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ABSTRACT With the increasing development of 5G and Body Area Network based systems being
implemented in unusual environments, propagation inside metallic structures is a key aspect to characterize
propagation effects inside ships and other similar environments, mostly composed of metallic walls.
In this paper, indoor propagation inside circular metallic structures is addressed and fast fading statistical
distributions parameters are obtained from simulation, being assessed with measurements at 2.45 GHz in
a passenger ferry discotheque with an 8 m diameter circular shape. It is observed that, in this kind of
environments, second order reflections are particularly relevant due to the walls’ high reflective nature.
Globally, it is concluded that the Rayleigh distribution can be used to characterize fast fading effects with no
significant loss of accuracy compared to the Rice one, since a low value of the Rice parameter is observed,
being below 3.1 dB, even under Line-of-Sight conditions. Moreover, it is observed that, from the fast fading
viewpoint, the best transmitter position is at the circle center.

INDEX TERMS Body area networks, fading characterization, metallic structures, propagation modelling.

I. INTRODUCTION
The increasing number of applications of wireless tech-
nologies, the fast progress in miniaturization of electronic
devices and the increasing demand for human health mon-
itoring has directed the attention of researchers, system
designers and application developers to Body Area Net-
works (BANs). These networks consist of small, lightweight,
ultra-low-power short-range devices, which can be placed in,
on, or around the human body in order to monitor different
vital signals, exchange them between each other and send
then to an external device [1].

There is also an interest of ships and passenger ferries own-
ers in the implementation of BANs to increase the comfort
and safety of passengers and employees during a cruise. Such
networks will be able to monitor their vital signals, to enable
localization features, and even to provide entertainment.
The propagation environment of these networks should be
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considered as a harsh and unusual environment, since walls,
floors and ceilings are mostly made of metallic materials.
Therefore, in order to ensure highly reliable radio links for the
aforementioned applications, one has to thoroughly under-
stand the propagation conditions in this type of scenarios and
describe them by proper models.

There are various studies on propagation characteristics for
BANs in different environments [2], [3], [4], especially for
medical applications [5], [6]; most of them describe BAN
measurements in typical, easily accessible, indoor environ-
ments, such as rooms [7], [8], corridors, hospital rooms,
laboratories, or even in an anechoic chamber.

There is also a limited number of papers describing
research on radio wave propagation in ship environments.
A path loss model for a ship environment at 2.4 GHz has been
proposed in [9], where two different ferries and three types
of rooms, i.e. engine room, passengers’ deck and vehicles
parking, have been investigated. Other studies have been
described in [10], where the characterization of the wireless
channel at 2.5 GHz on board a cruise ship (hall and corridor)
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has been presented. In [11], a wideband channel characteriza-
tion along a lift shaft on board a ship at 255.6 MHz has been
presented. The authors of [12] have performed an empirical
study on board naval vessels, including path loss and delay
spread in the range [0.8, 2.6] GHz at the machine and engine
rooms and at a main starboard hallway. Finally, in [13],
a complex electromagnetic environment characterization for
two types of below-deck spaces in ships, i.e. an ordnance
magazine and a pyrotechnics storage room, has been pre-
sented, for [0.1, 10] GHz. But all the above-mentioned studies
for ship environments do not consider the specific aspects of
BANs.

To the best of the authors’ knowledge, the first research
on BAN radio channels in metallic environment has been
described in [14] and [15]. Measurements have been per-
formed, allowing to establish empiric narrow- and ultra-
wideband system loss and fading models at 0.868, 2.45 and
6.489 GHz, for a ferryboat environment [16], [17]; as a
result it was established that slow fading is well modelled by
the Lognormal Distribution while the Nakagami Distribution
is best suited for modelling fast fading. Nevertheless, it is
observed that the values of the Nakagami Distribution param-
eters for most cases change in a small range, whichmeans that
the power and fading depth are very similar for all scenarios,
being close to the ones observed for the Rayleigh and Rice
Distributions, since the value of Nakagami Distribution’s m
parameter is about 1.0, thus, corresponding to low values of
the Rice Factor, K (the highest value is 1.0 dB.)
However, the above-mentioned studies have been done for

