
IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 62, NO. 12, DECEMBER 2014 6443

A 2D Ray-Tracing Based Model for Micro- and
Millimeter-Wave Propagation Through Vegetation

Nuno R. Leonor, Rafael F. S. Caldeirinha, Member, IEEE, Telmo R. Fernandes, Member, IEEE, David Ferreira, and
Manuel García Sánchez, Member, IEEE

Abstract—A novel two dimensional model to characterize the
electromagnetic behavior of trees has been developed with the
purpose of being used in ray-tracing based simulation platforms.
This model uses various point scatterers with specific radiation
characteristics to describe the effect of the trees present in the
radiowave propagation path. The method to extract the param-
eters of the point scatterers from measurements is presented.
The performance of this novel formulation is assessed in a tree
formation scenario against measurements results obtained in a
controlled environment, inside an anechoic chamber, at 20 and
62.4 GHz. Additionally, a comparison analysis with a discretized
radiative energy transfer (dRET) approach is conducted, where a
relatively good agreement has been found. The absence of readily
plug-in models considering propagation through and/or around
vegetation makes this new tool interesting for radio planning
purposes.

Index Terms—Millimeter wave radio propagation, modeling,
ray tracing, scattering, vegetation.

I. INTRODUCTION

T HE phenomena inherent to radiowave propagation
through vegetation areas have raised particular interest

among researchers in the past decade [1]. In the particular case
of terrestrial mobile networks, vegetation may influence the
propagation of radiowaves, causing its attenuation, scattering
and/or depolarization [2]. Noteworthy, the irregular shapes, the
inhomogeneous and the time variant properties of trees yield
to one of the most complex topics of research in radiowave
propagation [3].
Empirical [4]–[7] and semi-empirical [8], [9] models, relying

on simple exponential equations, have been successfully used to
describe the signal attenuation and the well known “dual-slope”
effect observed along the radio path inside a vegetation medium
[8]. Nevertheless, due to their scenario-specific nature, e.g., fre-
quency, scenario, species, etc., the accuracy of such models be-
comes questionable in scenarios outside the model scope [10].
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On the other hand, theoretical models relying on mathe-
matical formulations are suitable for site-specific scenarios,
effectively characterizing each physical phenomena involved
in the propagation of radiowaves. These models are often
very complex in nature, requiring numerical approximations to
provide accurate solutions. The modeling of the propagation
of radiowaves through tree foliage with theoretical models,
generally requires accurate electromagnetic description of the
tree geometry, including branches and leaves.
Two different types of theoretical models are presented in the

literature. One method is based on the consideration that the
vegetation medium is homogeneous and should be treated as
an isotropic dielectric material with constant permittivity and
conductivity [11]–[13]. However, this is not always the case,
since vegetation, in general, is inhomogeneous and space gaps
may exist between adjacent trees.
In the second, the volume is considered to be heterogeneous,

where vegetation is described as a mixture of trunks, branches,
leaves and air, represented by randomly distributed thin lossy
dielectric disks and finite lossy dielectric cylinders, as in
[14]–[16]. Alternatively, the volume can be generated yielding
a realistic fractal engine based on Lindenmayer systems [17],
as in [18], [19]. In both approaches, wave theory is used to
evaluate the total scattered field, using Foldy’s approximation
[20]. These models were successfully used providing relatively
good predictions of total scattered field. However, their inte-
gration with commercial simulation platforms (e.g. ray-tracing)
may become prohibitive due to their mathematical complexity,
and extraction difficulty of the required input parameters, e.g.,
leaf density, area and thickness, in a real-sized forest [21].
The radiative energy transfer (RET) [22] model is another

type of theoretical approach. Indeed RET based models have
successfully been used to simulate radiowave propagation
in vegetation environments, as presented in [23]–[25]. Such
studies were conducted, namely: in the vegetation cells input pa-
rameter extraction of various species at various frequencies; on
the performance analysis of the referred model while predicting
the received signal inside and around a tree formation; and on
the feasibility of introducing time variant input parameters to
consider the wind-induced dynamics. Hitherto, RET theory
[22], in general, and discrete RET [26], in particular, have been
used to model the propagation phenomena in random scattering
media, presenting a relatively good performance when com-
pared to measurement results. However, the difficulty arises
when extracting the input parameters of RET based models,
in addition to the implementation complexity and with the
fact that dRET model requires discretization of the vegetation
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volume into small cells. And thus, it is numerically intractable
for large propagation distances [10], and subsequently it may
preclude its integration with existing commercial simulation
platforms and other simulation algorithms.
However, the applicability of geometrical/uniform theory of

