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Characterizing Wideband Signal Envelope Fading
in Urban Microcells Using the Rice
and Nakagami Distributions

Gregor Gaertner and Eamonn O Nuallain

Abstract—In this paper, we show that the cumulative and
probability distribution functions (cdf and pdf, respectively) of
small-scale wideband signal envelope fading in microcells can
be very closely approximated by both the Rice and Nakagami
distributions, which are already known to describe the cdfs and
pdfs of small-scale narrowband signal envelope fading. Our results
are obtained by means of an extensive Monte Carlo-based study
of a wideband propagation model by Yan and Kozono, which is it-
self supported by extensive measurements. Over a comprehensive
range of microcell propagation parameters, the average maximum
error in the approximation is 1.65% and 1.78% for the Rice and
Nakagami cdfs, respectively. The error in the approximation is
3.58% and 3.87% for the 95th percentile and does not exceed
7.61% and 7.80%, respectively, in the worst case. We propose an
expression that maps the significant wideband small-scale signal
envelope fading parameters to their narrowband counterparts
for different standards like Dedicated Short Range Communi-
cation, WiMAX, Universal Mobile Telecommunications Service,
and the family of the IEEE 802.11 standards. This mapping
enables narrowband small-scale signal envelope fading statistical
distributions, which are currently used, e.g., in fading simulators,
link quality determination algorithms, and outage probability
calculators, to be readily adapted to deal with small-scale wide-
band signal envelope fading. As an application example of this
proposed mapping, we derive the appropriate sample spacing and
averaging interval (window size) that ought to be used to estimate
the large-scale fading signal in an IEEE 802.11 receiver.

Index Terms—Broadband communication, fading channels,
simulation, statistics.

I. INTRODUCTION

ITH THE proliferation of laptop/palmtop computers

and computationally powerful mobile phones, there has
been a growing demand for high-quality mobile multimedia
services. Such services are being increasingly offered in urban
microcellular environments. At the physical layer, good quality
service is synonymous with reliable transmission with high data
throughput, with the latter necessitating a wideband signal. In
general, the wideband signal envelope shows less severe small-
scale and short-term fading [2] than the narrowband signal
envelope. The reason for this is that wideband signals inherently
exploit frequency diversity [2]-[4]. Although the probability
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distributions of small-scale narrowband signal envelope fading
have been extensively studied, e.g., in [5]-[9], for which closed-
form expressions exist, comparatively few such studies are
reported for wideband systems [1], [3], [4], [10], and closed-
form expressions for the cumulative distribution function (cdf)
and probability distribution function (pdf) of the small-scale
fading envelope are unavailable.

Our motivation to investigate this topic stemmed from our
study of link quality prediction in an IEEE 802.11 urban mi-
crocellular system [11]. This paper suggested that link quality
prediction may significantly benefit from the incorporation of
wideband signal envelope fading statistics when estimating the
outage probability.

In the literature, Yan and Kozono [1], [3] have proposed
a wideband signal propagation model with which they in-
vestigated the properties of the received signal envelope of
a mobile receiver. They verified their model with extensive
measurements performed in the Tokyo region and observed that
the fading depth is strongly dependent not only on the ratio of
the direct to indirect power of the wideband signal but also on
what they term the “equivalent received bandwidth,” which is
the product of the receiver bandwidth and the maximum differ-
ence in propagation path lengths. They also observed that the
distribution of the signal envelope is almost independent of the
carrier frequency. Their results also demonstrate that wideband
signals, in general, exhibit shallower fades than narrowband
signals and that small-scale wideband signal envelope fading
in non-line-of-sight (NLOS) conditions cannot, in general, be
characterized using the Rayleigh distribution. They did not
investigate, however, whether other known distributions can
do this. Similar results to those given above were reported by
Yamaguchi et al. [4].

Oh et al. [10] have shown that the distribution of the small-
scale code-division multiple-access signal envelope can be
described using the Nakagami distribution. Although this latter
study is limited to only two receiver bandwidths deployed in
two types of urban environment, namely, urban high rise and
urban residential, they suggested to us the possibility that the
Nakagami and the closely related Rice distribution could be
used as a general means with which to describe the distribution
of the small-scale fading wideband signal envelope, albeit to a
certain degree of approximation. Yan and Kozono’s observation
that the fading depth in a wideband signal is strongly dependent
on both the ratio of the direct to indirect power (or “wideband
power ratio”) and the “equivalent received bandwidth” suggests
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the possibility of mapping these to the Ricean K -factor and
the approximately related Nakagami shape factor “m,” thus
providing a means to accurately describe the distribution of the
small-scale fading wideband signal envelope using the classical
narrowband distributions. We henceforth refer to the equiva-
lent received bandwidth and the wideband power ratio as the
“wideband propagation parameters” and the Ricean K-factor
and the Nakagami shape factor “m” as the “narrowband prop-
agation parameters.” This paper uses a simulation and curve-
fitting approach based on Yan and Kozono’s [1], [3] wideband
propagation model, which is supported by extensive measure-
ment data, to determine the distributions of the small-scale
fading wideband signal envelope over a comprehensive range of
urban propagation environments and receiver bandwidths. Our
results show that the cdf and pdf of wideband fading signals
in urban microcells can be closely approximated by the Rice
and Nakagami distributions. The error in the approximation is
shown to be small. We then provide an expression that maps the
wideband propagation parameters to their narrowband counter-
parts, depending on which of the two distributions one wishes
to use. This mapping allows propagation modeling and signal
analysis techniques that make use of these classical small-scale
narrowband fading distributions to be readily adapted to deal
with wideband fading.

