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Introduction to Radio Wave Propagation(1/8)

@ The term “radio communication” refers to the transfer of
iInformation using electromagnetic (EM) waves over the
atmosphere, rather using wired-line medium.

@ The radio medium is susceptible to interference (from
competing users), noise, blockage and multi-path.

¢ These impediments result in attenuation, delay and even complete
distortion of the transmitted signal.

@ Thus, in order to be able to design good wireless systems, it
becomes imperative to have a good understanding of radio
wave propagation.

e 8272
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Introduction to Radio Wave Propagation(2/8)

@ Depending on the frequency of transmission, there are three main
propagation means:
+ Ground wave

+ Troposphere wave
+ lonosphere wave (or Sky wave) (BEE) T
Ionosphere 40-400 Km
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, :

Troposphere (%j;}ﬁ@) 10 Km
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Introduction to Radio Wave Propagation(3/8)

@ Ground-Wave Propagation

+ The ground wave travels in contact with the earth’s
surface by scattering off buildings, vegetation, hills,
mountains, and other irregularities in the earth’s surface.

» Nevertheless, unless there is a LOS (Line of Sight) path
between TX and RX, the ground wave propagation provides
the dominant local signal at RX.

¢+ The ground-wave propagation effects all frequencies.

¢+ The signal dies off rapidly as the distance from the
transmitter increases.

e 8272
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Introduction to Radio Wave Propagation(4/8)

@ Troposphere-Wave Propagation

+ For the portion of EM radiation close to the earth’s surface,
troposphere wave results from the radio waves being
reflected from the troposphere.

¢ It is relatively inconsequential below 30 MHz.

¢ This troposphere refraction can make VHF (30~300 MHz)
communication possible over distances far greater than
those by the ordinary ground waves.
=»For VHF and UHF propagation used for cellular and PCS

communications, the troposphere wave becomes an annoyance
that causes interference.

e 8272
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Introduction to Radio Wave Propagation(5/8)

@ Sky-Wave (lonosphere-Wave) Propagation

¢ The ionosphere is where ions and electrons exist in
sufficient quantities to reflect the radio waves.

¢ The sky wave arises from radio waves that leave the
antenna at angles somewhat above the horizontal.

¢ Thus, the radio waves reaching the ionosphere can be
sufficiently reflected by the ionosphere to the ground
again at distances ranging from 0 to about 4,000 km from
the transmitter through successive reflections.

¢ This separation becomes more pronounced with
Increasing frequencies.

e 8272
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Introduction to Radio Wave Propagation(6/8)

@ The ground waves generally propagate according to three
mechanisms:

+ Reflection (KZ5¥)
+ Diffraction (Z5)
¢ Scattering ()

@ The transmitted radio signal is not only susceptible to noise and
interference (in additive manner), but also distorted by the
propagation channel (in multiplicative manner).

& siTise
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Introduction to Radio Wave Propagation(7/8)

@ “Fading” is used to describe the variations in received power with
time caused by changes of the propagation channel.

+ Large-scale fading
+ Small-scale fading

T si7ans
10 National Chung Cheng University



Introduction to Radio Wave Propagation(8/8)

@ Large-scale fading
+ The variation in received signal power over relatively large
distances due to path loss and shadowing

» “Path loss” is the reduction in power (attenuation) of an
electromagnetic wave as it propagates through space.

» “Shadowing” is the attenuation of an electromagnetic radio
signal by obstacles.

@ Small-scale fading

¢ The variation in received signal power occurs over very
short distances (on the order of the signal wavelength)

» Light speed C = 3x108 m/s

e 8272
11 National Chung Cheng University



= |PL(d)=PL(d,)—10nlog(d,)+10nlog(d)

Path Loss Alone
Shadowing and Path Loss

Multipath, Shadowing, and Path Loss

P ) (g

t

=1/ PL(d) (dB)

for path loss alone

P Frosy
P = -
=10log = o
g 5 (d) 0 log(d)
Figure 2.1: Path loss, shadowing, and multipath versus distance. d: distance

R.28] . . |
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The Three Basic Propagation Mechanisms(1/3)

1. Reflection

- Reflection occurs when a propagating electromagnetic (EM)
wave impinges upon an object with dimensions that are very
large compared to the wavelength of the propagating wave.
e Ifthe EM wave is incident on a dielectric, part of the energy is

transmitted into the dielectric object, and part of the energy is
reflected back.

e Ifthe EMwave is incident on a conductor, then all incident
energy is reflected back.

& siTint
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T (transmitter)

Eror=Eos + E,

R (receiver)

e Tid i tddddidddddZiidid

. d >

Figure 4.7 Two-ray ground reflection model.

[1, p.121]
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The Three Basic Propagation Mechanisms(2/3)

2.

Diffraction

Diffraction arises when the radio path between the TX and
RX is obstructed by a surface that has sharp edges.

-~ The transmitted signal would “bend around” the sharp

edges to the receiver.

e Thatis, the EM wave propagates behind the obstacle even when
an LOS path does not exist.

- Diffraction allows radio signals to propagate around the

curved surface of the earth.

€y B2tErs
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The Three Basic Propagation Mechanisms(3/3)

3. Scattering

-~ Scattering occurs when the propagation waves are incident
upon an object whose dimensions are on the order of a
wavelength or small compared to a wavelength.

- It causes the energy to be redirected in many directions.

- In practice, foliage, street signs, and lamp posts induce
scattering in a mobile communication system.

& sirane
17 National Chung Cheng University
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Figure 2.8: Scattering. 13.p.40]
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Free Space Propagation Model(1/3)

@ To obtain insight into large-scale fading, the first natural
step is to consider propagation in free space.

+ Propagation in free space = i.e., a clear, unobstructed line-of-
sight (LOS) path between TX and RX.

+ Satellite communication systems typically undergo free-space
propagation.
@ We then refine our understanding to propagation close to
the earth’s surface.

