Communication
Concepts




Antenna — The Isotropic
Radiator

« Antenna

e couples wires to space, for electromagnetic (EM)
wave transmission or reception

- Radiation pattern
e pattern of EM radiation around an antenna

- |Isotropic radiator
e » equal radiation in 3 directions (x, y, z)
* » theoretical reference antenna
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Antennas - Simple Dipoles

- Real antennas are not
isotropic radiators

- Simple antenna ’ ’ ’
dipoles . . .
* » Length H/2: x z X

Hertzian dipole

* » Length H/4: on car - Radiation pattern of a simple Hertzian dipole
roofs T
- Shape of antenna J T A

proportional to H “T Vad W4



Antenna Gain,
EIRP

- Antenna Gain
* maximum power in direction
of the main lobe (P,.,in iobe),
compared to power of an
isotropic radiator (P,)
transmitting the same average
power baloon

. Effective Isotropic Radiate Power
(EIRP)
* EIRP=P, G,
* Maximum radiated power in the

direction of maximum antenna
gain




- Depends on Power flow density P,

(W/m?2)
Received
Power at
Distance d:
Pr(d) , _ EIRP




Real World Examples
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QR
o Transmitted signal modeled as

s(t) = %{u(t)emfct}
Tra n S m it a n d = R{u(t)}cos(2nf.t) — S {u(t)} sin(27 f.t)

Receive Signal

= s1(t) cos(2m f,t) — sq(t) sin(27 f,t)

¢ The received signal
M O d e | S r(t) = R {U(t)eﬂﬂfﬂt} }

o 1f s(?) 1s transmitted through a time-invariant channel
cthen

u(t) = ult) k() V(f)=H(f)U(])

where

»  c(t)=hy(t) is the equivalent lowpass impulse response of the channel
»  H(f) is the equivalent lowpass frequency response of the channel




Doppler Frequency Shift

¢ The received signal may have a Doppler shift of

Transmitted

Ad = vAtcoséd Sigmal

A = ZtAd—= pazAY cosf

N N

+ Doppler frequency, 1,

AQ =27f At of Motion
\ s At -
1 Ag
o= 2—_T; = vcosf/A




Sighal Propagation — Key Concepts

Propagation often
modeled as rays (light)

Line-of-Sight (LOS) —
direct ray receiver gets
from transmitter

Relevant concepts

shadowing

Shadowing, Reflection & caused by objects much larger than the wavelength

Refraction é caused by different media densities
Scattering e caused by surfaces in the order of wavelengths

Diffraction e similar to scattering; deflection at the edges

4

refraction scattering

reflection

diffraction



Received Power can be influenced
by 3 factors

Signal
. e Path loss
P 'O p ad gat 1ON e Dissipation of radiated power; depends

on the sender-receiver distance

dal d e Shadowing

e caused by the obstacles between the

W| re ‘ eSS transmitter and the receiver

e attenuates the signal

Channels « Multipath

e constructive and destructive addition of
multiple signal components




Path Loss Models

- Free space path loss model

* Too simple
- Ray tracing models

 Demand site-specific information
- Empirical models

* Do not generalize to other environments
- Simplified model

e Good for high-level analysis




Path Loss - Free Space (LOS) Model

+ Path loss (PL) for unobstructed LOS path Y > Y

¢ Power falls off — d=vt ——
» Proportional to 1/d?
» Proportional to ¥ (inversely proportional to f2)

A

—2
MG
v E] Gl = GsGr (dB) = Path loss

4md

'P.";'I;PS — [

PC:Q'B = 10 E{)g{P?‘..fPS}

PG, = 20log {N f}

log(d)



Example of More Complex Path Loss — Two-Ray
Model

¢ One LOS ray + one ray reflected by ground

¢ Ground ray cancels LOS path above critical distance d=#1/'A
+ Power falls off

» Proportionalto d? (h,<d<d,) /
» Proportional to & (d>d.) T T

Piecewise linear approximation [~~~ 77T e

P, dBm = P, dBm + 10log,o(G;) + 20logo(hth,) — 40logq(d)



Path — Loss Empirical Models

Okumura model
* » Empirically based (site/freq specific); 150-1500 MHz, Tokyo
 » Empirical plots

Hata model
* Analytical approximation to Okumura model

Cost 231 Model
* Extension Hata model to higher frequency (1.5 GHz < f. <2 GHz )

Walfish/Bertoni
* Extends Cost 231 to include diffraction from rooftops




Partition Loss (dB)
hollow brick s
Path Loss — concrete wall 13
Indoor : . qe
Factors aluminum siding 20
window G
Hoor 1t