This paper is organized as follows. In Section II, we explain
the methodology used in this paper. Following this, we evaluate
the goodness-of-fit of the Rice and Nakagami distributions
to the small-scale fading of the wideband signal envelope and
power. In Section III, we introduce an expression that maps the
wideband propagation parameters to their narrowband coun-
terparts and apply this mapping for microcellular Universal
Mobile Telecommunications Service (UMTS), Dedicated Short
Range Communication (DSRC), WiMAX, and IEEE 802.11
systems. In Section IV, we present a step-by-step description
of how our findings can be used to adapt narrowband solutions
for wideband systems. In particular, we show in Section IV-A
how to better estimate the local mean signal power in an
IEEE 802.11 system. In Section IV-B, we use our results to
adapt a packet-level wireless network simulation software to
generate wideband small-scale signal envelope fading. Further-
more, we modify a widely used bit error probability (BEP)
model for differential quadrature phase-shift keying (DQPSK)
receivers in narrowband channels to model IEEE 802.11 re-
ceivers with perfect channel equalization in wideband channels.
This paper concludes in Section V.

II. CHARACTERIZING THE DISTRIBUTION OF
THE SMALL-SCALE FADING OF THE
WIDEBAND SIGNAL ENVELOPE

It is generally accepted that the wideband propagation chan-
nel is well modeled using a tapped delay line as first proposed
by Turin et al. [12] for an urban propagation environment. The
amplitudes, phases, and time delays of the resolvable paths are
usually determined by empirical measurements (see [12]-[16]
for examples). However, these quasi-empirical models’ core
parameters are necessarily phenomenological, and therefore,
their applicability is sometimes questionable [17]. We therefore
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selected, for the purposes of this paper, the wideband prop-
agation model of Yan and Kozono [1], [3], who base their
work on that of Clarke [8]. The results given by this model
have been shown to correspond well with an extensive range of
measurements [1], [3], [18], [19]. We therefore conclude that
this model, being both robust and reliable, is a suitable model
on which to base this paper.

Yan and Kozono’s [1], [3] model assumes that N multipath
waves arrive at the receiver under the following conditions:
each wave has an amplitude A;, a path length L;, and an angle
of arrival 6;. A; and L; are independent of each other and
are uniformly distributed over a given range. 6; is uniformly
distributed over 27 in the horizontal plane. Ag and Lg denote
the amplitude and path length of the line-of-sight (LOS) wave.
The ratio of the direct to indirect power is defined as

N-1
a=Aj / > A (1)
i=1
giving a(gp), where
a@py = 10log a. 2)

The bandwidth of each arriving wave, which is assumed to
have a flat power spectral density, is taken to be greater than
the receiver bandwidth 2A f. The received signal power o
(in watts) is then expressed by Yan and Kozono as follows

[1,eq. ()]

N-1 N-1N-1

AA;
a2(2Af):2Af< A? + —
i=0 i=0 j=0 TAfALiJ
——
i#]j

X COS (2C7TfCALij> sin (2C7TAfALij) > 3)

where AL;; is the difference in the path lengths of the ith
and jth arriving waves. As mentioned earlier, Yan and Kozono
also propose a propagation parameter termed the “equivalent
received bandwidth,” which can be used to estimate the fading
depth [20]. The equivalent received bandwidth is the product
of the receiver bandwidth 2A f and the maximum difference
in path lengths ALy, .« of the arriving waves (i.e., ALy.x =
max |L; — L;|). In summary, the equivalent bandwidth and,
hence, the observed fading depth are dependent on the receiver
bandwidth and the propagation environment.

Using Yan and Kozono’s model, we generate 10* sam-
ples, as suggested in [20], for each propagation environment
and receiver parameter tuple (2Af, ALnyax, Gdp)) € Saay X
SALpax X Sayp,- Since each tuple is dependent on properties
of both the receiver and the propagation environment, we refer
to each tuple (2Af, ALnax, ap)) as a “configuration.” Due
to the very large number of sample points taken, we expect
the empirical distribution function (EDF) will resemble the
unknown exact cdf closely.

We chose the wideband power ratio a(gp) to range from
—oo dB (NLOS) to +15 dB (strong LOS). This range was

max



GAERTNER AND NUALLAIN: CHARACTERIZING WIDEBAND SIGNAL ENVELOPE FADING IN URBAN MICROCELLS

TABLE 1
PARAMETER VALUES USED IN SIMULATIONS
Parameter Values
a(qB) (dB) {{—oc} UL, 15]step=2} = Sa 4,
ALmax (m) {[0.1,1] U [5, 55]step=5} = SAL
2Af (MHz) {[2,34]step—2} = Soay

Number of sample points | 10,000
per configuration
N 10

fe (MHz) 2442

determined to be appropriate for microcellular environments
in a major empirical study [21]. The receiver bandwidth is
chosen to range from 2 to 34 MHz so that the results generated
here will apply to current wideband standards such as DSRC,
WiMAX, UMTS, and the family of IEEE 802.11 standards. The
maximum difference in propagation path lengths is estimated to
range from 0.1 to 55 m based on the Cardoso and Correia [20]
model for urban microcells.

