llolo 1001
. © .
‘ : » Attenuation . Noise -
©)
0011 0111 1111 1011 0011 0111 1111 1011
0011 0111 1111 1011 o010 o110 1110 1010 ooio o110 1110 1010
0010 0110 1110 1010
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Demodulation

21

If the symbol movement leads the Rx symbol to be however closer to the
transmitted one, we have perfect demodulation: no error

But otherwise the demodulator will select another symbol that is different from
the transmitted one: we have a bit error

O Tx symbol 1101

N O Rxsymbol N
O O O O O O O O
O O @ © O @) NS &
S L18 £ S 218 £
CQO OII.OJ.O 11010 190 (90 CQO 190 190
No error error
demod bits 1101 demod bits 1001
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Bit Error Rate

Average number of wrong bits over the total number of transmitted bits

It is a critical dimensioning parameter to make feasible communication service
* Different services need of different maximum allowed BER
For a given modulation scheme, BER at the demodulation output depends on the

ratio between the average energy per symbol measured at the demodulator
ingress (E;) and the spectral noise (N,).

* The energy determines the distance among symbols of the constellation: the smaller the
energy, the closer the symbols, the higher the error probability of a given amount of noise

* The noise determines how much the rx symbol is moved with respect tot the location of the
transmitted one. The more the noise, the more the movement, the higher the error probability

22
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Bit Error Rate
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For different modulation schemes, usually
* the more the number of constellation symbols,
* the higher the spectral efficiency,

* the lower the resilience versus channel noise

Indeed, the more the symbols, the closer they

are in the constellation plane.

In case of a channel only introducing an
Additive White Gaussian Noise (AWNG), the
BER for different modulation scheme versus
E,/Ng is reported in figure:

E, = Es/log,(M)

Mobile Wireless Networks - Andrea Detti

Probability of BER Error log10(Pb) Y's Eb/ND
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Bit Error Rate
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Bit Error Rate

Tor Vergata

s ; 64 QAM Constellation
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Random Noise ®
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Receiver Sensitivity

Receiver Sensitivity Pgrg is the minimum average received signal power PB. to satisfy a
certain bit error rate (BER)

For voice transmission, a BER of 1073 is usually used. We should also know under which
conditions (additive white Gaussian noise (AWGN) or fading) the BER is evaluated.

For a given BER we have (E,/Ng)min

Then we can compute receiver sensitivity as follow _ o ,
Energy per bit multiplied for bits per

second returns energy per second i.e.
power

Where R, is the bit-rate

Reasonable value for 4G/5G cellular systems are in the order of -110 dBm
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ERROR RECOVERY

(CHANNEL CODING)
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Forward Error Correction (FEC) — aka Channel coding

Transmitted information is represented using a codeword that is typically two or
three times as long.

The extra bits supply additional, redundant data that allow the receiver to recover
the original information sequence

E.g. K bits mapped on a codeword of N bits with N>K, coding rate K/N

2N ZN
Codewo rds Possible transmission COdEWOFdS
k with errors k
2 — A 2
sequences S T T T sequences
of information |:||:| of information

— / —

——— —

———— >

—— ———

— —
\ gz

Coding —/

———1 Decoding
)8 —
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Coding in Telecommunications

Coding

. e

Cryptography Line coding
to preserve secrecy to improve spectral
s rremnou sens 18s  10F2 characteristics

Source coding Error-control coding

to compress data to permit robust
transmission of data

W\i’ii\ii’um\||H||||n\|m\| -~ -

Error-detection coding Forward-error-correction
allows re-transmission (FEC) coding
/ of erroneous data to correct errors even
without a feedback channel

Automatic repeat request
(ARQ) coding
to correct errors by using a

feedback channel

29
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FEC Rate Matching - Puncturing

30

Mismatch between transmission blocks
and bits coming out form coding

Some of the coded bits are selected for
transmission, while the others are
discarded in a process known as
puncturing.

The receiver has a copy of the puncturing
algorithm, so it can insert dummy bits at
the points where information was
discarded.