+ Sky-wave is not the dominant mode of propagation for some
part of the EM spectrum.

e 8272
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Free Space Propagation Model(2/3)

@ The free-space received power at distance d, P,(d)
2
P (d) - PGG.A* 1

oC
— P, 1 transmitted power

(47zd )2 d*

— G, (G,): transmitter (receiver) antenna gain
— A wavelength in meter
— d : radio path length from TX to RX

= P,(d) decays with distance at a rate of 20 dB/decade. (A
gain drop of 20 dB for each 10-fold increase in distance.)

10log {P, (d)/P, (10d)} =10log{10*} = -20 dB

2 & L P I



Free Space Propagation Model(3/3)
@ Notes

— The gain of an antenna (G, or G, ) is related to its effective aperture, A,

2
G- 4 A Ae:é— IS related to the physical size of the antenna.
_ /12 A
Q, is the beam area (or beam solid angle).

— The wavelength is related to the carrier frequency, f

A=— (The speed of light ¢ =3x10° meters/s)

f
PGG.A> 1 1
P d _ _t—t—r ’ ’ 2
S It follows that P:(d) (40 i

¢ The free space model is only valid for values of d which are in
the far-field region.

¢ The far-field region is the region, where the radiation pattern is
essentially independent of distance from the source.

e 8272
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Free Space Path Loss(1/3)

@ Path Loss, PL(d)

¢ Path loss is the power difference (measured in dB) between the effective
transmitted power and the received power.

» It may or may not include the effect of the antenna gains.

P (d)
PL(d)=10log P, —10log P, (d ) =10log 5 l?d)  PGG A’
r - 2
(47) d? | (4r)d?f? )
10log — |=101log — | dB (including the antenna gains)
% ] GG, 1 | I G,G,c ]
) (47)2d? ((4r)d2f? |
101log ( 7;)2 =101log ( 7[) - dB (excluding the antenna galns)
L L i L ¢ i — Ideal or isotropic antenna

‘f@ (i.e., unit antenna gain)
22 N National Chung Cheng University



Free Space Path Loss(2/3)

@ Notes

+ The propagation path loss depends not only on the distance and
wavelength, but also on the antenna gains (radiation patterns).

+ This makes the theoretical prediction of path loss difficult.

+ An easy solution to these difficulties is to measure the average
received signal power, Pr (do) , at a close-in distance d, in
advance.

e 8272
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Free Space Path Loss(3/3)

@ Alternative expression of free-space received power

¢ Using P, (do)as the received power reference d,, it follows that the
alternative expression of average free-space received power at
distance dis given by
— — 1 1
5 5 dy <P (d):P(d,)==:=
P(d):P(do)(FOJ , d>d, r( ) r( 0) d? " d?

r r

@ A simplest free-space path loss model

— _ P P
PL(d)=10log P, —10log P, (d ) =10log = _10Iog{ ! }
P (d) P, (d)(do/d)
2
P d
=10log =+ +10log(—)
P, (d,) d,

:_I_(d0)+20Iog[dij, where PL(d,)=10log = i

0 P, (do)
Wy ssTist
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Path Loss Model for General Ground-Wave

Propagations

@ Free-space path loss model does not reflect the local terrain

characteristics such as buildings and hills.

@ Both theoretical and measurement-based propagation models

indicate that

the average path loss for general surrounding environments

with arbitrary T-R separation is given by

P_L(d)oc[i]n, d>d, = PL(d):PL(dO)+10nIog(di] in dB

0

¢ nis the path loss exponent which strongly depends on the cell size

and local terrain characteristics.

+ When plotted on a log-log scale, the modeled path loss is a straight
line with a slope equal to 10n dB per decade. :E2/ 12

= |PL(d)=PL(d,)-10nlog(d,)+10nlog(d)

T F X

25 M National Chung Cheng University



Log-Normal Shadowing(1/2)

@ Thelog-normal distribution is the probability distribution of
any random variable (RV) whose logarithm is normally
distributed.

+ If Xis log-normally distributed, then log(X) is normally
distributed.

@ “Shadowing” effect

+ A signal transmitted through a radio channel will typically
experience attenuation due to blockage from obstacles.

+ The attenuation will be varied slowly due to the changes in
reflecting surfaces and scattering objects.

@ Zero-mean log-normal distribution (normal in dB) has been
empirically confirmed to accurately model the shadowing
effect.

= log-normal shadowing

e 8272
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Log-Normal Shadowing(2/2)

@ Letthe log-normal random variable X, (in dB) with standard deviation
o (also in dB) describe the random shadowing effects.

+ The parameter o typically ranges from 5to 12 dB, with 8 dB being a
typical value.

¢+ Log-normal shadowing has been observed to be nearly independent of
the radio path length d.

e 8272
27 National Chung Cheng University



Large-Scale Fading

@ Combining path loss and shadowing results in large-scale
fading.

Q_(d)=PL(d)+X_,where |PL(d)=PL(d,)+10n Iog(di]

0

= PL(d,)+10nlog (di}L X_indB

0

¢+ Q_(d)in dB is arandom variable of normal distribution with

mean ﬁ(d)

e 8272
28 National Chung Cheng University
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1.0 10.0 100.0 km
; |
! \ — — d ).
. N PL(d)=PL(d,)+10nlog < | dB
\ \ 0
] \\ \ ]
S ‘(\ “free space” (N=2)
s N -20 dB/decade
= i O\
o dB .
= 4 “urban macrocell” (N=4)
\ -40 dB/decade
— Yo =8dB
Q
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Percentage of Coverage Area(1/4)

@ The “cell coverage area” in a cellular system is the
expected percentage of locations within a cell
where the received power at these locations is
above a given minimum.

¢ Due to random effects of shadowing, some locations
within a coverage area will be below a particular desired

received signal threshold.
@ Let U(y) be the cell coverage area within a cell with

cell radius R.
¢ vy is the minimum received signal threshold (in dB).

e 8272
30 National Chung Cheng University



Percentage of Coverage Area(2/4)

e The random received signal power (in dB) at a distance d

P (d)=|Pys (d)+X_|, where P, (d)=10log P, (d) due to path loss
\ |

— Note on P, (d)

d) hasameanof P (d).
e (0) an )XU is the RV of

log-normal shadowing.