All data were generated using the IEEE 802.11 center fre-
quency f. of 2442 MHz. Kozono [3] has reported that the
statistical distribution of a fading signal is practically inde-
pendent of the center frequency, and therefore, the inferences
made regarding the distribution of this data will have general
applicability for other wideband standards. As observed by Yan
and Kozono [1], the fading depth is practically independent
of the number of arriving waves for NV > 6. As suggested by
Yan and Kozono [1], we use N = 10 for the purposes of this
paper. The list of parameters over which the data is generated is
summarized in Table I.

Various hypothesis tests and criteria are given in the literature
to evaluate the goodness-of-fit of an EDF to a proposed cdf. It is
important to note at this stage that if a hypothesis test indicates
that a fading signal is not a strict realization of the distribution
under test, good agreement can, however, be of significant prac-
tical value. For this reason, we use the Kolmogorov—Smirnov
(KS) test [22, vol. 4, pp. 393-396 and 398—402] throughout this
paper since this test statistic enables both hypothesis testing and
easily comprehensible goodness-of-fit analysis where no strict
realization of the proposed cdf is given. The KS statistic gives
the maximum error between the EDF and the proposed cdf.

The two-sided KS statistic for a data set X C R is given by

E€KS = sup |PEDF(37) - Pproposed<x|@)| (4)
reX
where Pgprp(xz) is the EDF of the fading signal, and
Piroposed () is the proposed theoretical distribution. © is the
Ricean K-factor or Nakagami shape factor, depending on
which distribution is being used, i.e., © € { K, m}.
Throughout this paper, we also make use of the root-mean-
square (rms) error

T, € X.
)

We use exg for the formal goodness-of-fit tests and both
eks and e, in the subsequent analysis and discussion.

. \/ S, (Por (1)~ Pyroposea(1]0))°
rms |X| ?
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Both error statistics are computed for each configuration
(2Af, ALmax; a@ap)). For better readability, we express all
error statistics—which are probabilities in this case—as per-
centages via multiplication by 100. In this way, e.g., a certain
event occurs in 100% of all trials and, therefore, has a probabil-
ity percentage of 100%.

The parameter © is obtained by means of a maximum-
likelihood estimation (MLE) [22, vol. 5, pp. 341-351]. The
method of moments [22, vol. 5, pp. 467-473] is used to obtain
the starting points for the MLE using the simplex search method
of Lagarias et al. [23].

The following steps are taken to obtain the error data for each
configuration (2A f, ALmax, @(aB)):

1) generation of signal envelope/power samples using Yan
and Kozono’s [1], [3] model;

2) determination of the EDF of the signal envelope/power
from the data obtained in step 1);

3) MLE of the parameter © for the Rice/noncentral chi-
square and Nakagami/Gamma distributions;

4) establishment, using the KS test, of the formal goodness-
of-fit between the proposed distributions using the pa-
rameter obtained in step 3) and the EDF obtained in
step 2);

5) calculation of exg and e,,5 using the data obtained in
steps 2)—4).

A. Distribution of the Signal Envelope and Power

In this section, we evaluate the goodness-of-fit of the
Rice/Nakagami distributions to the EDF of the wideband signal
envelope « over the range of propagation and receiver parame-
ter configurations Saaf X Sar,,.. X Sa(dB) given in Table L.
The Rice distribution [24] is given as follows [25, pp. 51-53]:

o) = EUD o (e BE102)

ol (zx K(K+1)
Qp

where p denotes the pdf, €2, = E[a?] is the average signal
power, K is the Ricean factor, = is the value of the signal
envelope, and I is the modified Bessel function of the first kind
and zero order. Similarly, the Nakagami distribution [6] is used
to describe the distribution of the narrowband received signal
envelope [25, pp. 53-55], which is given by

2mmg2m-1 ma? 1
o(T) = ——= - , > 7
Pa(T) Ty eXp( 9 ) mzg (D

>, z2>0 (6)

where m is the Nakagami shape factor, and I' is the Gamma
function. Both distributions are related by the following approx-
imate relationship between the Ricean factor and the Nakagami
shape factor [25, pp. 54]

(K +1)?

" eK 1) ®
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Fig. 1. Distribution of exs,, .
TABLE 1II
ERROR STATISTICS IN THE APPROXIMATION OF THE DISTRIBUTION
OF THE WIDEBAND SIGNAL ENVELOPE USING THE RICE
AND NAKAGAMI DISTRIBUTIONS

Nakagami distribution | Rice distribution
Mean exs,, 1.78% 1.65%
Mean &, 0.91% 0.85%
95th Percentile exsg,, 3.87% 3.58%
95th Percentile &y 2.13% 2.01%
Max. EKS oy 7.80% 7.61%
Max. €rmsa 4.33% 4.30%

As a first step in our evaluation, we test over how many
configurations the fading signal envelope is a strict realization
of the Rice/Nakagami distributions. The KS test, which is set
at a significance level of 5% (Type I error), indicates a strict
realization of the Rice and Nakagami distributions in 50.53%
and 43.89% of the configurations, respectively. To establish
the practical relevance of these figures, further investigation is
required [26, pp. 529-530]. This is done by analyzing the error
statistics.

Fig. 1 shows a histogram of ekg_, which is the maximum
difference between the empirical and proposed cdf of the signal
envelope for each configuration. exg, is less than 7.8% for all
configurations, and its values lie mostly in the range 0.5%—-2%
for both the Rice and Nakagami distributions. It is noted that,
by this measure, the Rice distribution is a somewhat better
approximation to the EDF than is the Nakagami distribution but
that the difference is marginal. The distribution of €, 1S very
similar to that of cxg_ (see Table II), tallying with the latter
statement.