- Walls, floors, layout of rooms, location and type of objects
 » Impact on the path loss
* » Thelosses introduced must be added to the free space losses




Path Loss - Simplified Model

¢ Used when path loss 1s dominated by reflections

d
P,,:PSK(—OT{ . 2<y<8
d )
i d
P =F,, +Ki;p—10~log [—]
do
d, =10 X

¢ Constant K
» determined by measurementat d =d, = K, ;=P —F

VaBm 5 dBm

2
[ :|
>> '—j:a[d[b

o Path loss exponent yis determined empirically

Environment

Urban macrocells
Urban microcells
Office building
Store
Factory
Home
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Obstructions

+ Models attenuation introduced by obstructions
+ Random due to random number and type of obstructions = v

P. d
—— — 10 logK — 10~ log—
(Ps)dB ogi 'r ngn

where ©gp 1s a Gaussian distributed random variable

characterized by py,, = 0 and oy,




Combined Path Loss and Shadowing

P d
" (dB) =101z .. K — 10w la ( \
D 2 10 \ glokdo)

\VdB ~ N(O,Gj)

P'/Pt A
(dB)

Rt s Path loss
10logK N . A LEL LD Shadowing + Path loss

0 (d=dy) log(d)



Outage Probability and Cell Coverage Area

+ Path loss model = circular cells oo

+ Path loss + shadowing =» amoeba cells

tradeoff between coverage and interference

¢ Outage probability

Probability received power below given minimum

+ Cell coverage area = % of cell locations at desired power
» Increases as shadowing variance (c,,) decreases

» Large % indicates interference to other cells



Statistical
Multipath Model

¢ Multipath - multiple rays
» multiple delays from transmitter to receiver 2 T

» time delay spread T}, = max,|7,—7o|

¢ Multipath channel has a time-varying gain
» caused by the transmitter / receiver movements

» location of reflectors which originate the multipaths




Multipath — Wideband Channel

. T,=max,|t,< ,|, T >B
¢ Multipath components

» may arrive at the receiver within the time period of the next symbol

» causing Inter-Symbol Interference (ISI).

transmitted signal

"

received signal

¢ Techniques used to mitigate ISI
» multicarrier modulation

» spread spectrum



Multipath + Shadowing + Path Loss

Shadowing
Narrowband Fading

S
It Sk Path Loss
10y ]
- A
LT
= * LY
D ~3

log (d/d )



Bit Rate of a Wireless Channel

¢ Assuming Additive White Gaussian Noise (AWGN)

» Given by Shannon’s law
C' = B loga(1 4 ~) (bit/s)
v=P,/(NoB)
N, — Noise power spectral density

¢ Capacity 1n a fading channel (shadowing + multipath)
=» usually smaller than the capacity of an AWGN channel




Digital Modulation/Demodulation

¢ Modulation:  maps information bits into an analogue signal (carrier)
¢ Demodulation: determines the bit sequence based on received signal

¢ Two categories of digital modulation
» Amplitude modulation - a(z) / Phase modulation - (1)
» Frequency modulation - f(7)

¢ Modulated signal s(z)  s(t) = R{u(t)e? >}

s(t) = e(t) cos[2m(f. + f(t))t +0(t) + do] = a(t) cos(2m fot + &(t) + do)

s(t) = a(t) cos @(t) cos(2m f.t) — a(t) sin ¢(t) sin(27 fot) =|sr(t) cos(2m fot) — so(t) sin(27 fot)

u(t) = sr(t)+jsolt)

+ Signal trasmited over time symbol i 2> St



Intro 63

Amplitude and Phase Modulation

o K =log,M bits sent over a time symbol interval

+ Amplitude/phase modulation can be: i Ko
. . 000 001 011 010 110 111 101 100
» Pulse Amplitude Modulation (MPAM) L
information coded in amplitude /
\ N M=8, K=3
MPAM - s;() = Re {Ai glt )t?j‘f’”fcf} te.
mq.*"" "ﬂ;"-\p‘om
» Phase Shift Keying (MPSK) 110g 43 o0,
information coded in phase . .
1% ®00 - - i
MPSK - s;(t) = Re {A g(t}aﬁiﬁv"zﬂft} Tm . .

