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Introduction: This paper proposes an extension of a ray-tracing based model for
radiowave propagation in the presence of vegetation, to account for the wind-
induced channel dynamics in vegetated environments. The original propagation
model uses various point scatterers with specific re-radiation and it has been
proven to be suitable for a wide range of scenarios. However, the swayingmotion
of the tree branches and leaves, as an effect of the wind, creates a constantly
changing environment that influences the propagating radio signals in both
amplitude and phase, resulting in signal level fluctuations.

Methods: A large measurement campaign intending to record and characterize
the effect of wind-induced dynamics in vegetated environments, was conducted
in a controlled environment, inside an anechoic chamber. Experiments included
various wind directions and at varying speeds: stationary (0m/s), low (1.9m/s) and
high (4.7 m/s). The dynamic re-radiation pattern of trees present in the radio path
were recorded at 20 and 62.4 GHz signal frequencies. The available experimental
data was then used to develop a statistical model which is sought to characterize
wind-induced dynamics of the point scatterers’ re-radiation function. Finally, the
performance of the proposed dynamicmodel while predicting the received signal
level fluctuations inside a tree formation scenario, was assessed against dynamic
directional spectra measurements conducted in a controlled environment, for
four different artificially generated wind incidences and two wind speeds, low
(1.9 m/s) and high (4.7 m/s).

Results and discussion: This experiment proved that the proposed elementary
model could be an asset on the characterization of the time-varying effects found
in vegetation areas under wind influence.
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1 Introduction

The presence of trees and vegetation areas will substantially degrade radio
communication system performance, causing signal attenuation (absorption), scattering,
and (de)polarization (Caldeirinha, 2001). Additionally, the swaying motion of the branches
and leaves as an effect of the wind, creates a constantly changing environment that
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influences the propagating radio signals in both amplitude and
phase, resulting in small-scale signal fluctuations. These
phenomena become particularly critical at higher frequencies, in
which the size of leaves and smaller branches present in the canopy,

becomes comparable to the propagating signal wavelength (Rogers
and et al., 2002).

In recent decades, several models addressing the propagation
phenomena in the presence of trees and vegetation volumes have

FIGURE 1
3D tree physical model: (A) Top and (B) Rotation view.

FIGURE 2
Generic simulation scenario.

FIGURE 3
20 GHz measurement system block diagram.
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been proposed in the literature. One of the common modelling
approaches is the empirical modelling. Empirical models
(Weissberger, 1982; International Radio Consultative Committee,
1986; COST235, 1995; Meng et al., 2009; Seville and Craig, 1995),
which are based on simple equations and developed based on
specific on-site measurements, have successfully been used to
characterise the well-known “dual-slope” attenuation effect in
various scenarios and frequency bands. Nevertheless, due to their
site-specific nature, they usually lack of accuracy outside the model
scope and, in general, these models do not account for time-variant
channel properties due to wind induced dynamics.

On the other hand, full wave theoretical models using
deterministic approaches (Torrico et al., 1998; Torrico and Lang,
2012; Chee et al., 2013; Wang and Sarabandi, 2005; Wang, 2006) are
able to provide very reliable propagation phenomena predictions in

a wide range of vegetated environments. However, such models are
often very complex in nature, requiring numerical approximations
to provide accurate solutions, and its true applicability in real
scenarios might be difficult, since this modelling approach
requires an accurate electromagnetic description of the tree
geometry, including parameters such as, leaf density, area,
orientation and thickness, which are prohibitively time-
consuming to obtain in a real-sized forests (Wang, 2006). This
time-consumption problem quickly escalates whenever the wind-
induced time-variability of the radio channel is to be considered,
since a huge amount of simulations would be required as well as the
respective time-variant input parameter extraction.

The Radiative Energy Transfer (RET) and discrete RET (dRET)
based models have also been successfully used to characterise the
propagation phenomena in the presence of vegetation. Indeed,

FIGURE 4
62.4 GHz measurement system block diagram.

FIGURE 5
Measurement geometry.
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several studies presented in (Fernandes, 2007; Fernandes et al., 2005;
Caldeirinha et al., 2010)used the transfer theory to predict, not only
the excess attenuation caused by the presence of vegetation volumes,
but also the directional spectra inside various tree formations in both
in- and outdoor environments. Additionally, early work aiming at
the extension of the dRET model to account for the wind-induced
channel dynamics has been proposed in (Morgadinho et al., 2012),
in which a Multistate Markov model was used to provide small-scale
signal fluctuation. However, the applicability of the transfer theory
in forest environments, seems also to be limited. On one hand, the
homogeneous medium consideration given in the original RET
model (Johnson and Schwering, 1985) clashes with real forests,
which usually exhibit free space gaps between adjacent trees. On the
other hand, the discretized RET model (Didascalou et al., 2000), had

overcome the homogeneous limitation of the original transfer theory
but, since it requires the discretization of the vegetation volumes into
small cells, it might become numerically intractable for large
propagation distances (Wang and Sarabandi, 2007).

The point scatterer formulation based model is another
modelling approach for radiowave propagation in vegetation, in
which point scatterers are distributed within the computational
volume to characterise the trees’ impact on the radiowave signal
propagation. The referred modelling approach has been successively
developed, extended and extensively validated in a wide range of
scenarios, including various indoor tree formation scenarios with
some degree of inhomogeneity within the vegetation volume
(Leonor et al., 2014; Leonor et al., 2017); outdoor line-of-trees
scenarios, including both in- and out-of-leaf foliation states and

TABLE 1 Measurement systems’ Link budget.