The numerical results are summarized in Table II. The av-
erage cks, over all configurations is 1.65% and 1.78% for
the Rice and Nakagami distributions, respectively. The 95th
percentile of ekg, is less than 3.9% for both distributions, un-
derlining the overall goodness-of-fit. The largest cxg_ observed
for a configuration is 7.8% using the Nakagami distribution.
Again, the Rice distribution fares slightly better by this mea-
sure. However, since the observed differences in goodness-of-
fit between both distributions are marginal, we conclude that the
Rice and Nakagami distributions are practically equally well
suited to characterize the wideband fading signal envelope over
the range of parameters chosen.

Important observations can be made about the ability of the
Rice/Nakagami distribution to characterize the distribution of
the wideband signal envelope by evaluating the dependence of

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 56, NO. 6, NOVEMBER 2007

7 T T
Il Minimum
6 [JAverage
Il Maximum

€Sy, (percentage)

10
Fading depth (dB)

Fig. 2. Dependence of exg,, on the fading depth.

the approximation error on the fading depth. The fading depth
is taken to be the difference between the signal levels that corre-
spond to 50% and 1% of the cdf. In Fig. 2, the variation of ekg,,
with a fading depth is shown for the Rice distribution. First, we
observe that the minimum ekg_, is virtually independent of the
fading depth. Second, the average kg, tends to be greater for
a shallower fading depth but starts to decrease for fading depths
greater than about 8 dB and levels off for fading depths greater
than about 13 dB. The maximum ekg_, shows a sharp rise for
fading depths less than 3 dB. These latter two observations
indicate that the approximation gets better with greater fading
depths. This is desirable since the stronger the fading, the more
important an accurate description of the phenomenon is. How-
ever, it also shows the limitation of characterizing wideband
fading signals by Rice/Nakagami distributions. Where there are
small fading depths (< 3 dB), the approximation is still good
on the average; however, sporadically higher approximation
errors can be observed. Since the fading depth increases with
a decreasing maximum difference in propagation path lengths
ALy ax, wWe expect the approximation of the distribution of the
wideband signal envelope by the Rice/Nakagami distributions
to apply somewhat better in microcellular environments than in
macrocellular environments where ALy, is typically greater.

Where the Rice distribution describes signal envelope
fading, the distribution of the signal power is described by the
noncentral chi-square distribution with two degrees of freedom
[25, pp. 51-53] as

K+1 ( (K+1):p>
o2 () = e -K———F—
P2 () 9, Xp o,
x10(2 K<K+1>> 250, ©
Qp

Likewise, if the Nakagami distribution describes signal en-
velope fading, then the distribution of the signal power follows
the Gamma distribution [25, pp. 53-55], which is expressed as

mz

m\" ! 1
Paz(z) = <Qp> meXP (Qp) ) m > 3 (10)

Employing the same method used for the signal envelope,
we determined that the power distribution can be characterized
by the noncentral chi-square/Gamma distributions to a similar
degree of accuracy as the signal envelope is characterized by
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TABLE III
SYSTEM BANDWIDTHS OF VARIOUS WIRELESS STANDARDS

Wireless standard System bandwidth (MHz)
UMTS 3.38 [41]

DSRC 8.13 [42]

802.11, 802.11b 9.68 [43, pp. 195]
WiMAX (Europe) 14 [44]

802.11a, HIPERLAN Type IT | 16.56 [45]

the Rice/Nakagami distributions. The difference in accuracy
is < 1072% by all measures used in Table II.

III. MAPPING WIDEBAND PROPAGATION PARAMETERS
TO THE RICEAN K-FACTOR AND THE
NAKAGAMI SHAPE FACTOR

In the previous section, it was shown that wideband signal
envelope fading can be characterized to a good approximation
by the Rice and Nakagami distributions in urban microcells. In
this section, we obtain an approximate functional relationship
between the wideband fading parameters (2A f, A Liax, G(dB))
and the Ricean K -factor using a curve-fitting approach. That is

Fk:SQAfXSAL Sk €R.

X 84 — Sk, (1)

This is done for a number of different wireless standards. The
accuracy of this approach is then assessed. The Ricean factor K
is determined by MLE over a discrete range of wideband prop-
agation parameters, as described in Section II, and the results
are tabulated. Fj, is then determined by fitting an appropriate
function to the value table. In the early stages of the curve-
fitting process, we observed that no one function describes this
mapping to a high degree of accuracy for all configurations.
However, by fixing the bandwidth, we obtain individual func-
tions that fit the value table for the various wireless standards.
The mapping is performed in a linear instead of a logarithmic
space so that the problem of mapping a value of —co dB for the
NLOS case is circumvented. The 3-dB bandwidths of some of
the widely used wireless standards are displayed in Table III.
The bandwidths of DSSS-based systems are calculated using
[27, p. 21]; the bandwidth of orthogonal frequency-division
multiplexing—based systems is calculated using [28, pp. 43,
eq. (2.39)].

We use the following procedure to obtain the functional
relationship F} for the wireless standards given in Table III,
which can also be used to derive mappings for other wireless
standards.

1) Determine a value table for the wireless standard un-
der consideration containing the wideband propagation
parameters ALy, a, and the Ricean factor K that is
determined by MLE, as described in Section II.

2) Choose a candidate function for curve fitting. If this
function requires the wideband propagation parameters
to lie within a specified range, as exemplified for the
Chebyshev polynomial series, then the parameters must
be scaled to that range.