» Quadrature Amplitude Modulation (MQAM)

information coded both in amplitude and phase / - ] - . ]

MQAM - s;(t) = Re { A; e/%g(t)ei2/et} « a |

& - 4048 M m - 160AM



Intro 64

Amplitude/Phase Modulator/Demodulator

AWGN Channel

):m
m =(b,....b } s(t) r(t) M ={b...5
' K o Transmitter .-=© Receiver | ot K

Communication System Model o path ioss)

In-Phase branch

Sit spi?grng sng(t) ) In-Phase branch
alt) 3/ L
— (e} LSy
T
cos(27f:t+0)
F
cos{Qﬂchd)J :E\} —|\:\.}| COos {Z?nghq)]' I_?I_n_ll
— D _ = -
\—i—)——— s(t) r{t} sjt}+n{t] - Find i: szl —_— -
T/ 2
x
2 -sin (27 f, t+d)
~sin(2mf t+ ) ] T,
_ L (¢ a(T-1) _/T f275 @M
_ Shaoi sizg(t) Ry
Siz aping /l\
- Filter { .}
o(t} e Cuadrature branch

Quadrature Branch

Coh t Amplitude/Phase Demodulat
Amplitude/Phase Modulator onherent Amprituaesi-ndse emoauidior



+ Bits associated to a symbol

Intro 65

Differential Modulation

depend on the bits transmitted over a previous symbol

+ Differential BPSK (DPSK)

» 0 =2 no change phase

» 1 => change phase by v

+ Diferential 4PSK (DQPSK)

»

»

»

»

00 = change phase by 0
01 = change phase by 2
10 = change phase by -2
11 = change phase by v

In-Phase branch
T,

-1
N 1 (k)
[ _JagfT-t N 1
—— Q? ) a(T-t) v |
Delay
) T
E‘u;u cos (2mf t+Q) ¥
i rk=1) m=m;
x(t)=s (t)+n(t) = Phase -
E—— T/2 - Comparator
— r 4k-1)
sin (21f. t+d)
Dela
| T, i
S T P B Gl
Ly fz{k]

Quadrature branch

Differential PSK Demodulator



Estimating BER —Nearest Neighbor Approximation

P, — probability of a symbol being received in error

. o & o
Zp & Z;|m; sent)p(m; sent) Ps ~ ﬂ[dme ( 'ﬂ‘l“lri )

7—1

\ 4

d,.;,— minimum distance between constellation points

0.0 M., — number of constellation points at distance d,,,;,
9

b, (t) ~) — ler o[ = ! e 2'/2,
///////////// A =g (J5)< e
P =BER =~ ut
Example log, M

A symbol error associated with
an adjacent decision region
corresponds to only one bit error

s1 = (A,0), s = (0,A), s3 = (—A,0) and s4, = (0,—A)

Assume A//Ng = 4.
dwiin = 1z = dog = an. = tha = A%+ A? =24

Mdmin:2
A ST
_ . U BER~ B _317¥I0°
P, ~ 20(4) = 3.16T1 % 107>, T L L
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How does P, depend on the SNR?
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Digital Modulation — BER and SNR

Modulation Ps(vs) Bo(vp)
SNR — P E  E 1 BFSK: - Q((\/Z”))
= = = , 1y~ —, BPSK: By = O+ 27
NoB  N,BT, N,BT, B QPSK.4QAM: P, »2Q[/7:) P~ Q (vV27)
! L2AM-D [ [ 67, o 2(M-1) 675 logy M
MPAM: B g 0 ( M;Ll B~ Mog, 70 ( (3,13%21)
\|] . Es \|] — Eb MPSK: P = 2Q (y/2vssin(n/M)) | Py = log%cg (v/27 logg M sin(w/M))
s ’ b _ L 4(WM-1) 3. L 4VM-1) 37, logy M
N() NO Rectangular MQAM: P 7\m Q T By~ Moz, T ( (t}\,f%) )
5 7y loga M
Nonrectangular MQAM: Py = 40Q ( Mf—&1> Py~ bg;‘ 7@ ( /3 &f_g%) )
10° ¢ . . 10° . . . . . . .
: ——AWGN
=
- M=B4
107 o .
E \ \ - ~. Rayleigh fading
\ \. ' ~ -
"\\ n T
a® 10 a® 10 \'\. X K\.;‘ e
\ R ~ 0
10 \._\ 107 "ﬂ.l I AWGN R'\.;“ -
-\\ : ~_
10° 1
10 ! L L 10 1 A L L 1 I I
0 5 10 15 20 0 5 10 15 20 25 30 35
v, (dB) T,(dB)
Average I, for BPSK in Rayleigh Fading and AWGN

40

Average P, for MQAM m Ravleigh Fading and AWGN.