Transmitter

Information

bits o

A4

Turbo
coding

Codeword 110010111

Rate
matching

codeword

Punctured L 110 101 1

| Modulation &
: transmission

Receiver
Information
bits ‘[ 19
Error
correction

A
Codeword with e_rrors 100710121
and dummy bits

Dummy bit
insertion

Punctulred codeword 100 101 1
with errors

' Reception & |
! demodulation |
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FEC codes

31

Forward Error Correction (FEC) coding techniques are classified as either
convolutional or block codes. The classification depends on the presence or
absence of memory.

A block code has no memory and works with blocks of bits. Each output codeword
of an (N,K) block code depends only on the current buffer K.

A convolutional coder has memory and work with stream of bits. Each bit in the
output stream is not only dependent on the current bit, but also on those

processed previously. This implies a form of memory.
* The more the convolution length, the more the decoding delay, the more the coding gain
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FEC Type

Forward Error
Correction Codes

Convolutional
(Trellis) Codes

Block Codes

Non-Binary Block Binary Block Non-Binary Binary
Codes Codes Convolutional Convolutional
Codes Codes

Reed-Solomon Codes Hamming Codes
A. Systematic BCH Codes
B. Non-Systematic Systematic
(Turbo Codes)

Non-Systematic

(Viterbi Algorithm)

Algebraic coding & decoding

Low Density Parity 5G
Check

(high throughput / low complexity)

Interesting Video on LDPC:
32 https://medium.com/5g-nr/ldpc-low-density-parity-check-code-8a4444153934
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FEC Multi-rate

33

Multi-rate services can be achieved changing the FEC rate

Changes in the coding rate have a similar effect to changes in the modulation
scheme (constellation points).

Low number of points or low coding rate (many additional bits) implies low bit rate,
higher reliability, and vice versa

If the coding rate is low, then the transmitted data contain many redundant bits.
This allows the receiver to correct a large number of errors and to operate
successfully at a low received power, but at the expense of a low information rate.

Mobile Wireless Networks - Andrea Detti
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Automatic Repeat Request (ARQ)

Tor Vergata

The transmitter takes a block of information bits and uses them to compute some
extra bits that are known as a cyclic redundancy check (CRC), appended to the
information block and then transmitted

Transmitter Receiver
l Data T Data vix
Compute Error
CRC bits detection
l Data CRC T Data CRC
. Modulaton& | 0 Reception & !

demodulation

________________

transmission

34
Mobile Wireless Networks - Andrea Detti



Automatic Repeat Request (ARQ)

35

They are a form of flow control schemes
(Stop-and-wait, Go-back-N, Selective-
Repeat)

Retransmissions take time, this technique is
only suitable for non-real-time streams such
as web pages and emails.

Selective Repeat (aka selective re-
transmission) with cumulative ACK/NACK

* In case of NACK the transmitter retransmit only
the not Acked (NACK) packet

Transmitter Receiver
Block 1 N P
Block 2 N N
Block 3 . N
o ]
BIOCk Z e-—---T =TT o v
Block 3 Y
BIOCk 6 Y

ocC |
—_— Data
*----=- Acknowledgements

~ Blocks 1 and 4 succeeded
~ Blocks 2 and 3 failed
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Hybrid ARQ (HARQ) : ARQ + FEC

Transmitter Receiver
FEC for foreseen error condition + Data l Data + v/x T
ARQ as a fall-back for unexpected Add Error
L CRC bits detection
error conditions Data + CRC Data+CRC |
y
. . Turbo Error
Hard Decision: coding correction
. Codeword 1
* Decode FEC, check CRC, if error clean Codeword ' with errors l
received buffer and request Transmit Soft decision Receive
.. buffer combination buffer
retransmission ¥
Soft Decision: i p———
. L matching decision insertion
¢ EXpIOlt energy Of any re-transmissions Punctured Punctured codeword
. codeword l with errors I
* |In case of error combines re- " Modulation & " Reception &
transmissions in the receive buffer | fransmission | CemOCHIBIoN

36
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Soft Decision with Incremental Redundancy

Tor Vergata

Incremental Redundancy: a different puncturing pattern for retransmission.