Parameters Value Units

20 GHz 62.4 GHz

Max. Transmitted power 20.0 15.0 dBm

TX antenna gain 10.0 25.0 dBi

RX antenna gain 20.0 25.0 dBi

Mixer −4.0 −3.6 dB

LNA 44.0 44.0 dB

BPF – −2.0 dB

10 m cable (IF signal) −1.2 −2.3 dB

Connectors −1.0 −1.0 dB

ERPa 87.8 100.1 dBm

Noise Floor −60.0 −70.0 dBm

Overall Dynamic Range 147.8 170.1 dB

aEquivalent received signal level at the RX, excluding the radio path losses and RX, saturation.

FIGURE 6
Picture of the measurement scenario: (A) Ficus tree inside the anechoic chamber; and (B) Tree measurement depicted from the receiver side with
visible setups of wind fan at wind positions defined as A and B.
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inhomogeneous outdoor tree formations with mixed species
(Leonor et al., 2018); and indoor tree formation scenarios with
oblique/slant incidence, i.e., three-dimension (3D) scenarios
(Leonor et al., 2019). However, to the best of the authors’
knowledge, the effect of the wind, and the consequent signal level
fluctuations over time, has not yet been accounted in this modelling
approach. To this extent, this paper aims at the extension of the
point scatterer formulation into a doubly-selective model for
propagation in vegetation (Leonor, 2018).

The paper is then organised as follows. In Section 2, a brief overview
of the point scatterer formulation modelling approach is presented.
Section 3 aims at the characterisation of the effect of wind-induced
dynamics on the received signal level. To this extent, measurements
intending to record the dynamic re-radiation function of a tree
specimen, were conducted in a controlled environment, inside a
anechoic chamber, with artificially generated wind from various
directions and speeds. Subsequently, the available experimental data
and its statistical analysis was used to develop an elementary dynamic
model characterising the radiowave propagation phenomena of a tree
under wind influence. This dynamic elementary model was developed
in two different stages. In the first stage, time-variant input propagation
parameters were extracted directly from dynamic re-radiation
measurements, yielding to a very reliable description of the signal
level variations, specially in the forward scattering direction. However,
its application to tree formation scenarios is cumbersome due to the

synchronous nature of the input propagation parameters extraction
method. To this extend a second dynamic model, based on well-known
statistical distributions was proposed. Despite some limitations
identified in this second method, it enabled the modelling approach
to be applicable in complex vegetation structures, such as tree
formations. The assessment of the statistical based dynamic model
while predicting the received signal level fluctuations in a tree formation
scenario is presented in Section 4. The performance of the proposed
doubly-selectivemodel was assessed against dynamic directional spectra
measurements conducted inside an anechoic chamber, for four different
artificially generated wind incidences and two wind speeds. Finally,
Section 5, addresses some conclusions and raises directions for
further work.

2 Original model overview

The ray-tracing based model proposed in (Leonor et al., 2014),
and latter enhanced in Leonor et al. (2018) and in Leonor et al.
(2019), uses point scatterer formulation to characterize the
radiowave propagation phenomena of trees. In this model, trees
present in the simulation radio channel are characterized using a set
of point scatterers, which are distributed in various circles with
varying heights and widths, providing a relatively homogeneous
point scatterer distribution across the vegetation volume. A detailed

FIGURE 7
Normalised mean signal level for wind incidences: (A) A at 20 GHz; (B) C at 20 GHz; (C) A at 62.4 GHz; and (D) C at 62.4 GHz.
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FIGURE 8
Standard deviation of the signal level for wind incidences: (A) A at 20 GHz; (B) C at 20 GHz; (C) A at 62.4 GHz; and (D) C at 62.4 GHz.

FIGURE 9
Analysis on the α values to describe the GFS variation.
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description on algorithm defined for the point scatterer distribution,
which will generate sort of a sphere which dimensions are dependent
on the canopy height and width, can be found in Leonor et al. (2019).
Figure 1 depicts an example of a small tree modelled using the point
scatterer distribution.

To gather the interactions between all point scatterers present in
the simulation volume a two-iteration ray-tracing algorithm is used.
The first iteration of ray launching includes the direct component
and also the rays travelling from the transmitter (TX) toward the
scattered points and bounced back to the receiver (RX). In the
second iteration, point scatterers illuminated with the rays of first
iteration are assumed as new TXs, and the rays travelling from each
point toward the other scatterers and subsequently bounced to the
RX are included. Finally, the received signal complex envelope is
calculated by coherently adding all the multipath components
arriving at the receiving antenna, for each time-step.

Each tree, and its respective point scatterers, is characterized by a
set of input propagation parameters, which includes.

• βi, that regulates the forward lobe beamwidth of the point
scatterers’ re-radiation pattern;

• ki, used to manage the amount of excess loss suffered by the
radiowave rays travelling through the tree volume.

The point scatterers’ re-radiation function is based on the
normalized version of the well-known phase function model,
originally presented in Ulaby et al. (1990), which is expressed by

ρ γ( ) � α 2
β( )2

e
− γ

β( )2

+ 1 − α( )

α 2
β( )2

+ 1 − α( )
(1)

where γ is the angular difference (in radians), between the incident
and scattered rays, α controls the level of the scattered power and β is
the forward lobe beamwidth. It was found in Leonor et al. (2014)
that successively applying the phase function for different values of α
and β to the tree physical model, along with the k parameter used to
manage the excess loss of the ray travelling inside the vegetation
volume, the β parameter alone was suitable to characterise the shape
of the tree re-radiation function. Hence, to simplify the propagation
model and the number of its input propagation parameters, the α
was fixed at half-scale (0.5).

