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ABSTRACT This paper discusses a polarimetric measurement campaign conducted in two distinct
environments, with data collected at the Federal University of Minas Gerais (UFMG) in Brazil. The study
investigates millimeter wave propagation through vegetation at a frequency of 36.6 GHz in two scenarios:
the Central Square of UFMG and a forested area within the campus. In the first scenario, measurements
were conducted along a main street with varying degrees of vegetation obstruction, focusing on analysing
fast fading. For the fast-fading analysis, Rayleigh, Rice, and m-Nakagami distributions were considered.
Results from the first scenario indicate that the m-Nakagami distribution provides the best fit for both
vertical and horizontal polarisations, surpassing traditional models such as Rayleigh and Rice. In the second
scenario, measurements were takenwithin a forested area, and the studywas undertaken to analyse fast fading
and excess loss. Considering the excess loss study, measurements were compared with three traditional
models (CCIR, Weissberger, and COST 235). Excess loss analysis showed that traditional excess loss
propagation models tend to exhibit a minimum RMS error of 10.6 dB for vertical polarisation and 15 dB for
horizontal polarisation (Weissberger model), whereas the proposed model demonstrated improved accuracy
over log-distance models, particularly for vertical polarisation, presenting an RMS error of 5.8 dB, and for
the horizontal polarisation a RMS error of 10.2 dB, at least 4.8 dB smaller than the Weissberger model.
Considering the fast fading analysis, the m-Nakagami distribution tends to provide better results in both
polarisation. These findings underscore the importance of accurate propagation models tailored to specific
environmental conditions, such as vegetation, to enhance the reliability of future 5G evolution and 6G
microwave communication systems.

INDEX TERMS Polarimetric measurements, vegetation scenario, fast fading analysis.

The associate editor coordinating the review of this manuscript and

approving it for publication was Weiren Zhu .

I. INTRODUCTION
At present, mobile communication systems operate within
the millimeter-wave frequency range and preliminary
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investigations are underway for the development of the sixth
generation (6G). A prevailing trend inmodern systems is their
operation at higher frequency bands, prompting propagation
studies across centimeter, millimeter, and sub-THz frequency
ranges.

Focusing on the microwave and millimeter-wave fre-
quency band, wireless technology can be classified into
two main frequency ranges: FR1 (410 to 7125 MHz) and
FR2 (24.25 to 52.6 GHz) [1]. FR1 primarily consists of
the sub-6 GHz spectrum, which provides a balance between
range and performance for 5G applications. FR2 offers
higher performance for 5G and future 6G applications
due to the availability of larger bandwidths, which can
deliver higher data rates and lower latency. Within FR2, the
36.6 GHz range is notable for its applications in various
fields, including 5G networks, automotive radar systems,
satellite communications, point-to-point communications,
remote sensing, and certain industrial applications [2], [3],
[4], [5].
The impact of vegetation on signal propagation has been

a subject of scrutiny across various wireless communication
generations, spanning from the inception of these systems to
their current evolution. This emphasis on vegetation-related
effects remains crucial for developing future communication
systems.

Modeling propagation through vegetation is challeng-
ing due to the numerous propagation mechanisms in
real environments, such as penetration, ground reflection,
multi-scattering, diffraction around vegetation, and for-
ward scattering along the boundaries of vegetated areas
[2], [3], [4], [6].

The existing literature contains numerous studies on signal
propagation through vegetative environments. For example,
a generic model of 1-60 GHz radio propagation through veg-
etation was proposed in [7]. Also, a measurement campaign
at the 5G millimeter-wave frequency band was conducted
in two vegetated suburban macro-cell areas, leading to the
development of an angle-based path loss characterisation that
improved 3GPPmodels for these scenarios [8]. Another study
proposed a simplified propagation model considering direct
transmission through a succession of trees and transmission
across the forest canopy, which outperformed the RETmodel
for both short and long path lengths [6].
Additionally, a measurement campaign using a 60 GHz

channel sounder was conducted to calibrate a ray-tracing
propagation model for summer and winter tree condi-
tions, accurately predicting foliage loss [9]. Further studies
explored suburban tree clutter attenuation at 24 GHz [10],
signal attenuation at 28 GHz in vegetated environments [11],
and a millimeter-wave foliage propagation model [12].
In [13], it was proposed that a combined ITM and LITU-R
model be used to perform radio coverage prediction in
mountain-vegetated areas. Collectively, these studies enhance
our understanding of the complex interactions between
wireless signals and vegetation, which is essential for
advancing communication technologies.