Data for transmission
[Bit1 | Bit2 [Bit3 | Bit4 | Bit5 | Bité | Bit7 | * = bit punctured and not transmitted

Ist transmission
Received b
Bit1 | Bit?2 Bit4 [ Bitd Bit 7 |=P» i =P | Bit1 | Bit?2 Bit4 | BitS Bit 7
Handset l
Decode may fail
Re-transmission Combine
[Bit1 | Bit2 |Bit3 —»  with 1st 9| Bit1 | Bit2 |Bit3 | Bit4 | Bit5 | Bit6 | Bit7 |

transmission l

Decode more likely to pass

Mobile Wireless Networks - Andrea Detti
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Parallel HARQ

Normally, hybrid ARQ uses a stop-and-wait

* Simple design but transmitter has to pause while waiting for the acknowledgement

To improve the throughput, the transmitters exchange data amongst several hybrid
ARQ parallel processes

HARQ process 1 HARQ process 2 HARQ process 3 HARQ process 4
Block 1
:SK ¥ ST o 2 Block 3
Blocks | | fe-- — NAacK ] BT
v BioEkE .| ..  [ememmmmeen ACK
ACK x BIockd 1. 2 Mhmsessiemme
Block8__| s - NACK | il LS I
4 BockE | . 2 WESoremresS NACK
ACK v Blockd | ..  f(Eemssessass
————————— ACK x Block 7
Block8 | . 2 feerscesssna NACK x
v Block10 | .  |[E=em=e=cad NACK
ACK ¥ Block 3 I T T e
- ———————— ‘___A_\(_:b_(____ ACK v Block 7 &
== ACK
.‘— ---------
38
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Shannon-Hartley theorem (1948)

40

S
C = Blog, (1 +N_-|—I) =Blog,(1 + SINR)

SINR = Signal to Interference plus Noise Ratio
AWGN Gaussian noise (N) and interference ()

Theoretical limit on data rate

* Cbit/sec, B (Hz) used channel bandwidth, S signal power, N+/ = noise + interference power

Power-Bandwidth exchange
* Need to transmit C bit/s
e Limited bandwidth --> increase the power
* Limited power --> increase the used channel bandwidth B, e.g. with FEC

* Increase bandwidth is more effective than power

Mobile Wireless Networks - Andrea Detti



Shannon-Hartley theorem (1948)
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100

Channel capacity (Mbps)

00]
o
1
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o
|

H
o
1

N
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15 20

Signal to interference plus noise ratio (dB)
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Adaptive modulation and coding

Throughput, bps/Hz

Modern wireless systems
dynamically adapt the modulation
and the coding rate to the channel
condition in order to reach the

C = a Blog,(1 + SINR)

Alpha-Shannon: approximates the result of Adaptive
modulation and coding with a linear formula. Alpha

maximum throughput (bits received value close to 0.75
without errors)
——1:1 AWGN Shannon ! —MCS-1 [QPSK,R=1/8]

——MCS-2 [QPSK,R=1/5]

| |=——MCs-3 [QPSK,R=1/4]

——MCS-4 [QPSK,R=1/3]

4 |=——MCs-5 [QPSK,R=1/2]

——MCS-6 [QPSK,R=2/3]

~——MCS-7 [QPSK,R=4/5]
MCS-8 [16 QAM,R=1/2]
MCS-9 [16 QAM,R=2/3]
MCS-10 [16 QAM,R=4/5]
MCS-11 [64 QAM,R=2/3]
MCS-12 [64 QAM,R=3/4]
MCS-13 [64 QAM,R=4/5]

—1:1 AWGN MTS Codeset
=—— AMC Approximation: 0.75xShannon

()]

(&)

E
L

w

N

— A S =

Throughput, bits per second per Hz

——Shann
. on oS ] Y
/ /
— = = =
T T T T T T 0 - T ’_.r /. 4 Y z T L Z T L T T T T T x—v—‘
-10 -5 0 5 10 15 20 25 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20
Mean SNR, dB SINR (dB)
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Adaptive modulation and coding scheme : Lookup Table