diffraction (GTD/UTD) based models to predict the behavior of
radiowave propagation in vegetation volumes seems to be lim-
ited to frequencies below 3 GHz [3]. This is due to the complex
nature of the vegetation medium which is not compatible with
the deterministic approach of the GTD/UTD theory. This be-
comes more critical at higher frequencies, in which the size of
leaves and smaller branches presented in the canopy becomes
comparable to the propagating signal wavelength.
Ray-tracing based methods have also been proposed in [27],

[28] to evaluate vegetation attenuation and scattering. The first
presents a propagation model for urban environments, which is
based on uniform theory (UTD)multiple diffraction. Thismodel
takes into account the propagation over buildings, and to some
extent, the excess loss introduced by vegetation. The later is
based on a fractal tree generator to develop a physical model of
the trees present in the radio path, and uses geometric optics to
evaluate the total scattered field caused by vegetation elements.
However, due to the complex nature of the vegetation medium
and the deterministic approach of the GTD/UTD theory, mod-
eling the propagation phenomena in a real-sized forest, might
become prohibitive, since physical parameters, such as, size,
position, and orientation angle of the trees present in the radio
path have to be taken into account. This becomes more critical
at higher frequencies, in which the size of leaves and smaller
branches presented in the canopy becomes comparable to the
propagating signal wavelength.
To overcome these limitations, a feasibility study on vegeta-

tion modeling using scattering points distributed in a computa-
tional volume, is presented. Following the encouraging initial
results presented in this paper, further work needs to be under-
taken in this area in an effort of developing a generic doubly-se-
lective 3D ray-tracing based model applied to canopy, trunk
and ground layers. And thus, one needs to effectively charac-
terize the radiowave (spatio-temporal) propagation phenomena
through vegetation media, including attenuation (absorption),
(diffuse) scattering, depolarization and time-variability.
This paper is then organized as follows. In Section II, an

overview of the model rationale and development, namely
the ray-tracing algorithm adopted to gather the interactions
between 2 or more obstacles, as well as the method used to
evaluate the total received signal, is presented. In Section III,
a brief overview of the measurement systems used throughout
this paper is presented. Section IV addresses a feasibility study
of extending the point scatterer formulation to characterize the
re-radiation pattern of a single tree. For that purpose, a 2D
physical model to represent the tree volume is presented, as
well as its input parameters. It is also presented, in this section,
a detailed description of the method used to effectively extract
the proposed model parameters, and root-mean square error
(RMSE) analysis of the proposed model, against measurements
results obtained in a controlled environment, for several trees at
two different frequencies. Section V presents the performance
analysis of the proposed model extended to tree formations

scenarios, not only against the dRET modeling approach [23],
but also, against measurements performed in an anechoic
chamber. Finally Section VI draws conclusions and points out
directions for further work.

II. SIMULATION PLATFORM OVERVIEW

A. Ray Tracing Algorithm

It is reasonable to state that ray-tracing based simulation
platforms are divided into two major groups, i.e., those using
method-of-images formulations [29] and ray-launching algo-
rithms [30].
The former determines the multipath sources using image

theory, up to a specified order. That is, the algorithm might in-
clude all first-order, second-order, and up to the th order re-
flection paths. Since image theory determines exact radiation
paths, the method of images introduces no errors into the radi-
ation paths. However, this method is solely valid for reflected
modes of propagation, since diffraction introduces infinite de-
grees of freedom in the direction of a ray path [30]. On the
other hand, in ray-launching algorithms, the propagating rays
are homogeneously launched from a unit sphere centered at the
transmitter location, and all regions are evenly covered by rays.
Rays that intersect a detection area (reception sphere) around
the receiver, after a number of reflections, transmissions, and
diffractions, will be accounted for the received signal. Since the
computational effort increases with the increase in angular reso-
lution, often this algorithm is needed to calculatemultipath com-
ponents that will not intersect the reception sphere, leading to be
an inefficient method for large simulation scenarios.
Therefore, among the ray-launching techniques there are