PL(d)=10log i =10log P, ~10log P, (d )
%/_/ . ~ J

P (d)

EPtdB Eﬁl’dB(d)

= P (d): P = PL(d)

N——

=PL(dg )+10n Iog(iJ
do

=[P, (d)=P,, —[P_L(do)+10n Iog(dij]
LGy sz arg
31 National Chung Cheng University




Percentage of Coverage Area(3/4)

@ Q-function,

exp y? /2! dy
)=+ = |
— A Gaussian random variable X with mean of m and variance of &°

— Then the probability that X exceeds Xx,, Is evaluated as
Pr(X =x,) exp|—(x—m)’/(20%)!dx
-1 ﬁ -(x-m)"/(20")
= |, _n———ex 212l dy, letting y = —
jo J_ p{-y?/2}dy gy

=Pr| y> XO_mJ

O

—mMm

O

—m

X
=Q
€y wz72re
32 National Chung Cheng University



Percentage of Coverage Area(4/4)

e The Cell Coverage Area

1
R?

T

jPr[PrdB(r)>y]dA= L 1

U(7)= —

Pr| Py (r)>y |rdrdé

O

- P[P (r)>7]-o Pl

O

] Qﬁy{p@ —[P_L(dml“” 'g(djm/ G}

e Outage Probability under Path Loss and Shadowing
Pr| Prog ()< |=1=Pr| Py (r)>7|

& siTint
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Empirical Models for Outdoor Path Loss

@ The propagation models that we have seen thus far attempt
to predict path loss for ground-wave transmission close to
the Earth’s surface (in an average manner).

@ However, radio communication often takes place over
iIrregular terrain.

@ The terrain profile of a particular area needs to be taken into
account for obtaining better estimates of path loss.

@ A number of propagation models are available to predict
path loss over irregular terrain.

+ These models are empirical i.e., based on a systematic interpretation
of measurement data (usually curve fitting) obtained in the service area.

@ Here, we only present the Hata’s model. The interested
reader is referred to the text book for additional reading.

e 8272
34 National Chung Cheng University



Path Loss Model for General Ground-Wave
Propagations— Hata’s Model(1/3)

@ Hata’s model is based on measurements in Tokyo,
Japan.

@ It is intended for use in Japanese landscapes
(urban or suburban) and performs poorly for
American suburban terrain.

@ Hata’s Path Loss Model

A + B logo(d) Jor urban area
L,= A +Blogo(d) -C for suburban area
¥ A +Blog(d) -D for open area
(in dB) ‘

. & L P I
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Path Loss Model for General Ground-Wave
Propagations — Hata’s Model(1/3)

@ Hata’s Path Loss Model (Cont.)

Carrier Frequency : 150 MHz <1, < 1500 MHz
Base Station Height : 30m < h, <200m

Mobile Station Height: Im < h,, < 10m

T-R distance - 1lkm <d <20km

A =69.55+26.16 log;(f.) — 13.82 log;o(hy) — a(hyy)
B =44.9 — 6.55 log;o(hy)

C =5.4+2[logo(£.28)]

D =40.94 + 4.78 [log o(£.)]" — 18.33 log,o(£})

€y B2tErs
National Chung Cheng University



Path Loss Model for General Ground-Wave
Propagations — Hata’s Model(1/3)

@ Hata’s Path Loss Model (Cont.)

A correction factor _ . |
for effective (for a small to medium sized city)
mobile antenna \

ma
N { (1.1 logyo(£y) — 0.7]hy — 1.56 logo(f.) — 0.8

a(h,,) = 8.28 [logo(1.54 h,)]* — 1.1
3.2 [logyo(11.75 hy)]* — 4.97\
\ (for a large city and f, < 300MHz)

(for a large city and f, 2 300MHz)

o Y szrars
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Introduction(1/4)

@ Multipath

¢ Due to obstructions in the path from the base station to the
mobile unit,

» The receiver will receive different copies of the same signal from
various paths with different time delays.

=»Such a phenomenon is called multipath which results in inter-
symbol interference (ISI).

¢ Multipath usually includes:

» Line-of-sight (LOS): the direct connection between the TX and
the RX without obstructions.

» Non-line-of-sight (NLOS): the path arrivals resulting from
reflections from obstacles.

¢ The resultant signal from the combination of multipath

waves at RX can vary widely in amplitygle and phase.
LIS 0
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Back (Introduction)

lllustration of ISI

Back2(Frequency Selective Fading)
Transmitting

time at TX

>

Impulse response of multipath channel

Path strength

T » Delay time
«—Delay spread——
. Fompathd Received multiple copies of s(f)
[ Romishz from multipath channel =» IS]

From path 1

, : Observation
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Introduction(2/4)

@ Small-Scale Fading

¢ Multipath in the radio channel creates small-scale fading
effects.
» The carrier wavelength used in mobile radio applications is
typically several centimeters.

= Small changes in the propagation delays due to MS mobility will
cause large changes in the phases of the individually arriving
plane waves.

» When the arriving waves from multipath signals are out of
phase, reduction of the signal strength at the receiver can
occur. (deconstructive addition)

+ The term “small-scale fading” is used to describe the
rapid change in amplitude and phase of a radio signal
over a small travel distance or time interval.

ﬁ ANz &Y
National Chung Cheng University




Introduction(3/4)

@ Factors influencing small-scale fading
+ Multipath propagation

» The random phase and amplitude of the different multipath components
cause signal-strength fluctuations and signal distortion.

+ Speed of the mobile
» Cause the relative motion between the BS and MS = Doppler shift
» Create a constantly changing environment =» time variant channel

+ Speed of surrounding objects
+ The transmission bandwidth of the signal

ﬁ ANz &Y
National Chung Cheng University



Introduction(4/4)

@ The small-scale fading manifests itself in two mechanisms:
¢+ Time-spreading of the signals (or Signal dispersion)
» Due to multipath propagation
+ Time-variation behavior of the channel
» Due to the relative motion between BS and MS

lllustration of ISI

ﬁ ANz &Y
National Chung Cheng University



Doppler Shift

@ Consider a mobile station (MS) moving at a constant
velocity vtoward a receiver, along a path.