Equation 1 is derived for two-dimension (2D) scenarios,
however, based on the measurement results presented in Leonor
et al. (2019), it was concluded that the symmetry around the forward
scattering direction is found, not only in the azimuth plane, but also
in the elevation plane. Therefore, to characterize the tree scattering

FIGURE 10
Time series obtained in the forward scattering direction (ϕRX � 0°) for a wind incidence from: (A) B with low speed and (B) F with high speed at
20 GHz; and (C) C with low speed and (D) E with high speed at 62.4 GHz.
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phenomena in 3D scenarios, the γ parameter was defined as the
angle between the 3D vectors representing the incidence and the
scattering directions, Vi

�→
and Vs

�→
, respectively, given by Equation 2

γ � arccos
Vi
�→ · Vs

�→
Vi
�→∣∣∣∣∣ ∣∣∣∣∣ Vs

�→∣∣∣∣∣ ∣∣∣∣∣⎛⎜⎝ ⎞⎟⎠. (2)

Additionally, rays travelling through the vegetation volume will
account for excess attenuation. Considering a generic scenario
composed by NT trees, as depicted in Figure 2, the total excess loss
LExtotal of the rays travelling inside the vegetation volume, is given in dB,
by Equation 3

LExtotal � ∑N
i�1

ki di − di−1( )0.5 dB[ ] (3)

where, NT is the number of the trees intersected, di is the total
transmission distance inside the ith tree, as depicted in Figure 2, and
ki is an input parameter used to characterize the attenuation slope of
the specific ith tree (Leonor et al., 2018).

As far as input propagation parameter extraction is concerned,
an empirical method was proposed in (Leonor et al. (2018)), which is
based on two simple measurements that can be relatively easily

conducted in an outdoor forest environment. The aim of such
measurements, which are to be taken with the RX at positions ϕ �
0° and ϕ � ± 90° (see Figure 5), is to evaluate the tree insertion loss
(IL) and the tree front-to-side signal discrimination (GFS), i.e., the
difference between the signal level recorded at the forward and the
side scattering directions, respectively. Both IL and GFS values are
given in decibel units (dB). After the proper characterization of IL
and GFS parameters, βi and ki values can be extracted using,

βemp � 40e−0.02GFS °[ ] (4)
and

kemp � 8
IL
Td

( )0.2

dB/m[ ] (5)

where IL is the tree insertion loss and Td the tree diameter.

3 Measurement system overview

Measurements intending to record time-varying received signal
level, caused by the swaying motion of the tree branches, twigs and
leafs, were carried out at 20 and 62.4 GHz.

FIGURE 11
Time series obtained in the side scattering direction (ϕRX � 90°) for a wind incidence from: (A) Bwith low speed and (B) F with high speed at 20 GHz;
and (C) C with low speed and (D) E with high speed at 62.4 GHz.
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The 20 GHz measurement system, depicted in Figure 3 a
through block diagram, consists of a Gunn diode voltage
controlled oscillator (VCO), providing a continuous-wave (CW)
tone of 20 GHz rated at 20 dB m, which is radiated to the radio path
using a 10 dBi standard horn antenna with a half-power beamwidth
(HPBW) of approximately 45°. At the RX side, the radio-frequency
(RF) signal was acquired by a 20 dBi standard gain horn antenna

with a HPBW of approximately 17°. The received signal travelled to
a frequency down conversion section through a waveguide
attenuator, which includes a variable attenuator (Att) to enhance
the system dynamic range, a balanced mixer and a 19.78 GHz local
oscillator (LO). The LO is used to down-convert the RF signal into a
220 MHz intermediate-frequency (IF) signal which is subsequently
amplified by a 44 dB low noise amplifier (LNA). At the data logger

FIGURE 12
Statistical representation relative to the results obtained in the forward scattering direction (ϕRX � 0°) with wind incidence from B with low wind
speed at 20 GHz: (A) CDF of NPL, (B) PDF of NPL, (C) AFD, (D) LCR and (E) ACF.
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section the IF signal was acquired by logarithmic amplifier
(LogAmp) and a data acquisition (DAQ) card, enabling fast
signal acquisition, up to 100 ksamp/s.

The 62.4 GHz measurement system was built using a phase
locked loop oscillator (PLO) composed by a Gunn diode oscillator
tuned at 20.8 GHz and a frequency multiplier used to triple the
signal frequency. The ensemble oscillator-multiplier generates a RF
signal tuned at 62.4 GHz and rated at 16 dB m. This RF signal is

transmitted to the radio path over a waveguide attenuator and a
25 dBi standard horn antenna with a HPBW of approximately 9°.
The block diagram of the millimetre-wave (mmWave) measurement
system is depicted in Figure 4.

At the RX end, a similar 25 dBi standard horn antenna was used
to acquire the RF signal, which in turn, was transmitted to a
frequency down-conversion set, using a waveguide attenuator.
The frequency conversion stage consists of a balanced mixer and

FIGURE 13
Statistical representation relative to the results obtained in the side scattering direction (ϕRX � 90°)with wind incidence from B with low wind speed
at 62.4 GHz: (A) CDF of NPL, (B) PDF of NPL, (C) AFD, (D) LCR and (E) ACF.
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a VCO operating and 61.8 GHz, which converts the RF signal into a
600 MHz IF signal. The IF component is then amplified by a 44 dB
LNA and filtered by a band-pass filter (BPF) centred at 600 MHz
with a 5.38 MHz of bandwidth (−3 dB). Similarly to the 20 GHz
measurement system, the IF signal was acquired by a
LogAmp and DAQ.

