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Radio Propagation

= The variation can be categorized into two kinds:
= Large scale propagation effects :
=« Path Loss (includes average shadowing)
= Shadowing (due to obstructions)

= Small scale propagation effects: constructive or destructive
addition of multipath signal components - multipath fading
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Radio Propagation

= Electromagnetic wave propagation can be
characterized by solving the Maxwell’'s equation

= Including reflection, scattering, and diffraction
= Boundary condition
= Complicated calculations

= Approximation was employed to avoid this difficulty,
such as by introducing Ray Tracing technique

= ACpiAc2
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Transmit and Receive Signal Models

= Tx and Rx signals considered are “real”

= Modulators are built using oscillators that generate real
sinusoids

= Signals are modeled using complex representation for
analytical simplicity

= Narrowband (CW) case

Transmitted signal: s(t) = 1 - cos 2rf.t - Re|1 - e]2/ct]
Received signal: r(t) = a cos 2nf.(t — At) — Re[ae‘j‘P : ejZ"fct]

¢ = 2nf At
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Modulated Signal

= Real modulated signals are often represented as the
real part of a complex signal

= Bandpass signal (real signal)
s(t) = Acos(2rf.t +6(t)) = Re|Aelf®el2m/ct]

= (Equivalent) lowpass signal (complex envelope)
u(t) = 4el?® = A(cosh(t) +jsinO(t))
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Digital Modulation
= BPSK (binary phase shift keying)

A (I=1

u(t) = Ae)D = {_ L2

Acos2rnf,.t (I =1)

s(t) = Re[el'anctAeie(t)] = {—ACOSZTL’f ¢ (I =0)
i =

.;z;m,\w,w Cl
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Bandpass Signal Generation
= Equivalent lowpass signal (complex envelope)

u(t) = Ael?® = A(cosO(t) + jsind(t)) = u;(t) + jug (t)
s(t) = Acos(2nf,t + 6(t)) = Re|u(t)el?™et]
= Re[(u,(t) + jug (£))(cos2nf.t + jsinanCt)]

= w (Hcos2nf,t —uy(t)sin2nfit  INVFNRES

cos2mf .t
u; (t) —>X)
N N S(t)
uo () >

—sin2mnf .t



Complex Baseband Signal

= Bandpass signal

s(t) = Re[u(t)el?™et| = %(u(t)eﬂ”fct + u*(t)e12met)

= Frequency shift

e 121ict . 2. s(t) = u(t) + ut(t)e At
= Lowpass filtering

LPF[Ze‘jZ”fCtS(t)] = LPF[u(t) + u*(t)e‘j4”fct] = u(t)

o

cos2mf.t  LPF

&

> uy(t)

2-5(t)
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—sin2mf.t
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Transmit and Receive Signal Models (2)

= Transmitted signal
s(t) = A(t) cos2nf,.t + 6(t)) = Re[u(t)eiznfct]

where baseband signal (digitally modulated) is denoted by

u(t) = () + jug(t) = A(t)el®®

= Channel impulse response
h(t) = Re|c(t)el?™et]

= Received signal
r(t) = h(t) *s(t) +n(t) = F{H (f)S(f)} +n(t)

“FHCU — £) + C'(=f = U — ) + U (= = £)])
1

=_:F_1{C(f_fc)u(f_fc)+C*(_f_fc)U*(_f_fc)}

4
= %Re[v(t)eﬂ”fct]

=~ v(t) = c(t) *» u(t)-> equivalent lowpass signal model
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Path Loss

= Path Loss (already negative meaning)

L=2 > P,[dB] =10log;,~* (in decibels)
s Path Gain
& 1

Py
PG =Pt =P_L - PG[dB] = 1010g10P_t=_L[dB]
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Free Space Path Loss

= Received signal
r(t) = Re{c(t) = u(t)el?™/ct}

. d
= Re {A“ A u(t)el?mct
4mtd

Antenna power gain
G, = Ga,tha,rx

= Free Space Path Loss

P A/ G, N2
L= L= ( \/_> = <— Ga,tha,rx>

P. 47td (41td)?
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Free Space Path Loss

= The power density with

Isotropic distance d away from the
radiation <2 :
transmitter
S(d) = 2
(d) = A d?

= The incident power at the
receiver antenna is
determined by the antennas
effective area Ap

P
P(d) = S(d)Ag = 5 A
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Free Space Path Loss

= Generally, the gains of the transmit antennas are
considered as

P
Pr(d) — 47_[;2 R

= Relationship between effective area and gain

AZ
Ap = E Ga,rx
= Received power
/12
Pr (d) — (47‘[d)2 Ga,tha,rth

s Path loss

A2 -
L= ((47Td)2 Ga,tha,rx>
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Exercise

= High frequency use

A new mobile system at higher frequency bands e.g. > 10 GHz
IS gaining interest for 5G networks. The received power is
expressed as

AZ
(4rtd)? Gax
Now, let’s consider the difference in the received powers at 6
GHz and 60 GHz.

= If the isotropic antennas are used at Tx and RX (Gq ¢ =
Garx = 1), then how much degraded the received power at 60
GHzis ?