@ Let 8 be the angle of incidence that the propagation
radio wave arrives at MS antenna. (i.e., DOA: direction
of arrival)

=» The difference of distance Al between an MS (moving at v) and
its BS, after At unit time:

Al =vAtcos(0)

=» The phase change in the received signal due to the difference
length Al :

2mvAtcos( 6
Ap=2rx Al il ( ) where A is the wave length.

g g HLP TR

National Chung Cheng University




Time spreading (delay spread)

v

Figure An example of the time varying discrete-time impulse response model for a multipath
radio channel. Discrete models are useful in simulation where modulation data must be convolved
with the channel impulse response [Tra02].

[1, p.184]

EPE )
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lllustration of @ =0
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lllustration of 8% 0
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& Moving speed = v 4 it »ﬁ
v-At
| | B
=0 t = At

Ford'>>1, AB, will be very close to AB,.
—OA -B,A ~O0B, —|Al =VvAtcos(8)
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Ag=2rm T At

Doppler Shift
@ The change in frequency (or Doppler shift, fy)

1 Ag _ 2mvAtcos(8)/A

= f. =
° 27 At

@ Notes

27tAt

%cos(e)

Phase change due to Al:
Aj— 2TVAL ;os(@)

f, cos(8), where f,

=% IS the maximum Doppler shift.

¢ If the MS Is moving toward the direction of arrival of the
wave, the Doppler shift is positive (i.e., the apparent

received frequency is increased.)

¢ If the MS is moving away the direction of arrival of the wave,
the Doppler shift is negative (i.e., the apparent received

frequency is decreased.)

BLP IR

National Chung Cheng University



During the time epoch 0 ~ At
=» The traveling distance of the radio wave is getting longer (from d to 4°).

=» This results that the waves will arrive at Point X before arriving at Point Y.
=» This is analogous to the frequency of waves decreases‘@.gative Doppler shift).

Point X

t=10

Moving toward the BS
(DL propagation wave)

t=At

D‘& Point Y

Point X

Point Y

|

t=0

Moving away the BS
(DL propagation wave)

|

t= At

During the time epoch 0 ~ At

!

=» The traveling distance of the radio wave is getting shorter (from d to 4°).
= This results that the waves will arrive at Point Y before arriving at Point X.
=» This is analogous to the frequency of waves increases (positive Doppler shift).



Impulse Response Model of a Multipath
Channel(1/4)

@ Transmitted Bandpass Signal

s(t)= Re|:§(t)ejz”f°t:|
— §(t) is the equivalent lowpass transmitted signal.

@ Noiseless Received Bandpass Signal

(1) =Re[ 3, @, (1)e N Os (1, (1))].

where n is the resolvable path index

—Re[F(t)e]

-a t): the attenuation factor associated with nth path

n

— 7, (t): the propagation delay associated with nth path

t
r t): the equivalent lowpass received signal
€y sitare
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Impulse Response Model of a Multipath

Channel(2/4)

@ Noiseless Equivalent Lowpass Received Signal

~

3

(t)

o, (t)e "Vs(t-7, (1))

- ¢, () =2z [ (f,+ f5,) 7. (1) Fo it ]

124
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Impulse Response Model of a Multipath
Channel(3/4)

e Let c(z;t) denote the equivalent lowpass channel.
— l.e., response (or observe) at t when impulse is applied att —7.

o Since F(t) =Y a,(t)e™5(t-r, (1))

= :c(r;t)§(t—r)dr

=>c(rit)=) a, (t)e_j¢”(t)5(r -7, (t))

Recall that ¢, (t) = 27:[( f + fD,n)Tn (t)- fD,nt] is the phase associated

with the nth path.
€Y azrzrs



Impulse Response Model of a Multipath
Channel(4/4)

o Notes C(z';t)=Znan(t)e‘j"’“(t)ﬁ(r—rn(t))

— Since f_ Is very large, very small changes in the path delays 7, (t) will

cause a large changes in the phases ¢, (t) = 27:[( f + fD,n)z-n (t)- fD,nt].
— For example, a 900 MHz sinusoid has a wavelength of about 30 cm.
(such radio waves propagate at about 30 cm per nanosecond (ns))

= A path delay change of just 1 ns corresponds to one full wavelength

(or 27 radians phase shift)
= At any time the random phases ¢ (t) may result in the constructive

or destructive addition of multipath components.
= Thus, multipath fading is primarily due to small variations in the

path delays that occur over small spatial distancgs.
B IR
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Transmitted signal Received signal

To illustrate both effects of
time spread & time variation

ﬂ H introduced by multipath
n+72 fading channel.
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9
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=t ECE (b) {5 I =1,TT5
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1= 1+ - r=1ty T 1= 15+T5, T t=13+Ty
t=14T;,  [=13+Tss
Example of the response of a
time-variant multipath
channel to a very narrow 2l P= 1, 1= 14Ty, [6, p.759]
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IEL F oY)

H National Chung Cheng University



Channel Correlation Functions and
Spectrum(1/4)

@ In statistics, the autocorrelation of a random process X(t)
describes the correlation between values of the process at
different points in time.

R(tl’tz)zgE{[X(tl)—m;]o-[x(tz)—mxz]} ey

e m, : mean of the random variable X (t,)
e o, : standard deviation of the random variable X (tk)

@ If the process is wide-sense stationary (WSS), the autocorrelation
defined above can be further expressed as a function of the time-

lag: .
" L E{[X (w)-m] [x(t)-m]}
R(tz - tl) = E o2
e A WSS random process only requires that 1st and 2nd moments

do not vary with respect to time. ﬁ %) = ?{3 I+

National Chung Cheng University
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Channel Correlation Functions and
Spectrum(2/4)

e The Wiener-Khinchin theorem relates the
autocorrelation function R(z) to power spectral
density S(f) via the Fourier transform pair:

R(z)=[" s(f)e df

\S( f ) = j: R(T)e‘jz””dr

y,

e We now develop a number of useful correlation
functions and power spectral density functions
that define the characteristics of a multipath

fading channel.
€y 9=272re
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Channel Correlation Functions and
Spectrum(3/4)

c(z:t)=) a, (t)e_j¢”(t)5(z'—z'n (t))

@ Autocorrelation Function of the Channel

+ Assume that the channel is wide-sense stationary with zero
mean and unit variance. Then we define its autocorrelation
function as:

8, (r, 7 M) =1E[ " (7:t,)c(z,5t,) |, where At=t, —t,
= ¢, (7,;At) (7, —7,), uncorrelated scattering (UC)
=¢,(7;At), - WSSUC

+ In most radio channel, two different paths are uncorrelated
each other. =» This is called uncorrelated scattering.

