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ABSTRACT Recent standardization of portions of the millimeter-wave (mm-wave) band for fifth-generation
(5G) operation has called for further research on how short-term fading behaves in that unexplored part of the
spectrum.With such a target, this paper reports on a thoroughmeasurement campaign conducted in an indoor
environment characterized by rich-multipath scattering, a part of a modern building, with floor and ceiling
constructed of reinforced concrete over steel plates with wood and plasterboard-paneled walls. Particularly,
measurements have been performed in a variety of scenarios, under line-of-sight (LoS) and non-line-of-
sight (nLoS) conditions, for a wide range of frequencies, namely from 25 to 40 GHz - a span of 15 GHz -
therefore, including 26, 28 and 39 GHz. First and second order statistics of representative fading models,
namely Rayleigh, Rice, Nakagami, folded normal, α-µ, η-µ, κ-µ, and α-η-κ-µ have been investigated. The
metrics used in the analysis were the normalizedmean square error (NMSE), the Kolmogorov-Smirnov (KS),
and the Akaike information criterion (AIC). Additionally, the study of the κ-µ model is advanced, in which
new, exact, simple closed-form expressions for probability density function, cumulative distribution function,
and level crossing rate are derived for some particular cases, namely for µ = n+ 1/2 in which n ∈ N.

INDEX TERMS Fading model, wireless channel, 5G-NR, multipath fading, mm-wave.

I. INTRODUCTION
The primary requirement for the emergence of any advanced
generation wireless communications system (e.g. 5G and
beyond) is the provision for larger bandwidth so that, what
is claimed to be its flagship, i.e. the convergence of a variety
of services, can be fully implemented. Larger bandwidth
is a rather scarce resource at lower frequency band. Hence
the obvious, though bold, step is to move toward higher
frequency bands - mm-wave band ((20)30 GHz to 300 GHz)
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-, where the availability of and, unfortunately, the lack of
familiarity with the spectrum are certain.

Recently, in the lastWorld Radio Communications Confer-
ence (WRC) of the International Telecommunication Union
(ITU), held in 2019, the 26, 28 and 39 GHz frequency
bands were approved to comply with the fifth-generation new
radio (5G-NR) high throughput scenarios [1]. These bands,
as the mm-wave band in general, facilitate the deployment of
pico- or even nano-cell structures but offer great challenges.
Maximum radio communication range is one of them when
compared with that of systems operating in the ultra-high
frequency (UHF) band (30 MHz to 300 MHz). Other chal-
lenges include how the atmospheric conditions affect the
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propagation scenario for both direct path (LoS), with dom-
inant components, or indirect paths (nLoS), with reflections
and diffraction through the various surfaces.

A significant number of measurement campaigns at the
mm-wave band has been conducted with the aim at char-
acterizing the propagation channel [2]–[15]. As a matter of
fact, most of those works explore the large-scale propagation
phenomenon. For instance, in [2], the authors use measure-
ments at 28 and 73 GHz conducted in NewYork city to derive
metrics such as path loss, number of spatial clusters, angular
dispersion, and outage probability. In [3], the path loss char-
acteristics of indoor environments based on measurements
are derived using omnidirectional and horn antennas for both
LoS and nLoS scenarios at 60 GHz. In [4], the authors use a
spectrum analyzer and a synthesized signal generator to per-
form several measurements for the frequency-domain char-
acterization of the radio channel in the 60 GHz band. In the
experiments, a carrier wave with a constant amplitude sweeps
across the 100 MHz band, centered around 59.9 GHz. In [5],
the channel characteristics of mm-wave at 39 GHz in indoor
environments based on channel measurements in a confer-
ence room and in a lobby are analyzed. Path loss, shadowing,
and small-scale fading statistics encompassing the Rice fac-
tor, root mean square (RMS) delay spread, and RMS angular
spread are presented. Some results for wireless channels at
15 and 28 GHz in an indoor scenario are presented in [5].
The results are based on both measurements and ray-tracing
simulations. Basic comparisons of measured and simulated
power-delay profiles, angle of departure, and received power
are presented. Interestingly, human body shadowing, as well
as finer structures, are taken into consideration.

