Wiley Series in Telecommunications and Signal Processing
John G. Proakis, Series Editor

Digital (
over Fadi
A Unified Approac

Marvin K. Simon
Mohamed-Slim Alouini

Speir Technologies Ltd.
Ex. 2010 - Page 1



Digital Communication
over Fading Channels

A Unified Approach
to Performance Analysis

Marvin K. Simon
Mohamed-Slim Alouini

@

A Wiley-Interscience Publication
JOHN WILEY & SONS, INC.
New York « Chichester « Weinheim « Brisbane « Singapore « Toronto

Speir Technologies Ltd.
Ex. 2010 - Page 2



This book is printed on acid-free paper.>
Copyright © 2000 by John Wiley & Sons, Inc. All rights reserved.
Published simultaneously in Canada.

No part of this publication may be reproduced, stored in a retrieval system
or transmitted in any form or by any means, electronic, mechanical,
photocopying, recording, scanning or otherwise, except as permitted under
Sections 107 or 108 of the 1976 United States Copyright Act, without
either the prior written permission of the Publisher, or authorization
through payment of the appropriate per-copy fee to the Copyright
Clearance Center, 222 Rosewood Drive, Danvers, MA 01923, (978)
750-8400, fax (978) 750-4744. Requests to the Publisher for permission
should be addressed to the Permissions Department, John Wiley & Sons,
Inc., 605 Third Avenue, New York, NY 10158-0012, (212) 850-6011, fax
(212) 850-6008, E-mail: PERMREQ@WILEY.COM.

For ordering and customer service, call 1-800-CALL-WILEY.
Library of Congress Cataloging-in-Publication Data:

Simon, Marvin Kenneth, 1939—

Digital communication over fading channels : a unified approach to performance

analysis / Marvin K. Simon and Mohamed-Slim Alouini.
p. cm.—(Wiley series in telecommunications and signal processing)

Includes index.

ISBN 0-471-31779-9 (alk. paper)

1. Digital communications — Reliability — Mathematics. I. Alouini, Mohamed-Slim.
II.  Title. ITI. Series.
TK5103.7.8523 2000
621.382 —dc21 99-056352

Printed in the United States of America.

1098765432

Speir Technologies Ltd.
Ex. 2010 - Page 3



2

FADING CHANNEL
CHARACTERIZATION
AND MODELING

Radio-wave propagation through wireless channels is a complicated phenomenon
characterized by various effects, such as multipath and shadowing. A precise
mathematical description of this phenomenon is either unknown or too complex
for tractable communications systems analyses. However, considerable efforts
have been devoted to the statistical modeling and characterization of these
different effects. The result is a range of relatively simple and accurate
statistical models for fading channels which depend on the particular propagation
environment and the underlying communication scenario.

The primary purpose of this chapter is to review briefly the principal
characteristics and models for fading channels. More detailed treatment of this
subject can be found in standard textbooks, such as Refs. 1,3. This chapter
also introduces terminology and notation that are used throughout the book.
The chapter is organized as follows. A brief qualitative description of the main
characteristics of fading channels is presented in the next section. Models for
frequency-flat fading channels, corresponding to narrowband transmission, are
described in Section 2.2. Models for frequency-selective fading channels that
characterize fading in wideband channels are described in Section 2.3.

21 MAIN CHARACTERISTICS OF FADING CHANNELS

2.1.1 Envelope and Phase Fluctuations

When a received signal experiences fading during transmission, both its envelope
and phase fluctuate over time. For coherent modulations, the fading effects on the
phase can severely degrade performance unless measures are taken to compensate
for them at the receiver. Most often, analyses of systems employing such
modulations assume that the phase effects due to fading are perfectly corrected
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16 FADING CHANNEL CHARACTERIZATION AND MODELING

at the receiver, resulting in what is referred to as ideal coherent demodulation.
For noncoherent modulations, phase information is not needed at the receiver
and therefore the phase variation due to fading does not affect the performance.
Hence performance analyses for both ideal coherent and noncoherent modulations
over fading channels requires only knowledge of the fading envelope statistics
and is the case most often considered in this book. Furthermore, for slow fading
(discussed next), wherein the fading is at least constant over the duration of a
symbol time, the fading envelope random process can be represented by a random
variable (RV) over the symbol time.