Back
©y s2teErs
National Chung Cheng University




Time spreading (delays)

A n
\ .
C(z',t)
A
/ \
zg bt
A
A 5 T TJrJr A ) > ’C(Iz)
f T ? iy T A Sy
[0 T T T Jr‘Jr * ‘ 'S ’t(to)
Ty T Ty T3 Ty T T

Figure 5.4 An example of the time varying discrete-time impulse response model for a multipath
radio channel. Discrete models are useful in simulation where modulation data must be convolved
with the channel impulse response [Tra02].

[1, p.184]
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Channel Correlation Functions and
Spectrum(4/4)

e Equivalent Lowpass Channel

c(rit) = 35, . (1) e #05(r =1, (1))

e Autocorrelation Function of the Channel
¢ (z.7:t,1)= E[c (rt) (z't)]

-1{[. 0,0 00(e =, ()] [Z. 0 (OO =5, ()]
%EZamaf' %@ﬂm@wﬁﬁ

= E(S @ (0)a, (0D (e 1)} =g, (i)

UC: Forn#m, E[a: (t)a, (f) :|=E|:a;(t):|E|:am(f):|=O (- E[an]=0)

ﬁ V2P ELYE
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Channel Correlation Functions and
Spectrum — Time Spread (1/3)

e Multipath Intensity Profile (MIP) (Setting At = 0)
4.(r;0)=1E {Zn“: (0)a, (At)e O (- ¢ )}

=13, E (@) (r-7)=4.()

=2 (r) Is simply the average power of the channel as a function

At=0

of the time delay .
= For this reason, ¢, (z) is called the MIP of the channel.
e Delay Spread T
— The range of values of = over which ¢, (z-) Is essentially nonzero

Is called the delay spread of the channel.

B2 IR
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An example of multipath intensity profile (MIP)

1009[4,(r)]  4()=1Z E(af)s(e-z,)

0dB + *
-10dB+ o A 0=0
T, =
20 dB 4+ <
T, =
-30 dB o
_ B
S T (us)
Figure E5.5 [1,p.22] gl
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Time Spread

« Delay spread
e Coherence bandwidth

|0c(Af) 0c(D)

5 Fourier
O(~1 _\f e 1 (‘L‘:““ s Oci’:)
s transform

pair

Af

e —————b-’

Multipath intensity profile

l— @)=L —

T
Spaced-frequency
correlation function (M|P)
Delay spread

[6, p.764] . ack
€y 9=72r4
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Channel Correlation Functions and
Spectrum — Time Spread (2/3)

@ Spaced-Frequency, Spaced-Time Correlation Function of

the Channel

— Let C( f;t) be the Fourier transform of c(z;t) w.r.t. the delay parameter 7.
C( f ;t) = I:C(r;t)e‘jz”f’dr

— Under the assumption of WSS channel, the autocorrelation function of C( f ;t) :
¢ (f.. fiat)=1E[CT(f:t,)C(f,it,)] where At=t,—t,

The UC assumption
results that the
autocorrelation
function of C(f;t) in
frequency is a
function of only the
frequency
difference.

=[.1.».

z'l,At 1—72)e

_ lj‘: _[j; E [c* (z.:t)c(7st, )] e I2rlnfm)q 7 (i,

—j2n( fiz— f,75) Autocorrelation

dr,dz,,

function

"\ uncorrelated scattering (UC)

I:¢C(1;At)e‘jz”“’dz—, where Af = f, — f,

é. (Af;At)

: WSSU Ny
> ‘“{«.-% B2 E 1
National Chung Cheng University

back




Channel Correlation Functions and
Spectrum — Time Spread (3/3)

@ Coherence Bandwidth, (Af),
— Space-Frequency Correlation Function, ¢ (Af)
o If we let At =0, ¢, (Af;0) =g, (Af ), the autocorrelation function of
the channel with frequency difference Af.
= S0, ¢, (Af ) provides us with a measure of the frequency coherence
of the channel.
— The Fourier transform relationship of ¢, (Af ) and the MIP ¢, (7):

— ¢C (Af ) — I:o ¢c (T)e_jZ”AdeT Relationship

figure

— As a result of the Fourier transform relationship between ¢, (Af )

and ¢, (z') the reciprocal of the delay spread T, is a measure of the

coherence bandwidth of the channel, (Af)_. Thatis, |(Af) ~1/T, |

ﬁ V2P ELYE
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Channel Correlation Functions and
Spectrum — Time Variation (1/3)

@ We now turn our attention from the time spread of
the channel (the parameter 7) to the time variation
of the channel (the parameter At).

@ Coherence Time, (At),
— Space-time correlation function, ¢ (At)
o If we let Af =0, ¢, (0;At) =g, (At), the autocorrelation

function of the channel with time difference At.
= S0, ¢. (At) provides us with a measure of the time coherence

of the channel.
— Coherence time is the time over which a channel

may be considered coherent.
T sa7ist
National Chung Cheng University



Time Variation

Coherence time
*Doppler shift

[ S.(A)

\ “ourier o
' transform

palr

0
- B, =

0

~— |_-_,\z]L. =

—_—

1
B,

(Coherence time) (Doppler shift)

.765] back

6, p
Xy sirant
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Channel Correlation Functions and
Spectrum — Time Variation (2/3)

@ Space-Frequency Doppler Power Spectrum

— To relate the Doppler effects to the time variations of the channel,
we take the Fourier transform of ¢. (Af; At) w.r.t. the variable At :
Sc (Af;4)=[" ¢ (AF;At)e > dAt

= The variable A refers to the Doppler frequency.