3) Estimate the constants in the candidate function by min-
imizing the approximation error between the Ricean
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factor K obtained in step 1), and the approximate value
of K as given by the candidate function.

4) Calculate the mean, the 95th percentile, and the maxi-
mum ekg for the approximation function that was deter-
mined in step 3).

5) If the error statistics in step 4) are satisfactory, terminate.
Otherwise, go back to step 2).

The Chebyshev polynomial series is well known to be
suitable for curve-fitting purposes. Its advantage lies in the
fact that if the series is truncated to a polynomial of a lower
degree, the consequent degradation in accuracy is graceful
[29, pp. 190-194]. We found, by using the above procedure,
that the following eighth-degree Chebyshev polynomial ap-
proximates the Ricean factor K well for all standards:

7
Fi(a, ALmax) = co0 + Z Z ¢i,jTs—i(z)T;(y)

i=1 j=1
8

+3 (esiTi(x) + coiTi(y))  (12)
=1

where

T,.(2) = cos (narccos(z)) (13)
a
= -1 14
YT 158115 14
ALpjax — 0.1
= 1 1
Y 97.45 (15)

and the constants are given in Tables V and VI in the Appendix.
The Chebyshev polynomials require that their input parameters
are in the range [—1, 1] [29, pp. 191-192], which is achieved
via (14) and (15).

The goodness-of-fit of the Rice distribution, where K
has been obtained using the approximation function Fj, in
describing the distribution of the small-scale fading wideband
signal envelope, is displayed in Table IV. It can be observed
that the low average ks, values indicate a very good fit.
As in Section II, we observe that the maximum values tend
to increase with a shallower fading depth. There is up to a
0.5% difference in Maxekgs, introduced due to the function
approximation for K.

The relationship between the wideband propagation parame-
ters AL ax, @, and the Ricean factor K is illustrated in Fig. 3
by graphing F} for the IEEE 802.11 standard. The Ricean
factor K has, for very small values of AL, a value equal
to a. The reason for this is that small-scale fading in such
propagation environments is equally severe for wideband and
narrowband signals; this phenomenon has also been reported by
Yan and Kozono [1]. However, such small values of AL, ., are
rarely observed in microcells. As AL, increases, the small-
scale fading becomes less severe—as also observed by Yan and
Kozono [1]—and consequently, the Ricean factor K increases.
This increase is magnified for greater values of a.



3626

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 56, NO. 6, NOVEMBER 2007

TABLE 1V
ERROR STATISTICS IN THE GOODNESS-OF-FIT OF THE RICE DISTRIBUTION TO THE EDF, WHERE K HAS BEEN OBTAINED VIA F},

Wireless standard Mean exs,,
UMTS 1.74%
DSRC 1.66%
802.11, 802.11b 1.64%
WIiMAX (Europe) 2.13%
802.11a, 2.36%
HIPERLAN T. 1I

95th Percentile ks, Max. exs,
3.12% 3.89%
2.99% 4.81%
3.05% 4.45%
4.56% 6.19%
5.56% 7.70%

A Lipay (M)

00 a

Fig. 3. Relation between the wideband propagation parameters ALmax, @,
and the Ricean factor K for the IEEE 802.11 standard.

IV. APPLICATIONS

We begin this section by outlining the steps that are necessary
to adapt commonly used equations and solutions for small-
scale signal/power envelope fading for narrowband systems
to wideband systems. We then apply the results of this paper
to derive the appropriate window size for local mean power
estimation in IEEE 802.11 systems. We conclude this section
with two applications: the computationally efficient simulation
of small-scale wideband signal envelope fading for a packet-
level wireless network simulator and the derivation of a BEP
model for an ideal IEEE 802.11 receiver.

The stochastic process of small-scale signal envelope fading
for narrowband and wideband systems is described by its pdfs
and autocorrelation function. We have shown in this paper that
the same pdfs characterize small-scale signal envelope fading
in narrowband and wideband systems in microcells, albeit with
different parameters for which we provide a mapping between
the two. These results allow, together with Nakabayashi and
Kozono’s [18] result that the autocorrelation of small-scale sig-
nal envelope fading is independent of the bandwidth, adaptation
of narrowband solutions for small-scale signal/power envelope
fading to wideband solutions for microcells. The following
steps are necessary for such adaptation.

1) Verify that the narrowband solution is independent of
assumptions or properties that differ from those for the
given wideband channel. For example, the BEP function
of a receiver with a given decoding scheme might be
modeled for a small-scale fading narrowband channel
described by the Rice distribution. However, the per-
formance of such a receiver is typically derived under
the assumption that no intersymbol interference exists.
However, intersymbol interference is common in wide-
band channels [30, pp. 235-239]. Consequently, such

a BEP function, depending on the small-scale narrow-
band signal envelope fading, can only be adapted to
a receiver in wideband channels if the existence of a
perfect channel equalizer is assumed [30, pp. 248, 343],
[31, pp. 355-357].

Replace the Ricean factor K in the narrowband solution
with F} (12) using the constants from Tables V and VI
for the wireless standard in question. If the narrowband
solution depends on the Nakagami shape factor m, then
one must first map m to K via (8) and then use F}.
If the mapping for the wireless standard in question is
not given in this paper, it can be obtained as outlined in
Section III.