some variants that take into consideration the geometric ob-
stacles present in the simulation channel using groups of point
scatterers. These points are characterized by a particular re-ra-
diation function, depending on the obstacle characteristics,
which affects the relationship between incident and scattered
rays, both in amplitude and phase. Subsequently, an intelligent
ray-tracing algorithm is used to gather all the interactions be-
tween the obstacles present in the computational volume, where
only relevant propagation paths are considered [31]–[33]. This
ray-tracing method also supports multiple order simulations,
that is, the number of interactions between different scatterers,
which can be defined while implementing the algorithm. For
the purpose of this paper, a second order ray-tracing algorithm
was adopted, as in [31].
In the first iteration, this algorithm calculates both the direct

ray, and also the rays traveling from the transmitter to the re-
ceiver antenna, for all the point scatterers defined in the geom-
etry. However, when considering propagation phenomena such
as double diffraction or interactions between two (or more) dis-
tinct obstacles, a second simulation step was introduced. In the
latter, point scatterers are considered to be illuminated by rays
generated in the first iteration, and thus, acting as new trans-
mitters. To this extent, rays from the first scatterer to all other
point scatterers are defined in the simulation geometry and are
reflected (or diffracted) to the receiver. Rays from both first and
second iterations are depicted in Fig. 1. Therefore, a simula-
tion using this algorithm, exhibits a number of multipath com-
ponents defined by .
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Fig. 1. Iterations of ray-launching algorithm.

B. Simulation Results

The received signal complex envelope is calculated by adding
all the multipath components arriving at the receiving antenna,
for each step of the mobile movement and/or point scatterers,
using (1), where is the number of multipath compo-
nents arriving at the receiver, is the distance traveled by the
th component and represents the attenuation caused by the
channel to that particular component

Signal (1)

Furthermore, when considering the effects of both transmitter
and receiver antenna radiation patterns, the received signal com-
ponents must be convolved with the corresponding antenna ra-
diation patterns, considering the antenna orientation angles and
the angles of arrival and/or departure of each multipath compo-
nent. It is also important to highlight that, due to the iterative
nature of the proposed simulator, the channel was considered
stationary during each time step, i.e., wide sense stationary un-
correlated scattering (WSSUS) channel.

III. MEASUREMENT SYSTEM OVERVIEW

A. 20 GHz Measurement System

The 20 GHz measurement system is comprised of a
Gunn diode voltage controlled oscillator, providing a con-
tinuous-wave (CW) tone at 20 GHz, which is radiated to the
radio path by a 17 beamwidth 20 dBi standard horn antenna.
The receiver employed a similar 20 dBi horn antenna coupled
to a frequency mixer for down conversion of the received signal
to an IF of 220 MHz, which was amplified by a 44 dB low-noise
amplifier, and acquired by a spectrum analyzer (SA) remotely
controlled by a GPIB interface. To protect this measurement
system, attenuators were included in both transmitter and
receiver for proper adjustment of the signal levels, providing
an overall system dynamic range of about 175 dB.

B. 62.4 GHz Measurement System

In the 62.4 GHz measurement system, a phase-locked oscil-
lator was used to generate a CW of 62.4 GHz, which was ra-
diated by a 25 dBi standard horn antenna. This signal was then
received by a similar antenna to that of the receiver, down-con-
verted to an IF of 600 MHz, by a mixer with a LO of 61.8 GHz,

Fig. 2. Tree re-radiation measurements geometry.

and acquired by a SA. Similarly to the 20 GHz measurement
system, attenuators were used to extend the overall dynamic
range of the measurement system up to about 180 dB, without
damaging any system component.

IV. EXTENSION OF POINT SCATTERER FORMULATION TO
SINGLE TREES

In this section, a feasibility study of extending the point scat-
terer formulation presented in [31] to characterize the re-ra-
diation pattern of a single tree, is presented. This study was
based on specific measurements using 13 ficus benjamina and
16 in-leaf conifer trees, providing a sparse and dense foliage
structure, respectively, at 20 and 62.4 GHz.

