1324

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 47, NO. 9, SEPFTEMBER 1999

A Unified Approach for Calculating Error Rates
of Linearly Modulated Signals over
Generalized Fading Channels
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Abstract— We present a unified analytical framework to de-
termine the exact average symbol-error rate (SER) of linearly
modulated signals over generalized fading channels. The results
are applicable to systems employing coherent demodulation with
maximal-ratio combining multichannel reception. The analyses
assume independent fading paths, which are not necessarily
identically distributed. In all cases, the proposed approach leads
to an expression of the average SER involving a singlefinite-range
integral, which can be easily computed numerically. In addition,
as special cases, SER expressions for single-channel reception are
obtained. These expressions reduce to well-known solutions, give
alternative (often simpler) expressions for previous results, or
provide new formulas that are either closed-form expressions or
simple to compute numerically.

Index Terms— Error-rate calculation, linear modulations,
maximal-ratio combining diversity, multipath fading channels.

I. INTRODUCTION

IRELESS communication systems are subject to se-
vere multipath fading that can seriously degrade their
performance. Thus, fading compensation is typically required
to mitigate the effect of multipath. Diversity combining [1],
which combines multiple replicas of the received signal,
is a classical and powerful technique to combat multipath
impairment. Space diversity, achieved by using multiple an-
tennas at the receiver, is the most common form of diversity.
Diversity can also be implemented for wide-band systems over
frequency-selective fading channels using RAKE reception
[2], [3]. The main idea of RAKE reception is to combine
resolvable multipath components in order to increase the
received signal-to-noise ratio (SNR).
There are many papers dealing with the performance of
linear coherent modulation over fading channels [4]-{20].
When multichannel reception is considered with some special
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exceptions [14]-{17] most of the models for these systems
typically assume either Rayleigh paths or independently, iden-
tically distributed (i.i.d.) Nakagami or Rician paths. These
idealizations are not aways redlistic since the average fad-
ing power [21], [22] and the severity of fading [23]{25]
may vary from one path to the other when, for example,
multipath diversity is employed. In this paper, we consider a
sufficiently general multilink channel model in which the paths
are not necessarily identically distributed nor even distributed
according to the same family of distributions. We call these
channels generalized fading channels, and we describe them
in more detail in Section |1-B. We derive expressions for the
exact symbol-error rate (SER) of linearly modulated signals
over such channels. The results are applicable to systems that
employ coherent demodulation and maximal-ratio combining
(MRC) [1]. The proposed approach takes advantage of a-
ternative integral representations [26]-{28] of the probability
of error of these signals over additive white Gaussian noise
(AWGN) channels (i.e., the conditional SER), along with some
known Laplace transforms and/or Gauss-Hermite quadrature
integrals, to derive the SER expressions. These expressions
involve a single finite-range integral whose integrand contains
only elementary functions and that can, therefore, be easily
evaluated.

alternative representation of the Gaussian (tail probability)
Q-function has been used by Femenias and Furid [29]{32],
Hall and Wilson [33], and Simon and Divsaar [34] to solve
several other problems involving the performance of coded
communication systems over Rayleigh and Nakagami-m fad-
ing channels. In addition, Tellambura et al. [19] published
a recent paper in which they used these representations to
analyze the performance of A-ary phase-shift keying (M-
PSK) with MRC diversity reception. This work, which was
done independently, has some of the same features as our
approach, however, it focuses on a smaller set of modula-
tion techniques (A/-PSK only) and a smaller set of channel
models/conditions (i.i.d. diversity paths with multipath and
shadow fading statistics). In this paper, we use the alternative
representations to unify and add to the results cited above
by providing new generic expressions for the average SER
performance of various coherent communication systems with
MRC diversity reception over generalized fading channels.
Since the number of different modulation and fading com-
binations discussed herein is quite large, numerical results
for the error rates of these combinations and dependence on
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Fig. 1. Multilink channel model.

the various fading parameters are omitted here. Some of the
referenced papers cover such numerica illustrations. A more
comprehensive treatment that includes numerical results can
be found in [35].

The remainder of this paper is organized as follows. In the
next section, we describe the transmitted signals, introduce
the generalized multipath channel model, and present the
receiver under consideration. We derive the average bit-error
rate (BER) of binary signals over generalized fading channels
in Section I11. The average SER of M-PSK, M -ary amplitude
modulation (AM-AM), and square M-ary quadrature ampli-
tude modulation (47-QAM) signals over generalized fading
channels is described in Sections IV-VI, respectively, using
an approach similar to that of Section Ill. Last, we give a
summary of our results and offer some concluding remarks in
Section VII.

I[I. SYSTEM AND CHANNEL MODELS

A. Transmitted Signals

With any memoryless linear modulation technique, the com-
plex signal transmitted over the channel may be represented
as

s(ty= > §We et Pr (¢ — i) 1)

where the function Pr () is apulse shaping waveform of dura-
tion 7, seconds, f. is the carrier frequency, and {S}2

e

ng(t)

represents the sequence of symbols that results from map-
ping successive k-bit blocks into one of M = 2* possible
waveforms. Each complex symbol S takes on values whose
energy is denoted by E,,, (m = 1,2, -, M) and the average
energy per k-bit symbol (averaged over the set of the M
waveforms' energies) is denoted by E, and is related to the
average energy per bit £, by E, = log,(M)E,.

B. Channel Model

We consider a multilink channel where the transmitted
signa is received over L independent slowly-varying flat
fading channels, as shown in Fig. 1. In Fig. 1, [ is the
channel index, and {oy}E,, {6}, and {r}L, are the
random channel amplitudes, phases, and delays, respectively.
We assume that the sets {«}-,, {6}, and {r;}}., are
mutually independent. The first channel is assumed to be the
reference channel with delay = = 0 and, without loss of
generality, we assume that m < 7 < --- < 7. Because
of the slow-fading assumption, we assume that the {a;}x,,
{63}, and {7;}]-, are dl constant over a symbol interval.

The fading amplitudes {«, }/-, are assumed to be statisti-
cally independent random variables (RV’s) whose mean square
value o7 is denoted by €; and whose probability density
function (pdf) is any of the family of distributions described
below. The multilink channel model used in our analyses is
sufficiently general to include the case where the different
channels are not necessarily identically distributed nor even
distributed according to the same family of distributions. We
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cal this type of multilink channel a generalized multilink
fading channel.

After passing through the fading channel, each replica of
the signal is perturbed by complex AWGN with a one-sided
power spectral density, which is denoted by 2/N; (W/Hz). The
AWGN isassumed to be statistically independent from channel
to channel and independent of the fading amplitudes {og}- ;.
Hence, the instantaneous SNR per symbol of the Ith channel
is given by v; = («?E,)/Ny, where E,(.J) is the energy per
symbol.