43

Table 7.1 Lookup table for mapping SINR estimate to modulation scheme and coding rate
CQlindex Modulation Coding rate  Spectral efficiency (bps/Hz)  SINR estimate (dB)
1 QPSK 0.0762 0.1523 —6.7
2 QPSK 01172 0.2344 —4.7
3 QPSK 0.1885 0.3770 =23
4 QPSK 0.3008 0.6016 0.2
5 QPSK 0.4385 0.8770 24
6 QPSK 0.5879 1.1758 43
7 16QAM 0.3691 1.4766 59
8 16QAM 0.4785 1.9141 8.1
Y 16QAM 0.6016 2.4063 10.3
10 64QAM 0.4551 2.7305 11.7
11 64QAM 0.5537 5923 14.1
12 64QAM 0.6504 3.9023 16.3
13 64QAM 0.7539 4.5234 18.7
14 64QAM 0.8525 s B ) 210
15 64QAM 0.9258 5.5547 227
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Adaptive modulation and coding scheme : BER

. 5G LDPC codepfoan, K=844/1 6/4/2 QAM, WGN
In mobile networks ° ""\ B s - coderate=1/3
.. Y —e—coderate=2/3
transmissions are ) , e oderaiacat
made in blocks of l i J
-1 Y ! =
symbols ° | I
¢ v
BLER : Block Error 1 ¥
¥
Rate @ - | > v -
* Residual BLER: BLER @ 4 QAM | x 5 ¥ ¥
after decoding e |
256 QAM |
103 7 q .
Y )
D
Y P
10_4 1 1 1 1 1 1
-5 0 5 10 15 20 25
SNR(dB)

https://www.cambridge.org/core/joumaIs/apsipa—transactions—on—signaI—and—information—processing/article/an—overview—of—channeI—coding—for—Sg—nr—ceIIuIar—communications/CF52C26874AF5EOO%%@EWW&%@&W@?%Orks - Andrea Detti




RADIO PROPAGATION AND FADING
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Radio Propagation

46

Tor Vergata

Radio propagation is the behavior of radio waves when they are
transmitted, or propagated from one point on the Earth to another

Fundamental for planning purposes understanding how signal power is
reduced

Reflection

_K
@ N Scattering —
-_— Qadowing |

______,,* multipath
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Path loss and fading

47

Path Loss : average
attenuation (time and
space) of the signal power
during its propagation at a
given distance

Fading: additional random
attenuation versus time t
and distance d from the
transmitter

Two kinds of fading
e Small-scale fading
e Large-scale fading

Shadowing objects

L (dB)

0 200 400 600
time

800 1000

d=1km “¢"

20

(o)) 30

40

€=mm———————

L (dB)

50

60

0 200 400 600 800 1000
time

50

L (dB)

time

4

small-scale fading

52 Attenuation time average

large-scale

fading :
(52 >47) 52
47 59
47 76

large-scale
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(47 > 76)
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Modeling path loss and fading -]

Tor Vergata

L(d,t)_dB = PathLoss(d)_dB + y,_dB + 6_dB [dB]

/

Attenuation at distance d and time
t can be modeled as a random

variable Average value of the Zero mean random variable
attenuation over spice and modeling small scale fading
time

Zero mean random variable
modeling large scale fading

x[dB] = 10log10(x[linear scalar])
x[dBm] = 10log10(x[mW])

dB and dBm representation useful because

48 multiplications/divisions becomes sums/subtractions Mobile Wireless Networks - Andrea Detti



Path-Loss models

49

Path-loss is the average attenuation of the signal
power due to the radio propagation

It is a function of the distance d and it is a space-
time average value: average of the time averages
gathered at different locations at distance d

Some path-loss models were derived by statistical
measurements (aka empirical model) and others
were derived by analytical representation of the
propagation environment

Universita di Roma
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Free-Space Path Loss model

50

" Free space is the simplest Line of Sight (LOS) path loss case

Radio Horizon

Transmitting

Antenna

Receiving
Antenna
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Free-Space Path Loss