corridors (with rectangular cross sections) and passengers’
cabins, while the focus of this paper is a circular (cylinder
and hemisphere structured) indoor environment, composed
of metallic (almost perfect conducting) walls, which has
different propagation conditions. Since this kind of environ-
ments has some particular characteristics, namely the high
reflective nature of the walls and the circular geometry that
lead to different zones where a different number of reflec-
tions is observed, propagation inside circular structures is
addressed, therefore, paving the way to properly understand
the radio channel in this kind of environments. By using a
two-dimensional approach, propagation inside circular struc-
tures is studied and fast fading parameters are derived. Results
from experimental measurements in a discotheque inside a
ship were used to properly assess simulation results, and the
use of Rayleigh and Rice Distributions for modelling fast
fading is discussed. The novel aspect of this paper is a theoret-
ical and empirical characterization of the radio channel in a
circular metallic room, which is a propagation environment
that has not been analyzed so far, to the best of authors’
knowledge, especially for BAN applications.

This paper is organized as follows. Propagation inside cir-
cular metallic structures is addressed in Section II. Measure-
ments inside a discotheque in a passenger ferry are presented
in Section III. In Section IV, simulation results obtained
from a channel simulator are presented and assessed with
measurements. In Section V, a fading analysis is performed,

and fast fading statistical distribution parameters are derived.
Conclusions are drawn in Section VI.

II. PROPAGATION INSIDE CIRCULAR METALLIC
STRUCTURES
In what follows, propagation inside a circle with perfect con-
ducting boundaries is analyzed, aiming at characterizing the
different situations regarding the observed number of reflec-
tions depending on the relative position of both transmitter
and receiver inside the circular structure.

Propagation inside metallic structures is usually addressed
in the context of waveguides, including resonant cavities
theory [18]. In this kind of structures, their physical dimen-
sions are usually of the order of the wavelength. The prob-
lem addressed in this paper is quite different, since for the
frequency being considered, 2.45 GHz, the wavelength is
12.2 cm, which is quite small compared to the environment
dimensions (several meters). Hence, free-space propagation
together with specular reflection is considered.

Reflection inside structures with perfect conducting walls
has some specificities resulting from the fact that the value of
the reflection coefficient is (or close to) −1, thus, the power
of the reflected components being of the same order of
magnitude compared to LoS (Line-of-Sight) ones (the only
difference being only due to the different path lengths); an
increased dependence on the order of reflections (number
of reflections of each reflected component) is then observed
from the received signal behavior viewpoint. For a fixed
transmitter (Tx) position the power at the receiver (Rx) at any
given location can be simply evaluated as the sum of the LoS
component plus the reflected ones.

The electric field at Rx when taking up to nr order reflec-
tions (isotropic antennas being considered) is given by

EnRef =
nr∑
m=1

Rm∑
n=1

√
30Pt
dmn

0mref e
−j 2πdmn

λ , (1)

where:
• 0mref : reflection coefficient of the m-th reflection order;
• λ : wavelength;
• dmn : path length of the n-th ray of the m-th reflection
order;

• nr : reflection order;
• Pt : Tx power;
• Rm : number of reflected rays.
corresponding to a power at the Rx of [19]

Pr[dBW] = 132.8+ 20 log
(∣∣EnRef [V/m]

∣∣)−20log (f[Hz]) (2)

The case of reflections inside a circular structure of per-
fect conducting boundaries has been previously addressed
in [20], [21]. For two points inside the circle, 1st order reflec-
tions can be calculated with an analytical straightforward pro-
cess, but high order ones lead to a more complex formulation,
hence, in this paper an iterative process is used.

One considers the Rx located at point R(xr , yr ) and the Tx
at T (xt , 0), both inside a circle of radius r , Figure 1.
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FIGURE 1. Reflections inside a circle.