The statistics of small-scale fading at mm-wave frequen-
cies have thus far received little attention. In addition, in most
of the few studies available in the literature covering mea-
surements in mm-wave to characterize short-term fading
in nLoS and LoS scenarios, most frequently Rayleigh and
Rice statistics are considered [10], [11], [16]–[18]. In [16],
the short-term fading amplitude for LoS measurements taken
in three corridors of an office block at frequency 60 GHz with
a bandwidth of 1 GHz is modeled with a Rician distribution.
Values of the mean and standard deviation of the Rice fac-
tor are reported for two antenna types, i.e. an open-ended
waveguide and lens. Other interesting results are shown
in [17], where the small-scale fading statistics obtained from
a 28 GHz outdoor measurement campaign reveals that the
Rician model is more suitable than Rayleigh even in nLoS
conditions. Some other related investigations concerning
short-term fading in mm-wave [17]–[19] concludes that more
generalized fading models need to be evaluated so that the
behavior of the fading channel can be better captured.

The newness of the propagation scenario at the mm-wave
band calls for a thorough investigation particularly as far as
the short-term statistics are concerned. More conventional
fading models, e.g. Rayleigh, Hoyt, Rice, Nakagami, and
Weibull, as well as less conventional ones, e.g. α-µ, κ-
µ, and η-µ, may serve this purpose. In addition to these,

three other less known models are of interest. The first one
is the folded normal (FN), a direct particularization of the
κ-µ with µ = 1/2, here also named κ-1/2, which has a
very elementary functional form and which has been suc-
cessfully used in [20]. The second one is another particu-
larization of κ-µ, with µ = 3/2, also presented in simple
functional form, and here named κ-3/2. The third one is the
α-η-κ-µ, which is a very general fading model, and which
is able to accommodate an enormous number of fading sce-
narios, due to its multi-parameter characteristic. And exactly
because of this, it is indeed more mathematically involving.
All the aforementioned cases shall be explored here.

In this paper a mm-wave measurement campaign is car-
ried out in a lab environment aiming at characterizing the
first and the second-order short-term fading channel behav-
ior in the frequencies 26, 28, and 39 GHz, standardized by
the ITU for the new generations of mobile communications
5G-NR. To the best of the authors’ knowledge, such a thor-
ough characterization in this newly allotted 5G band, even
more, considering also generalized fading models is unprece-
dented in the literature. A wide range of measurements is
conducted in a variety of scenarios. Different fading models
are tested, namely Rayleigh, Rice, Nakagami, α-µ, κ-µ, FN,
η-µ, and α-η-κ-µ. From the experimental data, the param-
eters of these models are estimated and the corresponding
curves of the theoretical models are compared with the empir-
ical ones and the best model is selected. In addition, motivated
by the fact that a particular case of the κ-µ model, namely
FN, has its probability density function (PDF) given in a very
simple functional form, other particular cases of κ-µ model,
namely those for µ = n+ 1/2 in which n ∈ N, are obtained
in terms of elementary functions (PDF and level crossing
rate (LCR)) or in terms of computationally more efficient
forms (cumulative distribution function (CDF)). Here again,
to the best of the authors’ knowledge, the derivations given
are unprecedented in the literature.

This paper is organized as follows. Section II briefly refers
to the PDFs and LCRs expressions used for the fading models
under test and revisits the goodness-of-fit (GoF) methods
used. Section III provides closed-form expressions for first-
and second order statistics, given in terms of elementary
functions, for useful particular cases of the κ-µ model. The
measurement setup and the measurement environment are
described in Section IV. Section V analyzes the numerical
results obtained from the measured data. Finally, Section VI
draws some conclusions.

II. PRELIMINARIES
A. FADING MODELS
As already mentioned, the fading models under test are
Rayleigh, Rice, Nakagami, α-µ, κ-µ, FN, η-µ, and α-η-κ-µ.
The expressions of their first-order statistics, namely PDF,
as well as the description of the corresponding parameters
can be found in [21]. In the same way, the expressions of
their second-order statistics, namely LCR, as well as the
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description of the corresponding parameters can be found
in [22]. In both cases, the formulations for the FN can be
easily obtained in a straightforward form from those of κ-µ
ones by setting µ = 1/2.