While polarisation aspects have been studied for wireless
communication systems, for example [14], [15], [16], and
[17], polarimetric propagation studies in vegetation-rich areas
are relatively sparse. Notable contributions include a study
presenting measurement results for a 39 GHz millimeter-
wave dual-polarised channel under foliage conditions [4].
Given the ongoing operation of 5G networks and the
anticipated use of the millimeter-wave frequency band for
6G, continuous experimental campaigns examining wave
polarisation in vegetated scenarios are crucial.

This research endeavors to contribute to the field by
presenting results from a polarimetric study conducted at
36.6 GHz, focusing on vegetation environments within a
university campus in Belo Horizonte, MG, Brazil. The
primary contributions of this study can be briefly summarized
as:

• A polarimetric study assessing propagation loss within a
small forest wedge at a millimeter-wave frequency band,
proposing different models for each polarisation case.

• A polarimetric examination of large-scale propagation
probability in two distinct vegetation environments,
operating within a millimeter-wave frequency band.

The paper is structured as follows: Section II outlines
the measurement setup, Section III provides a detailed
description of the measurement scenarios, and Section IV
presents the measurement results along with the analysis for
both propagation loss and large-scale probability best fit.
Finally, Section V encapsulates the conclusions drawn from
both studies.

II. MEASUREMENT SETUP
In this research, the development of the vegetation propa-
gation model for millimeter wave coverage predictions was
based on experimental data collected during a measurement
campaign at the Federal University of Minas Gerais (UFMG)
in Belo Horizonte, Brazil. This campaign involved polari-
metric measurements of the received signal level in two
distinct scenarios with vegetation, conducted at a frequency
of 36.6 GHz.

The transmitter (TX) setup included two distinct signals
separated by 10 kHz, facilitating a polarimetric measurement
campaign with simultaneous transmission of both vertical
and horizontal polarisations, as illustrated in Fig. 1. The
10 kHz spacing allows the simultaneous transmission of both
components without cross-polarization interference, and at
the receiver, the SA span window enables the visualization
and acquisition of both components (quasi) simultaneously.

The vertically transmitted signal was generated using
an Anritsu 68167C signal generator, producing continuous-
wave (CW) signals at 5 dBm, tuned to the specified 36.6 GHz
frequency. Additionally, another signal was generated from
the TX block, comprising a PLL centered around 18 GHz,
a frequency doubler, a mixer, and power amplifiers, thereby
creating another CW frequency at 36.600010 GHz. Both sig-
nals were transmitted with different polarisations (H and V)
using an RFSpin QRH0140 directional antenna.
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FIGURE 1. Transmitter block diagram.

Both transmitted signals were received using an RFSpin
QRH0140 antenna on the reception side. An Anritsu
MS2668C spectrum analyser was employed to capture the
VV and HV received signals at 36.6 and 36.600010 GHz,
representing the vertically transmitted signal received in
both vertical and horizontal polarisations. For receiving
the horizontally transmitted signal in both horizontal and
vertical polarisations, an Agilent N9000A CXA spectrum
analyser was utilised. In this case, the received signals
were down-converted and identifiable at 200 MHz and
200.010 MHz, as shown in Fig. 2.

FIGURE 2. Receiver block diagram.