The dynamic range specifications of the 20 and 62.4 GHz
measurements system are summarized in Table 1. The noise
levels of both systems were set by the LogAmps sensitivity and
overall dynamic ranges of 147.8 and 170 dB were found for the
20 and 62.4 GHz measurements system, respectively. Although the
saturation of the RX active devices is not considered here, during the
actual course of the measurements it was prevented by means of the
introduction of additional attenuation at the RX whenever it
was needed.

4 Extension of the 3D ray-tracing based
model to doubly-selective
vegetated scenarios

In this section, the 3D ray-tracing based model for propagation
through vegetation, presented in Leonor et al. (2019), is extended to
include the time-varying received signal level, caused by the swaying
motion of the tree branches, twigs and leafs. The development of this
model extension was based on dynamic re-radiation measurements
conducted in a controlled environment, inside an anechoic chamber,
which included artificially generated wind from various directions
and speeds, at 20 and 62.4 GHz signal frequencies.

A primary model validation is also presented in this section,
including the comparison between both measured and simulated
time-series of the received signal level, and the comparison of its
respective first and secondary order statistics, namely, the
cumulative distribution function (CDF), the probability density

function (PDF), the average fade duration (AFD), the level
crossing rate (LCR) and the autocorrelation function (ACF)
received data samples obtained at the various conditions under
consideration.

4.1 Methodology and
measurement geometry

Measurements intending to record the time-varying re-radiation
pattern of a single trees, were conducted inside an anechoic
chamber, at 20 and 62.4 GHz. A TX was placed at a distance of
1.70 m from the centre of the tree under measurement (TUM),
which is sufficient to ensure plane wave illumination, and the RX
was made to rotate around the tree, from ϕ � −120° to 120° with 2°
steps. In each RX step, the received signal level was recorded for a
period of one second, at a sampling rate of 10 kHz. Artificial wind
was generated from various directions: A to F, as depicted in
Figure 5, with different wind speeds: stationary (0 m/s), low
(1.9 m/s) and high (4.7 m/s). Figure 6A) depicts the tree used
during these experiments, where it’s observable its high leaf density,
while Figure 6B) illustrates the measurement scenario from the RX
side with visible setups of wind fan at wind positions defined as A
and B. Finally, this procedure was repeated for both 20 and 62.4 GHz
signal frequencies.

Considering the six wind directions (A to F), the three wind
speeds (static, low and high), the angular range of the RX rotation
(i.e., −120°:2°:120°) and the two signal frequencies, the overall
number of time-series extracted using the measurement geometry
depicted in Figure 5 is 4,356. These measurements allow the
characterisation and modelling of the temporal variations of the
received signals due to different wind incidence directions, speeds
and bi-static scattering angles.

4.2 Measurement results and
statistical analysis

An in-depth statistical analysis on the dynamic measurement
results has been conducted. This analysis included the evaluation of
the mean and standard deviation (STD) values of the 4,356 different
time-series. The normalised mean signal level, with respect to the
free space, obtained for wind incidences A and C at 20 GHz are
depicted in Figure 7A) and b), respectively, while the same data
obtained at 62.4 GHz is depicted in Figure 7C) and d). Figure 8
displays the STD values for same measurement scenarios. As may be
observed, there is no evident influence of wind speed on the
recorded STD values. Notwithstanding, given the relatively
reduced size of the vegetation volume, and the low wind speeds
artificially induced inside the anechoic chamber (less that 5 m/s), the
obtained STD values are in line with the current International
Telecommunication Union - Radiocommunication Sector (ITU-
R) recommendation (Assembly, 2013), where STD variations of
less than 1 dB were found for wind speeds of 5 m/s.

Based on the tree re-radiation pattern and the bi-static scattering
angle, three propagation regions can be defined as the RX moves
around the vegetation volume in the azimuthal plane. These are
(Caldeirinha, 2001): forward scattering (−30°≤ ϕ≤ 30°), transition

TABLE 2 Averaged KS test results [%].

KS test result [%]

Wind incidence Wind speed 20 GHz 62.4 GHz

A Low 82.7 86.9

A High 86.2 86.6

B Low 84.0 85.1

B High 86.6 87.0

C Low 80.1 87.8

C High 83.2 88.9

D Low 81.3 84.2

D High 87.6 83.0

E Low 84.7 84.5

E High 75.8 88.0

F Low 84.7 84.9

F High 87.3 86.9

Mean 83.7 86.1
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(−45°≤ϕ< − 30° and 30°<ϕ≤ 45) and side scattering regions
(−120°≤ϕ< − 45° and 45°< ϕ≤ 120°). These three regions will
be further discussed in the characterisation and modelling of the
radio channel.

4.3 Propagation model input
parameter analysis

Given the availability of the time-series obtained at both RX
positions required to apply empirical models (4) and (5), i.e., ϕ � 0°
and ϕ � 90°, the first attempt to extend the point scatterer
formulation to include wind induced dynamics, was based on the
approach adopted inMorgadinho et al. (2012), which relies on time-
varying input propagation parameters. Hence, the empirical models
(4) and (5) were used to characterise the time-variability of the
required input parameters, that is, these empirical models were
applied to all the 10 k samples recorded at each step of the dynamic
re-radiation measurement, for all the scenarios taken into
consideration (Leonor, 2018).

This method was able to provide remarkably accurate
representation of the measured signal variability in the forward
scattering direction. However, the time-varying β parameter proved

to be inefficient to characterise the signal variations observed in the
side scattering region, i.e., ϕ � 90°, since it underestimates the
measured signal variability. Hence, the α parameter influence on
the point scatterers’ re-radiation function, was further investigated.