B. GoF TESTS
In the analyses conducted here, three different figures ofmerit
or criteria are used to verify which theoretical model best fits
the empirical data [23]. The NMSE is used for analyses in
which the focus is to compare the empirical curve (PDF or
LCR) and the theoretical one in order to quantify the curves
dissimilarity (mean distance). Its units are given in dB to
highlight the differences at the lower part of the distribution.
The KS test is performed so that the estimated CDF and the
hypothesized CDF are compared. Finally, the AIC is used
to compare empirical and theoretical statistical distribution
models considering dissimilarity, quantity of samples, and
number of parameters of the distribution. In NMSE and
AIC tests, the chosen distribution is the one with the lowest
value. The KS statistical parameter D represents the maxi-
mum absolute difference between theoretical and empirical
distributions. If the sample comes from a given distribution,
then D converges to zero almost surely in the limit as the
sample size tends to infinity. The corresponding p-value is
calculated based on the KS parameter D and it represents the
reliability of the test considering a given confidence interval.
The best-fitting performance is achieved by the distribution
presenting the lowest D value and highest p-value. Note that
these are statistical models using different criteria. As such,
there is no one single criterion that is universally accepted to
yield the indisputable result. Hence, owing to the fact that any
statistical test uses different approach, the conclusions drawn
from the one will not necessarily coincide with those from the
other. And this is quite understood.

III. EXACT, SIMPLER CLOSED-FORM EXPRESSIONS FOR
κ-µ FADING MODEL
The PDF of the κ-µ fading model, for the full range of its
parameters, is invariably written in terms of special functions
such as the modified Bessel function or the hypergeometric
function, and sometimes it is even given as an infinite sum-
mation. In [20], a particular case of the κ-µ model, namely
FN, obtained from it by setting µ = 1/2, was used to fit
field data. The advantage of FN is that its PDF is given
in terms of elementary function rendering it mathematically
easily manageable. Motivated by this, other particular cases
of the κ-µ model with simpler functional forms are pursued.
Particularly, it is found that for µ = n+ 1/2 in which n ∈ N,
both the PDF and the LCR can be put in terms of elementary
functions and the CDF is found in efficiently computational
form.

We intend here to provide an alternate formulation for the
κ-µ PDF given only in terms of elementary functions.

Let µ = n + 1/2 in which n ∈ N. Then the
normalized PDF of the κ-µ fading model can be writ-
ten as (1), as shown at the bottom of the next page,

where bxc denotes the floor function, ρ the normalized
short-term signal amplitude, and κ and µ are the
parameters of the distribution. Note that this expression is
in the closed-form and is given only in terms of powers and
exponential of the variable ρ. This expression is obtained
by using [24, Eq. (03.02.03.0006.01)] to write the Bessel
function in terms of a finite summation of powers modulated
by hyperbolic sine and cosine. Proceeding with algebraic
manipulations the desired expression is found.

The PDF given by (1) allows for the derivation of a
closed-form expression for the κ-µ CDF in terms of the
incomplete gamma function, which computes more effi-
ciently than the Marcum-Q function. Through the CDF
definition, after some algebraic manipulation two similar
integrals, L1 and L2, arise as

Ln =
∫ ρ

0
zµ−

1
2−i−2 e

−µ(1+κ)
(
z−(−1)n

√
κ

1+κ

)2
dz. (2)

They can be solved with the help of [25, Eq. (1.3.3.18)]. After
tedious algebraic manipulations the CDF is found as in (3), as
shown at the bottom of the page 5, where 0(a, b) is the lower
incomplete gamma function [26, Eq. (6.5.2)] and sign(x) =
|x|/x is the signum function.
In the same way as the PDF and CDF, the LCR can

also be obtained in terms of elementary functions. Let µ =
n + 1/2 with n ∈ N, then the LCR of the κ-µ is obtained
as (4), as shown at the bottom of the page 5. A consequence
is that the κ-µ average fade duration (AFD) can also be
obtained in terms of simpler function. The AFD is defined
as TR(ρ) = FR(ρ)/NR(ρ), both here given in terms of
elementary functions or the gamma functions. To the best
of the authors’ knowledge the expressions derived here are
new.

The formulations specialized for κ-3/2 and κ-1/2 (FN) are
shown in equations (5) and (6), as shown at the bottom of the
page 5, for the PDFs, (7) and (8), as shown at the bottom
of the page 5, for the CDFs, and (9) and (10), as shown at
the bottom of the page 5, for the LCRs, respectively, where
Q(x) = 1/

(√
2π
) ∫
∞

x exp
(
−u2/2

)
du and cosh(·) is the

hyperbolic cosine.