When only 1st order reflections are considered, the reflec-
tion points can be evaluated as the roots xi of the algebraic 4th

order polynomial in y, given by [20]

y =
4∑
i=0

ckx i, (3)

with:

c0 = vx2r − vr
2
(
1+ 2wxr + w2x2r

)
, (4a)

c1 = 4vxr + 2wvx2r + 2w, (4b)

c2 = v (1+ 2wxr )+ w2
− 2u, (4c)

c3 = −2u (vr + w) , (4d)

c4 = u2, (4e)

where:

u =
2
r2
, (5a)

v =
1

x2r + y2r
, (5b)

w =
1
xt
. (5c)

Reflection points (xi, yi) are then obtained from:

yi = yr
2xtx2i − r

2 (xi + xt)

2xtxrxi − r2 (xr + xt)
. (6)

where xi are the roots of (3).
The influence of the position of Rx and Tx on the number

of existing reflection points inside the circle is illustrated
in Figure 2. The Rx and Tx relative position has a major
influence on the number of reflections. The roots of (3) may
be four real numbers, which results in four rays reflections,
Figure 2a, or a pair of real solutions and a pair of com-
plex ones, which results in two rays reflections, Figure 2b.
As described in [20], regions with a different number of
reflections are defined by catacaustic ones.

Figure 3 shows the catacaustic regions for different Tx
positions, when only 1st order reflections are considered. The
existence of these different areas implies a different behavior
for the signal at the Rx, which poses significant challenges to
fast fading characterization.

FIGURE 2. Influence of Rx and Tx relative position on the number of
reflections.

FIGURE 3. Catacaustic regions for 1st order reflections.

FIGURE 4. Catacaustic regions for 2nd and 3rd order reflections.

Catacaustic regions for 2nd and 3rd order reflections are
shown in Figure 4, for T (0.9r , 0). For the 2nd order, different
areas are observed corresponding to 2, 4, 6 or 8 reflected rays,
while for the 3rd order, there are up to 12 reflected rays.

III. MEASUREMENT RESULTS
A. MEASUREMENT ENVIRONMENT, SCENARIO AND
EQUIPMENT
The measurement campaign was carried out in a discotheque,
located on the eighth deck of the passenger ferry M/FWawel,
during one of the cruises. The discotheque is an indoor envi-
ronment with circular shape (with a diameter of 16 m) and
hemispherical ceiling (with a height of 7.3 m), both the walls
and the ceiling being metallic.

The campaign focused on system loss measurements in
the link between a Tx antenna located on a human body
(a man with 1.7 m height and 60 kg weight) in three loca-
tions (head’s right side (HE_R), torso’s front side (TO_F),
and arm’s left side (AB_L)) and an Rx antenna positioned
off-body, Figure 5.

During measurements, due to the discotheque dimensions
and to typical situations occurring for BANs in off-body
communications, two walking scenarios have been consid-
ered: approaching and departing. These scenarios allow to
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FIGURE 5. Transmitting and receiving antennas positioning.

FIGURE 6. View of the discotheque with the measurement area and Rx
location.

perform the analysis of system loss for various conditions and
on-body antenna placements. The distance between Tx and
Rx varied from 2 to 10 m. For each Tx antenna configuration
and walking scenario, measurements were repeated 10 times.
Figure 6 shows the plan view of the discotheque with the
measurement area and Rx location, and a photo of a location.

The considered scenarios and Tx on-body antenna place-
ments allow, with respect to the orientation-dependent body
shadowing, to investigate the three propagation conditions:
LoS – when the Tx antenna is directed towards the Rx one;
NLoS (Non-LoS) – when the Tx antenna is pointing away
from the Rx one and the body fully obstructs the direct
propagation path; and QLoS (Quasi-LoS) – when the Tx
antenna is oriented orthogonally to the Rx one and the direct

TABLE 1. Fitting of measured fast fading distributions.

propagation path is either clear or partially shadowed by the
body.

The equipment described in [22] was used, configured
for system loss measurements with polarization diversity.
The measurements were performed in the ISM (Industrial,
Scientific and Medical) band, centered at 2.45 GHz.

The Tx antenna was a wearable patch antenna, Figure 5a,
with linear polarization, being characterized by a 3 dBi gain,
and half-power beamwidths of 140◦ and 115◦ in the E- and
H-planes, respectively. The transmitted signal was BPSK
(Binary Phase Shift Keying) modulated by a pseudo-random
bit sequence with a length of 23 bits at 3 kbit/s. After cali-
bration, the signal power at the input of the Tx antenna was
−4.2 dBm.
The Rx antenna was a dual polarized quad-ridged horn,

Figure 5b, LB-OSJ-0760 [23], with a 10 dBi gain and
half-power beamwidths of 58◦ and 46◦ in the E- and
H-planes, respectively, mounted on a 1.3 m height tripod. The
received power was evaluated at the RF level, hence, being
independent of the modulation being used.