Now, we briefly present the different fading pdf’s consid-
ered in our analyses. Note that a more detailed treatment of
this particular topic will be presented in [35, Ch. 2]. We are
including many fading models in our analysis for two reasons.
First, we want to show that our unified approach is appli-
cable to genera channels with arbitrary fading distributions
on each diversity branch. Second, we want to compute the
moment-generating functions (MGF's) for the most common
distributions encountered in practice, so that other researchers
and engineers could use our results to easily compute average
SER for M-PSK, M-AM, or M-QAM signals.

1) Multipath Fading: Multipath fading is due to the con-
structive and destructive combination of randomly delayed,
reflected, scattered, and diffracted signal components. Depend-
ing on the nature of the radio propagation environment, there
are different models describing the statistical behavior of the
multipath fading envelope.

a) Rayleigh: The Rayleigh distribution is frequently
used to model multipath fading with no direct line-of-sight
(LOS) path. In this case, the ith channel fading amplitude «

is distributed according to
2
@
__t > 2
Xp< Ql )a ap 2 0 ( )

and, hence, the instantaneous SNR per symbol of the Ith chan-
nel ~; is distributed according to an exponential distribution
given by

20y

Doy (s ) = ﬁle

_ 1 Y
Py (Y3 T) = — exp <——>, >0 )
Y Yt

where 7, = (, F;)/N; denotes the average SNR per symbol
of the ith channel.
b) Nakagamig (Hoyt): The Nakagami-¢ distribution,
also referred to as the Hoyt distribution [36], is given in [37,
1 )
( +q; )CYI o

eq. (52)] by
() e
Y P 47

._70(%)7 >0 (4)

4q12(21

Doy (s s q1) =

where Io(-) is the zeroth-order modified Bessel function of
the first kind, and ¢, is the Nakagami-¢ fading parameter that
ranges from O to 1. Using a change of variables, it can be
shown that the SNR per symbol of the Ith channel ~; is
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distributed according to

(1+q})
2q%

Py (AL @) =

(1+47)*n
eXp( 467 %
1_ 4
-h(w), w>0. (5)

477

The Nakagami-¢ distribution spans the range from one-sided
Gaussian fading (¢; = 0) to Rayleigh fading (¢; = 1).
¢) Nakagamir (Rice): The Nakagami-n distribution is
aso known as the Rice distribution [38]. It is often used to
model propagation paths consisting of one strong direct LOS
component and many random weaker components. Here, the
Ith channel fading amplitude follows the distribution [37, eqg.
(50)]
2\ ,—n? 2Y .2
ol gy = 20D <_<1+Qw>
4 4

1 2
Iy (2711061 ‘;‘21”1 ) ) ar >0 (6)

where n; isthe Nakagami-n fading parameter that ranges from
0 to oo and is related to the Rician K; factor by K; = nj.
Here, the SNR per symbol of the ith channel +; is distributed
according to a noncentral chi-square distribution given by

2\ ,—n? 2
(1+n)e exp<_ (1 +”1)’W>
" i

1+n?
Io (271[ ( — l)r}/l ) ’ g 0. (7)

Py (Vi) =

8

The Nakagami-n distribution spans the range from Rayleigh
fading (n; = 0) to no fading (constant amplitude) (n; = o).

d) Nakagamir: The Nakagami-m pdf is in essence a
central chi-sgquare distribution given by [37, eq. (11)]

2
myo
exp(— é/), a; >0

(8)

whereI'(-) is the gamma function, and m; is the Nakagami-m
fading parameter that ranges from 1/2 to co. In this case, the
SNR per symbol ~; of the ith channel is distributed according
to a gamma distribution given by

my 2my—1

2m; " og
QI (my)

Doy (s Uy my) =

my _my—1
ey <_mm

’V?llr(ml) —>7 v = 0. (9

Py (v 30, m0) = -

The Nakagami-m distribution spans via the m parameter the
widest range of fading among all the multipath distributions
considered in this paper. For instance, it includes the one-
sided Gaussian distribution (m; = 1/2) and the Rayleigh
distribution (m; = 1) as special cases. In the limit as
m; — oo, the Nakagami-m fading channel converges to
a nonfading AWGN channel.
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2) Log-Normal Shadowingin terrestrial and satellite land-
mobile systems, the link quality is also affected by slow
variation of the mean signa level due to the shadowing
from terrain, buildings, and trees. Communication system
performance will depend only on shadowing if the radio
receiver is able to average out the fast multipath fading or
if an efficient “micro”-diversity system is used to eliminate
the effects of multipath. Based on empirica measurements,
there is a general consensus that shadowing can be modeled
by a log-normal distribution for various outdoor and indoor
environments [39, Sec. 2.4], in which case the /th path SNR
per symbol 4; has a pdf given by the standard log-normal
expression

p (’Yl'm o*l) = Le){p _(1010g10 %_M)Q
Y\ s In 10\/%0'171 20_12

(10)

where u; (decibels) and o; (decibels) are the mean and the
standard deviation of 10log,, v, respectively. We assume
flat multipath fading in this section. In the next section, we
consider composite multipath/shadowing channels.

3) Composite Multipath/Shadowing® composite multi-
path/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 [39, Sec. 2.4.2]. This
is typicaly the scenario in congested downtown areas
with slow moving pedestrians and vehicles [40]{42]. This
type of composite fading is also observed in land-mobile
satellite systems subject to vegetative and/or urban shadowing
[43]-{47]. 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 Stuber [42].
This pdf arises in Nakagami-m shadowed environments and
is obtained by averaging the gamma-distributed signal power
(or equivalently the SNR per symbol) (9) over the conditional
density of the log-normally distributed mean signal power (or
equivaently, the average SNR per symbol) (10), giving the
following pdf for the /th channel:

< my %"”71 exp [_ mz’W} 10
0 w"’lr(ml) w dln 104/ 270w

10log — )?
.exp|:—( O810% ) }dw. (12)
201

Py O My, 07) =

For the specia case where the multipath is Rayleigh distributed
(m; = 1), (11) reduces to a composite exponential/log-normal
pdf which was initially proposed by Hansen and Meno [41].
4) Combined (Time-Shared) Shadowed/Unshadowedm
their land-mobile satellite channel characterization experi-
ments, Lutz et al. [46] and Barts and Stutzman [48] found that
the overall fading process for land-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 [46]. When no
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shadowing is present, 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
follow an exponentia/log-normal (Hansen—Meno) pdf [41].
The combination is characterized by the shadowing time-share
factor that is denoted by A4, 0 < A < 1. The resulting
combined pdf is given by