2)

A. Estimation of the Local Mean Power in
IEEE 802.11 Systems

Accurate estimation of the local mean power at a receiver
is essential in handover algorithms in cellular networks. The
method that is widely used for this task (signal power averaging
over an appropriately chosen distance with appropriate sample
spacing) originated from Lee [32] and was later extended by
Austin and Stueber [33] for the Rice distribution. We first sum-
marize some of Austin and Stueber’s [25, pp. 598-605] [33]
results for narrowband systems and then extend these results
for an IEEE 802.11 system in an urban street with a maximum
cell radius of 250 m. The received signal power is given by
[33. eq. (5)]

a7 (y) = a*(y) - Q(y)

where o (y) is the power of the small-scale fading signal, and
Q,(y) is the local mean power. In the regions where the local
mean is constant, the accuracy of the estimate can be expressed
by the 1o spread [33, eq. (10)], which is given by

(16)

Q, +
1o spread = 10log;, p T a7y
Qp — QO

p

where oq, is the standard deviation of the estimated local mean
power (2,,. For analog averaging, a%p is given by [33, eq. (9)]
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TABLE VI
CONSTANTS OF (12), PART II

TABLE V
CONSTANTS OF (12), PART |

Constant | UMTS DSRC 802.11, 802.11b
0,0 2.65638 -10% 5.73860 -10° 6.59047 -10*

1,1 1.37812 -10* 4.23944 -10* 5.26263 -10*

c1,2 2.86887 -10° 2.20801 -10° 2.68786 -10°

1,3 -7.25628-1071 | -2.68774.10° -2.07149-10°

1,4 -5.55885-10" 1 | 7.24910 -10~ ' | 1.28425 -10°

1,5 -5.08939.1072 | -2.74460-107 1 | -5.48678.107!
1,6 4.94091 .10~2 | 1.14778 .10~ % | 6.47051 -10~ 2
1,7 2.51037 .10~ | 7.59186 -10~ ' | 4.26026 .10~ "
2.1 -3.28653-1071 | 1.62175-1071 | 7.30515 .107¢
2,2 -1.72785.1071 | -1.15478.107 1 | 3.74852 -1072
2,3 -3.11678-1071 | -1.84657.107% | -2.16077-10~*
o4 -3.57024-1072 | 1.21763 -107% | -1.55779-107!
2,5 -1.88604.1072 | -1.40336-10~% | -3.45822.107!
2.6 2.50330 -10~1 | -9.47594.107% | -1.81959-10~2
31 -1.48940-10~1 | 2.45746 -10~* | 3.78772 -107"
3,2 -1.42424.107% | -2.70189-1072 | -2.57752-1072
3,3 1.26737 -1072 | -7.43703-1072 | 8.94587 -10~2
3,4 8.78986 -10~2 | -3.30148.10~! | -7.63737.10~?
3,5 134503 -10~ % | -3.09275-10~' | -1.95375-107*
a1 -4.86988-10~2 | -1.30967-10~' | 1.77666 -10~*
ca,2 3.94004 -10~2 | 2.00451 -10~% | 2.17075 -10~!
ca,3 1.44729 -10~! | -6.33639-10% | 1.83147 -10~!
Ca,4 1.43865 -10~1 | -2.38714-107% | 1.52262 -107¢
5,1 217622 .10~ | -1.44119-10 | -5.02657-102
5,2 9.43872 .10~2 | 3.80796 -10~1 | 4.36697 -10~!
5,3 1.22688 1071 | 1.42236 -10~% | 3.29747 -10~*!
c6,1 2.66421 -10~* | 529977 -1072 | -1.44150-10!
6,2 6.35142 -10~2 | 2.97995 .10~ | 3.39882 .10~!
e 1.95478 -10~' | 5.41460 -1072 | -1.37397-10~1
8,1 2.45464 -10* 5.55525 -10* 6.25894 -10*

8,2 9.70984-10~1 | 2.36040 -10° 1.30470 -10°

cs,3 -3.47196-1071 | 492801 -10~ ! | 3.67036 -10*
8,4 5.87212 .10~ | -1.13974-10° -7.74282-1072
cs,5 1.10683 -10° -2.43033-10° -8.28685-10 1
8,6 1.36636 -10° -2.44872.10° -9.42947.10 1
cs,7 9.04447 .10~ | -1.68777-10° -6.69374-10 1
cs,8 3.41023 .10~ | -4.90294-10°' | -1.13625-10 !
o1 1.54564 -10* 4.59253 -10* 5.66118 -10*

Co,2 3.06967 -10° 2.27811 -10° 2.76990 -10°

Co,3 -5.02265-10~ 1 | -2.58672-10° -1.93193-10°

o4 -4.57437.1071 | 598170 -1071 | 1.41196 -10°

o5 7.25653 .10 2 | -1.92815.107 ! | -3.22624.10"!
o6 -1.81167-107 1 | 1.12025 .10~ | 3.30403 -10~ 2
co,7 2.40094 .10~ | 9.12304 -1071 | 4.47269 107!
o8 -1.66003-10"1 | -6.86901.10~2 | -3.36637-10~!