IV. CHANNEL MEASUREMENTS
A. PROPAGATION ENVIRONMENT
The channel measurements were carried out in a labora-
tory of the iTEAM Research Institute at the Universitat
Politècnica de València, Spain. The dimensions of the lab-
oratory are 13.5-m-long, 7-m-width and 2.6-m-high. This
environment is characterized by rich-multipath, with scat-
tered and reflected contributions, due to the presence of
radio-frequency equipment, metallic cupboards, multiple
work tables, desks, and benches equipped with electronic
devices and chairs, among others. This laboratory is part of
a modern building construction, where floor and ceiling are
constructed of reinforced concrete over steel plates withwood
and plasterboard-paneled walls. Fig. 1 shows a view of the
propagation environment.
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FIGURE 1. View of the propagation environment with the Tx (position
1) and Rx antennas.

B. MEASUREMENT SETUP
The channel transfer function (CTF) was measured in the
frequency domain using a channel sounder based on the
Keysight PNA N5227 vector network analyzer (VNA). This
channel sounder was used in other scenarios [27], [28] to
perform channel measurements at mm-wave frequencies. The
Q-PAR QOM-SL-0.8-40-K-SG-L ultra-wideband antennas,
with vertical polarization and omnidirectional radiation pat-
tern in azimuth (horizontal plane), were used at the transmit-
ter (Tx) and receiver (Rx) sides. The 3 dB beamwidth of the
antennas in the elevation plane ranges from 20◦ to 40 ◦ in the
25-40 GHz frequency band, and the 10 dB beamwidth ranges
from 45◦ to 100◦.

The Tx subsystem was connected to the VNA through a
radio over fiber (RoF) link to avoid the high attenuation of
coaxial cables at mm-wave frequencies, thus expanding both
the dynamic range in the measurements and the Tx-Rx dis-
tance. A schematic of the channel sounder is shown in Fig. 2.
The Rx antenna was located on a XY linear positioning sys-
tem emulating aN×M uniform rectangular array (URA)with
an interelement separation of 1.01 mm, which corresponds to
a separation close to λ/8 at 40 GHz. A personal computer
controlled both the VNA and the XY positioning system,
measuring the S21(f ) scattering parameter which is equivalent
to the CTF. The span used is of 15 GHz, from 25 to 40 GHz,
in 16 frequency bins with a separation between consecutive
frequency bins of 1 GHz. The advantage of this measure-
ment method is to analyze and compare the behavior of the

TABLE 1. Characteristics of the positions.

propagation channel at the 26, 28 and 39 GHz bands in the
same propagation conditions. A response calibration of the
channel sounder was performed prior to the measurements.
The bandwidth of the intermediate frequency (IF) filter at the
VNA was set to 100 Hz. This value guarantees an adequate
trade-off between acquisition time and measuring dynamic
range in the frequency bands considered.

The Tx antenna was mounted on a tripod, with a height of
0.90 m, imitating a user equipment (UE). The Rx subsystem
remained fixed in the same location, imitating the position
of an access point (AP), the Rx antenna height was 1.65 m.
Five positions for the Tx antenna were considered with LoS
propagation conditions. The dimensions of the URA were
90 × 750, that corresponds to a small-local area of about
12λ × 100λ. In position 2, two measurements were carried
out, in LoS and nLoS conditions. The Tx-Rx separation
distance and LoS or nLoS conditions for each Tx position are
shown in Table 1. Fig. 1 shows the Rx subsystem and the Tx
antenna in position 1. To guarantee stationary channel con-
ditions, the measurements were carried out at night, without
the presence of people or any moving object.

V. RESULTS
As hinted in Section IV, the amount of collected data is
tremendous. To keep the analyzes manageable and also to
keep the focus on the 5G bands, the frequencies chosen for
investigation were 26, 28 and 39 GHz. All six scenarios,
as described in Table 1, were explored.