2.1.2 Slow and Fast Fading

The distinction between slow and fast fading is important for the mathematical
modeling of fading channels and for the performance evaluation of communica-
tion systems operating over these channels. This notion is related to the coherence
time T, of the channel, which measures the period of time over which the fading
process is correlated (or equivalently, the period of time after which the correla-
tion function of two samples of the channel response taken at the same frequency
but different time instants drops below a certain predetermined threshold). The
coherence time is also related to the channel Doppler spread fq by

~1
" fa

The fading is said to be slow if the symbol time duration T is smaller than the
channel’s coherence time 7.; otherwise, it is considered to be fast. In slow fading
a particular fade level will affect many successive symbols, which leads to burst
errors, whereas in fast fading the fading decorrelates from symbol to symbol. In
the latter case and when the communication receiver decisions are made based
on an observation of the received signal over two or more symbol times (such
as differentially coherent or coded communications), it becomes necessary to
consider the variation of the fading channel from one symbol interval to the
next. This is done through a range of correlation models that depend essentially
on the particular propagation environment and the underlying communication
scenario. These various autocorrelation models and their corresponding power
spectral density are tabulated in Table 2.1, in which for convenience the variance
of the fast-fading process is normalized to unity.

T, (2.1)

2.1.3 Frequency-Flat and Frequency-Selective Fading

Frequency selectivity is also an important characteristic of fading channels. If
all the spectral components of the transmitted signal are affected in a similar
manner, the fading is said to be frequency nonselective or, equivalently, frequency
flat. This is the case for narrowband systems in which the transmitted signal
bandwidth is much smaller than the channel’s coherence bandwidth f.. This
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MODELING OF FLAT FADING CHANNELS 17

TABLE 2.1 Correlation and Spectral Properties of Various Types of Fading Processes of
Practical Interest

Type of Fading Spectrum Fading Autocorrelation, p Normalized PSD
sin@rfyTs) B
Rectangular R S @7 Il <ty
2
Gaussian exp[—(nfyTs)?] exp [— (fi) ] (Jafy)~1
d
Land mobile Jo@rfyTs) 2P —7V2, i<ty
2 -1
First-order Butterworth exp(—2r|fqTs]) [nfd (1 + ;) }
o
alfaTel £\
Second-order Butterworth exp [ — 28 > 1+16 (-)
P ( V2 fa
7{de5 . 7!|de5| )
x { cos +sin —=
< V2 V2

Source: Data from Mason [4].
2PSD is the power spectral density, fy the Doppler spread, and Ts the symbol time.

bandwidth measures the frequency range over which the fading process is
correlated and is defined as the frequency bandwidth over which the correlation
function of two samples of the channel response taken at the same time but
at different frequencies falls below a suitable value. In addition, the coherence
bandwidth is related to the maximum delay spread tmax by

1
fex= 22

Tmax

On the other hand, if the spcctral components of the transmitted signal are affected
by different amplitude gains and phase shifts, the fading is said to be frequency
selective. This applies to wideband systems in which the transmitted bandwidth
is bigger than the channel’s coherence bandwidth.