€y B2tErs
National Chung Cheng University



Channel Correlation Functions and
Spectrum — Time Variation (3/3)

@ Doppler Spread, B,
— If we let Af =0, S_ (0;4) = S. (1), which is called Doppler power
spectrum of the channel.
= S.(4)= j_w é. (At)e 17 d At

— The range of values of 4 over which S (1) is essentially nonzero

Is called the Doppler spread B, of the channel.

— Since S (4) is related to ¢. (At) by Fourier transform, the reciprocal

of (At)_is a measure of the Doppler spread. That is,

(At)C ~1/B,|.

figure

ﬁ V2P ELYE
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Parameters of Mobile Multipath Channels

@ Time dispersion (or time spread) parameters
describe the time dispersive nature of the channel.

¢ Delay spread, T, }: (Af )C » 1/Tm

¢ Coherence bandwidth

@ Time variation parameters describe the time
varying nature of the channel.

¢ Doppler spread, B, — (At) oc 1/Bd
¢ Coherence time <

ﬁ BZP I A
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Parameters of Mobile Multipath Channels
— Delay Spread

@ Delay spread, caused by multipath channel, is the time difference
between the arrival moment of the first multipath component and the last
one.

@ Maximum Excess Delay (X dB)

+ The temporal delay extent of the multipath that is above a particular threshold,
X dB.

@ Mean Excess Delay

7=2.,0.(7)7/ 2..9.(v)

+ Different channels with the same values of maximum excess delay and mean
excess delay can exhibit very different profiles of MIP over the delay span.

= A more useful measurement of delay spread is RMS delay spread.
@ RMS Delay Spread

o, =7 - (), where 7 =¥ 4,(z.)7! /% 4.(z.)

ﬁ ANz &Y
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3 ol | ‘l RMS Delay Spread = 46.40 ns
¢
o
o Maximum Excess Delay < -10 dB = 84 ns
2 -104------ 8 1R ad——
>
2 L
4 Threshold Level = -20 dB
14
e
N -20 UA”%W‘W%W
[
g Mean Excess Delay = 45.05 ns
0
7.4
__30 ! 1 L 1 ] | | | 1 }
-50 0 50 100 150 200 250 300 350 400 450
Excess Delay (ns)
Figure Example of an indoor power delay profile; rms delay spread, mean excess délay,

maximum excess delay (10 dB), and threshold level are shown.

[1,p.200]
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Table 5.1 Typical Measured Values of RMS Delay Spread

Frequency RMS Delay
Environment (MH2) Spread (c,) Notes Reference
Urban 910 1300 ns avg. New York City [Cox75]
600 ns st. dev.
3500 ns max.
Urban 892 10~25 us Worst case San Francisco [Rap90]
Suburban 910 200-310 ns Averaged typical case [Cox72]
Suburban 910 1960-2110 ns Averaged extreme case [Cox72]
Indoor 1500 10-50 ns Office building [Sal87]
25 ns median
Indoor 850 270 ns max. Office building [Dev90a]
Indoor 1900 70-94 ns avg. Three San Francisco [Sei92a]
1470 ns max. buildings

124

1, %200 £
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Example 5.4
(a) Compute the RMS delay spread for the following power delay profile:

0 4B 0dB

10log[ 4, (7) | I 4

T

0 1 s

(b) If BPSK modulation is used, what is the maximum Dbit rate that can
be sent through the channel without needing an equalizer?

Solution
= DO EEY L
Bt 11~ 2" 959
2 _ (OO (1Y _ 1 _ 2
i 1 +1 T Dogs
G. = J«.- —(%)° 0.5)° = J0.25 = 0.5us
(b) £0.1  The symbol duration T, 2100, = ISl free
$
T.> g_ = Without equalizer
0.1
0.5us
>
Ts270 1

T,>5us — R =1/T, <1/(5u)=0.2x10° symbols per second (sps)

max R, =0.2x10°sps = 200ksps

max Rb = 200kbps l t ‘“%

T National Chung Cheng University




Parameters of Mobile Multipath Channels
— Coherence Bandwidth

@ Coherence bandwidth B, is a statistical measure
of the range of frequencies over which the
channel can be considered “flat” (i.e., a channel
which passes all spectral components with
approximately equal gain and linear phase.)

@ The RMS delay spread O, and coherence
bandwidth B_ are inversely proportional to one
another.

¢ The coherence bandwidth with frequency correlation of
above 0.9 is approximately Bc~ 1/(500.)

¢ The coherence bandwidth with frequency correlation of
above 0.5 is approximately Bc~ 1/(50))

ﬁ ANz &Y
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Example 5.5
Calculate the mean excess del , rms delay spread, and the maximum
@xcess delay (10 dB) for the multipath profile given in the figure below.
Estimate the 50% coherence bandwidth of the channel. Would this chan-
nel be suitable for AMPS or GSM service without the use of an equalizer?

10log| 4,(7) |

0dB f A
-20 dB
-30 B
L
0 1 2 5 T )
Figure E5.5

LegElr & 7 8
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Solution
Using the definition of maximum excess delay (10 dB), it can be seen that
Tioqs 1S O pus. The rms delay spread for the given multipath profile can be
obtained using Equations (5.35}(5.37). The delays of each profile are mea-
sured relative to the first detectable signal. The mean excess delay for the
given profile is
E (IMHS)+= {0 NW1)+{0.7)(2)+ (0.01)D)
| [0.01+01+01+1]
The second moment for the given power delay profile can be calculated as

3 _ (15’ +{ﬂ-‘i}{1}2:5?.1}{2}2+{ﬂ.ﬂ1}-:TD) - 21.07us?

= 4.38 ns

Therefore the rms delay spread is G = J’21 07 - {#35}2 = 1.37 ps
Thea coherence bandwidth is found from Equation (5.39) to be

1 1
Bt = 146 kHz
e

T
Since B, is greater than 30 kHz, AMPS will work without an equalizer. How-
ever, GSM reguires 200 kHz bandwidth which exceeds B.., thus an equalizer
would be needed for this channel.

w E T A A
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Parameters of Mobile Multipath Channels
— Doppler Spread

@ Doppler spread (or Doppler shift) B, is a statistical measure of the
spectral broadening caused by the relative motion between TX and
RX.