A. FIRST-ORDER STATISTICS
In the analysis conducted here, the parameters of the tar-
get fading models (i.e., Rayleigh, Rice, Nakagami, α-µ, κ-
µ, κ-1/2 or FN, κ-3/2, η-µ, and α-η-κ-µ) have been
estimated for each one of the frequencies in all consid-
ered scenarios. The Matlab least-square-error based func-
tion lsqcurvefit [29] has been customized and used
for parameter estimation purposes. The same method and

fP(ρ) =
√
µ(1+ κ)

1
4 (2µ+1)ρµ−

1
2

√
πκ

1
4 (2µ−1) exp

(
µ(1+ κ)

(
ρ −

√
κ

1+κ

)2)

×

1∑
i=0

⌊
2|µ−1|−1

4 −
i
2

⌋∑
`=0

(−1)i
(
|µ− 1| − 1

2 + 2`+ i
)
!

(
1+ (−1)i+

1
2−µ exp

(
−4
√
κ(1+ κ)µρ

))
(2`+ i)!

(
|µ− 1| − 1

2 − 2`− i
)
!
(
4µρ
√
κ(1+ κ)

)2`+i (1)
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starting point have been utilized for all distributions to keep a
fair comparison. After estimating the parameters, the NMSE,
the KS as well as the AIC metrics are found.

Tables 2 and 3 show parameter estimates employing the
nonlinear least square (LS) method, the values of NMSE,
in dB, the KS statistic D, the corresponding p-value, and the
AIC statistic for each target distribution. Bold-faced numbers
highlight the best-fitting result in each performance metric.
From Table 2, it can be seen that the NMSE, KS, and AIC
criteria do not necessarily agree with each other, as antici-
pated. In the first and second criteria, the best-fittings have
been achieved by the more general fading distributions in
18 out of 18 tests, through the third metric this result is 16
out of 18. As expected, considering the NMSE and the KS
criteria, the more general distributions perform better than
the simpler ones since they have more parameters and thus
are more flexible. On the other hand, when considering the
AIC metric, we find that in some few cases (2 out of 18),
the conventional distributions obtained the best compromise
solution. As already mentioned and as well known, the AIC
penalizes the distributions with a greater number of param-
eters. However, as can be verified by the results, in most

situations (16 of 18) the more general distributions provided
an adjustment gain that justifies the increase of complexity.
It is important to emphasize that there are several GoF meth-
ods in the literature (e.g., Deviance and Bayesian etc.) in
addition to those used in this work, each ofwhich focused on a
different characteristic and, therefore, may generate different
results from those presented here.

In order to exemplify the fitting process results, Fig. 3
depicts theoretical PDFs and CDFs plotted alongside the
empirical ones for Scenario 4 and frequency of 28 GHz as
a function of normalized envelope in dB. Through a visual
analysis of Fig. 3(a), it is possible to verify that, except for
the Rayleigh and the FN cases, which are the lower and higher
curves at 0 dB, respectively, all the other distributions match
rather well the empirical densities. Analyzing the CDF curves
in Fig. 3(b), it is possible to notice, again, that the Rayleigh
and the FN distributions are unable to follow the tendency
of the empirical curve. The η-µ and Nakagami distributions
adhere more than the previous ones, but less than the others.
All others distributions can visually capture the behavior of
empirical CDF, however, if the very lower region of the
graph is on focus, the distributions that capture the trend

FP(ρ) =
1

2
√
π

1∑
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⌊
2|µ−1|−1

4 −
`
2
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TABLE 2. PDF fitting results for Scenario 1, Scenario 2, and Scenario 3.
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TABLE 3. PDF fitting results for Scenario 4, Scenario 5, and Scenario 6.
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FIGURE 2. Schematic diagram of the channel sounder.

of empirical lower tail CDF are α-η-κ-µ and α-µ distribu-
tions. In fact, in this particular case, through the objective
statistical measure, the α-η-κ-µ distribution is selected as
the one yielding the best-fitting considering the NMSE and
the KS metrics while for AIC metric the selected one is the
α-µ distribution. Through the previously presented results,
an important conclusion can be reached. The behavior of
the communication channel can be characterized by different
combinations of physical phenomena (i.e. non-linearity of the
medium,multipath clustering, dominant signal power, among
others). Therefore, it is practically impossible to have a single
combination of distributions parameters that will categori-
cally describe the channel. In general, the environments are
rather complex and there is no single or simple solution either
in physical or mathematical terms in channel modeling [21].