22 MODELING OF FLAT FADING CHANNELS

When fading affects narrowband systems, the received carrier amplitude is
modulated by the fading amplitude «, where « is a RV with mean-square value
Q = &2 and probability density function (PDF) p,(c), which is dependent on the
mature of the radio propagation environment. After passing through the fading
channel, the signal is perturbed at the receiver by additive white Gaussian noise
(AWGN), which is typically assumed to be statistically independent of the fading
amplitude o and which is characterized by a one-sided power spectral density
No (W/Hz). Equivalently, the received instantaneous signal power is modulated
by o?. Thus we define the instantaneous signal-to-noise power ratio (SNR) per

Speir Technologies Ltd.
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18 FADING CHANNEL CHARACTERIZATION AND MODELING

symbol by y = &®E;/Ny and the average SNR per symbol by ¥ = QE;/Nj,
where E; is the energy per symbol.! In addition, the PDF of y is obtained by
introducing a change of variables in the expression for the fading PDF p,(«) of

«, yielding W
_ PV Qy/Y)
py(¥) = BNz

The moment generating function (MGF) M, (s) associated with the fading
PDF p,(y) and defined by

(2.3)

My(S)=/O py()e’ dy (2.4)

is another important statistical characteristic of fading channels, particularly in
the context of this book. In addition, the amount of fading (AF), or “fading
figure,” associated with the fading PDF is defined as

_ var(@®)  E[(@® - Q)P EG?) — (E[y])?
O (E[e?])? Q2 T (ER

(2.5)

with E[-] denoting statistical average and var(-) denoting variance. This figure
was introduced by Charash [5, p. 29; 6] as a unified measure of the severity of
the fading and is typically independent of the average fading power S2.

We now present the various radio propagation effects involved in fading
channels, their corresponding PDF’s, MGF’s, AF’s, and their relation to physical
channels. A summary of these properties is tabulated in Table 2.2.

2.2.1 Multipath Fading

Multipath fading is due to the constructive and destructive combination of
randomly delayed, reflected, scattered, and diffracted signal components. This
type of fading is relatively fast and is therefore responsible for the short-term
signal variations. Depending on the nature of the radio propagation environment,
there are different models describing the statistical behavior of the multipath
fading envelope.

2.2.1.1 Rayleigh Model. The Rayleigh distribution is frequently used to
model multipath fading with no direct line-of-sight (LOS) path. In this case
the channel fading amplitude « is distributed according to

@) = 2 o >0 .6)
paa_Qexp o) o> .

! Our performance evaluation of digital communications over fading channels will generally be a
function of the average SNR per symbol ¥.
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TABLE 2.2 Probability Density Function {PDF) and Moment Generatin

g Function (MGF) of the SNR per Symbol y for Some Common Fading

Channels
Type of Fading Fading Parameter PDF, p, () MGF, M, (s)
Rayleigh ! exp Almv (1 —sp!
Y Y
—-1/2
. a+¢® (1+9»% _ . (2spPq?
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- P 1%
a7y
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- - ( 14
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20 FADING CHANNEL CHARACTERIZATION AND MODELING

and hence, following (2.3), the instantaneous SNR per symbol of the channel, y,
is distributed according to an exponential distribution given by

1
py(y) = %exp (*:) , y2>0 (2.7)
The MGF corresponding to this fading model is given by
My(s) = (1 - s7)""! (2.8)

In addition, the moments associated with this fading model can be shown to be
given by
Ely"] =T + k" 2.9)

where I'(-) is the gamma function. The Rayleigh fading model therefore has
an AF equal to 1 and typically agrees very well with experimental data for
mobile systems, where no LOS path exists between the transmitter and receiver
antennas [3]. It also applies to the propagation of reflected and refracted paths
through the troposphere [7] and ionosphere [8,9] and to ship-to-ship [10] radio
links.

22.1.2 Nakagami-q (Hoyt) Model. The Nakagami-g distribution, also
referred to as the Hoyt distribution [11], is given in Nakagami [12, Eq. (52)]
by

(1+¢*)a [(1+q2)za2J ((lfq“)cx2
— ¢X - [()

) 170 170 > , a>0 (2.10)

Pal) =

where /y(+) is the zeroth-order modified Bessel function of the first kind, and qis
the Nakagami-g fading parameter which ranges from 0 to 1. Using (2.3), it can
be shown that the SNR per symbol of the channel, y, is distributed according to