A. Methodology and Measurement Geometry

In order to understand the effects caused by an isolated tree on
the propagation of radiowaves, appropriate re-radiation pattern
measurements were conducted on two different tree species, for
both frequencies.
The measurement geometry depicted in Fig. 2 was set in a

controlled environment, inside an anechoic chamber, to mini-
mize interferences from unwanted reflections. The transmitter
was placed at a distance of 1.15 meters from the tree under
measurement, which is enough to ensure that the tree was il-
luminated by a plane wave. The receiver was maintained at a
constant distance of 0.7 meters, and rotated along an arc around
the tree, within an angular range of to ,
with increments of 1 . This rotation was performed by an au-
tomated mechanical rig fully controlled by a software applica-
tion, therefore minimizing human errors. During these measure-
ments, both transmitter and receiver were set at a height of 1.4
meters above the ground.
Fig. 3 shows the re-radiation measurement results for both

ficus benjamina and conifer trees under study obtained at 20
and 62.4 GHz. Based on these measurement results, it is clear
that the tree will not only cause insertion loss in the forward
(main) lobe, but it also contributes to an increased signal level in
the backscattering region, due to the tree scattering, confirming
previous findings [23]–[25]. In the particular case of the conifer
tree, due to its greater foliage density, the insertion loss is ob-
served to be higher than the ficus tree, representing a significant
reduction of the forward lobe to a level close to the backscat-
tering region.
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Fig. 3. Re-radiation pattern examples: a) ficus benjamina and b) coniferous, at
20 GHz; c) ficus benjamina and d) coniferous, at 62.4 GHz.

B. Modeling Trees Using Point Scatterers

Following a detailed characterization of the tree re-radiation
patterns, several studies were performed to assess the feasibility
of modeling the canopy phenomena based on ray-tracing theory
using point scatterers. Results have clearly indicated the poten-
tial of using such approach, opening several research avenues,
e.g., make use of the statistical distribution of point scatterers
(in a cluster) to induce time-varying signal effects due to wind.
However, for the purpose of this paper, only the 2D static mod-
eling approach is described.
1) Excess Attenuation: For the purpose of extending the pro-

posed formulation to isolated trees, it was first necessary to as-
sess whether or not a tree shape can be mapped onto an area
in the simulation space. Considering the various size and the
usual cone like shape that trees may exhibit in nature, for the
2D modeling approach, a cylindrical shape with varying radius
was defined to represent a tree canopy.
Additionally, propagation rays traveling through a vegetation

area, may suffer an additional attenuation, other than free space
loss, due to leaf absorption and scattering [1]. However, the
method to evaluate the amount of excess loss presented in [1], is
rather complex and its input parameters are difficult to extract.
Therefore, the development of a simpler propagation model to
evaluate the excess path loss of signals propagating through a
vegetation area, was developed.
The proposed additional excess loss model is given in (2),

where is the distance traveled by each ray inside the vegeta-
tion media and is an input parameter that will be adjusted
depending on the propagation characteristics of the specific tree

(2)

2) Point Scatterers re-Radiation Function: The definition of
the re-radiation pattern of the point scatterers mimicking the
trees is an important issue addressed in the proposed model. Re-
sults of an initial study based on RMSE analysis between simu-
lated and measured re-radiation patterns, suggest that no signifi-
cant correlation exists between the re-radiation function of each
individual point scatterer and the overall re-radiation pattern.

In fact, this imposes to a certain extent some degree of freedom
that can be applied in the new modeling approach. And thus, the
error associated to the chosen individual radiation pattern can be
easily corrected by adjusting other input parameters, such as, the
excess loss applied to each ray traveling through the tree cross
section, and the number and distribution of the point scatterers.
However, as previously found by the authors in [23]–[25], the
signal re-radiation pattern of a tree, which is angular dependent,
can be represented by a Gaussian shaped forward (main) lobe,
superimposed to an isotropic level, representing the backscat-
tering region, mainly due to diffuse scattering from leaves, twigs
and branches.
To this extent, in order to model the re-radiation function of

the point scatterers, the empirical model originally presented in
[34], and widely used in subsequent researches, which is known
as phase function, was employed. In [34], it was concluded that
co-polarized scattering patterns (i.e. VV or HH), were similar.
The same was observed for cross-polarized patterns (i.e. VH or
HV). This phenomena was latter confirmed in [2], where it was
concluded that the scattered components are severely depolar-
ized. In this paper only the co-polar component was considered.
The excess loss caused by the trees was evaluated by (2),

therefore the propagation model presented in [34], was adapted
to be normalized. The final empirical model applied to the point
scatterers is presented in (3), where is the angular difference
(in radians), between the incident and scattered rays, while
controls the level of the scattered power and is the forward
lobe beamwidth. These input parameters, representing the scat-
tering behavior of the vegetation must be extracted according to
the method presented in Section V