B. SECOND-ORDER STATISTICS
At this point, second order statistics are evaluated using the
same methodology already presented for first order analyzes
with exception of KS test, that only applies to the PDF curves.
The adherence of the theoretical LCR curves to the empirical
LCR ones in all six scenarios described in Section IV is
assessed.

Tables 4 and 5 summarize the parameter estimates and
the values of NMSE in dB and AIC. The parameter ψ̈(0)1

1As can be seen in [22], ψ̈(0) is the second derivative with respect to space
of the spatial autocorrelation function at zero. Such a parameter arises from
the underlyingGaussian process composing the fadingmodels. Because such
a parameter appears as a multiplicative factor in the concerned expressions,
for the application at hand, the knowledge of the proper autocorrelation
function is irrelevant, for the parameter can be obtained in the curve fitting
process as any other parameter. But, of course, if one is interested in knowing
the true autocorrelation function, a physical fading model can be envisaged
to take into account the relevant phenomena, as was the case for the Clarke’s
(Jake’s) model.

FIGURE 3. Estimated and theoretical (a) PDFs and (b) CDFs for Scenario 4
at 28 GHz. This figure is better viewed in color.

denotes the mean of the second derivative with respect to
time/distance of the autocorrelation function at zero. Based
on the aforementioned tables, it can be seen that in all six eval-
uated scenarios a better fitting performance has been achieved
by the more general fading models. If we consider both met-
rics in the six analyzed scenarios and for the three considered
frequencies, the best performance has been achieved by the
α-η-κ-µ, i.e. in 18 out of 18 tests. This reveals that the
increase in complexity for the α-η-κ-µ distribution, due to
the greater number of parameters, is rewarded by a much
better adjustment than those of the simpler distributions, thus
justifying its use in situations where a refined modeling is
desired for LCR.

In order to exemplify the LCR fitting process, Fig. 4 shows
theoretical LCR curves plotted alongside the empirical one
for all six scenarios at frequency 28 GHz as a function of ρ
in dB. Through a visual inspection, it is possible to verify that,
for all presented curves in Fig. 4, for ρ > −15 dB all distribu-
tions match rather well the empirical LCR. It can also be seen
that for ρ < −15 dB, for severe fading conditions, Rayleigh,
Rice and FNmodels are unable to adhere well to the empirical
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FIGURE 4. LCR fitting approach for Scenarios 1 (a), 2 (b), 3 (c), 4 (d), 5 (e) and 6 (f) at frequency 28 GHz. This figure is better viewed in color.

curves. The second group of theoretical distributions that
provides an intermediate tail adhesion comprises Nakagami,
κ-µ, η-µ, and α-µ. However, if we verify only the extremely
lower tail portion of the plots, i.e., for substantially small ρ,
the α-η-κ-µ yielded a better adherence except in Scenario 5,
where the κ-µ model achieved the best tail adherence. In
other scenarios, the distribution that achieved the best values
for the NMSE metric will also have the best tail adjustment.

C. FIRST AND SECOND ORDER STATISTICS ANALYSES
The Rayleigh distribution showed low performance in LoS
scenarios, as expected, since its physical model does not
include dominant components. However, in nLoS scenarios,
and if high fitting accuracy is not required, its performance
is remarkable, bearing in mind its simple and elegant func-
tional form. The simplest forms of the κ-µ model, namely
κ-1/2 (FN) and κ-3/2, can be useful for a quick performance
evaluation. However, they fail to yield good fitting perfor-
mance mainly in nLoS conditions. The Rice distribution
showed satisfactory results in LoS scenarios, as expected,
and surprisingly, it also operated reasonably well in nLoS
situations (Scenario 3), in which case its κ factor is found
to be very low as compared to those of the LoS cases. The
Nakagami distribution, despite having only one parameter in
its physical model, achieved interesting results in LoS condi-
tions, although its physical model does not consider dominant
components, which is somehow emulated by the clustering
effect. Another distribution that does not provide dominant