1+ 4° (0 +g¢*%y (1 —q"y
(y) = — €X l:— — Iy | ———— ), y=>0 (2.11)
Py 2q7 P 4q°y "\ a7y

It can be shown that the MGF corresponding to (2.11) is given by

257 2 2172
M, (s) = [1 —ay+ %} (2.12)

Also, the moments associated with this model are given by [12, Eq. (52)]

2
k—1  k 1-g4°
EG) =TU+kF) | —— —=;1, [ —L I 2.13
") (I +4k) 1( 3 ) (1+q2>)7 ( )
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MODELING OF FLAT FADING CHANNELS 21

where 2F (-, -+, -) is the Gauss hypergeometric function, and the AF of the
Nakagami-q distribution is therefore given by
2(1 +¢%)
F=—>, 0<gx1 2.14
" Ty == @14

and hence ranges between 1 (¢ = 1) and 2 (g = 0). The Nakagami-q distribution
spans the range from one-sided Gaussian fading (¢ = 0) to Rayleigh fading
(g=1). It is typically observed on satellite links subject to strong ionospheric
scintillation [13,14]. Note that one-sided Gaussian fading corresponds to the
worst-case fading or, equivalently, the largest AF for all multipath distributions
considered in our analyses.

221.3 Nakagami-n (Rice) Model. The Nakagami-n distribution is also
known as the Rice distribution [15]. It is often used to model propagation
paths consisting of one strong direct LOS component and many random weaker
components. Here the channel fading amplitude follows the distribution [12,

Eq. (50)]

1+n2
}IO 2na S s a >0

2(1 + nd)e " ( +n)e?
Po(@) = exp | —

Q Q

(2.15)
where n is the Nakagami-n fading parameter which ranges from 0 to co and
which is related to the Rician K factor by K = n2. Applying (2.3) shows that
the SNR per symbol of the channel, y, is distributed according to a noncentral
chi-square distribution given by

y=>0

(14 n)e " (1 +ndy (1 +n?y
Py = ———exp {— — Iy | 2ny | ——F
Y Y Y

(2.16)
It can also be shown that the MGF associated with this fading model is given by

(1 + n?) [ n’sy }
— 2.17
MO =0 7 are - @17
and that the moments are given by [12, Eq. (50)]
T(1+k) ek
E(/) = Fi(—=k, 1;— 2.18
") T n2yp! 1( n°)y (2.18)

where ; F (-, -;-) is the Kummer confluent hypergeometric function. The AF of
the Nakagami-n distribution is given by

14 2n?
AF, = m, n>0 (2.19)
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22 FADING CHANNEL CHARACTERIZATION AND MODELING

and hence ranges between 0 (n = oo) and 1 (n = 0). The Nakagami-n distribution
spans the range from Rayleigh fading (n = 0) to no fading (constant amplitude)
(n = 00). This type of fading is typically observed in the first resolvable
LOS paths of microcellular urban and suburban land-mobile [16], picocellular
indoor [17], and factory [18] environments. It also applies to the dominant LOS
path of satellite [19,20] and ship-to-ship [10] radio links.

22.1.4 Nakagami-m Model. The Nakagami-m PDF is in essence a central
chi-square distribution given by [12, Eq. (11)]

2m"o?m 1 mo?
(@) = —— -, >0 2.
Po(@) QT ) exp( ) > o> (2.20)

where m is the Nakagami-m fading parameter which ranges from % to oo.
Figure 2.1 shows the Nakagami-m PDF for =1 and various values of the
m parameter. Applying (2.3) shows that the SNR per symbol, y, is distributed
according to a gamma distribution given by

mmym—1 my>
= exp|l——1, >0 2.21
py(¥) S m) p ( > 14 (2.21)

— m=1/2
- =m=1

== m=2

Probability Density Function p,(c)

0 Y 1 15
Channel Fade Amplitude o

Figure 2.1. Nakagami PDF for @ = 1 and various values of the fading parameter m.