This analysis consisted of analysing the influence of the α

parameter on the front-to-side signal discrimination (GFS) of the
phase function model. The result of this analysis is depicted in
Figure 9, where the GFS values were normalised with respect to the
value obtained using α � 0.5, which is used in the original version of
the point scatterer formulation model. As one may observe in
Figure 9, the influence of the α parameter on the normalised GFS

is relatively constant, regardless of the value used for the β

parameter. Hence, it is possible to find which α value should be
used for a given GFS variation using

αemp � 0.5 + tan−1 GFS−GFSstatic
π( )

π
(6)

where GFSstatic is the value found for the static wind conditions and
the GFS is the recorded time-varying parameter, both expressed in
dB. The optimum value of α found on this parametric study as
function of the GFS and the empirical model for the α parameter (6)
are depicted in Figure 9.

FIGURE 14
Time series obtained in the forward scattering direction (ϕRX � 0°) for a wind incidence from: (A) B with low speed and (B) F with high speed at
20 GHz; and (C) C with low speed and (D) E with high speed at 62.4 GHz.
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Using the dynamic measurement data GFS and IL to extract the
time-variant α, β and k parameters, from Equations 4–6,
respectively, the ray-tracing based simulation platform was used
to predict the dynamic re-radiation pattern for all the wind
incidences, i.e., A to F, for the two wind speed and at both signal
frequencies, i.e. 20 and 62.4 GHz.

The results obtained for the normalised power level (NPL) in the
forward scattering region for a wind incidence from: a) Bwith low speed
and b) F with high speed at 20 GHz; and c) C with low speed and d) E
with high speed at 62.4 GHz, are depicted in Figure 10. As referred
previously, the results obtained in the forward scattering direction
yielded to a very faithful representation of the measured time-series,
since k, the most important parameter in this region, is extracted
directly from the measured tree insertion loss. Notwithstanding, this
analysis proved that the accuracy of the proposed model was not
compromised by the introduction of the time-varying α.

The results with same wind conditions obtained in the side
scattering region are depicted in Figure 11. Despite the fact that the
time-series representation provided by the proposed model is not as
reliable as that obtained in the forward scattering region, the
introduction of the time-varying α parameter had lead to
significantly better results in the side scattering region, since both
measured and simulated NPL variations are now roughly within
similar power level ranges.

The results provided by the proposed dynamic elementary model
have been further analysed using first and second order statistics. These
include the computation of CDF, PDF, AFD, LCR and ACF of both
measured and simulated time-series, for all the scenarios taken into
consideration. The results obtained in the forward scattering region
(ϕRX � 0°) with wind incidence from B at low wind speed at 20 GHz,
are depicted in Figure 12. As expected after the visual analysis of the
time-series depicted in Figure 10, a relatively good agreement between
the statistical analysis of both measured and predicted results was
achieved, specially in the CDF, LCR and ACF analysis. Similar overall
model performance was also achieved in the side scattering region.
Results obtained in ϕRX � 90° with wind incidence from B with low
speed at 62.4 GHz are depicted in Figure 13.

Finally, the Kolmogorov-Smirnov (KS) test was used to assess
the degree of similarity between the distribution functions of both
measured and simulated time-series of the received signal level. Due
to the huge amount of available data, the performance of the
proposed model was evaluated in terms of averaged KS test
result. Table 2 depicts the averaged KS test results obtained
between both measured and simulated time-series. The averaged
KS test result was consistently above the 80%, which is a fair good
approximation, indicating that the signal level variation caused by
the presence of the wind is being properly characterized by the
proposed propagation model.

FIGURE 15
Time series obtained in the forward scattering direction (ϕRX � 90°) for a wind incidence from: (A) B with low speed and (B) F with high speed at
20 GHz; and (C) C with low speed and (D) E with high speed at 62.4 GHz.
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4.4 Statistical dynamic model development

Despite the fact that the time-variant input propagation
parameters α, β and k, have been proved to be suitable to
characterise the signal level variations caused by the wind-
induced swaying motion of tree branches and leaves, in both
forward and scattering regions, for various wind incidences, two
speeds, and two signal frequencies, the model is based on a
synchronised input parameter extraction. This means that the
time variability of the input propagation parameters must be
continuously analysed and extracted so that the signal variations
can be properly characterised.

This might cumbersome the model applicability in more
complex scenarios, such as tree formations, in which trees
present in a formation should primarily be characterised
individually, and the extracted input propagation parameters are
subsequently used in the ray-tracing algorithm allowing, not only
the prediction of the dynamic properties of each individual tree, but
also the interactions between different trees present in the
simulation channel.

For that purpose, the statistics of the time-variability of the input
parameters obtained in the previous section have been further
investigated, yielding at the development of a statistical based
model, in which the input propagation parameter are defined
using random variables with properties of known distributions.
This analysis consisted of using the KS test to assess the degree
of similarity between the time-varying input parameters with known
statistical distributions. With this analysis, it was concluded that the
statistical distribution which better characterises the α and k
parameters time-variability is the Lognormal distribution, while
the Weibull distribution was found to be the most suitable to
characterise the β parameter variation.

Given the high degree of similarity found between the input
parameter variation and these known distributions, the second part
of this statistical analysis consisted of finding the specific input
values for the these distributions which may generate values for α, β
and k parameters. The Lognormal distribution is defined by the μ
and σ parameters, which on a logarithmic scale, are called the
location parameter and the scale parameter, respectively, whereas
the Weibull distribution uses the scale and shape parameters, A and

FIGURE 16
Statistical representation of the results obtained in the forward scattering direction (ϕ � 0°) with wind incidence from B with low wind speed at
20 GHz: (A) CDF of NPL, (B) PDF of NPL and (C) ACF.
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B, respectively. These parameters were then obtained for the specific
input propagation parameter datasets and are available in
supplementary material of this publication, including the values
obtained at 20 and 62.4 GHz, respectively.