6 dB for path length duplication
6 dB for frequency duplication

(Lp)tree = 32.44 + 20logf + 20logd dB

where:
f = carrier frequency in MHz
d = separation distance in km (> 1km)

51
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Log-distance Path Loss model

52

d, = reference distance for which the path loss E(do)

is known (dB)

y = path-loss exponent, variable comprised between

2and 6:

do

d
) an

L, =L,(dy) + 10y log (—

Environment Path-loss
Exponent

Free-space 2
Urban area cellular radio 2.7-3.5

Shadowed urban cellular 3-5

radio

In building LOS 1.6to01.8
Obstructed in building 4to6
Obstructed in factories 2to3
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Okomura/Hata Path Loss model

53

Model for cellular system
Okumura analyzed path-loss characteristics based on a large amount of
experimental data collected around Tokyo

Hata derived empirical formulas for the median path loss (Lsy) to fit Okumura
curves. Hata’s equations are classified into three models

Typical Urban:

Lso(urban) = 69.55 + 26.16logf. + (44.9 — 6.55loghp)logd

— 13.82loghy, — a(h,,)(dB)
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Okomura/Hata — Path Loss

54

= a(h,,) = correction factor (dB) for mobile antenna height as given by:
For large cities
a(h,,) = 8.29[log(1.54h,,)]> — 11 fo =200 MHz

a(h,,) = 3.2[log(11.75h,,)]> — 4.97 fo =400 MHz

For small and medium-sized cities

a(hy) = [1.1log(f.) — 0.7)h,, — [1.56log(f.) — 0.8]
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Okomura/Hata — Path Loss

55

Typical Suburban

L50 — L5o(urban) =2 lOg

;—8)2) . 5.4ldB

Rural

Lso = Lso(urban) — 4.78(logf.)? + 18.33logf. — 40.94dB

where:

fc = carrier frequency (MHz)

d = distance between base station and mobile (km)
by, = base station antenna height (m)

h,, = mobile antenna height (m)

The range of parameters for which the Hata model is valid is:

150 = f, = 2200 MHz
30 = b, =200m
1<bh,=<10m
1=d=20km
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Okomura/Hata Path Loss model

56

Universita di Roma

Tor Vergata

[ Higher Frequencies, Higher attenuation ]
?légmura-Hata path loss, hm=2m, hbs=30m,fc=1.8Ghz,typical urban ?Iégmura-Mta path loss, hm=2m, hbs=30m,fc=3.7Ghz,typical urban
& T T T T ) ! ! ! !
—&—urban
—&— suburban f :L';ir:ban b
160 [ |—#—rural D 160 | —e—rural _>
~ 140 — —_ 140 - -l
E S
T,,’ fr 0
8 120 4 § 120 r }
< =
@ ©
<100 d 2100} |
80 . 80 .
60LJ 1 1 ) 1 1 a 60 1 1 1 1
0 il 2 3 4 5 0 1 2 3 4 5
distance (km) distance (km)
LTE (1.8Ghz) 5G (3.7Ghz)
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LARGE SCALE FADING

(SHADOWING, LONG-TERM FADING)

Sklar, Bernard. "Rayleigh fading channels in mobile digital communication systems. |. Characterization." Communications Magazine, IEEE 35.7 (1997):
90-100.

Sklar, Bernard. "Rayleigh fading channels in mobile digital communication systems. Il. Mitigation." Communications Magazine, IEEE 35.7 (1997): 90-
100.
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Large-scale fading

Shadowing objects

Mild random fluctuation (5, 10 dB) of
the attenuation around the path loss
value due to macroscopic movements
(large scale) of the environment

*  Moving objects

L (dBm)

0 200 400 600 800 1000
time

* User movements d=lkm )
large-scale
55 adin ~~
In the example, the path loss @ 1km is (« : ](;z 937) 52
59 dB but the user can have 52, 47, 76 E ! 47 |f| 59
in different positions even though @ . 47 76
distance 1km because obstacles !