\
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MODELING OF FLAT FADING CHANNELS 23

It can also be shown that the MGF is given in this case by
M (s) = (1 - Q) 2.22)
m

and that the moments are given by [12, Eq. (65)]

FC(m+k)_
El ] = —F 2.23
] T ? (2.23)
which yields an AF of
1 1
AF,, = —, m> - (2.24)
m 2

Hence, the Nakagami-m distribution spans via the m parameter the widest range of
AF (from 0 to 2) among all the multipath distributions considered in this book. For
instance, it includes the one-sided Gaussian distribution (m = %) and the Rayleigh
distribution (n = 1) as special cases. In the limit as m — +00, the Nakagami-m
fading channel converges to a nonfading AWGN channel. Furthermore, when
m < 1, equating (2.14) and (2.24), we obtain a one-to-one mapping between the
m parameter and the g parameter, allowing the Nakagami-m distribution to closely
approximate the Nakagami-q (Hoyt) distribution, and this mapping is given by

1+ ¢
=—"° <1 22
SRS POME 22

Similarly, when m > 1, equating (2.19) and (2.24) we obtain another one-to-one
mapping between the m parameter and the n parameter (or, equivalently, the
Rician K factor), allowing the Nakagami-m distribution to closely approximate
the Nakagami-n (Rice) distribution, and this mapping is given by

_A+n?p

STz 20

(2.26)
m2 —m
n=4 — m>1

m—~m?—m

Finally, the Nakagami-m distribution often gives the best fit to land-
mobile [21-23] and indoor-mobile [24] multipath propagation, as well as
scintillating ionospheric radio links [9,25-28].

222 Log-Normal Shadowing

In terrestrial and satellite land-mobile systems, the link quality is also affected
by slow variation of the mean signal level due to the shadowing from

Speir Technologies Ltd.
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MODELING OF FLAT FADING CHANNELS 23

It can also be shown that the MGF is given in this case by

M, (s) = (1 —~ g)_ (2.22)

and that the moments are given by {12, Eq. (65)]

C(m+k)_
ElYf]= —— 23 2.23
[v*] Tommt ? (2.23)
which yields an AF of
1 1
AF,, = —, m> - (2.24)
m 2

Hence, the Nakagami-m distribution spans via the m parameter the widest range of
AF (from 0 to 2) among all the multipath distributions considered in this book. For
instance, it includes the one-sided Gaussian distribution (m = %) and the Rayleigh
distribution (m = 1) as special cases. In the limit as m — +00. the Nakagami-m
fading channel converges to a nonfading AWGN channel. Furthermore, when
m < 1, equating (2.14) and (2.24), we obtain a one-to-one mapping between the
m parameter and the g parameter, allowing the Nakagami-m distribution to closely
approximate the Nakagami-g (Hoyt) distribution, and this mapping is given by

1 21\2
= 2((1";%, m<1 (2.25)

Similarly, when m > 1, equating (2.19) and (2.24) we obtain another one-to-one
mapping between the m parameter and the n parameter (or, equivalently, the
Rician K factor), allowing the Nakagami-m distribution to closely approximate
the Nakagami-n (Rice) distribution, and this mapping is given by

232
m=(1_+n—) n>0
14+2n2° -
: (2.26)
n = —ml m>1
m—m?—m -

Finally, the Nakagami-m distribution often gives the best fit to land-
mobile [21-23] and indoor-mobile [24] multipath propagation, as well as
scintillating ionospheric radio links [9,25-28].

222 Log-Normal Shadowing

In terrestrial and satellite land-mobile systems, the link quality is also affected
by slow variation of the mean signal level due to the shadowing from
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24 FADING CHANNEL CHARACTERIZATION AND MODELING

terrain, buildings, and trees. Communication system performance will depend
on shadowing only if the radio receiver is able to average out the fast multipath
fading or if an efficient microdiversity system is used to eliminate the effects of
multipath. Based on empirical measurements, there is a general consensus that
shadowing can be modeled by a log-normal distribution for various outdoor and
indoor environments [21,29-33], in which case the path SNR per symbol y has
a PDF given by the standard log-normal expression

_(10logygy — p)?