= [f the isotropic antenna is used only at Tx (G, ¢, = 1), how to
maintain the same received power at both frequencies ?

Pr (d) — Ga,rth

Report due: May 10
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Ray Tracing

= Multipath effects can be found by using Maxwell's
equations
= Requires knowledge of appropriate boundary conditions
= Impractical due to computational complexity

= Ray tracing

= Approximate the propagation of radio waves by representing
wavefronts as simple particles

= Effects of obstacles are approximated by simple geometric
equations

= Ray tracing is most accurate when:
= Receiver is many wavelengths from nearest scatterer
= Scatterers are large relative to wavelength
= Scatterers are fairly smooth
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Two-Ray Model

= Applicable when single ground reflection is the
dominant multipath effect
= Received signal is composed of:

= Direct LOS component
= Ground reflected component
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Two-Ray Model

= Received signal

Tl 2n(x+x')
{ lJ‘ Gu@e % RYGu(t—ne” 1 \f}

7"2_
ray = x + x'

where G; = G,G,, G, = G.G4, and R denotes reflection coefficient

= Received power

l R\/_e _]Ad)
[

x + x'

A
b=h At

where A¢p = 2n(x +x" —1)/A
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Two-Ray Model

s Phase shift
2n(x+x'—=1) 2m

Ap = ——— — (V(he + h)? + d2 — \[(h, — h,)? + d2)

4th h,
Y
s Reflection coefficient

wd > (hy + h,)

o _Sin0—2 , Je& —cos28 /e, for V-pol
B sinf@ + Z \/gr — cos2 @ for H'pOI
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Two-Ray Model

= Approximation with large d
x+x'=~l~d,0=0,G,=G,.,andR = —1

JGi | RGe 84" _ mthrr
LT L T

x+ x'

A 2
P?":Pt 477:
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Two-Ray Model

h, d. m Ford < ht
O I = Rays add constructively
I s Forh;<d<d,
50 I = Rays add constructively
s I | and destructively
7 | : LoS .
- a0 VEHRRa ° On);g = Results in wave pattern
3 1| V‘k [ with maxima and
= -100 RN 2-path o
£ BN VR y minima
O - . h
20dBidecade 1 | \:\x = Power falls off at -20 dB
-150 i -40dB/decade \§<\ / decade
: i = Ford >d,
: : 1 i = Rays add destructively
200 1 2 Liiiaii 1ol . Approximation for d,.
10 10 1gistance : n%]o 10 10 can be obtained by
f. =900 MHz setting A¢p = m which
¢ . 4hih,
h, =50 m resultsind, =

h,=2m, G, =G, =1
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Exercise

= Problem 2-7

Consider a two-ray channel with impulse response h = a,5(t) +
a,6(t — 0.022us). Find the distance separating the transmitter
and receiver, as well as a; and a,, assuming free-space path
loss on each path with a reflection coefficient of —1. Assume the
transmitter and receiver are located 8m above the ground and
the carrier frequency is 900 MHz

Report due: May 10
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Outline

= Preliminaries
= Random Variable
= Normal Distribution
= Q function and Error function

= Shadow Fading

= Log-normal Distribution
= Outage Probability

= Cell Coverage Area
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Random Variable (RV)

= RV is characterized by cumulative distribution
function or probability density function

= Cumulative distribution function (CDF)
Fy(x) =Pr{X < x}(—o0 < x < »)

= Probability density function (PDF)

fr() = —Fy@)  Fe(x) =7, fr(®dt
= Properties
fx(x) =0

J Fe@®dt = Fy(x,) — Fx(xy) = Priz, < X < x,)

j_o:ofx(t)dt =1
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Random Variable (RV)

= Moment

my, = j (x — O e (O dx

= Mean and Variance
= Mean: 1-order moment (¢ = 0)

ElX]=p=m; = j xfx (x)dx
= Variance : 2-order moment (¢ = u)

E[(X — )2 = 0% =m, = j (x — 02 fx (D)dx
= E[x?] - 2
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Normal (Gaussian) Distribution

s Standard normal distribution

1 x> 6(0) 1 jx < t2> gt

= — e — X)) = —— eXx —_—

g(X) /—27_[ exp( 2 ) 2T —oo0 P 2
0.4 1
0.3 0.8/
0.6}

5 0.2 é
0.4¢
0.1

0.2t




Advanced EIC

Normal (Gaussian) Distribution

-9(5)
i) de =6 ()

= Normal distribution

1 (x—u)?
f(X) - \/ﬁaexp( 202 ) -

F(x) = [ exp(

27T0 ¥ — 0

nw-3eg w-26 p-c i uts p+2c p43c
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Q Function and Error Function

= Q function: the upper tail probability of a standard

normal distribution
2

Q(x)—\/_J exp(——)dt—l—G(x)

s Error function:

erf(x) = \/%joxexp(—tz) dt =1 —2Q(V2x)

1 1 b 1 b
Q(X) — E — Eerf(\/—§> =Eerfc <\/—§>
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Radio Propagation