The subsequent section will address the performance analysis
of this statistical model while characterising the signal level
variations found for single and isolated trees under wind
influence. To this extent, the input propagation parameters will
be defined using the values obtained previously, i.e., acording to
Equations 7–9.

α � L x, μα, σα( ), (7)
β � W x, Aβ, Bβ( ) °[ ] (8)

k � L x, μk, σk( ) dB/m[ ] (9)
where L(x, μ, σ) is a random variable with Lognormal distribution
with location μ and scale σ, and W(x,A, B) is a random variable
with Weibull distribution with scale and shape parameters, A and B,
respectively.

4.5 Statistical dynamic model validation

The statistical distributions were used to characterise the input
propagation parameters time-variability for all the dynamic re-
radiation measurement scenarios taken into consideration, that
is, wind incidences from A to F, low and high wind speeds, and
at 20 and 62.4 GHz signal frequencies. Figure 14 depicts the results
obtained at the forward scattering direction for a wind incidence
from: a) B with low speed and b) F with high speed, at 20 GHz; and c)
C with low speed and d) E with high speed, at 62.4 GHz. Since the
model input parameters are now characterised by random variables
and hence, they are not extracted directly from the time-varying tree
insertion loss, the agreement between both measured and simulated
time-series is not as great as that provided by the original dynamic
model. This is due to the fast variation nature of a random variable.
Similar behaviour was found for the side scattering region results
depicted in Figure 15.

This lack of accuracy on the simulated time-series, specially
found in the LCR and ACF analysis, suggests that the input

FIGURE 17
Statistical representation of the results obtained in the side scattering direction (ϕRX � 90°) with wind incidence from B with low wind speed at
62.4 GHz: (A) CDF of NPL, (B) PDF of NPL and (C) ACF.
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propagation parameters should not be characterised using simple
random distribution methods. Nevertheless, despite the overrated
signal variation provided by the statistical model, the signal level
variations of both measured and simulated time-series are roughly
between same level range.

The performance of this statistical based dynamic model have
been further analysed, including the evaluation of the first and
second order statistics parameters, namely, the CDF, PDF and AFD.
LCR and ACF parameters were not included due to the model

limitation referred previously. Figure 16 depicts the statistical
representation of the results obtained at the forward scattering
direction (ϕRX � 0°) with wind incidence from B with low wind
speed at 20 GHz. Disregarding the AFD and LCR, a relatively good
agreement betweenmeasured and simulated results was achieved for
the remaining statistical parameters, specially in the CDFs. This is a
remarkable achievement since this statistical model used to
characterise the input propagation parameters time variability
will enable the application of the dynamic point scatterer

FIGURE 18
Statistical representation of bothmeasured (left) and simulated (right) of the results obtained with wind incidence from B, lowwind speed at 20 GHz.
(A) Measured CDF of NPL (B) Simulated CDF of NPL (C) Measured AFD (D) Simulated AFD (E) Measured ACF (F) Simulated ACF.
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formulation to more complex vegetation structures, such as tree
formations.

Similar model performance was found at the side scattering region,
inwhich the simulated signal level is highly affected by the α and β time-
variability. The statistical representation relative to the results obtained
at the side scattering direction with wind incidence from B with low
wind speed at 62.4 GHz is depicted in Figure 17. As at the forward
scattering direction, the LCR and AFD values found for the side
scattering region lack of accuracy due to the fast variation nature of

the random variables used to characterise α and β parameters. Yet, a
relatively good agreement between both measured and simulated CDFs
was achieved for this particular scenario.

For an overview of the overallmodel performance, theCDF andACF
statistics will be shown in three dimensions accounting for the RX
rotation angle, fade or threshold levels and respective statistic magnitude.
These will provide an insight view on the overall model performance
while predicting the specific time-series with regard to all of the RX
rotation angles. Results depicted in Figure 18 concerns to the measured

FIGURE 19
Statistical representation of both measured (left) and simulated (right) of the results obtained with wind incidence from B, low wind speed at
62.4 GHz. (A) Measured CDF of NPL (B) Simulated CDF of NPL (C) Measured AFD (D) Simulated AFD (E) Measured ACF (F) Simulated ACF.
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and simulated data obtained with wind incidence from B, with low wind
speed, at 20 GHz, whereas the results obtained wind incidence from B,
with low wind speed, at 62.4 GHz, are depicted in Figure 19.

Finally, the simulated time-series were compared against
measurement results, using the KS test. Due to the huge amount of
available data, the performance of the proposed model was evaluated in
terms of averaged KS test result. Table 3 depicts the averaged KS test

results obtained between both measured and simulated time-series. The
averaged KS test result was consistently above the 80%, which is a fair
good approximation.

As a final remark to the extension of the point scatterer formulation
to include wind-induced dynamics, it is worth to emphasise that the
original dynamicmodel using the input propagation parameters α, β and
k, extracted directly and synchronously from dynamic re-radiation
measurements, provided a very reliable description and
characterisation of the measured time-series. However, its application
in tree formation scenarios is inhibited by to the synchronous nature of
the input propagation parameters extractionmethod. On the other hand,
the use of known distributions to characterise the time-variability of the
input propagation parameters severely decreased the overall model
accuracy, particularly in the LCR and AFD analysis. Nevertheless,
such method enabled the model application in complex vegetation
structures, such as tree formations, in which the distribution
parameters, σ and μ for the Lognormal and A and B for the Weibull
distributions, may be extracted for a specific tree, and subsequently used
to model that tree in a tree formation scenario. Given the these
statements, and for the purpose of this research work, the statistical
based dynamic model will be assumed to be suitable to characterise the
wind induced time-variability of the vegetation environments, and it will
be used latter on this document, for the final model validation.