60

0 200 400 600 800 1000
time

changes

50

The other (fast) variations are due to
small-scale fading (see later)

60 |

70

L (dBm)

80

90

time

47 276
v =7

0 200 400 600 800 1000

small-scale fading

52 Attenuation time average

large-scale
fading
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Modeling large-scale fading

Empirical studies have shown a good fit with log-normal distribution

Log-normal means that the pdf in the logarithmic scale (i.e. dB) is a Gaussian
o depends on the environment
* Indoor 10-12 dB

L(d,t)_dB = PathLoss(d)_dB + x,_dBH 6_dB [dB]
* QOutdoor 6-8 dB
o=4,
O:l
= 0.08
—O | |
) [ 1 2
<] | ) = —=exp [‘—X"z
So0.04} ] oV2m 20
N~ .'
0.02
o
-50 0 50
Xo (dB)
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SMALL SCALE FADING

(SHORT-TERM , MULTIPATH, RAYLEIGH FADING)

Sklar, Bernard. "Rayleigh fading channels in mobile digital communication systems. |. Characterization." Communications Magazine, IEEE 35.7 (1997):
90-100.

Sklar, Bernard. "Rayleigh fading channels in mobile digital communication systems. Il. Mitigation." Communications Magazine, IEEE 35.7 (1997): 90-
100.
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Small-scale fading

Dramatic random fluctuation (20,30 dB) _
of the attenuation around the path loss Shadowing objects small-scale fading
value due to microscopic movements
(small scale) of the environment

* Head movements

* Hands movements

L (dBm)

52 Attenuation time average

® EtC. 200 40(; 600 800 1000
ime §
Small-scale fading is mainly due to large-scale >
multipath phenomenon whose 20 fading = 2
propagation condition can completely ((c o (52 247) o
change with movements of an half of a g | ¥ 723
wavelength = 47~ 76 @
* @ 2Ghz it means 7.5cm N ﬁ S
T Pwe ™ | large-scale g
In the example, the path loss @ 1km ek 50 J(Z’fg’% §
behind a wall is 52 dB, considering also 60 v %

70

the shadowing (large scale fading)
provided by the wall. The user moves a
bit while using her phone and this LU |
creates rapid fluctuation of the P
attenuation

L (dBm)

76

80
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Multipath propagation

62

Signal can take many different paths between
sender and receiver due to reflection, scattering,

diffraction
Reflected signals arrive at the receiver with a

random phase offset. Their combinations can
reduce or amplify average signal power

Initial Received
Transmitted Pulses

/ Pulse I ° /
Base Station /%Z /\ A AN
N

Antenna

L =

PrPt (dB)

40
) oreslope
%0 | —  tworgy
A f‘ h tsm-ray
i i — tervay
€0 M ’||\ I‘va A ‘
"' |llh ' ’ || “
fy &8 I |
o \] T MI I
L e
el M ‘ .
WO I
‘I
|
-0t I |
100F
110}
120 "
0 1 1000

distance (meters)

Ray tracing plots of received signal power indicator 20log |5 =o™Vp;| as a
function of log dy for N € {0,2,3,5}for a typical suburban case with street width

of 20 feet, and average distance from street to home of w; = 10 feet (so ws =
40 feet)

Source: http://morse.colorado.edu/~tlen5510/text/classwebch3.html
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Modeling small-scale fading

(1111t

L(d,t)_dB = PathLoss(d)_dB + y,_dB +/0_dB |[dB]

The rapid variations (small-scale) in signal envelope caused by multipath is
modeled by

* Rayleigh distribution in absence of LOS
* Rician distribution in presence of a LOS ray

In addition to the fluctuation of the attenuation, multipath determines two other
channel characteristics which have a dimensioning impact

* Delay spread

* Coherence time

Mobile Wireless Networks - Andrea Detti



Universita di Roma

Delay spread

Tor Vergata

Multipath creates time spreading of a signal

Impuke Resporse ) Frequency Transfer in dB
Fourier
Transform
H(t) T p )
2 4 A,
<€ >Tirme <> Frequeng.y
Oy B,

Delay spread: total time interval during which reflections with significant energy arrive. It is
usually measured through its root-mean-square (rms) oy.