B. MEASUREMENT RESULTS
Since system loss and slow fading were addressed in [16],
one focus on the fast fading characteristics, being assumed
that they can be modelled by Rayleigh or Rice Distributions,
since in the context of BANs, propagation paths are usually
composed of a mixture of LoS and NLoS situations.

The fast fading behavior was extracted from measure-
ment data and the obtained distributions were fitted to com-
monly used Probability Density Functions (PDFs) [24], using
Maximum Likelihood Estimation (MLE) [26], implemented
in Matlab R©. Fast fading extraction was implemented as
follows:

1. The slow fading signal was evaluated by averaging the
measured values over a 10λ sliding windowwith a λ/2 dis-
placement between consecutive samples.

2. The mean system loss was then evaluated from the linear
regression of the slow fading signal.

3. Fast fading was obtained as the difference between the
measured values of system loss and the slow fading signal.

Table 1 presents the results of the measured fast fading distri-
butions fitting to the following PDFs:

• Rayleigh, with scale parameter σRa;
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• Rice, with parameters, sRi, and, σRi corresponding to
the magnitude of the direct and reflected components,
respectively.

The fitted PDFs passed the selected Goodness of Fit tests
of correlation, chi-square and Akaike Information Criterion,
which were considered for the validation of the considered
distributions.

The value of K for LoS is 2.3 dB while for QLoS it ranges
from −37.0 to −5.4 dB, the higher value being observed for
Approaching/AB_L, because during walking the natural arm
motion causes a change in the visibility of the antennas from
LoS to QLoS, while for NLoS (the direct ray is obstructed by
the body) it is −24.8 dB. Globally, K is lower than 2.3 dB,
which is not surprising, due to thewall’s high reflective nature
(considered as perfect reflectors), hence, the power of the
reflected rays being of the same order of magnitude of the
direct one even for high order reflections.

IV. FAST FADING DEPENDENCE ON THE ORDER OF
REFLECTIONS BEING CONSIDERED
In order to evaluate the dependence of fast fading on the
reflections order, a two-dimensional simulator was imple-
mented in Matlab R©, allowing to properly evaluate the power
at the Rx at any given location inside the circle with perfect
conducting boundaries, as defined in Section II.

It should be stressed that in a real scenario walls are not per-
fect conducting boundaries and imperfections exist, having
impact on the values of the reflection coefficient. Moreover,
among other aspects, the scenario dynamics, namely due to
the presence of people and obstacles, the use of different
types of antennas/polarizations and the user body movement
(causing antennas misalignment), will have quite an impact
on results. Under the scope of the current work, the objec-
tive is to keep the model as simple as possible, while still
being accurate enough to describe reality and keeping the
deviation from measurements within an acceptable margin.
Moreover, this is not a deterministic problem, therefore, all
modeling approaches need to be of a statistical nature. Further
enhancements to the model, allowing to address some of the
issues already pointed out, and its assessment through mea-
surements, will be implemented as soon as new measurement
campaigns are performed.

Simulations were made for reflections order ranging from
the 1st up to the 5th. A circle with radius r = 8 m was consid-
ered and the frequency was set to 2.45 GHz, corresponding
to the measurement scenario described in Section III. The Tx
and the Rx were randomly positioned inside the circle and the
process was repeated 6 000 times.

Fast fading parameters were extracted from fitting simu-
lation data to Rayleigh and Rice Distributions using MLE.
Simulation results are presented in Table 2, with a varying
reflection order nr , meaning that reflections were considered
for evaluating the power at the Rx up to the nr order.

One can conclude that K ranges from -12.1 to 2.9 dB, the
higher the order of reflections being considered the lower

TABLE 2. Statistical fading distribution parameters when considering
from the 1st up to the 5th order reflections, LoS.

TABLE 3. Statistical fading distribution parameters for 1st up to 5th order
reflections, NLoS.

being the value of K , given that the power of the reflected
components will increase correspondingly.