5 Performance analysis in tree
formation scenarios under
wind influence

This section aims at the validation of the proposed statistical
model in more complex scenario, such as tree formation, in which

TABLE 3 Averaged KS test results.

KS test result [%]

Wind incidence Wind speed 20 GHz 62.4 GHz

A Low 88.8 90.3

A High 88.7 87.1

B Low 83.4 85.6

B High 87.7 88.2

C Low 83.7 87.0

C High 87.9 89.3

D Low 87.3 88.9

D High 87.6 88.4

E Low 85.8 86.5

E High 77.2 90.5

F Low 88.1 83.3

F High 88.3 86.3

86.2 87.6

FIGURE 20
Measurement geometry.
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the ray-tracing based simulation platform must, not only to account
the time-variability of the received signal level, caused by the
swaying motion the branches, twigs and leafs of each tree, but
also to account for the signal interaction between different trees and
vegetation volumes. To this extend, the proposed statistical model
was used to characterise the input propagation parameters α, β and k
of various trees present in a formation, and the directional spectra
was simulated for four different RX positions inside the tree
structure, for various wind directions and speeds, and at 20 and
62.4 GHz signal frequencies. The performance of the proposed
model was subsequently assessed against experimental data
obtained in a controlled environment.

5.1 Measurement geometry

Figure 20 depicts the measurement geometry adopted for
validation purposes, where the TX was located at 1.4 m from the
vegetation structure, composed by 5 Ficus benjamina trees disposed
in a 3 × 3 matrix. At each one of the four RX positions illustrated in
Figure 20, the RX wasmade to rotate around its vertical axis in a 360°
range, with 2° steps. At each step of the RX rotation, the received
time-series was recorded over a period of 10 s, with a sampling rate
of 1 kHz.

The dynamic directional spectra measurements were conducted
in a controlled environment, inside an anechoic chamber, for four
different artificially generated wind incidences, A to D, two wind
speeds, i.e., low and high, and at 20 and 62.4 GHz signal frequency.

5.2 Simulation geometry

To assess the generic doubly-selective 3D vegetation model based
on the point scatterer formulation, a simulation geometry similar to that
depicted in Figure 20 was defined. To this extent, the TX was set to a
distance of 1.4 m from the first row of trees, represented by the green
circles in Figure 21, and four different RX positions were defined
according with the measurement geometry. At each one of the RX
positions, the 360° dynamic directional spectra was simulated using the
time-variant input propagation parameters.

The dynamic re-radiation function of each individual tree was
not available, therefore the detailed characterisation of the trees
present in the simulation channel could not be established.
However, all the trees used in the tree formation presented
similar characteristics, i.e., height, radius, leaf density, and hence,
the statistical parameters obtained for the Tree#1 in Section 4.4 at
20 GHz, were used to model all the trees in the simulation geometry.

5.3 Measurement results and analysis

As referred previously, the statistical based dynamic model
overestimates the signal level variation rate, due to the very-fast
variation nature of a random variable. Hence, the model
performance analysis will be mostly focused in the signal level
variation range of both measured and simulated time-series, e.g.,
CDFs, rather than their variation rate.

Figure 22 depicts both themeasured and simulated results obtained
at RX position RX1. In this position the RX is in LOS, however, when
the RX is pointed to the Tree#2, i.e., ϕRX � −90°, the received signal
level is more dependent on the wind conditions, since the swaying
motion of branches, twigs and leafs, will significantly affect the received
signal level. Figure 22 depicts the CDFs of bothmeasured and predicted
time-series recorded at RX1 when ϕRX � −90°, for the four wind
incidences at low speed. From these results, one can conclude that
the model accuracy strongly depends on the wind direction, since a
poor accuracy was found for wind incidences fromB andC, Figure 22B)
and c), respectively, a slightly better but still weak agreement between
both measured and simulated CDFs, was found for a wind incidence
from A, Figure 22A), and a relatively good agreement was found for
wind incidence from D, depicted in Figure 22D).

This is related with the fact that all the trees in the simulation
channel were modelled using time-varying input parameters, i.e., all
the trees are assumed to be under wind influence. However, during
the wind incidences from B and C, the Tree#2, the one that affects
the measurement results the most, is covered by Tree#5 and Tree#4,
respectively. Hence, the wind speeds arriving at the Tree#2 are
weakened. A similar phenomenon was found for wind incidence
from A, in which the wind speed arriving striking the Tree#2 is
minimised by the Tree#1. Finally, the wind incidence from D strikes

FIGURE 21
Simulation geometry: (A) top and (B) side views.
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directly on Tree#2, hence, it will cause an enhanced swaying motion
the tree branches, twigs and leafs, contributing to an increase of the
signal level variation.

A more detailed analysis on the model accuracy while predicting
the dynamic effect of the motion of the swaying trees, is depicted in

Figure 22E) and f), where the statistical representation of the data
recorded in RX position RX1, when pointed at Tree#2, i.e.,
ϕRX � −90°, with wind incidence from D with low speed, is
presented, including the PDF and the AFD of both measured
and simulated data.