+ Given the mobile speed and wavelength, let f, be the maximum Doppler
shift.

.
A

ﬁ ANz &Y
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Parameters of Mobile Multipath Channels
— Coherence Time

@ Coherence time is a statistical measure of the time duration over
which the channel impulse response is essentially invariant.

@ The coherence time T, and maximum Doppler shift f_ are
reciprocally related (inversely proportional to one another).
o To =1L,
= Too loose (i.e. the approximate coherence time is too large.)

+ The coherence time with time correlation of above 0.5 is
approximately T. = 9/(16xf )
» TooO restrictive (i.e., the coherence time is too small.)

+ A popular rule of thumb is to define the coherence time as the
geometric mean of the two above definitions:

T. = [(1/ f )( 16ﬂ9fm ):Il/2 = \/9/1672' frr2\

ﬁ ANz &Y
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Types of Small-Scale Fading

@ Depending on the relation between the signal
parameters (such as signal bandwidth, symbol
period) and the channel parameters (such as RMS
delay spread and Doppler spread), the mobile
radio channel can be categorized into different

types.

+ Multipath delay spread leads to time dispersion and thus
frequency selective fading.

¢ Doppler spread leads to frequency dispersion and thus
time selective fading.

=» The two propagation mechanisms are independent of one

another.
€y wz72re
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Small-Scale Fading
(Based on multipath time delay spread)

Flat Fading (Coh/evrence BW) Frequency Selective Fading

1. BW of signal < BW of channel 1. BW of signal > BW of channel
2. Delay spread < Symbol period 2. Delay spread > Symbol period

Small-Scale Fading _ o
(Based on Dogpler spread)_> (or Time variation)

Fast Fading Slow Fading
1. High Doppler spread 1. Low Doppler spread
2. Coherence time < Symbol period 2. Coherence time > Symbol period
3. Channel variations faster than base- 3. Channel variations slower than
band signal variations baseband signal variations

Figure 5.11 Types of small-scale fading.
[1,p.206]
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Types of Small-Scale Fading —
Flat Fading (1/2)

@ Flat Fading

¢ If the radio channel has a constant gain and linear phase
response over a bandwidth (coherence bandwidth) which is
greater than the bandwidth of the transmitted signal, then the
received signal will undergo flat fading.
= Flat fading channels are referred to as narrowband channels, since

the signal bandwidth is narrow as compared to the flat bandwidth of
channel.

+ Over time, the received signal r(t) varies in gain, but the
“spectrum of the transmitted signal” is preserved.
=2>Amplitude varying channels. [r(t) = a(t)xs(t)]
= Typical flat fading channels cause deep fades, and may require 20 or

30 dB more transmitter power to achieve the same BER as compared
to the non-fading channels.

(100~1000 times transmit power more than that with non-fading channels)
LN

National Chung Cheng University



s(t) r(t)

M k(1 T) >
s(t) h(t, T) r(t)
L L L
07 0 T+t  1<<T;
S(f) H(f) R(f)
)__/ \,f ﬂl—‘/ \_ b — )_/ \_f
f
Figure 5.12 Flat fadlng channel characterlstlcs [1,p.207]

Flat Fading:
Signal bandwidth B; < Coherence bandwidth B,

—>R(f)=H(f)S(f)=KS(f)
Yy 9z7Ers
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Types of Small-Scale Fading —
Flat Fading(2/2)

@ Flat Fading (Cont.)
¢ To summarize, a signal undergoes flat fading if

Signal bandwidth B, << Coherence bandwidth B,
Symbol period T, >> RMS delay spread o,

B, 4 x ITy = T, T = R, {(Symbol rate)
In general, low data rate experiences flat fading
with high probability.

e B. x1/o,

lllustrate ISI

ﬁ ANz &Y
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Types of Small-Scale Fading —
Frequency Selective Fading(1/2)

@ Frequency Selective Fading
+ The spectrum S(f) of the transmitted signal has a bandwidth which is
greater than the coherence bandwidth B of the channel.

» The gain of the fading channel is different for different frequency
components.

¢+ A channel is typically described as wideband (wideband channel) if the
signal bandwidth significantly exceeds the channel’s coherence
bandwidth.

ﬁ ANz &Y
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s(t) h(t, T) 1)
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: f.
<€ B > c

Figure 5.13 Frequency selective fading channel characteristics. [1,p.208]

Frequency Selective Fading:
Signal bandwidth B, > Coherence bandwidth B,

SR(F)=H(f)S(f)=KS(f) 2k

L/ LAY e -
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Types of Small-Scale Fading —
Frequency Selective Fading(2/2)

@ Frequency Selective Fading (Cont.)
+ To summarize, a signal undergoes frequency selective fading if

Signal bandwidth B, > Coherence bandwidth B,
Symbol period T, < RMS delay spread o,

e B, ocZI/TS ; Be ocZI/O'T lllustration of 1S

= A common rule of thumb is that
e achannel is flat fading if T, > o
e a channel is frequency selective fading if T, < o..

€y B2tErs
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Types of Small-Scale Fading — Fast Fading

@ Fast Fading

+ The channel impulse response changes rapidly within the symbol
duration.

» That is, the coherence time of the channel is smaller than the symbol
period of the transmitted signal.

» In practice, fast fading only occurs for very low data rates (very large
symbol duration).

+ A signal undergoes fast fading if

Symbol period T, > Coherence time T,
Signal bandwidth B, < Doppler shift B,

° BS OC]/TS; BD OC]/TC



Types of Small-Scale Fading — Slow Fading

@ Slow Fading

+ The radio channel may be static over more than one symbol period.

» That is, the coherence time of the channel may cover the duration of more
than one symbols (generally, hundreds symbols.)

+ A signal undergoes slow fading if

Symbol period T, << Coherence time T,
Signal bandwidth B, >> Doppler shift B,

B, c1/T.; By oc1/T,
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Figure 5.14 Matrix illustrating type of fading experienced by a signal as a function of: (a) symbol

period; and (b) baseband signal bandwidth.
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Received Envelope and Phase
Distribution(1/11)

@ Rayleigh Fading
+ Rayleigh fading is used to describe the envelope (amplitude) of each
multipath component is with Rayleigh distribution.
¢ The construction of each multipath component:
» Each multipath component is the composite of a large number of plane waves.