(3)

One should note that the propagation model presented in [34]
is an approximation, therefore several parameters, such as di-
electric constant of leaves and branches, incident polar angle
in reference of the angular distribution of leaves and branches,
and scatter polar angle in reference of the angular distribution
of leaves and branches, are not taken into account.
3) Number of Point Scatterers and Its Distribution: Mod-

eling tree canopies using point scatterers leads to several con-
figurations of number of points and their spatial distribution.
Hence, a trade off between these, the computation complexity
and accuracy of the predicted results, must be achieved. To this
extent, a parametric study based on the influence of above men-
tioned input parameters, was conducted.
Several simulation were performed contributing to a thor-

ough understanding of the influence of each input parameter in
the predicted re-radiation function. One of the most relevant re-
sults of this analysis is depicted in Fig. 4. In this study, one may
observe, not only the influence of the number of point scatterers
defined in the vegetation volume, but also the influence of their
distribution. For such analysis, a simulation geometry similar to
the one depicted in Fig. 2 was adopted, and the input parameters
, and were kept constant and equal to 0.5, 20 and 10
dB, respectively. The point scatterers were randomly distributed
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Fig. 4. Several re-radiation pattern simulations for # point dependence anal-
ysis: a) 1, b) 5, c) 10 and d) 20 point scatterers.

Fig. 5. Scattering point distribution for a single tree.

inside the tree volume. Fig. 4 presents some samples of the ob-
tained results for 1, 5, 10 and 20 point scatterers randomly dis-
tributed, a, b, c and d, respectively.
From the findings in [23]–[25], re-radiations pattern of trees

exhibit a Gaussian-like function with an isotropic level in the
backscattering region. By observing the results depicted in
Fig. 4, one may conclude that, as more point scatterers are
defined in the vegetation volume, more Gaussian-like and reg-
ular is the re-radiation pattern. Nevertheless, by increasing the
number of points linearly, the number of multipath components
will increase exponentially. Therefore, a tradeoff between
accuracy and computational effort must be achieved. For the
purpose of the proof-of-concept presented herein, a tree was
defined using 10 point scatterers. As far as the point distribution
is concerned, one may also observe in Fig. 4 that for a certain
number of point scatterers (e.g. 10), different distributions will
yield to slight different re-radiation patterns. This leads one
to conclude that different point distributions may be used to
characterize the same tree, since other input parameters are
adjusted conveniently.
Therefore, with the purpose of reducing the model parame-

ters, the distribution of the point scatterers was set to be con-
stant, using 10 points uniformly distributed in a circle with a
radius that is 80% of the real tree radius. Fig. 5 depicts the tree
physical model, where the circle represents the tree area and the
black dots are representing the point scatterers defined to a tree.
Since (2) and (3) are used to characterize the propagation be-

havior of the point scatterers, each tree is modeled using the

Fig. 6. Simulation geometry adopted for trees’ input parameters extraction.

Fig. 7. Examples of input parameters evaluation: a) ; b) .

specific set of input parameters , and , which will de-
pend on the tree physical characteristics, e.g., size, leaf density,
species, etc.
However, by successively applying the phase function for dif-

ferent values of and , it was observed that results converge
for specific value sets. This allowed one to consider a simpler
model, in which was fixed at half-scale (0.5), while was
used to govern the tree re-radiation function.