Coding

. . . code word
+ Coding enables bit errors to be eithe & [A[ k[0 modulator |
\Lu
. \\0'
detected or corrected by receiver W
o
KT To [ [ic {1 [2 [ Tk {1 ]2[[K]
stage 1 stage 2 stage S

¢+ Coding gain, C, .

the amount of SNR that can be reduced for a given P, 102

Coded\ Uncoded

Cc

1074 + g1

g2

¢ Coding rate, k/n 10 +
» Code generates n coded bits for every kuncoded bits sNR8)
» If channel+modulation enable the transmission of R bit/s

» Informationrate =R * k/n bit/s




Coding in Wireless Channels

¢ Codes designed for AWGN channels

» donot work well on fading channels Rayleigh
» cannot correct the long error bursts that may occur in fading pz2(r) = %e‘x/ r

¢ Codes for fading channels are usually
» based on an AWGN channel code
» combined with interleaving
» objective > spread error bursts over multiple codewords

E— Interleaving
interleaver
- (1,2,3), (4,5.6), (7.8,9 112]38] [147258369
—D{Lder E ) ¢ ) ( ]; 4|58 ‘-1| modulator | B
71819 |

“:xsajs fd':x:ﬂ}': [?,K,g} 1.4.7.%%%.3.6.9 .
+— decoder }‘- deinterleaver+——————— demadulaturf'"--- =




Multicarrier Modulation

o Divides a bitstream into N low rate substreams

+ Sends substreams simultaneously over narrowband subchannels

¢ Subchannel
» has bandwidth B, =B/N ¢

» provides a data rate Ry ~R/N
» For N large, By =B/N << 1/T,, el

=>» flat fading (narrowband like effects) on each sub-channel, no ISI

Ty = maxy,| T, —To|

R/N bit/s [oam
Modulat AN
R bit/s | S0 o T |

o : w2

™ Parallel L

Converter | b /N bit/s QAM

g Modulator ( ; : )

cos(2pyh




Overlapping Substreams

+ Separate subchannels could be used, but |
» required passband bandwidth 1s N*By= B 1

Spectrurn
Spectrurm

2 + B H v B
Frequenay (1T Frequency [(1/T)

¢ OFDM uses overlaps substreams

» Substream separation i1s B/N

» Total required bandwidth 1s B/2, for Ty=1/By, Most of the recent wireless
communications tecnologies are adopting
OFDM (e.g. WLAN, WIMAX, LTE).




OFDM uses Discrete Fourier Transforms

¢ Discrete Fourier transforms given by

DFT{z[n]|} =

'_F

1 N—-1

-Z'rrni
E €x n N .

0<i< N -1 |IDFT{X[i]} = z[n] £

X[} #,0<n< N -1

¢ Circular convolution &
DFT{y[n] = z[n] ® h[n]} = X[i]H[i], 0 <i < N —1.

xn| @

hin] =

x[n]

x h[n] = y[n]

T~

Cyclic Data cyelic Data cyelic Data

Prefix Block Prefix Block Prefix Block
M y[0]...y[N=-1] sl y[0]...y[N=-1] sl y[0]...y[N-1]
B B e e e E—
K N
Cyelic prefix Original length N sequence
I I
~ TN R T
X[N=H]X[N= H+1]...x[N=1] | X[0]x[1]...X[N=F =1] | x[N-L]x[N- HL+1]...x[N-1]

T

Append last L symbols to beginning




FF

Implementation of OFDM -

X

o Use IFFT at TX to modulate symbols on each subcarrier

¢ Cyclic prefix makes circular channel convolution

=» no interference between FFT blocks in RX processing

=

1

zfn] = —= Y X[i]e>™/N 0<n< N-1.
\.f'l j\" i \
\yroy (0] X
. ) Add cyclic
R bit/s QAM Se;:)al \ prefix and o D/A |—>
Modulator IFFT Parallel
Parallel To Serial
Converter _
| XIN-1] YN-1]] Convert cos(2vft)




FFT Implementation of OFDM - RX

X/0 x[0] TX
R bS5 Serial pri and
Modulator To IFFT pl’arallel —>
Reverse structure at RX il ed o era -_'@_'
X/N-1 ; X[N-1 ; Convert o tl
Y/0 RX
Remove | (0] N 1o >
cyclic R bit/s
LPF prefix and Parallel QAM
Serial to FFT To Serial demod
Parallel yIN-1] Y/N-1] Convert
cos2pyt o), Convert > -




Spread Spectrum

e hide the information signal below
the noise floor

e mitigate inter-symbol interferences
e combine multipath components

e multiply the information signal by a
spreading code

Techniques




