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Abstract— Several traditional models exist to describe the
multipath phenomenon in wireless communications, such as
Rice, Nakagami-m, Hoyt, and Rayleigh. There are other new
ones that propose a generalization in order to better fit fading
environments, such asα-µ, κ-µ and η-µ. In this work, the κ-µ
extreme distribution, a special case of theκ-µ fading channel, is
investigated. The statistical characterization of theκ-µ extreme
fading parameter, m, is presented, considering both indoor
and outdoor field trial measurements. More specifically, the
empirical probability density function and the autocorrelation
function of the fading parameter of the κ-µ extreme distribution
are obtained. Moreover, from the empirical data, the range of
possible practical values is also obtained and discussed. Finally,
the instantaneous magnitude variation of m considering the
mobile receiver displacement is estimated. The results presented
here provide important information about the actual usefulness of
the κ-µ extreme fading model in mobile communication systems.

Keywords— κ-µ extreme distribution, channel characterization,
fading parameter, field measurements.

I. I NTRODUCTION

T HE performance of wireless communications systems is
harshly depreciated by the multipath fading phenomenon

caused by different types of obstacles between transmitter
and receiver. Various important statistical models characterize
this phenomenon, notably Rayleigh [1], Rice [2], [3], Hoyt
(Nakagami-q) [4], [5], Nakagami-m [5], and Weibull [6]. In
[7], the κ-µ extreme fading distribution was proposed as a
particular case (its parameters assume extreme values [8])of
theκ-µ distribution, which describes small-scale variations of
the fading signal under a light-of sight (LOS) condition. Theκ-
µ distribution regards important other models as special cases
such as Rice (Nakagami-n) and Nakagami-m [7]. Hence, One-
Sided Gaussian and Rayleigh also constitute special cases of it.
Its flexibility renders it suitable to better fit field measurement
data in a variety of scenarios, both for low- [7], [9] and high-
order statistics [10]. The same happens for theκ-µ extreme
distribution which is suitable to better fit trial measurements
in several environments when the dominant component is
very high and the multipath clustering is extremely low [8].
Experimental data supporting the usefulness of the Nakagami-
m and Weibull fading models have been vastly reported in the
literature (e.g., [11]–[14]). Recently [15]–[17], some works
presenting the performance analysis and first-order statistical
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modeling for the Nakagami-m and Rice fading parameters
have also been presented. In [8] theκ-µ extreme distribution
had its statistics obtained, nonetheless, works depictingthe
statistical characterization of the fading parameter of the
distribution, using practical data, are not known by the authors.

The main purpose of this paper is to obtain the empirical
probability density function (PDF) and its best theoretical fit,
and the autocorrelation function ofm, which is the fading
parameter of theκ-µ extreme distribution, based on field mea-
surements. Furthermore, the evaluation of the range of possible
practical values assumed bym and its instantaneous magnitude
variation are estimated from the empirical data considering the
displacement of the mobile receiver in different indoor and
outdoor environments. The knowledge of the parameter’s PDF,
autocorrelation, and magnitude range is significant because the
value of m is a multipath clustering indicator of the radio
channel [7] and can be used in the evaluation and design
of different wireless communications techniques, such as di-
versity combining techniques, adaptive modulation schemes,
modeling and analysis of interferences, outages probabilities,
design and simulation of adaptive antennas systems, among
others.

The remainder of this work is structured as follows. In
Section II, κ-µ extreme distribution is revisited. In Section
III, indoor and outdoor field trial measurements are con-
ducted in order to investigate first- and high-order statistics
of the m fading parameter. Specially, the empirical PDF
and autocorrelation of them fading parameter are presented
and discussed based on the measurement campaigns. The
instantaneous variation of the magnitude ofm with distance is
also obtained and analyzed, and the practical value range ofm
is estimated. Finally, in Section IV, some conclusion remarks
are presented.

II. T HE κ-µ EXTREME DISTRIBUTION REVISITED

Theκ-µ extreme distribution is one of the various cases of
theκ-µ distribution, which is a general fading distribution that
can be used to better represent small-scale variations of the
fading signal under a LOS condition [7]. Theκ-µ distribution
includes as special cases important other distributions, such
as Rice (Nakagami-n) and Nakagami-m [7]. (Therefore, One-
Sided Gaussian and Rayleigh are also special cases of it).
As its name connotes, it is defined in terms of two physical
parameters, namelyκ andµ. The parameterκ > 0 refers to
the ratio between the total power of the dominant components
and the total power of the scattered waves, whereas the
parameterµ > 0 is related to the multipath clustering. Theκ-µ



extreme distribution is obtained by manipulating these physical
parameters for a certain amount of fading [8]. Specifically,the
Nakagami-m parameterm is obtained whenκ → 0. In such
case,µ = m.

For aκ-µ fading signal with envelopeR and a normalized
envelopeP = R/r̂, with r̂ =

√
E(R2), theκ-µ envelope PDF,

fP(ρ), is written as [7]
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for which µ > 0 is given by [7]

µ =
E2(R2)

Var(R2)

(1 + 2κ)

(1 + κ)2
, (2)

Iν(·) is the modified Bessel function of the first kind and order
ν [18, Equation 9.6.20], Var(·) and E(·) denote the variance
and the expectation operators, respectively.