P (v AL K i, 01) = (1= A)py, (v 3t = V)
+Alp"/z (717 17 uiv Jl) (12)

where 7} is the average SNR per symbol during the unshad-
owed fraction of time, and p; is the average of 10log;,v:
during the shadowed fraction of time. The overall average
SNR per symbol #; is then given by

= (1 _ Al),vlu +Allo((;tls/lo)-l—(ln10)012/200)' (13)

C. MRC Receiver

We assume an L branch (finger) MRC receiver. This form
of diversity combining is optimal, since it results in the
maximum-likelihood receiver [39, p. 244]. For equally-likely
transmitted symbols, the total conditional SNR per symbol ~,
at the output of the MRC combiner is given by [39, p. 246,

eq. (5.99)]

(14)

L
Yt = Z Y-
=1

I1l. AVERAGE BER OF BINARY SIGNALS

A. Product Form Representation of the Conditional BER
The user's conditional BER P,(E | {v}l-,) is given by

By(E [ {n}ie1) = Q(V29m)

where g = 1 for coherent binary phase-shift keying (BPSK)
[49, eq. (4.55)], g = 1/2 for coherent orthogonal binary
frequency-shift keying (BFSK) [49, eg. (4.59)], ¢ = 0.715
for coherent BFSK with minimum correlation [49, eq. (4.63)],
and Q(-) is the Gaussian Q)-function traditionally defined by

Qz) = \/%_W /Oo e /2 gt

Although (15) appears to be a very simple expression, it
is often inconvenient when further analyses are required. In
particular, our goal is to evaluate the performance of the
system in terms of users average BER, and for this purpose,
the conditional BER (15) has to be statistically averaged over
the random parameters {~;}£ ;. This requires the integration
of the Gaussian @-function over these parameters, which is
difficult since the argument of the function is in the lower
limit of the integral The classical approach to bypass this
problem is to first find the pdf of ~, and then average (15)
over that pdf. In some cases of i.i.d. channels, the pdf of
~; can be found, which then often leads to simple closed-
form expressions for the average BER. However, it is more

(15)

(16)
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difficult to find a simple expression for the pdf of 4, when the
channels have the same distribution (e.g., Nakagami-n [Rice])
but with different parameters (e.g., different average fading
powers and/or different fading parameters). The most difficult
case occurs when the pdf’ s of the different channels come from
different families of distributions, and in this case, finding the
pdf of +, appears intractable.

The key concept in our approach isto rely on an alternative
representation of the Gaussian @-function. This representation
alows us to obtain an elegant analytical expression for the
average BER of the generalized multilink channel model,
which heretofore resisted a ssimple solution. The alternative
representation was proposed by Craig who showed that the
Gaussian -function could be represented in the following
definite integral form [28, eg. (9)]:

/2 2
Q(x) = %/0 eXp<_2SixT¢> de, x>0 (17)

which can aso be implied by the earlier work of Weinstein
[26] and by Pawula et al. [27]. A simple derivation of this
alternative representation of the Gaussian Q-function is given
in Appendix A-1. This representation has the advantage of

finite integration limits that are independent of the argument
x, and it also has an integrand that is Gaussian in the argument

x. Using the alternative representation of the Gaussian Q-
function (17) in (15), the conditiona BER (15) may be
rewritten in a more desirable product formgiven by

gt

/2
b (E | {’Yl}lel) = %/0 exp<— 51112</)> 0

1 2L g
= - xp| — do. 8
7r/0 ll;[le p< sin2d)> ¢ (18)

This form of the conditional BER is more desirable, since we
can first independently average over the individual statistical
distributions of the +;'s and then perform the integral over ¢,
as described in more detail below.

B. Average BER With Single-Channel Recepfibr= 1)

Since the fading is assumed to be independent of the
AWGN, the unconditional BER P,(E) is obtained by averag-
ing the single-channel conditional BER P, (+), given by (18)
for L = 1, over the underlying fading RV giving

PE) = [ REI M Givdd (9
where ¢ is the fading parameter(s) associated with the
distribution p.,(v;%,i) and is, hence, denoted by r,> ¢, n,
m, o, mo, and AK o for the Rayleigh, Nakagami-¢g (Hoyt),
Nakagami-n (Rice), Nakagami-m, log-normal shadowing,
composite multipath/shadowing, and combined (time-shared)

shadowed/unshadowed pdf’s, respectively. Substituting (18)
for L = 1into (19), then interchanging the order of integration,

INote that for Rayleigh fading, the pdf has no dependency on r, and the
symbol r is just used to identify the Rayleigh case.
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yields

/2
B(E) = %/0 M,;(—%;O do (20)

Mi(s;7) 2 / P (33 3. )e" dy
0

is the MGF of the SNR per symbol and is in the form of a
Laplace transform. The form of the average BER in (20) is
interesting in that the MGF's can either be obtained in closed-
form with the help of classical Laplace transforms or can
aternatively be efficiently computed by using Gauss—Hermite
guadrature integration [50, p. 890, eq. (25.4.46)] for al pre-
viously mentioned fading channel models. We now evaluate
these integrals for each of the fading models described in
Section |1-B. In Section I1-C, we will use these integrals to
obtain the average BER of binary signals with multichannel
reception.
1) Multipath Fading

a) Rayleigh: Substituting (3) into (21), then using the

Laplace transform [51, p. 1178, eg. (1)]

o0 1

/ e dr = —,

0 S

g 97 \ °

M,, ———37 ) = 1 .
< sin? ¢ ”) < +Sm2¢>

Substituting (23) in (20), then using [51, p. 185, eg. (2.562.1)],
one can proceed further to obtain the well-known closed-form
expression for the average BER over Rayleigh fading [3, egs.
(7.3.7), (7.3.8)]

b) Nakagamig (Hoyt): Substituting (5) into (21), then
using the Laplace transform [51, p. 1182, eg. (109)]

where

(21)

s>0 (22

yields

(23)

(24)

/ Io(uz)e ™ do = (s* — u?)71/2, s> |ul >0 (25)
0

yields
4(]292’72

—1/2
)
(26)

g _ 297
M| ———; =1
B < sin? ¢ W) < + sin? ¢ +

¢) Nakagamin (Rice): Substituting (7) into (21), then
using the Laplace transform [50, p. 1026, eq. (29.3.81)]

6'11,2 /(4s)

/ " o(u/D)e d = ,

0 S

s>0

(27)

yields
g _ (1+n2)sin2d)
M| - ; = .
< sin” ¢ 7) (1+n?)sin® ¢ + g7

n?gy
. — . (28
eXp( (1+ﬂ2)81112</>+9’7> 9
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d) Nakagamir: Substituting (9) into (21), then using
the Laplace transform [51, p. 1178, eq. (3)]

o r 1
/ :L,l/e—Sw d:L, — (l/—"_ )7

o Su-l—l
yields

Mm<—ﬁw>:<1+m$2¢> . (30)

As a side result, we show in Appendix B that by substituting
(30) in (20) and then using an equivalence with a known result,
we obtain a closed-from expression for trigonometric integrals,
which do not exist in classical tables of integrals such as
[50], [51]. These integrals can be used to simplify calculations
involving for example the performance of BPSK and M-PSK
with selection diversity over correlated Nakagami-m fading
channels [52].