_ &

where & = 10/1n 10 = 4.3429, and p (dB) and o (dB) are the mean and standard
deviation of 10log,, v, respectively.
The MGF associated with this slow-fading effect is given by

N,

1 P

My(s) = —= 3" H,, exp(102+10/105) (2.28)
n=1

where x, are the zeros of the N -order Hermite polynomial, and H,, are the
weight factors of the N,-order Hermite polynomial and are given by Table 25.10
of Ref. 50. In addition, the moments of (2.27) are given by

2
g“ + % (g) 02] (2.29)

o2
AF, = exp <§—2> -1 (2.30)

E[y*] = exp

yielding an AF of

From (2.30) the AF associated with a log-normal PDF can be arbitrarily high.
However, as noted by Charash {5, p. 29], in practical situations the standard
deviation of shadow fading does not exceed 9 dB [3, p. 88]. Hence, the AF of
log-normal shadowing is bounded by 73. This number exceeds the maximal AF
exhibited by the various multipath PDFs studied in Section 2.2.1 by several order
of magnitudes.

2.2.3 Composite Multipath/Shadowing

A composite multipath/shadowed fading environment consists of multipath fading
superimposed on log-normal shadowing. In this environment the receiver does
not average out the envelope fading due to multipath but rather, reacts to the
instantaneous composite multipath/shadowed signal [3, Sec. 2.4.2]. This is often
the scenario in congested downtown areas with slow-moving pedestrians and

Speir Technologies Ltd.
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MODELING OF FLAT FADING CHANNELS 25

vehicles [21,34,35]. This type of composite fading is also observed in land-
mobile satellite systems subject to vegetative and/or urban shadowing [36—40].
There are two approaches and various combinations suggested in the literature
for obtaining the composite distribution. Here, as an example, we present the
composite gamma/log-normal PDF introduced by Ho and Stiiber [35]. This PDF
arises in Nakagami-m shadowed environments and is obtained by averaging the
gamma distributed signal power (or, equivalently, the SNR per symbol) of (2.21)
over the conditional density of the log-normally distributed mean signal power
(or equivalently, the average SNR per symbol) of (2.27), giving the following
channel PDF:

() = /°° m"y"! (_T_V) 3 [_(1010g10w - u)z} p
Py = o wnl(m) exp w ) 2mow cxp 202 "
2.31)

For the special case where the multipath is Rayleigh distributed (m = 1), (2.31)
reduces to a composite exponential/log-normal PDF which was initially proposed
by Hansen and Meno [34].

The MGF is given in this case by

N,
1 P
M, (s) =~ N > H,(1- 102740/ 10g fyy=m (2.32)
n=1

and the moments associated with a gamma/log-normal PDF are given by

T(m + k) k 1/k\? ,
E[y1= ——— - == 2.33
v Fommt <P $M+2 <E> o (2.33)
and the resulting AF is given by
1+m o?
AF,, = ——exp = - 1 (2.34)
m §

Note that when shadowing is absent (o = 0), (2.34) reduces to (2.24), as expected.
Similarly, as the fading is reduced (m — o0), (2.34) reduces to (2.30), as

expected.

224 Combined (Time-Shared) Shadowed/Unshadowed Fading

From their land-mobile satellite channel characterization experiments, Lutz
et al. [39] and Barts and Stutzman [41] found that the overall fading process for
Iand-mobile satellite systems is a convex combination of unshadowed multipath
fading and a composite multipath/shadowed fading. Here, as an example, we
present in more detail the Lutz et al. model [39]. When no shadowing is present,