C. Extraction Method of Final Tree Input Parameters for the
Proposed Model

Modeling trees re-radiation function, using the proposed
point scatterer formulation, requires the extraction of 2 input
parameters from the measured re-radiation function of each
particular tree. Therefore, the methodology followed in the
extraction of and parameters will be presented next.
To extract relevant tree parameters, the definition of a simula-

tion geometry is required. Considering the flexibility in terms of
shapes allowed by the model, the simulation geometry adopted
in this study was set to be very similar to the one adopted for its
practical validation. The transmitter was located at a distance of
1.15 m from the tree under simulation, while the receiver was
rotated in an arc around the tree, at a constant radius of 0.7 m,
from to . In Fig. 6, the area defined as tree
area as well as the 10 point scatterers assigned to the tree under
simulation, are shown.
The input parameters were extracted after two different iter-

ations. Firstly, both measured and simulated results were nor-
malized to their maximum signal level. Assuming that pa-
rameter represents the insertion loss by the tree, by normalizing
both signals to their maximum level, the influence of this pa-
rameter in the final result would be substantially minimized, al-
lowing proper fine tuning of . To this extent, several values of
were computed so that the ideal value was evaluated through

a RMSE minimization process. In Fig. 7(a), 3 iterations of this
process are depicted, for the values of 10 , 25 and 40 .
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Fig. 8. Measured and predicted re-radiation function: ficus tree #1 at a) 20 GHz
and b) 62.4 GHz; conifer tree at c) 20 GHz and d) 62.4 GHz.

Following evaluation, both measured and simulated results
were again normalized, but this time to the free space signal
level. Such normalization will allow one to determine the ap-
propriate insertion loss caused by the tree and, therefore, the
proper evaluation of parameter. Again, this parameter is
obtained using the same RMSE criteria. Three iterations of such
optimization are shown in Fig. 7(b), for values of 10, 16
and 22 dB.

D. Results and Analysis

The proposed input parameter extraction method was applied
to all 16 conifer and 13 ficus benjamina trees, at 20 and 62.4
GHz. Fig. 8 presents both measured and predicted re-radiation
values for ficus tree #1 at 20 GHz (a) and at 62.4 GHz (b). It is
important to observe that the results are normalized to the free
space level. For this reason one may conclude that the presented
model not only predicts, with a relatively good precision, the
shape of tree re-radiation pattern, but also the correct signal level
offset due to the insertion loss.
As per the conifer trees, the measured re-radiation patterns

present relatively higher signal variability across the entire an-
gular rangewhen compared to the ficus trees. This is sought to be
due to the higher foliage density and needle type leaves which,
in turn enhances the diffuse scattering phenomena [2] emanated
from the canopy, as shown in Fig. 8(c) and (d). Such phenomena
becomes more pronounced at 62.4 GHz.
The proposed input parameter extraction method was then

applied to all trees under study at both 20 and 62.4 GHz, so
that and parameters could be extracted. Tables I and
II present results for ficus and conifer trees, respectively. The
average RSME error between measured and predicted received
signal levels across the entire angular range was observed to be
consistently lower than 10 dB, despite some outliers as in the
case of conifer trees. Overall, the model is capable of predicting,
with relatively good accuracy, the 2D re-radiation patterns of
isolated trees, for both species and frequencies, with RMSE av-
erage less than 8.1 dB.

TABLE I
EXTRACTED INPUT PARAMETERS FOR ficus benjamina TREES

TABLE II
EXTRACTED INPUT PARAMETERS FOR CONIFER TREES

V. PERFORMANCE ANALYSIS IN TREE FORMATION
GEOMETRIES

Following the validation of the re-radiation pattern of several
individual trees at 20 and 62.4 GHz, an extension of the pro-
posed model to a tree formation will be presented. In this partic-
ular, interactions between several trees present in the formation
will be considered, so that the proposed model can estimate the
directional spectra at any position in the computation volume.
Based on the previous single tree characterization, simula-

tions will be set to four different tree formation geometries,
including some degree of inhomogeneity within the (computa-
tional) volume, as presented in the following subsections. Fur-
thermore, the performance of the proposed model extended to
tree formations, will be assessed, not only against dRET mod-
eling approach [23], but also against measurement results ob-
tained in a controlled environment, inside an anechoic chamber.