2) Log-Normal Shadowingif the channel statistics follow
a log-normal distribution, it is straightforward to show that
M (s; ) can be accurately approximated by Gauss—Hermite
integration yielding

M(;r < )
sin? </)
(3D

where N, is the order of the Hermite polynomia Hy, (-).
Setting [V, to 20 is typically sufficient for excellent accuracy.
In (31), x,, are the zeros of the /V,-order Hermite polynomial,
and H,,K are the weight factors of the /NV,-order Hermite
polynomial and are given by
H, - 2NN/ '
" NﬁHJ%’p—l(xn)
Both the zeros and the weights factors of the Hermite poly-
nomial are tabulated in [50, p. 924, Table (25.10)] for various
polynomia orders V..

3) Composite Multipath/Shadowingf the channel statis-
tics follow a gamma/log-normal distribution, it is straightfor-
ward to show that the MGF M,,,,(s; ) can be accurately
evaluated by using (29) followed by a Gauss-Hermite inte-
gration yielding

g
Mrno’ — 3
<ﬁﬁ¢@

N, —m
1 L4 910(\/501371-1-#)/10

~— H, |1+¥———5—— . (33
\/77;:1: < + . (33)

msin? ¢

s>0, v>-1 (29

ZH exp<

g]_()(\/§<;r397I +u)/10>

sin® ¢

(32)

4) Combined (Time-Shared) Shadowed/Unshadowéthe
channdl statistics follow a combined Lutz et al. distribution, it
is straightforward to show that the MGF M i, (s; 5%, 11°) can
be broken into two terms, one that can be evaluated in closed-
form and the other that can be accurately approximated by
Gauss—Hermite integration, yielding

MAKU( ngd)77 7N5>
~ Q- AM, <—L~ f—w) +AM g <—L~ /f> (34)
) SinQd)7 ) Sin2</)7

with n = VK in M, (5;5%) and m = 1 in M, (s; pu*).
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C. Average BER With Multichannel Receptidh> 1)

To obtain the unconditional BER F,(E), when
multichannel reception is used, we must average the
multichannel conditional BER P, (E | {v}/,) over the
joint pdf of the instantaneous SNR sequence {v}&,,
namely o, o ooy (1,72, -, vz).  Since  the RV's
{v}E, are assumed to be statistically independent, then

L .
Pyive, e (717 Y2, ,VL) = Hl:l Py, (,Vl; Vi, Zl)' and the
averaging procedure results in

:/OOO/OOO.--/OOOPz,({’W}ﬁl)
Jo Jo  Jo

L—fold

12 s i) dyadya -
=1

dvr,  (35)

where 4; represents the fading parameter(s) associated with the
Ith channel. Note that if the traditional integral representation
of the Gaussian @Q-function (16) were to be used in the
P(E | {m}L,) term, (35) would result in an L + 1-fold
integral with infinite limits (one of these integrals comes from
the classical definition of the Gaussian @-function (16) in
By(E | {v}E))), and aclosed-form solution or an adequately
efficient numerical integration method would not be avail-
able. Using the aternative product form representation of the
conditional BER (18) in (35) yields

oo poo ooq pm/2 L gryl>
— 2z exo| —

/0 /0 /0 W/o 1131 p< sin” ¢
~—————

L—fold
Dy (v 6) dpdryy dryz -

dvr. (36)

The integrand in (36) is absolutely integrable, and hence, the
order of integration can be interchanged. Thus, grouping terms
of index [, we obtain

Py(E) = %/Omf[m, <_

=1

; d 37
) e @

where M., (s;7;) is the MGF of the SNR per symbol asso-
ciated with path [ and is given above for the various channel
models.? If the fading is identically distributed with the same
fading parameter ¢ and the same average SNR per bit 4 for
al L channels, then (37) reduces to

/2 L
=2 [ (o))

Hence, in al cases this approach reduces the L + 1-fold
integral with infinite limits of (35) (accounting for the infinite
range integral coming from the traditional representation of
the Gaussian Q-function) to a single finite-range integral (37)
whose integrand contains only elementary functions, such as

(39)

2Recall that the approach presented in this paper applies to independent
diversity channels. Although some of the “features’ of this approach also
apply to correlated diversity channels [53], independent fading paths for
microdiversity systems (antenna arrays) is unlikely in the presence of large-
scale fading effects, such as shadowing. In this case, the analysis presented
in this paper would be limited to macro-diversity systems.
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exponentials and trigonometrics, and can, therefore, be easily
evaluated numerically.

It is interesting to mention at this point that the same
final result (37) can be obtained, without using the aternative
representation of the Gaussian Q-function, but by starting with
[8, eq. (17)]. Indeed it has been pointed out to the authors
by Mazo [54] that [8, eg. (17)] which is expressed in terms
of the characteristic function of ~, (using our notations) can
be rewritten in terms of the MGF of ~ by changing the
integration contour. The details of the procedure are described
in an internal AT& T Bell Laboratories memorandum that was
never submitted for publication [55]. Following that procedure
and using the fact that the MGF of the sum of independent
RV’s is the product of the MGF of the individual RV’s [56,
Sec. 7.4], [8, eq. (17)] can be rewritten as (using again our
notations)

_ 1 e Hlel M7

R iy =k

which can be changed to the same single finite-range integral
(37) by adopting the change of variables y = ﬁ [%4].

(—gy:7) dy

(39)

IV. AVERAGE SER oF M-PSK SIGNALS

A. Product Form Representation of the Conditional SER

The conditional SER for M-PSK Py (E | {v},-,) does not
exist in closed-form. However, it can be shown that it is given
exactly by the desirable integral expression [27, eq. (71)], [28,
eq. (5)], [49, eq. (3.119)]

1 M=1)m)/M
P(E| {v}=1) / exp <— M) dep

- ; 0 Sin2 (f)
1 fM-1)m)/M L

_1 / [[exo <_ 9—?’%’”) dg (40)
T Jo sin” ¢

=1

where gpsi = sin’(w/M).