Speir Technologies Ltd.
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26 FADING CHANNEL CHARACTERIZATION AND MODELING

the fading follows a Rice (Nakagami-n) PDF. On the other hand, when shadowing
is present, it is assumed that no direct LOS path exists and the received signal
power (or, equivalently, SNR per bit) is assumed to be an exponential/log-
normal (Hansen—Meno) PDF [34]. The combination is characterized by the
shadowing time-share factor, which is denoted by A, 0 < A < 1; hence, the
resulting combined PDF is given by

L+ K)e X 1+K K(1+K
Py = (1 - )Hy—)"’exp [—( = ”} Io {2,/ (;; )y}

=1 Y 3 _ (10log;yw — pf)l}
+A/0 wexp( >J_0s exp[ —W dw

(2.35)
where y* is the average SNR per symbol during the unshadowed fraction of time,
and p® and o° are the average and standard deviation of 10log;, v during the
shadowed fraction of time, respectively. The overall average SNR per symbol,
¥, is then given by

y=(1-A)p“+A- 10#°/10+ (0 10)(c*)*/200 (2.36)

Finally, the MGF can be shown to be given by

(1+K) Ksp*
M ~(1-A
r) = ( )1+K—s7lfeXp[(1+K)—s7“
L
+A— S H, (1 — 10V mtu)/105)-1 2.37)

2.3 MODELING OF FREQUENCY-SELECTIVE FADING CHANNELS

When wideband signals propagate through a frequency-selective channel, their
spectrum is affected by the channel transfer function, resulting in a time
dispersion of the waveform. This type of fading can be modeled as a linear
filter characterized by the following complex-valued lowpass equivalent impulse
response:

LP
h(t) =Y e 78(t — 1)) (2.38)

=1

where 8( ) is the Dirac delta function, ! the channel index, and {a,}, i {91}, i
and {r,}l — the random channel amplitudes, phases, and delays, respectively.
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MODELING OF FREQUENCY-SELECTIVE FADING CHANNELS 27

In (2.38) L,, is the number of resolvable paths (the first path being the reference
path whose delay t; = 0) and is related to the ratio of the maximum delay
spread to the symbol time. Under the slow-fading assumpuon Lp is assumed
to be constant over a certain period of time, and {al}, 1s {91}1 1» and {Tz}l 1
are all constant over a symbol interval. If the various paths of a given impulse
response are generated by different scatterers, they tend to exhibit neghglble
correlations [33,42] and it is reasonable in that case to assume that the {atz}, 1
are statistically independent RV’s. Otherwise, the {ot,},=l have to be considered
as correlated RV’s and various fading correlation models of interest will be
presented in Section 9.6.

Extending the flat fading notations, the fading amplitude o of the /th resolved
path is assumed to be a RV whose mean-square value o:,2 is denoted by €; and
whose PDF p,, (¢;) can be any one of the PDFs presented above. Also as in the
flat fading case, after passing through the fading channel, a wideband signal is
perturbed by AWGN with a one-sided power spectral density No (W/Hz). The
AWGN is assumed to be independent of the fading amplitudes {e;}-_;. Hence
the instantaneous SNR per symbol of the /th channel is given by y; = &7E;/Ny,
and the average SNR per symbol of the /th channel is given by ¥, = Q,E;/Np.

The first arriving path in the impulse response typically exhibits a lower
amount of fading than subsequent paths, since it may contain the LOS
path [16,23,42] Furthermore, since the specular power component typically
decreases with respect to delay, the last arriving paths exhibit higher amounts
of fading [23,42]. The {Ql}, | are related to the channel’s power delay profile
(PDP), which is also referred to as the multipath intensity profile (MIP) and
which is typically a decreasing function of the delay. The PDP model can
assume various forms, depending on whether the model is for indoor or outdoor
environments and for each environment, the general propagation conditions.
PDP’s for indoor partitioned office buildings, indoor factory buildings with heavy
machinery, high-density office buildings in urban areas, low-density residential
houses in suburban areas, open rural environment, hilly or mountainous regions,
and maritime environment are described in Ref. 43. For example, experimental
measurements indicate that the mobile radio channel is well characterized by an
exponentially decaying PDP for indoor office buildings [33] and congested urban
areas [29,44]:

Q) = Qe W/ T, 1=1,2,....L, (2.39)

where Q; is the average fading power corresponding to the first (reference)
propagation path and T,y is the channel maximum delay spread. In the literature
the delays are often assumed to be equally spaced (7,41 — 7; is constant and equal
to the symbol time T;) {1, Sec. 14-5-1; 45], and with this assumption, we get the
equally spaced exponential profile given by

Q=Qe Y  §>0 and 1=1,2...,L, (2.40)
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where the parameter § is the power decay factor, which reflects the rate at which
the average fading power decays. Other idealized PDP profiles reported or used in
the literature include the constant (flat) [46], the flat exponential [47], the double
spike [46], the Gaussian [46], the power function (polynomial) [48], and other
more complicated composite profiles [49].

REFERENCES

10.

. J. G. Proakis, Digital Communications, 3rd ed. New York: McGraw-Hill, 1995.

. T. S. Rappaport, Wireless Communications: Principles and Practice. Upper Saddle
River, NJ: Prentice Hall, 1996.

. G. L. Stiiber, Principles of Mobile Communications. Norwell, MA: Kluwer Academic
Publishers, 1996.

. L. J. Mason, “Error probability evaluation of systems employing differential detection
in a Rician fading environment and Gaussian noise,” IEEE Trans. Commun.,
vol. COM-35, May 1987, pp. 39-46.

. U. Charash, “A study of multipath reception with unknown delays.” Ph.D. disserta-
tion, University of California, Berkeley, CA, January 1974.

. U. Charash, “Reception through Nakagami fading multipath channels with random
delays,” IEEE Trans. Commun., vol. COM-27, April 1979, pp. 657-670.

. H. B. James and P. I. Wells, “Some tropospheric scatter propagation measurements
near the radio-horizon,” Proc. IRE, October 1955, pp. 1336-1340.

. G. R. Sugar, “Some fading characteristics of regular VHF ionospheric propagation,”
Proc. IRE, October 1955, pp. 1432-1436.

. S. Basu, E. M. MacKenzie, S. Basu, E. Costa, P. F. Fougere, H. C. Carlson, and

H. E. Whitney, “250 MHz/GHz scintillation parameters in the equatorial, polar, and

aural environments,” [EEE J. Selt. Areas Commun., vol. SAC-5, February 1987,

pp. 102-115.

T. L. Staley, R. C. North, W. H. Ku, and J. R. Zeidler, “Performance of coherent

MPSK on frequency selective slowly fading channels,” Proc. IEEE Veh. Technol.

Conf. (VIC’96), Atlanta, GA, April 1996, pp. 784-788.

. R. S. Hoyt, “Probability functions for the modulus and angle of the normal complex
variate,” Bell Syst. Tech. J., vol. 26, April 1947, pp. 318-359.

. M. Nakagami, “The m-distribution: a general formula of intensity distribution of rapid
fading,” in Statistical Methods in Radio Wave Propagation. Oxford: Pergamon Press,
1960, pp. 3-36.

. B. Chytil, “The distribution of amplitude scintillation and the conversion of scintil-
lation indices,” J. Atmos. Terr. Phys., vol. 29, September 1967, pp. 1175-1177.

. K. Bischoff and B. Chytil, “A note on scintillaton indices,” Planer. Space Sci., vol. 17,
1969, pp. 1059-1066.

. S. O. Rice, “Statistical properties of a sine wave plus random noise,” Bell Syst. Tech.
J., vol. 27, January 1948, pp. 109-157.

. K. A. Stewart, G. P. Labedz, and K. Sohrabi, “Wideband channel measurements
at 900 MHz,” Proc. IEEE Veh. Technol. Conf. (VIC’95), Chicago, July 1995,
pp. 236-240.

Speir Technologies Ltd.
Ex. 2010 - Page 18