Moreover, it is known from [7] thatκ and µ can be
expressed in terms of the normalized variance of the power of
the fading signal, usually defined asm. In other words, [8]

m =
µ(1 + κ)2

1 + 2κ
. (3)

Given thatµ > 0 andκ > 0, and that a relationship among
κ, µ and m is found through Equation 3, for a fixedm, as
µ → 0 thenκ → ∞. In such case, it can be shown that the
κ-µ extreme PDF is given by [8]

fP(ρ) =
4mI1(4mρ)

exp[2m(1 + ρ2)]
+

[
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exp(m)
I0.5(m)

]
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(4)

III. F IELD TRIALS AND STATISTICAL ANALYSIS

A series of field trials was conducted at the University
of Campinas (Unicamp), Brazil, in order to (i) estimate the
value range of them parameter, (ii) characterize the amplitude
variation with distance of them fading parameter, (iii) obtain
the empirical PDF and the theoretical fit of them parameter,
and (iv) obtain the empirical autocorrelation function of such
fading parameter. To this end, the transmitter was placed on
the rooftop of one of the buildings as shown in Figure 1, and
the receiver traveled through campus in different environments
such as the ones shown in Figures 2 to 4 as well as within
the buildings. The mobile reception equipment was especially
assembled for this purpose. Basically, the setup consisted
of a vertically polarized omnidirectional receiving antenna,
a low noise amplifier, a spectrum analyzer, data acquisition
apparatus, a notebook computer, and a distance transducer for
carrying out the signal sampling. The transmission consisted
of a continuous wave (CW) tone at 1.8 and 5.5 GHz. The
spectrum analyzer was set to zero span and centered at the
desired frequency, and its video output used as the input
of the data acquisition equipment with a sampling interval
of λ/14 [19]–[21] for 1.8 GHz andλ/180 [22], [23] for

Fig. 1. Building ’E’ – Faculty of Electrical and Computing Engineering.
Transmitter on the rooftop.

Fig. 2. Gymnasium. Indoor measurements.

Fig. 3. Hospital das Cĺınicas. Outdoor measurements.

5.5 GHz. The local mean was estimated by the moving
average method, with the average being conveniently taken
over samples symmetrically adjacent to every point. From the
collected data, the long term fading was filtered out, then the
m fading parameter could be estimated.

A. The Empirical Autocorrelation

The normalized empirical autocorrelation was computed
according to



Fig. 4. Cora Coralina Street. Outdoor measurements.

ÂR (∆) =

∑N−∆

i=1 riri+∆∑N−∆

i=1
r2i

, (5)

in which ri is the i-th sample of the amplitude sequence,N
is the total number of samples,∆ is them discrete relative
distance difference, and̂AR (.) denotes an empirical estimate
of AR (.).

B. Numerical Results and Discussion

Figures 5 to 7 show sample plots of the magnitude variation
of them fading parameter with distance for the same indoor
and outdoor environments presented in Figures 2 to 4. It
must be said that peak values (highest values assumed by
m) occur when the dominant component is weak and there
is a prevalence of multipath clusters. Conversely, the lowest
values form occur when the dominant component appears in
the propagation path [Eq. (3)].

Figures 8 to 10 present sample curves of the empiricalm
PDF for the same environments of Figures 5 to 7. Also, it
is shown the PDF fitting with the theoreticalκ-µ extreme
PDF. The values thatm assume for which theκ-µ extreme
theoretical PDF fits the empirical PDF ofm vary from 0.96
to 1.27. At 1.8 GHz, the average estimated median and
mean values ofm considering all measurement campaigns
are respectively1.351 and1.345, with standard deviations of
0.359. Whereas at 5.5 GHz, the average estimated median
and mean values ofm considering all measurement campaigns
are respectively1.217 and1.319, with standard deviations of
0.491. The range of possible practical values ofm, as found
here, vary from0.586 to 2.362 for 1.8 GHz and0.605 to 2.588
for 5.5 GHz. The knowledge of possible practical levels ofm
and its expected value is very important to better estimate the
fading margin in wireless systems.

Finally, Figures 11 to 13 depict sample plots of the em-
pirical autocorrelation function of them fading parameter for
different indoor and outdoor environments and frequencies.
Interestingly, observe how the autocorrelation curves tend to
keep track of the changes of the concavity.

IV. CONCLUSIONS

This work presented the statistical characterization of the
fading parameter of theκ-µ extreme distribution. More specifi-
cally, the results of field trials aimed at investigating first- and
second-order statistics were obtained, such as the empirical
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Fig. 5. m magnitude with distance. Indoor measurements at 1.8 GHz
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Fig. 6. m magnitude with distance. Outdoor measurements at 1.8 GHz
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Fig. 7. m magnitude with distance. Outdoor measurements at 5.5 GHz

probability density function and the autocorrelation function
of them fading parameter. In addition, the range of possible
practical values for the fading parameter was estimated from
the empirical data, and the instantaneous variation of its
magnitude was evaluated considering the displacement of the
mobile receiver in indoor and outdoor environments. The
results obtained here provide important information aboutthe
practical usefulness of theκ-µ extreme fading model in mobile
wireless communication systems.
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Fig. 8. Theoretical and empirical PDFs of them fading parameter. Indoor
measurements at 1.8 GHz
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Fig. 9. Theoretical and empirical PDFs of them fading parameter. Outdoor
measurements at 1.8 GHz
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Fig. 10. Theoretical and empirical PDFs of them fading parameter. Outdoor
measurements at 5.5 GHz
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Fig. 11. Empirical autocorrelation of them fading parameter. Indoor
measurements at 1.8 GHz
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Fig. 12. Empirical autocorrelation of them fading parameter. Outdoor
measurements at 1.8 GHz
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Fig. 13. Empirical autocorrelation of them fading parameter. Outdoor
measurements at 5.5 GHz
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