B. Average SER ai/-PSK

Following the same steps as in (35)—(37), it can be easily
shown that the average SER of M-PSK P,(FE) over general-

ized fading channels is given by
i) o @)

M—U= [,
1 i3
PS(E):;/O ll;[lMlz <_Sln2¢

Our result (41) generalizes the M -PSK average SER results
of [4, eq. (22)] and [10, eq. (21)] for L i.i.d. Rayleigh paths.
It also gives an alternative approach for the performance
evaluation of coherent M -PSK over frequency-selective chan-
nels characterized by a Rician dominant path with Rayleigh
secondary paths [15], [17]. Furthermore, by setting L to 1,
the result (41) can be used to evaluate the average SER
performance of A7-PSK with single-channel reception. This
leads, for example, to the following results:
« Rayleigh: Substituting (23) in (41) (with L = 1), then
using [51, p. 185, eg. (2.562.1)] yields a closed-form
expression [6, eg. (9)], [7, eg. (7)] for the SER of AM-PSK
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over a Rayleigh channel, which agrees with the results
obtained using various other methods [4, eq. (22)], [11,
eg. (36)].

* Nakagamin (Rice): Substituting (28) in (41) leads to an
expression for the SER of M-PSK over a Nakagami-n
(Rice) channel, which is easily shown to agree with [11,
eg. (35)].

¢ Nakagamis: Substituting (30) in (41) (with L = 1) gives
the SER of M-PSK over a Nakagami-m channel as

(M—1)r .o/ —-m
1 2 sl =
Py(E) = > /0 <1 + M) db. (42)

v

Note that (42) yields the same numerical values as [5, eq.
(17)] and [14, eq. (9)], and it is much easier to compute for
any arbitrary vaue of m.

V. AVERAGE SER OF M-AM SIGNALS

A. Product Form Representation of the Conditional SER
The conditional SER for M-AM P,(E | {v},) with

signal points symmetrically located about the origin is given

by [49, p. 631]

2(M

T_l) Q( V 2ga1117t)

where g, = 3/(M? — 1). Using the aternative representa-
tion of the Gaussian @-function (17) in (43), we obtain the
conditional SER in the desired product form as

— /2
Ps (E|{’W}IL=1) = M/O exp<_gam’}/t> dd)

P (E|{v}t,) = (43)

M sin’ ¢
2(M— 1) w/2 L < gamfyl>
= - - d .
M 0 11;[1 P sin? ¢ ¢
(44)

B. Average SER al/-AM

Following the same steps as in (35)—37), it is straightfor-
ward to show that the average SER of M-AM over generalized
fading channels is given by

M -1y [P ‘<_ Gam ._>
PS(E) = 4M7T /0 ll:[lel Sin2(f)7rw dd) (45)

VI. AVERAGE SER OF SQUARE M-QAM SIGNALS

A. Product Form Representation of the Conditional SER

Consider square M-QAM signals whose constellation size
is given by M = 2 with & even. The conditional SER for
square M-QAM is given by [49, eqg. (10.32)]

p(E | {wt,) = 4<1 - \/LM>Q(V 29QAMYt )
(1= ) @ (Vano) @9
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where ggam = 3/(2(M —1)). Simon and Divsalar [34]
generalized the alternative representation of the Gaussian Q-
function to the two-dimensional case and showed in particular
that [34, eq. (80)]

1 /4 22
2 = — —_——
Q(x) = 7r/o eXp< 28111%) dp, x>0. (47)

A simple proof of this result is given in Appendix A-2. Using
the alternative representation of the Gaussian @-function (17),
as well as the new representation of the square of the Gaussian
Q-function (47), the conditional SER (46) may be rewritten in
the more desirable product form given by

P; (E |{’YI}IL=1)

-t [l

GQAM Yt
= d
sin’ ¢ ) ¢

4 1 \? [ JQAMY

e S _geamT )
(- vm) (-t

4 1 /2 L JQAMYI

S _gaani )
7r< \/M)/o II;IIGXp< sin2<j)> ¢
4 1 \? et JQAMYI

_ 21— - dé.
- vm) [ o253 oo

B. Average SER af/-QAM

Following the same steps as in (35)—37) yields the average
SER of M-QAM over generalized fading channels as

PS(E):—< __)/7T/2 L il( gQAM )dd)

4 1 77/4 & JQAM  _
7(“7@) I ,[{M“< i) ao
(48)

Of particular interest is the average SER performance of M-
QAM with single-channel reception, which can be obtained by
setting L to 1 in (48). For example, substituting (23) in (48)
(with L = 1), then again using [51, p. 185, eqg. (2.562.1)] yields
a closed-form expression for the average SER of M-QAM
over Rayleigh channels as

9QAMY

—2<1 ! ) 1 +<1 ! )2
VM 1+ gqoam?y M

4 JQAMY 1+ goam?y
=2 arctan|, / —=22 1) —
14+ ggam?y JQAMTY

Note that (49) matches the result obtained by [11, eqg. (44)]
for the particular case where M = 16. Note also that (49)
can in fact be obtained aternatively by averaging (46) over
the Rayleigh pdf (2) and by using a standard known integral
involving the function erfc?(-) [51, p. 941, eq. (8.258.2)]. In
addition, using [35, egs. (5A.4b) and (5A.21)] in (48), we

1] .(49)
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obtain the performance of A/-QAM over L i.i.d. Rayleigh
fading channels as

P,(B) = (

L—1 (21)
.
— 4(1 + goam7)'

N
=
|
3 |F
N

o

|
Q_j
i~
a

ot

Q_j
=]
=

o

Ty
(14 gqam?d)*

- [cos(arctan uc)]wi)“) ) (50)

where
9QAMY
e f— —7 51
a v 1+ gqam? (1)
and
2
(7)
T = (52

(=0 e -+

Note that (50) is equivalent to the expressions [18, eq. (15)]
and [20, eg. (12)], which involves a sum of Gauss hyper-
geometric functions.® Furthermore, using a partial fraction
expansion on the integrand of (48), we obtain with the help
of [51, p. 185, eq. (2.562.1)] the average SER of M-QAM
over L Rayleigh fading channels with distinct average fading
powers and with MRC reception as

L
1 JQAMYI

P(E)=2(1-—= Iz 1—1/7_'

(E) < )Z < 1+gqam¥

4 & [ 9qam?.

gAMYL

1__ =

< ) [W ;pl 1+gqamy
- arctan +gQAM%

9QAMI

-1

I
Z Pl]
=1
where

Pt (53)

I
TN
[
|

e
SN——

which is equivalent to the expressions [18, eq. (10)] and [20,
eq. (21)].