III. MEASUREMENT SCENARIOS
The experimental data were acquired in two distinct scenar-
ios. In the first scenario, the transmitter (TX) was positioned
at the UFMG Central Square, as illustrated in Fig. 3. Some
images were obtained from Open Street Map and other were
taken in the field. The TX antenna was placed at a height of
2.13 m, transmitting a 5 dBm continuous-wave (CW) signal.
Themeasurementwas conducted along themain street in both
directions (orange lines). This street also serves as a parking
area, with several trees and cars. Consequently, throughout
most of the measured route, vegetation likely obstructed the
received signal. The probability density function (PDF) and
cumulative density function (CDF) for fast fading variation

were estimated for both the left and right sides of the main
street.

FIGURE 3. UFMG Central Square Measurement first scenario (a) Central
square view, (b) RX view, (c) Schematic for measurements.

The second scenario took place in a small wedge forest
within the university campus, depicted in Fig. 4, with
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some views obtained from Open Street Map and some
pictures taken in the field. The TX antenna was strategically
positioned at eight different sectors at one corner of the
small forest, at a height of 2.13 m. Four measurements
were conducted at various positions for each sector, with an
RX antenna height of 2.90 m. With this set of sectors, the
antenna’s main lobe effectively illuminated all measurement
locations through its main lobe. All measurements, separated
by 1 m, were carried out on the opposite side of the wedge,
ensuring that all positions were obstructed by vegetation and
this way obtaining varying vegetation depths to evaluate the
path decay with both antennas at boresight.

In this scenario, excess vegetation loss was estimated and
compared with traditional vegetation models. Additionally,
the probability density function (PDF) and cumulative den-
sity function (CDF) for fast fading variation were estimated
for this scenario, considering a measurement run on one side
of the wedge, with the TX antenna positioned at the corner of
the wedge.

IV. MEASUREMENT RESULTS AND ANALYSIS
In the first scenario, a fast fading analysis was conducted,
and the probability density function (PDF) and cumulative
density function (CDF) were obtained for two distinct routes
on the main street (R1 on the right side of the street away
the TX and R2 on the left toward TX). To perform this
fast-fading statistical analysis, the received power signal
(in dBm)was first converted to linear units (Watts), and then a
proportional voltage signal was derived. A low-pass filtering
(mean average) was applied to the signal to remove slow
variations, and the signal was normalised with respect to its
estimated modal value. These PDFs were then compared with
traditional Rayleigh, Rice, and m-Nakagami distributions,
as described by Eqs. (1)-(3).
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The same analysis was carried out for both vertical
and horizontal polarisations to determine the best fit for
each polarisation. For the first scenario, 1781 measurement
samples were obtained for Route R1 and 1988 samples
for Route R2. The parameters for each distribution were
estimated using JupyterLab (Python language), and the
results for routes R1 and R2, respectively, considering both
polarisations, are presented in Tables 1 and 2.

The estimated PDFs and CDFs for each considered
probability distribution are compared with the measured
signal, as shown in Figure 5 and Figure 6.

To characterise the statistical distribution that best fits
the measurement fast fading data, the Kullback-Leibler
divergence (KLD) test [18] was applied to compare the

FIGURE 4. UFMG Forest - second scenario (a) forest wedge view,
(b) forest top view, (c) Schematic for measurements.

TABLE 1. Probability function parameters for route 1, VV and HH
polarisation.

empirical cumulative distribution to the theoretical Rayleigh,
Rice, and m-Nakagami distributions.
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TABLE 2. Probability function parameters for Route 2, VV and HH
polarisation.

The KLD test is a measure of how one probability
distribution diverges from another [18]. The formulation is
described by Eq. 4:

DKL(P ∥ Q) =

∑
i

P(i) log
P(i)
Q(i)

, (4)

where if DKL = 0, the distributions P and Q distributions
are identical. If DKL > 0, there is a difference between
the distributions, with greater values indicating a larger
difference between them.

Results for the KLD for routes R1 and R2, respectively,
considering both polarisations, are presented in Table 3.

TABLE 3. Kullback-Leibner Test - Scenario 1.

From the measurement results and KLD tests, it can be
concluded that for both R1 and R2 routes on the main street of
the Central Square at UFMG (Scenario 1), the m-Nakagami
distribution provides the best fit for both vertical (V) and
horizontal (H) polarisations, as the KL divergence result
was closer to zero for the m-Nakagami distribution for all
considered cases.