Constant | WiMAX 802.11a, HIPERLAN Type II
0.0 8.76270 -107 1.13186 -102
c1,1 7.48435 -10! 9.38172 -10*
1,2 1.81718 -10° 9.27280 -10~*
c1,3 -2.56708-10° -2.93542.10°
c1,4 1.47843 -10° 1.36397 -10°
c1,5 -8.57421-10 % | -1.20001-10°
c1,6 1.98571 -10~1 | 1.04618 -10°
c1,7 5.78706 -10~2 | 3.93874 -10~!
c2,1 -2.20253-10 1.15162 -10°
ca,2 9.96457-10~! | 6.37858 .10~ 2
c2,3 -1.06276-10° -1.26930-10 1
2,4 -7.02574.107" | 4.46329 .1072
2,5 -6.53393-1071 | 4.56496 -10~2
2,6 -3.01985-10°1 | 5.04646 -1071
cs3,1 -1.10417-10° 3.14616 -10~!
3,2 9.16816-10 "1 | 3.40990 10!
3,3 -8.15853-10~ % | 1.24125 -107?!
3,4 -5.66470-10" 1 | -2.44335.10™*
3,5 -3.76809-10°1 | 1.47865 -10~3
ca1 4.80351 -107% | -7.77204-1071
ca,2 -2.30076:10~ 1 | 1.26390 .10~ 2
4,3 -3.15561-107! | -1.81383.1071
Ca,4 3.35545 -1072 | -4.05003-10"
cs.1 1.85959 -10° -1.36030-10°
Cs,2 1.96556 -10~' | 4.25680 -10~?
5,3 2.83263 -10~2 | 3.43354 .10 ?
6,1 2.15135 -10° -1.01214-10°
6,2 2.53135 -10~1 | 2.33021 -107!
c71 9.79141 -10~% | -4.11092-1071
cs,1 7.87694 -101 1.10503 -10?
8,2 -4.46444.10" 6.27350 -10°
cs,3 -1.48506-10" 1.07976 -10°
8,4 2.05396 -10° -3.18989-10°
cs,s 4.60730 -10° -6.66513-10°
cs,6 5.27685 -10° -7.11342-10°
cs,7 3.21195 -10° -4.59178-10°
cs.8 8.92708 -10~! | -1.27969-10°
o1 8.23151 -10? 1.00352 -102
co,2 2.30991 -10° 1.21875 -10°
Co,3 -2.00708-10° -2.64205-10°
o4 1.81532 .10° 1.25771 -10°
Co.5 -4.95736-10"1 | -1.18167-10°
Co,6 3.81488 -10~ ! | 5.99549 101
Cco,7 146104 -10~1 | 3.43866 -10~2
Co.8 -8.67049-10~2 | -3.38656-10!

and for digital averaging, it is given by [33, eq. (14)]
Q, \? (142K = (N-n s
2 _ P
A= () (5 2 Z () (50)
n=1 ¢

X (10(27;”8> +2K cos(%”sios(%)» (19)

where G is the “window size” or the distance over which the
averaging is performed (measured in wavelengths), N is the
number of samples taken over the interval, I is the zero-order
Bessel function of the first kind, A is the carrier wavelength,
o is the angle between the vector in the direction of propaga-
tion of the direct wave and the velocity of the receiver, and “s”
is the sample spacing (measured in wavelengths).

The derivation of (18) and (19) only requires knowledge of
the pdf and autocorrelation of the small-scale fading signal
envelope. We have shown how to obtain a reliable estimate for
the former for wideband signals, whereas the latter has been
shown to be bandwidth independent [18], and therefore, these
equations will apply to wideband systems where the appropriate
value of K is used, as has been described in this paper.

The adaptation to an IEEE 802.11 system is straightforward.
Only the Ricean factor K has to be determined, as described
above via the function Fj(a; ALpax). The range of ALp,.x
is determined by the network type and the street geometry.
We choose 250 m as the maximum cell range, corresponding
to our own measurements for an IEEE 802.11 network [11].
Fig. 4 shows the variation in the 1o spread with AL, and
G for analog averaging in NLOS conditions. The 1o spread
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Fig. 4. The lo spread in the NLOS condition, depending on the averaging distance and AL ax.

values, which correspond to a window size of 20\, and 40\,
as suggested by Lee for narrowband systems, have been marked
on the z-axis as “higher error bound” and “lower error bound,”
respectively. Compared to the classical narrowband case, in
which the result is independent of the maximum difference in
propagation path lengths ALy, it is clear that U%p strongly
depends on AL, ,x. However, for the propagation environment
under consideration, an averaging window size of between 13\,
and 25\, guarantees to be within the desired error bounds.
Since the autocorrelation function is bandwidth independent, it
follows from Stueber [25, pp. 603—604] that the sample spacing
should be less than 0.5\, for wideband systems as well.

B. Simulation of Wideband Small-Scale Signal Envelope
Fading for an IEEE 802.11 System

The open-source packet-level simulator NS-2 [34] is the most
popular simulator in the mobile ad hoc network community
[35]. The simulator ships without any support for the simulation
of small-scale fading, although such a module exists from
Punnoose et al. [36]. This module simulates small-scale signal
envelope fading using the Rice distribution and is applied
for narrowband channels only. The module is computationally
very efficient because it uses a precomputed lookup table for
the otherwise costly generation of correlated signal envelope
samples for each packet.

Punnoose er al.’s module is based solely on the Rice distri-
bution and the bandwidth-independent autocorrelation of the
small-scale fading signal envelope and is not based on any
other assumptions that may be different for wideband systems.
This module is adapted to simulate small-scale signal envelope
fading for an IEEE 802.11 system in microcells by simply
replacing the Ricean factor K with F}, where F}, is given by
(12) using the constants from Table V for an IEEE 802.11
system.