FIGURE 22
Results obtained for RX position RX1 (ϕRX � −90°) at 20 GHz: (A) CDF obtained with low wind speed from A (B) CDF obtained with low wind speed
from B (C)CDF obtained with lowwind speed fromC (D)CDF obtained with lowwind speed fromD (E) PDF obtained with lowwind speed fromD, and (F)
AFD obtained with low wind speed from D.
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The results obtained at RX2 when pointed directly to the TX, i.e.,
ϕRX ≈ 20°, with high wind speeds, are depicted in Figure 23. At this
particular position, it was expected that the wind incidence from A
would cause a high signal level variation, since both Tree#1 and
Tree#2 are swaying. However, the measured signal variations were
found in a ±2 dB range. This is related to the fact that the trees used
during the measurements, and trees in general, are not
homogeneous, and they tend to be sparser near the tree limits.
Given the measurement geometry and the RX pointing direction, is
most likely that a strong direct component travels between
Tree#1 and Tree#2, minimising the wind influence on the
received signal level variation. In the proposed propagation
model, the tree volume is considered to be homogeneous, and
hence the results depicted in Figure 23 do not manifest a great
agreement between both measured and simulated data sets.

When the RX2 is pointed at Tree#3, i.e., ϕRX � 90°, and given
that all the trees in the simulation channel are assumed to be under
wind influence, it is expected that a good agreement between both
measured and predicted time-series is achieved for wind incidences
from C and D, which strikes directly to that specific tree. A reduced
model accuracy is expected for wind incidences from A and B, since
the Tree#3 is covered by Tree#1 and Tree#5, respectively. These
statements are confirmed by the results depicted in Figure 24, in
which the CDF curves obtained for a wind incidence from C,

Figure 24C), are almost perfectly matched. Further statistical
analysis on the data obtained for RX position RX2, ϕRX � 90°
with wind incidence from F with high speed is depicted in
Figures 24E, F.

Similar dependence of the overall model accuracy with the wind
incidences was found for the remaining RX positions and pointing
directions. Results obtained in RX position RX4 pointed at Tree#5,
i.e., ϕRX � −90°, with high wind speed, are depicted in Figure 25.
Given the measurement geometry and the previous results analysis,
reliable results are expected for a wind incidence from B, which is
consistent with the data provided in Figure 25B). The detailed
statistical analysis obtained for this particular measurement
scenario is depicted in Figures 25E, F.

6 Conclusion

In this paper, a 3D ray-tracing based doubly-selective model for
propagation in vegetation, which accounts for the time-varying
effects caused by the wind induced channel dynamics, is
proposed. This dynamic model, at the outset, consisted of
extracting the empirical input propagation parameters directly
and synchronously from measured time-series of the dynamic re-
radiation measurements, and yielded to a very reliable description of

FIGURE 23
Results obtained for RX position RX2 (ϕRX � 20°) at 62.4 GHz: (A) CDF obtained with high wind speed from A (B) CDF obtained with high wind speed
from B (C) CDF obtained with high wind speed from C (D) CDF obtained with high wind speed from D.
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the signal level variations. However, its application in tree formation
scenarios is limited due to the synchronous nature of the input
propagation parameters extraction method, since the time instant
that the input parameters are extracted, is different than that when
the measurements in a tree formation scenario are conducted.

Hence, this dynamic model was adapted to be based on the
statistics of the signal level variation, in which the time-
variability of the input propagation parameters was characterised
using known statistical distributions, such as Lognormal and
Weibull. Given the very-fast variation nature of a random

FIGURE 24
Results obtained for RX position RX2 (ϕRX � 90°) at 62.4 GHz: (A) CDF obtained with low wind speed from A (B) CDF obtained with low wind speed
from B (C)CDF obtained with lowwind speed fromC (D)CDF obtainedwith lowwind speed fromD (E) PDF obtained with highwind speed from F, and (F)
AFD obtained with high wind speed from F.
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variable, this second approach provided an accuracy reduction on
the estimation of the signal time-series, particularly on the LCR and
AFD analysis. However, such method enabled the model application
in complex vegetation structures, such as tree formations, in which
the distribution parameters, σ and μ for the Lognormal and A and B
for the Weibull distributions, may be extracted for a specific tree,
and subsequently used to model that tree in a formation scenario.

Given this achievement, and the relatively good performance
provided by this statistical model, this modelling approach was
considered to be suitable to characterise the wind induced effects on
vegetated environments, and it was integrated on the doubly-
selective vegetation model.

The performance of the doubly-selective vegetation model while
predicting the received signal level fluctuations, caused by the wind-

FIGURE 25
Results obtained for RX position RX4 (ϕRX � −90°) at 20 GHz: (A) CDF obtained with high wind speed from A (B) CDF obtained with high wind speed
from B (C) CDF obtained with high wind speed from C (D)CDF obtained with high wind speed from D (E) PDF obtained with high wind speed from B, and
(F) AFD obtained with high wind speed from B.
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induced swaying motion of the tree branches and leaves, in a tree
formation scenario, was subsequently assessed against dynamic
directional spectra measurements conducted in a controlled
environment, inside an anechoic chamber. These measurements
were performed at 20 and 62.4 GHz for four RX positions, four
different artificially generated wind incidences and two wind speeds,
i.e., low and high. The dynamic propagation model proved to be
suitable to characterise the time-varying directional spectra
providing a good representation of the measured time-series and
its first and second order statistics.

The dynamic model developed to account for the wind induced
channel time-variability, lacks of accuracy as far as the LCR and
AFD analysis are concerned, due to the very-fast variation nature of
the random variables used to characterise the time-varying input
propagation parameters. Additionally, and as has been proven in
Section 4, in tree formation scenarios, the wind will not affect all the
trees equally. Thus, to effectively characterise the wind induced
time-varying effect in such complex vegetation structures, wind
propagation models and its effect on the variability of the input
propagation parameters, should also be taken into account.
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