To enhance the technical interpretation of the obtained fast
fading results, a heat map was simulated for all the collected
data. In Figure 7, the estimated m-Nakagami probability
distribution is shown in the background, and the measured
fast fading is also presented overlaid on this distribution. The
probability value is represented by the color scale. It is evident
that the majority of the fading signal is concentrated around
the 80-90% probability region.

Moving on to the second scenario, illustrated in Fig. 4
which involves the forest wedge, an initial analysis was
conducted for excess loss due to vegetation. In this context,
the best-fit analysis will be compared with three different
reference models: (a) the International Telecommunication
Union Radiocommunication Sector (CCIR) model for prop-
agation in vegetation [19], (b) the COST 235 model [20], and
(c)Weissberger model [21]. All three models are based on the
formulation described by Equation 5,

Lv = a · f b · dcv , (5)

where f is the frequency, in GHz, and d is the vegetation
depth, in meters, with the parameters outlined in Table 4.

FIGURE 5. UFMG Central Square pdf analysis for (a) route R1 - VV,
(b) route R1 - HH, (c) route R2 - VV, and (d) route R2 - HH.

Additionally, a new model is proposed, based on the
adjusted coefficients of Equation 5.
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FIGURE 6. UFMG Central Square cdf analysis for (a) route R1 - VV,
(b) route R1 - HH, (c) route R2 - VV, and (d) route R2 - HH.

TABLE 4. Summary of the considered vegetation models.

A traditional log-distance model was also considered
for each polarisation, and the obtained equations for the

FIGURE 7. UFMG Central Square m-Nakagami probability density and
measured fast fading, for (a) route R1 - VV, (b) route R1 - HH, (c) route
R2 - VV, and (d) route R2 - HH.

log-distance and the proposed model for vertical and
horizontal polarisation cases can be seen in Equations 6 and 7,
respectively.

Proposed : Lv[dB] = 1.127 · f 0.5512 · d0.1753,

Log− Distance : L[dB] =

− 22.7868 − 33.28log(d/8.8304).

(6)
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Proposed : Lv[dB] = 3.062 · f −0.5786
· d1.246,

Log− Distance : L[dB] =

− 52.3010 − 24.45log(d/8.8304).

(7)

The path loss exponent (PLE) for the vertical polarisation
and horizontal polarisation were, respectively, 3.328 and
2.445.

FIGURE 8. Excess vegetation loss at UFMG Forest scenario for (a) VV and
(b) HH polarisations.

The measured excess loss compared to traditional models
is depicted in Figure 8 for vertical and horizontal polarisation,
respectively. Additionally, a mean average error (MAE)
and a root mean square error (RMSE) analyses were
conducted for vertical and horizontal polarisations, with the
results presented in Tables 5 and 6, respectively. Traditional
models exhibited a high RMS error when compared to the
measurements, ranging from at least 10.6 dB for vertical
polarisation to 15.0 dB for horizontal polarisation in the
case of the Weissberger model. In contrast, the log-distance
best-fit proposed model shows an improvement of at least
4.7 dB for vertical polarisation and 8.8 dB for horizontal
polarisation. It is also noteworthy that the proposed model,

FIGURE 9. UFMG Forest wedge excess path loss map for (a) Proposed VV
and (b) Proposed HH.

based on the adjustment of the coefficients of Equation 5,
yields a smaller error than the log-distance based model, but
only for vertical polarisation.

TABLE 5. MA and RMS error for the vertical polarisation [dB].

TABLE 6. MA and RMS Error for the horizontal polarisation [dB].

An additional simulation was conducted to illustrate the
excess path loss map around a transmitter in the forest wedge
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scenario. Excess path loss maps were generated for the
proposed VV and HH polarizations, with the transmitter’s
coordinates serving as the origin of the coordinate system
(distance). The differences in excess loss across all analyzed
models are shown in Figure 9.

FIGURE 10. UFMG Forest wedge pdf analysis for (a) VV and (b) HH
polarisations.