= The variation can be categorized into two kinds:
= Large scale propagation effects :
=« Path Loss (includes average shadowing)
= Shadowing (due to obstructions)

= Small scale propagation effects: constructive or destructive
addition of multipath signal components - multipath fading

/Slow
P./P,

Fast
/ Very slow

d=vt
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Shadowing

= Signal path in terrain with several diffraction points
adding extra attenuation to the path loss

Y\\ —— T — Y
ﬁ 1 \\_> ------ ﬂ N

b2

= Total path loss
Lot = L(d),BLBZ BN
Liot[dB] = L(d)[dB] + B,[dB] + B,[dB] + --- +By [dB]
where L(d) denotes the path loss in terms of d

= IfB,B,,:+, By are considered random and independent, we

should get a normal distribution in the dB domain
HR LB R E 3
(Central Limit Theorem)
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Log-normal Distribution

= Let us consider y = P,/P. where the received power
IS randomly varied due to shadowing

s Ygp = 10log o ¢

= PDF of 45
_ (de B Hl/)dB)z
fw s (Wap) = N exp | 207
= PDF of ()
_ $ _ (10 log10 9 — 'ul/JdB)z
fLP(l/)) — mo_ldel/) exp 20-1/2)(13

where ¢ = 10/In10
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Log-normal Distribution

= For example, py,, = 0 [dB], oy, = 3 [dB]

0.2 - - - 0.8 - -
YaB Y
0.15¢ _ 0.6}
a 0.1 16 0.4l
(al o
0.05¢ | 0.2}
90 5 0 5 10 9% > 4 6
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Analytical Model for Shadowing

= Method to generate correlated shadowing process,
from white Gaussian process

Autocovariance:
A(8) = E[(¥ap(d) — ty g ) Wa(d + 8) — )]
~ Jllzdee_6/XC

where X, denotes decorrelation distance
(50m ~ 100m for outdoor system)

= First-order autoregressive correlation model

o=l s yIn] = ayln — 1] + wln]

White Gaussian Noise

win] () yin]
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Analytical Model for Shadowing

= Example
Plot the level for 0~200 m following the first-order
autoregressive model when X, = 20 m

1

—AWGN —AWGN

— First order AR 0.8 — First order AR
21 -
=
) | £ 06
S| :
= 0 | 3 0.4
O f S 1/e
2t Z 0.2 )
o M- W Vb
_40 50 100 150 200 0 20 40 60 80 100

Distance [m] Distance [m]
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Exercise

s EXxercise 2-20

We will simulate the log-normal fading process over distance based
on the autocorrelation model (pp. 34). The simulation first
generates a white noise process and then passes it through a first
order filter with a pole at e=%/%c. Assume X, = 20m.

= Plot the resulting log-normal fading process over a distance d
ranging from 0 to 200m, sampling the process every meter. (It
should be needed to normalize your plot about 0 dB) - See pp. 35

= Plot the power spectrum
= Plot the autocorrelation - See pp. 35
= Compare above results with those of AWGN

= Simulation tool (Matlab or Scilab) should be used
= Report due: May 24
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Combined Path Loss and Shadowing

= Combined expression of path loss

p Pathloss + average shadowing
t —
--|dB] = @ + a4

T

d
= 10log.o K + 1O®log10 ” + Y4B

Gaussian random variable with

. 2
Constant Zzero mean and variance Odan

Path loss
exponent
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Outage Probability

= The probability that the received power at a given
distance d, P.(d) falls below the target minimum level

F-(d)[dB] = P¢[dB] — L(d) + ¥qp

mean received power at d

' PDF

Pout = Pr{Pr < Pr,min}
=1— Q (Pr,min _(Pt_L(d))> :

Y4B

Py min B> Received
Power



Advanced EIC

Cell Coverage Area

= Random shadowing fluctuations result in “ameba-like

shape”

Path loss and
random shadowing

L Path loss and
/’ E average shadowing
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Cell Coverage Area

= EXpected percentage of locations within cell where
the received power at these locations is above a
given minimum

= Integration over all incremental areas satisfy the min.
power requirement

1 1 2T R
C =—— PAdA=_J J PAT'dT'dH
mR* cell area mR* 0 0

= Coverage probability is simply obtained from outage
probability as
Py = Pr(P.(r) > Ppin)

— (Pmin _(Pt_L(r))> =1- Pout(Pmin; T)
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Cell Coverage Area

= Received power due to path loss and average shadowing at the
cell boundary equals to the minimum received power

- R
2 Pmin = P-(R) = P — (101°g10 K = 10y logyo d_o)

. r
remind P.(r) =P, — <1O logio K — 10y log;g d_> + Y4B
0

= Find the coverage area for y = 2,4,6 and gy, ,, = 4,8,12 dB

21 R
min Pr(r) _ 2 j r
nRZ_[ j < Gon rdrdf = %) Q (b lnR) rdr

1 271 (2 where b = 10y logg e /oy,
C = > + exp lbzl Q (b) dB

Ny, | 4 | 8|12
2 77 | 67| .63
4 85| 77|71
6 90 | 83 | .77
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