Multipath profile can be represented through the channel impulse response
In the frequency domain, delay spread provides frequency selective fading )

Coherence bandwidth (B): the frequency band over which the attenuation remains constant p_ ~ T
g,
* If modulation bandwidth >> B, the channel is said to be a flat fading channel ¢

e Otherwise we have a frequency selective fading channel, equalization needed to limit
distortion

Mobile Wireless Networks - Andrea Detti
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Delay spread

In macro-cellular mobile radio, the rms delay spread cis in the /wond ray

range from 100 nsec to 10 microsec. @

. . . first ray
In indoor and micro-cellular channels, the delay spread is usually

smaller

* E.g. reported delay spreads in four European cities are less than 8
microsec in macro-cellular channels, less than 2 microsec in micro-
cellular channels, between 50, 300 nsec in pico-cellular/indoor
channels

transmitter

v

Delay spread creates the issue of Inter Symbol Interference (ISI) \
II | . first ray

G ., second ray

I
'
b
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1
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1

1

To avoid ISl a possible solution is to introduce guard-times, i.e.
void transmission periods after the symbol, whose duration is
equal to the delay spread.

N

i Inter Symbol Interference (15)

receiver

Guard times is an overhead that reduces the achievable bit rate.
The overhead is limited if symbol duration is much greater than
the guard time, i.e. the delay spread

v

' symbol / guard-time = delay spread
Ts ! receiving windows

Tx WmeW = T5+guard-t/me Mobile Wireless Networks - Andrea Detti



Coherence time

Channel Impulse Response H changes over time as a result of user’s mobility, which
changes the multipath conditions

Coherence time is defined as the T, time interval over which the channel is
essentially invariant

When symbol duration T, < T.we have a slow-fading channel

When symbol duration T;> T, the channel varies during a symbol transmission and
we have a fast-fading channel

Fast-fading condition are very difficult to be faced and often leads to a irreducible
error rate; however, most of modern wireless system has T, < T,

Note: many books and literature papers wrongly call slow-fading the shadowing/large-scale fading, and fast-fading the multipath/small-scale scaling. But being fast or
slow only depends on the relationship between symbol duration and coherence time.

Mobile Wireless Networks - Andrea Detti



Universita di Roma
T

Coherence time and doppler effect

Intuitive considerations about what impacts the coherence time T

the higher the user speed is, the shorter is T. because user is changing more rapidly the environment around him

the higher the carrier frequency (f,) is, the shorter is T, , because it is lower the space to be covered with a given
speed to change completely the propagation conditions

Time changing of the channel impulse response can be modeled with the space-time correlation function R(AT), i.e.
the autocorrelation function of the channel response time

If channel does not vary then R(AT) is a constant, e.g. equal to 1
*  For AT<T. R(AT) is about constant

If channel vary after AT* seconds, then R(AT*) is less than one and the more is the un-correlation (i.e. amount of
change), the lower the value of R(AT*)

In the frequency domain, the Fourier transform of R(AT*) is the Doppler Power Spectral Density, which provides an
idea about how the energy of a sinusoid is spread in the frequency domain

Max Doppler spread fy= speed (v) / wavelength (1)
There is an important time-frequency relationship:
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Comfort zone of cellular systems

Limited . 10 - - - ; ; ;
uard-time Slow-fading
. condition i
overhead ‘ 700 Mz
10° 9
= ]
K Ts K1 :
Oq S C e \
8 10-1 3 x
o .
\ \ :
(O]
=
o
& 8
1072 3 3
e.g. Coherence ; D DN
e.g. delay spread time 1 ms o3 | | | . eeeteas
1 . 0 50 100 150 200 250 300 350
0 microsec speed (km/h) /
e.g. Symbol duration 0.667 ms

(LTE/Sg @ 15kHz scs) A system designed for a mobility up to 350 km/h must have a
symbol duration much lower than this value (1.12 ms)

Mobile Wireless Networks - Andrea Detti