Under NLoS, i.e., without considering the direct path (ray)
between Tx and Rx, the results are presented in Table 3.

As expected, one can conclude that K is below the one for
the LoS case, ranging from −32.8 to 0.4 dB.

When comparing the simulated results with the measured
ones for LoS, the measured value is between the simulated
ones obtained for nr = 1 and nr = 2. For NLoS, the measured
value of K is close to the simulated one for nr = 2. The
difference between the measured and simulated values of K
is 5.2 dB, nevertheless, being of the order of −25 to −30 dB
in both cases, i.e., from the statistical fading distribution
viewpoint, no significant difference is observed.

Additionally, one should consider that in the measurement
scenario directive antennas were used at both Tx and Rx,
hence, the lower the reflected power the higher the value of K .

Globally, one concludes that in this kind of environments
2nd order reflections play an important role, which is not
surprising due to the high reflective nature of the walls.
It should be stressed that the real environment is not a two-
dimensional one as assumed in the simulation model, but
rather a three-dimensional indoor one, composed of a cylin-
der (walls) and a hemisphere (ceiling); nevertheless, fast fad-
ing effects in this kind of environments can be modelled with
reasonable accuracy with the proposed model by considering
up to 2nd order reflections. As previously, referred, the aim of
the model is to keep it as simple as possible, while ensuring
enough accuracy for radio channel and system analyses.

An example of the mapping between measurement and
simulation results is illustrated in Figure 7. Simulation results
were obtained for a scenario as the one depicted in Figure 6a,
in order to replicate measurement conditions; the measure-
ment correspond to the TO_F approaching LoS situation.
It should be noted that, in the whole measurement campaign,
this was the only situation where LoS exists during the whole
path, which is why no additional comparisons are made.
Globally, a goodmatching is observed: it is interesting to note
that, in both simulation and measurement results, the two and
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FIGURE 7. Measurement and simulation results.

FIGURE 8. PDF of measured and simulated results.

four reflections catacaustic regions can be clearly identified.
A comparison between the obtained PDFs is done in II.
The value of K , evaluated from the fitted PDF distributions,
is 0.7 and 1.2 dB for measurements and simulations, respec-
tively, being close to the ones obtained for the whole set
of 10 measurement runs performed in this scenario (Table 1,
TO_F, Approaching).

One should keep in mind that, as previously referred,
several system and scenario aspects are not considered in
the simulation model, nevertheless, besides not being exhaus-
tively assessed with measurements, the proposed model pro-
vides a good fit with measurement results for the LoS case.
Results for the QLoS and NLoS cases are not presented, still,
a good matching is observed, with the received signal being
well modelled by the Rayleigh distribution, as expected.

V. FADING ANALYSIS
The results in Section IV were derived for the whole circle
(with r = 8 m) corresponding to the measurement sce-
nario. In this section, one analyses fast fading in different
catacaustic regions, as detailed in Section II, for different
values of r /λ, in order to properly characterize propagation in
these areas and for different radius. Simulations were made
considering up to 2nd order reflections and r /λ equal to 33, 49,
66, 82 and 98, roughly corresponding to a radius of 4, 6, 8,
10 and 12m, respectively, for the frequency being considered.

TABLE 4. Statistical fading distribution parameters, for the 2 reflections
catacaustic region, LoS.

TABLE 5. Statistical fading distribution parameters, for the 4 reflections
catacaustic region, LoS.

TABLE 6. Statistical fading distribution parameters, for the 2 reflections
catacaustic region, NLoS.

As previously, Tx and Rx were randomly positioned inside
the circle and the process was repeated 6 000 times. For each
Tx location, the catacaustic region is identified, allowing to
evaluate the statistics for the different cases; when referring
to 2 and 4 reflections catacaustic regions one means the
regions where only 1st order reflections are considered.

Results for LoS in the 2 reflections catacaustic region
are presented in Table 4. K ranges from 2.3 to 3.1 dB,
slightly increasing for increasing values of r /λ, the difference
between r /λ = 33 and r /λ = 98 being 0.8 dB.