In addition to the excess loss analysis, a fast-fading
analysis was performed for the forest wedge scenario. The
TX antenna was positioned for each 8 sectors, and the
RX antenna was positioned in the main lobe of the TX
antenna, within a distance of 1 m for each measurement.
When the next RX position was not in the main lobe,
the TX antenna was moved to another sector, as can
be illustrated in Fig. 4. A total of 282 fast variation
measurements were processed. The PDFs and CDFs were
obtained for both polarisations and compared with tradi-
tional Rayleigh, Rice, and m-Nakagami distributions. The
estimated parameters for each distribution for vertical and
horizontal polarisation are presented in Table 7. The com-
parison of PDFs and CDFs with measurements is depicted in
Figures 10 and 11.

Results for the KLD test for the forest wedge scenario,
considering both polarisations, are presented in Table 8.
The KLD results once again indicate that the m-Nakagami
distribution provides a better fit for all polarisations in
the presence of a vegetation-obstructed path, as the KL

TABLE 7. Probability function parameters for forest wedge, VV and HH
polarisation.

FIGURE 11. UFMG Forest wedge cdf analysis for (a) VV and (b) HH
polarisations.

divergence results were closer to zero for the m-Nakagami
distribution for all considered cases.

TABLE 8. Kullbak-Leibner Test - Scenario 2.

Once again, to enhance the technical interpretation of the
obtained fast fading results for the forest scenario, a heat
map was simulated for all the collected data. In Figure 12,
the estimated m-Nakagami probability distribution is shown
in the background, and the measured fast fading is also
presented overlaid on this distribution. The probability value
is represented by the color scale. It is evident that the majority
of the fading signal is concentrated around the 80-90%
probability region.
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FIGURE 12. UFMG Forest wedge m-Nakagami probability density and
measured fast fading for (a) VV and (b) HH polarisations.

V. CONCLUSION
A polarimetric measurement campaign was conducted at
36.6 GHz in two vegetation environments within a university
campus scenario. In the main street of the central square,
a thorough analysis of fast fading was executed for both
vertical and horizontal polarisations. The results revealed
that the m-Nakagami distribution offered the best fit for the
multipath obstructed environment with vegetation, as they
presented a smaller KL divergence result, demonstrating its
suitability for both polarisations.

Two distinct analyses were undertaken for the small forest
wedge scenario within the university campus. Firstly, the best
fit of the excess loss measurement was compared with three
traditional propagation models. The observed high RMSE
when applying these models emphasized the necessity for
developing a more accurate propagation model for similar
environments at this frequency range, for both polarisations.
Secondly, a fast-fading analysis showed that the Rayleigh
distribution provided the best fit for vertical polarisation
measurements, while the m-Nakagami distribution was once
again the optimal fit for the horizontal case.

It is also important to emphasize the significance of the
proposed model, which shows a considerable reduction in
RMS error compared to traditional vegetation propagation
models. For both polarisations, the proposed model presented
an RMSE reduction of 4.8 dB when compared to the
Weissberger model. As an important contribution, results
showed that for the vertical polarisation the proposed
model best fits the log-distance approximation, as it uses a

different equation to adjust the model. Considering horizontal
polarisation, log-distance fitted better, but once more the
proposed model presented a smaller error when considering
tradition vegetation models. Another key contribution of this
study is the proposal of different models for each polarisation.
Notably, for the horizontal polarisation case, the traditional
models exhibited significantly higher RMS error, as these
models do not account for polarisation changes. In the fast
fading analysis, the results clearly indicate that the Rayleigh
and Rice distributions are not the best fits for the environment
under study in the millimeter-wave frequency band, whereas
the m-Nakagami distribution tends to provide better results in
both polarisations.

The polarisation dependency is associated with differences
in scattering: vertical polarisation tends to align more with
trunks and main branches, while horizontal polarisation
interacts more with leaves and smaller branches. When radio
waves pass through vegetation, their polarisation changes due
to the multiple reflections occurring within the vegetation
volume.
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