» Thus the received complex envelope of each multipath component g(t) = g,(t) +
Jjgo(t) can be treated as a complex Gaussian random process. (The law of large
number)

» Furthermore, g,(t) and gQ(t) are i.i. d Gaussian random variables at any time t,
with identical value of variance, a?

ﬁ ANz &Y
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Received Envelope and Phase
Distribution(2/11)

@ Rayleigh Fading (Cont.)

¢ If g,(t) and gy(t) are zero-mean Gaussian random
processes, the envelope X(t) of g(t) has a Rayleigh
distribution at any time t.

2
f, (x)=%exp{— 2);_2}, x>0

E(X)=a\/§; Var(X)=o-2(2—%)

¢+ The instantaneously power at any time t is exponentially
distributed:

v@)=X0=[o0)f = |1,()=e0{-,L ] y20

92TExs
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Figure 5.16 Rayleigh probability density function (pdf).
[1,p.212]
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Typical simulated Rayleigh fading at the carrier
Receiver speed = 120 km/hr
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Figure 5.15 A typical Rayleigh fading envelope at =00 MHz [from [Fun93] © |EEE).
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Received Envelope and Phase
Distribution(3/11)

@ Rician Fading

¢+ If there exists an LOS path, at any time t, g,(t) and gq(t) are
Gaussian random variables with non-zero means m,(t) and
me(t) , and the same variance a?.

¢ The envelope X(t) of g(t) has a Rician distribution at any

time t.
X(t)=lo(t) =
2 2
fx(x)=%exp{— XZZ-ZS }IO(;—i), x>0

where s> =m7 (t)+mg (t), and I,(+) is the
modified Bessel function of the first kind and zero-order.

ﬁ ANz &Y
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Received Envelope and Phase
Distribution(4/11)

@ Rician Fading (Cont.)
+ The Rice factor, K, is defined by K = s?/(2¢?).
» With K =0, the Rician distribution degenerates to a Rayleigh distribution.
» With K approaches to infinite, the channel does not exhibit any fading at all.

ﬁ BEP IR
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Figure 2.8.  The Rice pdf for several values of K with 2, = 1. 0'2 = 05
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Received Envelope and Phase
Distribution(5/11)

@ Nakagami Fading

+ The Nakagami fading model was initially proposed because it
matched empirical results for HF wave propagation.

+ The Nakagami distribution describes the magnitude of the received
envelope by the distribution:

e m Is called the* shape factor”, Q= E(xz), and

I'(-) is the Gamma function.

ﬁ ANz &Y
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Received Envelope and Phase
Distribution(6/11)

@ Nakagami Fading (Cont.)
+ The Nakagami distribution can model fading conditions that are either
more or less severe than Rayleigh fading.
» With m =1, the Nakagami distribution becomes the Rayleigh distribution.

» With m < 1, the Nakagami fading causes more severe performance degradation
than Rayleigh fading.

When m =1/2, it becomes a one-sided Gaussian distribution.

» With m > 1, the Nakagami fading reduces the fluctuations of the signal strength
compared to Rayleigh fading.

When m — «, the distribution becomes an impulse (no fading).

ﬁ ANz &Y
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Received Envelope and Phase
Distribution(7/11)

@ Nakagami Fading (Cont.)

+ The Rician and Nakagami distribution can be closely
approximated by using the following relation between the
Rice factor K and the Nakagami shape factor m:

Jmm (K+1)

K= ~form>1, and m=
(2K +1)

m—+m?—m

» The Nakagami distribution often leads to convenient closed
form analytical expressions that are otherwise unattainable.

» However, it becomes highly inaccurate for the tails. Thus, as bit
errors occur during deep fades, these performance measures
are mainly determined by the tail of the pdf.
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Received Envelope and Phase
Distribution(8/11)

@ Nakagami Fading (Cont.)

+ If the envelope is Nakagami distributed, the corresponding
instantaneous power is Gamma distributed.
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Recelved Envelope and Phase
Distribution(9/11)

@ Other Important Roles in Nakagami Distribution

+ It describes the amplitude of received signal after maximum ratio
diversity combining (MRC).
» After k-branch MRC with Rayleigh-fading signals, the resulting signal
Is Nakagami with m = k.
» It follows that MRC combining of m-Nakagami fading signals in k
branches gives a Nakagami signal with shape factor mk.

+ The sum of multiple 1.i.d. Rayleigh-fading signals have a
Nakagami distributed signal amplitude.
» The distribution of the power sum of ni.i.d. Rayleigh-fading signals is

the n-th convolution of the exponential distribution, which is a Gamma
distribution.

» It may not be fully appropriate to speak of the envelope of such a
power sum, but if one defines the amplitude to be proportional to the
square root of the power, then one finds that the amplitude has a

Nakagami distribution. ﬁ &) ‘é-{z? I+ ,u%
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Recelved Envelope and Phase

Distribution(10/11)

@ Other Important Roles in Nakagami Distribution (cont.)

¢ Nakagami fading occurs for multipath scattering with relatively
large delay-time spreads, with different clusters of reflected
waves.

» Within any one cluster, the phases of individual reflected waves are
random, but the delay times are approximately equal for all waves.

As aresult the envelope of each cumulated cluster signal is
Rayleigh distributed.

The average time delay is assumed to differ significantly between
clusters.

» If the delay times also significantly exceed the bit time of a digital
link, the different clusters produce serious intersymbol interference,
so the multipath self-interference then approximates the case of co-
channel interference by multiple incoherent Rayleigh-fading signals.
(i.e. frequency selective fading)
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Received Envelope and Phase
Distribution(11/11)

@ Envelope Phase

¢+ The phase of the received complex envelope g(t) = g,(t) +
190(D) Is

0= (5]

+ For Rayleigh fading, g,(t) and gy(t) are i.i.d. zero-mean
Gaussian random variables at any time.

¢ For Rician fading channels, the phase is not uniformly
distributed and takes on a more complicated form.
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