components in its modeling, but which performs very satis-
factorily, both in LoS and nLoS scenarios, is the α-µ. In this
case, in addition to the clustering effect, the provision for
the nonlinearity of the medium yields further flexibility for
data adjustment. Because the majority of the scenarios under
investigation are in the LoS situation (5 out of 6), the κ-
µ distribution performed better than the α-µ in most cases,
showing excellent results of adjustments, losing only to a
more generalized distribution, namely α-η-κ-µ. Of course,
its great advantage is its relative simplicity, comparable to
that of Rice. The η-µ distribution, although in some situations
yielded results comparable to those of α-µ and κ-µ, failed to
maintain the regularity in all situations. Finally, the α-η-κ-µ
distribution presented the best fit, in terms of mean square
errors, in all situations, both for PDF and for LCR. As under-
stood from its physical model, it can combine, in a very
powerful way, the most relevant propagation phenomena.
Impressively, the α-η-κ-µ distribution provided a reduction
of the mean square error of more than 15 dB concerning the
second-best distribution in some cases of LCR evaluation.
Of course, its remarkable performance comes at the expenses
of its more complex formulation, which is a result of its more
comprehensive physical modeling

An important conclusion is due. There is no single combi-
nation of physical phenomena that will categorically describe
the behavior of the communication channel. Different com-
binations of physical phenomena, such as medium non-
linearity, multipath clustering, presence/absence of dominant
components, among others, can result in similar performance.
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TABLE 4. LCR fitting results for Scenario 1, Scenario 2, and Scenario 3.
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TABLE 5. LCR fitting results for Scenario 4, Scenario 5, and Scenario 6.

67278 VOLUME 9, 2021



T. R. R. Marins et al.: Fading Evaluation in Standardized 5G mm-wave Band

Moreover, in general, the propagation environment is very
complex, and no single or simple modeling can comprise all
the existing phenomena.

VI. CONCLUSION
Short-term fading characterization in the recently standard-
ized 5G mm-wave band has been very scarcely explored,
if not unexplored at all. To fill this gap, this paper further the
knowledge of the short-term fading channel in the mentioned
bands. To that end, a thorough measurement campaign has
been conducted in an indoor environment in the mm-wave
range at frequencies 26, 28 and 39 GHz, as standardized by
the ITU for 5G systems. Measurements have been performed
in a variety of scenarios, under LoS and nLoS conditions.

First and second order statistics of representative fading
models, namely Rayleigh, Rice, Nakagami, folded Normal,
α-µ, η-µ, κ-µ, and α-η-κ-µ have been investigated. From the
experimental data, the parameters of the mentioned distribu-
tions have been estimated using the Matlab least-square-error
based function and the corresponding curves of the theoretical
models have been compared with the empirical ones and the
best model have been selected using three different figures of
merit, namely NMSE, KS, and AIC. From the results of the
first order statistical tests, considering the NMSE and the
KS criteria, the more general distributions have performed
better than the simpler ones, as expected, because they are
more flexible. When considering the AIC metric, we find
that in some cases, though few, the conventional distributions
obtained the best compromise solution, since, as known, AIC
penalizes the distributions with greater number of parameters.
However, in the great majority of the situations, the more gen-
eral distributions still provided the best adjustment, indeed
justifying their use. As far as the second-order statistical tests
are concerned, in all evaluated scenarios and for the three con-
sidered frequencies, the best performance has been achieved
by the α-η-κ-µ distribution. Followed by it, the other less but
still general models, namely α-µ, η-µ, κ-µ, offer the best
results. It is also observed that in some situations, the lower
tail of the true empirical LCR, which is the lower signal-
to-noise region, obtainedwith field data, can only be followed
by the more general fading model, because of its inherent
flexibility and nonunimodality.

In addition, the theory concerning the κ-µmodel has been
further advanced with the derivation of new, simpler expres-
sions concerning its first and second order statistics for the
special cases in which µ = n+ 1/2 in which n ∈ N.
Throughwhat has been observed in our investigation, it can

be concluded that the well-known fading models available
in the literature can be satisfactorily used to characterize
both first- and second-order short-term fading statistics of the
standardized 5G mm-wave bands in an indoor environment
where there are many reflecting and dispersing elements.
As a matter of pure speculation, we conjecture that these
results could be extended for other environments. However,
this still remains as a subject of investigation. The best fitting
performances, however, are obtained by the more general

fading models, with a performance-versus-complexity com-
promise best attained by α-µ, η-µ, κ-µ. Of course, a more
refined adjustment is always achieved by α-η-κ-µ but at a
high complexity cost.
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