Results for the 4 reflections catacaustic region are pre-
sented in Table 5. K ranges from−0.3 to 1.6 dB, being lower
compared to the 2 reflections catacaustic region. On average,
K is between 1.5 and 2.6 dB, below the one observed for
the 2 reflections case, with the difference increasing almost
linearly with decreasing values of r /λ.

When one focus on the fadingmargin required for coverage
planning purposes, it is concluded that, besides being an LoS
situation, the Rayleigh Distribution can be used for modelling
fast fading with a reasonable accuracy, since the difference in
the fading margin obtained from the Rice Distribution with
K = 3.1 dB (the higher value of K being observed) and the
one obtained from the Rayleigh distribution is 2.4 dB (for
95% coverage probability).

Results for NLoS and 2 and 4 reflections catacaustic
regions, respectively, are presented in Table 6 and Table 7.
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TABLE 7. Statistical fading distribution parameters, for the 4 reflections
catacaustic region, NLoS.

From Table 6, one concludes that K ranges from −30.1 to
−24.4 dB, with a small tendency to decrease for increasing
values of r /λ. The results for the 4 reflections catacaustic
region are slightly below the ones for the 2 reflections cat-
acaustic one, still no significant difference on the value of K
being observed in both catacaustic regions.

It should be stressed that the values of K observed in
NLoS should be considered only as being illustrative of the
small values of K obtained in these conditions, rather than its
absolute value itself. It is well known that for K ≤−3 dB the
PDFs of the Rice Distribution are practically superimposed,
coinciding with the Rayleigh one, hence, a low accuracy on
the evaluation ofK , obtained from the fitted Rice Distribution
parameters is observed.

Taking into account that the size of the 4 reflections cata-
caustic region, the one in which more severe fading is usually
observed, decreases with the decreasing distance between the
Tx and the circle center (Figure 3), the closer the Tx is to
the circle center the smaller is the 4 reflections zone, hence,
the lower the probability of a Rx being there experiencing
a lower value of K (associated to a lower fading margin).
One should note that, as previously referred, for both LoS and
NLoS, fast fading is reasonably modelled by a Rayleigh Dis-
tribution, hence, no significant differences in fading margin
in different catacaustic regions are observed. Nevertheless,
by positioning the Tx in the circle center one ensures that
there is only one catacaustic region (the 2 reflections one),
where higher values of K are obtained.

VI. CONCLUSION
In this paper, propagation inside circular metallic structures is
addressed and a model is developed and assessed with mea-
surements in a passenger ferry cylindrical discotheque allow-
ing to derive fast fading statistical distributions parameters.

It is observed that, in this kind of environments, 2nd order
reflections are significant due to the walls’ high reflective
nature. Globally, it is concluded that the Rayleigh Distribu-
tion can be used to characterize fast fading, with no signifi-
cant loss of accuracy compared to the Rice Distribution, since
a low value of the Rice parameter, K , is usually observed
for the scenarios being considered, being between -30.1 and
3.1 dB. Moreover, since in a BAN environment the LoS path
will be continuously ‘‘on’’ and ‘‘off’’ due to body movement,
it is expected that in a real mobility scenario the average value
of K will be well below 3.1 dB.

In a worst case scenario, from the viewpoint of the
Rayleigh Distribution applicability to model fast fading,
if one refers to the fading margin required in this kind of envi-
ronments, the difference in this margin for a 95% coverage
probability, when considering a Rayleigh Distribution or a
Rice one with K = 3.1 dB, is approximately 2.4 dB regarding
the median value. From the cellular planning viewpoint, it is
observed that the best Tx position in order to provide a
uniform coverage of the whole area is at the circle center.
This is not surprising from the link budget viewpoint, still,
the same conclusion is not straightforward when referring to
fast fading, as presented in this paper.

In conclusion, fast fading can be well modelled by a
Rayleigh Distribution, with no significant loss of accuracy,
even for LoS, with no need of using more complex distribu-
tions. This paves the way for a simple coverage planning in
cylindrical and hemispherical structures as usually found in
such specific environments.

Further work includes additional measurement campaigns
and study in order to evaluate the influence of system and sce-
nario specific issues, namely, walls characteristics, scenario
dynamics, use of different types of antennas with different
polarizations and user body movement, on the fading distri-
bution being used for characterizing fading effects.
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