3Equation (12) in [20] gives the same numerical result as the one given by
(50) if aminor typo is corrected in [20, eg. (18)] (the denominator should be
(2k + 1)\/7 rather than (2k — 1)/7).
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VII. CONCLUSION

We have presented a unified anaytical framework to de-
termine the exact average SER of linearly modulated signals
over generalized fading channels. The results are applicable to
systems employing coherent demodulation with MRC mul-
tichannel reception. The multichannel model is sufficiently
genera to include paths that are not necessarily identically
distributed nor even distributed according to the same family
of distributions.

The unified framework is achieved by exploiting alternative
integral representations of the conditional probability of error
in which the conditional SNR is inside the integrand rather
than in the limit of integration. This, combined with closed-
form Laplace transforms and/or Gauss-Hermite quadrature
integrations, leads to expressions of the average SER that
involve a single finite-range integral whose integrand contains
only elementary functions and can, therefore, be easily com-
puted numerically. In addition, we presented as special cases
average SER expressions for single-channel reception. These
expressions reduce to well-known solutions, give alternative
(often simpler) expressions for previous results, or provide new
formulas which are either closed-form expressions or simple
to evaluate numerically.

APPENDIX A
DERIVATIONS OF THE ALTERNATE REPRESENTATIONS OF
THE GAUSSIAN Q-FUNCTION AND ITS SQUARE

A byproduct of Craig's work on the probability of error for
two-dimensional signal constellations [28] was the aternative
representation of the Gaussian @-function given in (17). An
extension of this representation for the square of the Gaussian
Q-function (47) was obtained by Simon and Divsalar [34]. In
this appendix, we present another simple method of proving
the alternative representations of the Gaussian -function and
its square.

1. Proof of (17)

The proposed proof is an extension of the classica method
to evauate the Laplace-Gauss integral [51, eg. (3.321.3)]

J(a) = / " dy = ﬁ, a> 0. (54)
0 2a
Let us consider the double integral
/ / 67“2;”2 du dv, x> 0. (55)
0 T
Because of separahility, (55) can be rewritten as
/ e /2 du/ 2 dy = wQ(x) (56)
0 T

IV VERQ(x)

where we see that each integral in the LHS of (56) is a well-
defined function. Further, transformation to polar coordinates
uw=rcos¢ and v = rsin ¢ (dudv = r dr d¢) may be carried
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out in (55) giving

00 OO . s /2 poo .
/ / e (W2 gy do :/ / e 2 dr dg
0 z 0 z/ sing
/2

72
:/0 exp <— 5o’ </)> do. (57)

Equating the RHS of (56) and (57), we obtain an alternative
proof of the desired result (17). Note that another purely
agebraic proof of the result (17), which can be implied from
the work of Pawula et al. [27], is given in detail in [35,
Appendix 4-A].

2. Proof of (47)

The proof presented in Appendix A-1 can be easily extended
to arrive at the alternative representation of Q?(-) given in
(47). Let us now consider the following double integral

oo oo 2 2
w4
/ / e 2 dudv,
Zx Zx

Again, because of separability, (58) can be rewritten as

/ e /2 du/ e 2 gy = 21 Q% (x)

N -

VERQ(x)

x> 0. (58)

(59)

VERQ(x)

where each integral in the LHS of (59) is the Gaussian
Q-function multiplied by /2x. The transformation to polar
coordinates v = rcos ¢ and v = rsin ¢ (dudv = rdrdp) is
carried out in (58), and by symmetry, the rectangular region
of integration is divided into two equal triangular parts giving

oo poo 202 /4 poo 5
/ / e 2 dudv= 2/ / 2 dr dg
T T 0 z/ sing

77/4 .’L'2

Equating (59) and (60), we obtain an aternative proof of the
Simon-Divsalar result (47).

APPENDIX B
/2 sin®¢ \"
CLOSED-FORM EXPRESSIONS FOR / <2—> d¢
0 sin“ ¢+ ¢

The alternative representation of the Gaussian @Q-function
can aso be used to find closed-form expressions for integrals
not tabulated in classical table of integrals such as [50], [51].
Asan example, we evaluate in this appendix theintegral I,,,(c)

defined by
/2 s 2 m
Im(c)é/ <Sl;17¢> d¢.
0 sin“ ¢ + ¢

To do so, consider first the integral J,,,(a,b) defined by

(61)

m

+oo
a ) / MM TIQ(Vit) dt, m > 0.
0

Jm(av b) = ]_—w(_m
(62)
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Thisintegral (62) has a known closed-form expression. When
m s a positive real number, the integra J,,,(a, b) is given by
[57, eq. (A8)]
Imla,b) = Jp(c)
c/m I'(m+1/2)
2(1 4+ ¢c)ym+1/2 T(m+1)

1
oF1 |1 1/2; 1, —— 63
2 1<7m+ /7m+ 71+C> ( )

wherec = b/(2a) and » F1 (., .; .; .) denotes the hypergeometric
series (known aso as the Gauss hypergeometric functipn
When m is a positive integer, the integra J,,,(a,b) reduces
to [3, eg. (7.4.15)], [57, eq. (A13)]

Tna0) 2 1) = PP Y <m ot ) [ — P(c)]*
k=0
(64)

where

(65)

P@):%(p@), 23>0,

Using the dternative representation of the Gaussian Q-
function (17) in (63), we obtain

Im{a,b)
bt

a'rn o> ‘ 1 1 77/2
= — I A I ———F— | d¢ | dt.
I'(m) /0 ‘ 7r/o exp< 281112(/)> ¢
(66)
Interchanging the order of integration in (66), then using (29),
Im(c)

gives
_ l/ﬁ/2< .Si2n2(f) )"ldd)
7 Jo sin“ ¢+ ¢
lIm(c)
T

which is the desired closed-form expression for I,,(c).
A similar equivalence can be made between a result
derived by Chennakeshu and Anderson [10] and
the integrals O(M_l)’T/M(sin2 ¢/sin® ¢ +c)™dp and
JTM (sin? ¢/ sin® ¢+ ) dp. Full  details on  these
equivalences can be found in [35, Appendix 5A]. The
reason for mentioning these equivalences and the resulting
closed-form expressions is that they can be used, for example,
to simplify calculations involving the performance BPSK and
M-PSK with selection diversity over correlated Nakagami-m
fading channels [52].

1>

I (a,b)

(67)

ACKNOWLEDGMENT

The authors would like to thank M. K. Simon and D.
Divsdar of the NASA Jet Propulsion Laboratory (JPL),
Pasadena, California, for stimulating discussions, for providing
a preprint of [34], and for careful review of this paper. The
authors would aso like to thank the anonymous reviewers for
their valuable comments and suggestions that enhanced the
quality of the paper and S. M. Aji of the Caifornia Institute
of Technology (Caltech), Pasadena, for suggesting the proof
given in Appendix A-1.