The simulation of an IEEE 802.11 system requires that the
performance of the receiver, which is typically expressed by
its average BEP, is correctly modeled. The average BEP for

an ideal IEEE 802.11 receiver with DQPSK for 2 Mb/s can
be obtained from a narrowband BEP model using the methods
outlined in this paper. The average BEP P, for an IEEE 802.11
receiver with coherent DQPSK modulation for a Ricean fading
narrowband channel can be modeled as [37, p. 188, eq. (6.70)],
[37, p. 187, eq. (6.64)]

_ 1 —K%
Pb(:)/b,K) gL

1+ K
= - ex
21+ K+ P

where 4}, is the average signal-to-noise ratio, and K is the
Ricean factor. As noted previously, this model can only be
adapted for wideband channels in which no intersymbol inter-
ference is present, as would be the case where there is perfect
channel equalization. Replacing the Ricean factor K with Fj,
for an IEEE 802.11 system gives

1+ Fk(a, ALmax)
L+ Fy(a, ALpax) + b
_Fk(aa ALmax)'s/b )
-e 21
Xp<1+Fk(a7ALmax)+’7b ( )

which is the average BEP of an ideal IEEE 802.11 receiver with
perfect equalization.

To show the effects of modeling the small-scale signal
fading as wideband over narrowband, we conducted two sim-
ulations using the NS-2 simulator for an IEEE 802.11 system,
as described above. These simulations were performed using
two nodes where the transmitter was stationary and the receiver
was moving away with a constant velocity. The variations in
the signal power are due only to small-scale fading. The re-
ceiver noise floor was set to —104 dBm, which is a typical
value for an IEEE 802.11 receiver [38]. Both simulations
were conducted for NLOS conditions for both narrowband and
wideband channels. In the latter case, ALp.x Was set to
40 m. The small-scale fading signal power is given for both
simulations in Fig. 5. When the channel was modeled as being
narrowband, the small-scale fading was severe and showed
deep fades. In the case where the channel was modeled as

1
Pb(’?ba a, ALmax) - 5




GAERTNER AND NUALLAIN: CHARACTERIZING WIDEBAND SIGNAL ENVELOPE FADING IN URBAN MICROCELLS

Narrowband channel Wideband channel

-65 -65

-70 =70
__ 75 _ _75) 1
£ £
s} Jis}
Z Z \
— -80 — -80r
[ (0]
2 2
8 8
a —85 E —85 I
c ey
2 k=]
n n

-90 -90+

-95 -95+

100, 2 4 100, 2 4

Distance (m) Distance (m)

Fig. 5. Examples of small-scale signal power fading over distance for
narrowband and wideband channels.
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Fig. 6. Examples of the average BEP for an ideal IEEE 802.11 receiver over
distance for narrowband and wideband channels.

wideband (K = F},), the small-scale fading was significantly
reduced. Fig. 6 shows the average BEP for an IEEE 802.11
receiver in the corresponding simulations of the narrowband
and wideband channels. As expected, the average BER is
considerably lower in the wideband channel. This difference
is the result of less severe fading in the signal power and the
modified BEP model.

V. CONCLUSION

This paper has shown that the distribution of the small-scale
fading wideband signal envelope can be characterized by the
Rice and Nakagami distributions and that the signal power is
equally well characterized by the noncentral chi-square/Gamma
distributions for microcells. It should be noted that the results
in this paper apply also to picocells (since ALy, is smaller).
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We have shown how our results can be used to determine the
appropriate window size when estimating the local mean power
in a wideband system and that the window size is typically
smaller than that used for narrowband systems.

Packet-level wireless network simulation software such as
NS-2 is widely used but is currently restricted because it models
the fading distribution of the wideband signal envelope using
narrowband techniques. We have shown how the NS-2 simula-
tor, which models small-scale signal envelope fading using the
module of Punnoose et al. [39], can be adapted for wideband
systems. Moreover, we demonstrated that a BEP model for
DQPSK receivers in narrowband channels can be used to model
IEEE 802.11 receivers with perfect channel equalization. We
have illustrated in simulations that an IEEE 802.11 system
performs considerably better when small-scale signal envelope
fading is modeled as wideband over narrowband.

Although normally based on the large-scale fading phe-
nomenon, our recent study of link quality prediction for
IEEE 802.11 in urban microcells indicates that the accurate
prediction of link quality (i.e., outage probability) would benefit
where large-scale fading is also considered [11]. However, such
outage probability calculations require an accurate description
of the cdf of the signal envelope, which can be done using the
Rice and Nakagami distributions with the appropriate values of
K and m, respectively, as this paper has shown, thus enabling
such calculations for wideband systems.

APPENDIX
DEFINITIONS OF DISTRIBUTION FUNCTIONS

Let Prob|-] denote the probability of the given argument. The
definitions for the pdf, cdf, and EDF are then given as follows.

Definition I (pdf): The pdf of a continuous random variable
X is a real-valued function p(z) such that [40, eq. (3.25)]

d
Prob[b < X <d] = /p(x)d:v, b,d e R, b<d.
b

Definition 2 (cdf): The cdf P.4¢(x) for a continuous random
variable X is defined by [40, eq. (3.26)]

x

Peag(z) = Prob[X < a] = / p(y)dy,

—00

—00 < x < 00.

(22)

Definition 3 (EDF): Suppose a sample of size n is drawn
from a population with known cdf P.q¢(x). The EDF Prpp(z)
is defined by the sample and is a step function given by
[40, eq. (14.2)]

k
Pepr(r) = — when () < @ <24 (23)
where k is the number of observations that are less than or
equal to x, and {x(;} represents the order statistics. If the

sample is drawn from the hypothesized distribution, then the
EDF Pgpr(z) should be close to P.4¢(x).
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