(1
(2
(3l
(4
(9]

(€l

(8l
(9

[10]

(11

[12]

[13]

[14]

[19]

[16]

[17]

(18]

[19]

[20]

(21

[22]

(23]

[24]

[29]

[26]

1333

REFERENCES

D. Brennan, “Linear diversity combining techniques,” Proc. IRE vol.
47, pp. 1075-1102, June 1959.

R. Price and P. E. Green, “A communication technique for multipath
channels,” Proc. IEEE vol. 46, pp. 555-570, Mar. 1958.

J. G. Proakis, Digital Communications2nd ed. New York: McGraw-
Hill, 1989.

J. G. Proakis, “Probabilities of error for adaptive reception of M -phase
signals,” IEEE Trans. Communvol. COM-16, pp. 71-81, Feb. 1968.
Y. Miyagaki, N. Morinaga, and T. Namekawa, “Error probability
characteristics for CPSK signal through m-distributed fading channel,”
IEEE Trans. Communyvol. COM-26, pp. 88-100, Jan. 1978.

C. K. Pauw and D. L. Schilling, “Probability of error AL-ary PSK and
DPSK on a Rayleigh fading channel,” IEEE Trans. Communvol. 36,
pp. 755-758, June 1988.

N. Ekanayake, “Performance of M-ary PSK signals in slow Rayleigh
fading channels,” Electron. Lett, vol. 26, pp. 618-619, May 1990.

J. E. Mazo, “Exact matched filter bound for two-beam Rayleigh fading,”
IEEE Trans. Communvol. 39, pp. 1027-1030, July 1991.

F. Ling, “Matched filter-bound for time-discrete multipath Rayleigh
fading channels” IEEE Trans. Commun.vol. 43, pp. 710-713,
Feb./Mar./Apr. 1995.

S. Chennakeshu and J. B. Anderson, “Error rates for Rayleigh fading
multichannel reception of MPSK signals,” IEEE Trans. Communvol.
43, pp. 338-346, Feb./Mar./Apr. 1995.

M. G. Shayesteh and A. Aghamohammadi, “On the error probability
of linearly modulated signals on frequency-flat Ricean, Rayleigh, and
AWGN channels,” IEEE Trans. Commun.vol. 43, pp. 1454-1466,
Feb./Mar./Apr. 1995.

G. Efthymoglou and V. Aalo, “Performance of RAKE receivers in
Nakagami fading channel with arbitrary fading parameters,” Electron.
Lett, vol. 31, pp. 1610-1612, Aug. 1995.

C. Kim, Y. Kim, G. Jeong, and H. Lee, “BER analysis of QAM with
MRC space diversity in Rayleigh fading channels” in Proc. IEEE
Int. Symp. Personal, Indoor, and Mobile Communications (PIMRGC'95)
Toronto, ON, Canada, Sept. 1995, pp. 482—485.

V. Ado and S. Pattaramalai, “Average error rate for coherent MPSK
signals in Nakagami fading channels,” Electron. Lett, vol. 32, pp.
1538-1539, Aug. 1996.

T. L. Staley, R. C. North, W. H. Ku, and J. R. Zeidler, “Performance of
coherent MPSK on freguency selective slowly fading channels,” in Proc.
IEEE Vehicular Technology Conf. (VTC'9&)pr. 1996, pp. 784—788.
T. L. Staley, R. C. North, W. H. Ju, and J. R. Zeidler, “Channel
estimate-based error probability performance prediction for multichannel
reception of linearly modulated coherent systems on fading channels,”
in Proc. IEEE Military Communications Conf. (MILCOM'96McL ean,
VA, 1996.

T. L. Staley, R. C. North, W. H. Ku, and J. R. Zeidler, “Probability
of error evaluation for multichannel reception of coherent MPSK over
Ricean fading channels,” in Proc. IEEE Int. Conf. Communications.
(ICC'97), Montreal, Canada, June 1997, pp. 30-35.

C.-J. Kim, Y.-S. Kim, G.-Y. Jeong, and D.-D. Lee, “Matched filter
bound of sguare QAM in multipath Rayleigh fading channels,” Electron.
Lett, vol. 33, pp. 20-21, Jan. 1997.

C. Tellambura, A. J. Mueller, and V. K. Bhargava, “Analysis of M-
ary phase-shift keying with diversity reception for land-mobile satellite
channels,” IEEE Trans. Veh. Technolol. 46, pp. 910-922, Nov. 1997.
J. Lu, T. T. Tjhung, and C. C. Chai, “Error probability performance
of L-branch diversity reception of MQAM in Rayleigh fading,” IEEE
Trans. Commun.vol. 46, pp. 179-181, Feb. 1998.

D. Molkdar, “Review on radio propagation into and within buildings,”
Proc. Inst. Elect. Eng. Hvol. 138, pp. 61-73, Feb. 1991.

COST 207 TD(86)51-REV 3 (WG1), “Proposal on channel transfer
functions to be used in GSM test late 1986,” Tech. Rep., Office on
Official Publications European Communities, Sept. 1986.

W. R. Braun and U. Dersch, “A physical mobile radio channel model,”
IEEE Trans. Veh. Technolval. 40, pp. 472482, May 1991.

K. A. Stewart, G. P. Labedz, and K. Sohrabi, “Wideband channel
measurements at 900 MHz,” in Proc. IEEE Vehicular Technology Conf.
(VTC'95), Chicago, IL, July 1995, pp. 236-240.

S. A. Abbas and A. U. Sheikh, “A geometric theory of Nakagami fading
multipath mobile radio channel with physical interpretations,” in Proc.
IEEE Vehicular Technology Conf. (VTC'96Atlanta, GA, Apr. 1996,
pp. 637-641.

F. S. Weinstein, “ Simplified relationships for the probability distribution
of the phase of a sine wave in narrow-band normal noise,” IEEE Trans.
Inform. Theory vol. IT, pp. 658-661, Sept. 1974.



1334

[27]

(28]

[29]

[30]

(31

(32

(33]

(34

[39]

[36]

(37

[38]
[39]
[40]

[41]

[42]

[43]

[44]

[49]

[46]

[47]

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 47, NO. 9, SEPFTEMBER 1999

R. F. Pawula, S. O. Rice, and J. H. Roberts, “Distribution of the phase
angle between two vectors perturbed by Gaussian noise,” IEEE Trans.
Commun,. vol. COM-30, pp. 1828-1841, Aug. 1982.

J. W. Craig, “A new, simple, and exact result for calculating the
probability of error for two-dimensional signal constellations,” in Proc.
IEEE Military Communications Conf. (MILCOM’91McLean, VA, Oct.
1991, pp. 571-575.

G. Femenias and I. Furio, “Dual MRC diversity reception of TCM-
MPSK signals over Nakagami fading channels,” Electron. Lett, vol. 32,
pp. 1752-1754, Sept. 1996.

G. Femenias and |. Furio, “Dua SC diversity reception of TCM-MPSK
signals over Nakagami fading channels,” Electron. Lett. vol. 32, pp.
2201-2202, Nov. 1996.

G. Femenias and I. Furid, “Analysis of switched diversity TCM-MPSK
systems on Nakagami fading channels,” IEEE Trans. Veh. Technolval.
46, pp. 102-107, Feb. 1997.

I. Furid and G. Femenias, “Combined antenna diversity and trellis-coded
synchronous DS-CDMA over frequency-selective multipath Rayleigh

fading channels,” in Proc. IEEE Int. Conf. Univ. Personal Communica-

tions (ICUPC’97) San Diego, CA, Oct. 1997, pp. 342-346.

E. K. Hall and S. G. Wilson, “Design and analysis of turbo codes on
Rayleigh fading channels,” IEEE J. Select. Areas Communmol. 16, pp.
160-174, Feb. 1998.

M. K. Simon and D. Divsalar, “Some new twists to problems involving
the Gaussian probability integral,” IEEE Trans. Communyol. 46, pp.
200-210, Feb. 1998.

M. K. Simon and M.-S. Alouini, Digital Communications over Gener-

[48] R. M. Barts and W. L. Stutzman, “Modeling and simulation of mobhile
satellite propagation,” IEEE Trans. Antennas Propagatvol. 40, pp.
375-382, Apr. 1992.

M. K. Simon, S. M. Hinedi, and W. C. Lindsey, Digital Communica-
tion Techniques—Signal Design and Detectioknglewood Cliffs, NJ:
Prentice-Hall, 1995.

M. Abramowitz and I. A. Stegun, Handbook of Mathematical Functions
with Formulas, Graphs, and Mathematical Tahl&th ed. New York:
Dover, 1970.

I. S. Gradshteyn and |. M. Ryzhik, Table of Integrals, Series, and
Products 5th ed. San Diego, CA: Academic, 1994.

M. K. Simon and M.-S. Alouini, “A unified performance analysis of
digital communications with dual selective combining diversity over
correlated Rayleigh and Nakagami-m fading channels,” IEEE Trans.
Commun,. vol. 47, pp. 3343, Jan. 1999.

M.-S. Alouini and M. K. Simon, “Multichannel reception of digital
signals over correlated Nakagami fading channels” in Proc. 36th
Allerton Conf. Communication, Control, and Computing (Allerton;98)
Allerton Park, IL, Sept. 1998, pp. 146-155.

J. E. Mazo, private communication, Sept. 1998.

J. E. Mazo, “Matched filter bounds for multi-beam Rician fading with
diversity,” unpublished.

R. D. Yates and D. J. Goodman, Probability and Stochastic Processes
New York: Wiley, 1998.

T. Eng and L. B. Milstein, “Coherent DS-CDMA performance in Nak-
agami multipath fading,” IEEE Trans. Communvol. 43, pp. 1134-1143,
Feb./Mar./Apr. 1995.

[49]

[50]

(51]

[52]

(53]

[54]
(59]

[56]
[57]

alized Fading Channels: A Unified Approach to Performance Analysis

New York: Wiley, to be published.

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

M. Nakagami, “The m-distribution—A general formula of intensity

Mohamed-Slim Alouini (S94-M'99), for photograph and biography, see

distribution of rapid fading,” in Statistical Methods in Radio Wave p. 43 of the January 1999 issue of this TRANSACTIONS.

Propagation New York: Pergamon, 1960, pp. 3-36.

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

G. L. Stuber, Principles of Mobile Communications Norwell, MA:
Kluwer, 1996.

H. Suzuki, “A statistical model for urban multipath propagation,” IEEE
Trans. Communyol. COM-25, pp. 673-680, July 1977.

F. Hansen and F. |. Meno, “Mobile fading—Rayleigh and lognormal
superimposed,” IEEE Trans. Veh. Technolvol. VT-26, pp. 332-335,
Nov. 1977.

M. J. Ho and G. L. Stiiber, “Co-channel interference of microcellular
systems on shadowed Nakagami fading channels,” in Proc. IEEE
Vehicular Technology Conf. (VTC'93pecaucus, NJ, May 1993, pp.
568-571.

C. Loo, “A dtatistical model for a land-mobile satellite link,” IEEE
Trans. Veh. Technolvol. VT-34, pp. 122-127, Aug. 1985.

G. Corazzaand F. Vatalaro, “A statistical model for land mobile satellite
channels and its application to nongeostationary orbit systems,” IEEE
Trans. Veh. Technolvol. 43, pp. 738-742, Aug. 1994.

S.-H Hwang, K.-J. Kim, J.-Y. Ahn, and K.-C. Wang, “A channel model
for nongeostationary orbiting satellite system,” in Proc. IEEE Vehicular
Technology Conf. (VTC'97Phoenix, AZ, May 1997, pp. 41-45.

E. Lutz, D. Cygan, M. Dippold, F. Dolainsky, and W. Papke, “The
land mobile satellite communication channel—Recording, statistics, and
channel model,” IEEE Trans. Veh. Technolol. 40, pp. 375-386, May
1991.

M. Rice and B. Humpherys, “Statistical models for the ACTS K-band

land mobile satellite channel,” in Proc. IEEE Vehicular Technology Conf.

(VTC'97), Phoenix, AZ, May 1997, pp. 46-50.

Andrea J. Goldsmith (S'94-M’95) received the
B.S., M.S,, and Ph.D. degrees in electrical engineer-
ing from the University of California at Berkeley in
1986, 1991, and 1994, respectively.

From 1986 to 1990, she was with Maxim Tech-
nologies, where she worked on packet radio and
satellite communication systems, and from 1991 to
1992, she was affiliated with AT& T Bell Laborato-
ries, where she worked on microcell modeling and
channel estimation. From 1994 to 1998, she was an
Assistant Professor of Electrical Engineering at the
California Institute of Technology. She is currently an Assistant Professor
of Electrical Engineering at Stanford University. Her research includes work
in capacity of wireless channels, wireless communication theory, adaptive
modulation and coding, joint source and channel coding, and resource
alocation in cellular and packet radio networks.

Dr. Goldsmith is a Terman Faculty Fellow at Stanford University and is the
recipient of a National Science Foundation CAREER Development Award,
an ONR Young Investigator Award, two National Semiconductor Faculty
Development Awards, an IBM Graduate Fellowship, and the David Griep
Memoria Prize from the University of California at Berkeley. She is an
editor for the |[EEE TRANSACTIONSON CommuNICATIONS and the IEEE Personal
Communications Magazine