A. Methodology and Measurement Geometry

Four different geometries were used for validation purposes.
These have been carefully defined in order to assess the model
performance for both species and frequencies. To this extent,
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Fig. 9. Measurement geometries for tree formations: Tree formation a) #1; b) #2; c) #3; d) #4.

the same geometries were adopted for the proposed and dRET
model assessments against measurement results.
Regarding the tree formation #1, depicted in Fig. 9(a), the

transmitter was placed at a 2 m distance from the tree structure,
composed by 12 conifer trees arranged in a 4 3 matrix, where
the columns of trees were spaced out by 50 cm. The received
signal was extracted with the receiver placed at one of 12 posi-
tions, represented by the white circles. At each receiver location,
the receiving antenna was rotated around its vertical axis, in a

range, with increments of 1 , recording the directional
spectra in that position. As in re-radiation measurements, both
transmitter and receiver were set to be at the same height, at 1.4
meters above the ground.
Tree formation #2, presented in Fig. 9(b), is similar to the pre-

vious one. However, in order to provide some inhomogeneity in
the tree formation, conifer trees previously located at the center
of the structure were removed. As previously, the receiver was
placed at 12 different locations represented by the white circles.
In order to perform simulations combining the scattering

effect of different tree species, the space between the conifer
tree structure presented in formation #2, was occupied by 2
ficus trees, as in formation #3. This formation is illustrated in
Fig. 9(c).
Finally, and to assess the performance of presented model

while predicting the received signal inside a ficus tree formation,
formation #1 was repeated, however, in formation #4, shown in
Fig. 9(d), all trees were replaced by ficus trees. It is also impor-
tant to mention that measurements were performed at 20 and
62.4 GHz, for all tree formations.

B. Proposed Model Simulation Geometries

Fig. 10(a) presents the geometry used in the simulations,
where the transmitter was defined at 2 meters from the tree
structure, composed by 12 trees positioned in a 4 3 matrix.
Here, each tree is represented by 10 point scatterers. In each
one of the receiver locations, the received signal was predicted
in a angular range, with 1 increments.

Fig. 10. Simulation geometry for tree formations: a) Formations #1, #3 and #4;
b) Formation #2.

Assuming that the locations of the trees in all four geometries
are the same, the simulation geometry presented in Fig. 10(a)
was used to validate the model predictions against the measure-
ment results obtained in formation #1, formation #3 and forma-
tion #4. In this case, only the tree input parameters were con-
veniently adjusted. As in formation #2, two trees were removed
from the structure and therefore the simulation geometry had
been adjusted to maintain coherence with the measurement ge-
ometry. The simulation geometry defined to assess results in for-
mation #2 is depicted in Fig. 10(b).

C. dRET Simulation Geometries

Since the dRETmodel presented in [23] has been already pro-
posed to model the propagation phenomena inside a tree for-
mation environment, in addition to the practical validation, the
dRET model was also used in the assessment of the proposed
model. Hence, a comparative analysis against the dRET and
measurement results will certainly strengthen the merit of the
proposed propagation model.
For the purpose of the assessment against the dRET model,

two different simulation geometries were defined. Regarding
the geometry for simulations in formation #1, formation #3 and
formation #4, the computational volume was divided in a 4 6
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Fig. 11. dRET simulation geometry for tree formations: a) Formations #1, #3 and #4; b) Formation #2.

cell structure, as illustrated in Fig. 11(a), where the green cells
represent the vegetation cells and the white cells represent the
free space gaps, mimicking the spaces between trees. The num-
bered circles represent the locations where the received signal
will be predicted by themodel. The simulation geometry defined
to mimic tree formation #2 is depicted in Fig. 11(b), where trees
placed at the center of the tree structure were replaced by free
space cells.
Beyond the definition of the dRET simulation geometries, it

was also necessary to define the input parameters of the vegeta-
tion cells, such as the scatter function, the absorption coefficient

, the extinction coefficient and the scatter cross sec-
tion [22]. The definition of the scatter functions (or phase
functions) was accomplished using one of the features of dRET,
which allows the use of the actual measured re-radiation func-
tion, therefore reducing the error in the modeled scatter func-
tion. Despite the ongoing efforts in the extraction of the input
parameters for foliage structures [1], [25] and given their im-
plementation complexity, for the purpose of this paper, the pa-
rameters were obtained directly from [23].

D. Measurement Results and Analysis

The proposed propagation model was used to predict the di-
rectional spectra at each one of the 12 receiver positions, for all
tree formations, at 20 and 62.4 GHz. Simulation results were as-
sessed not only against dRETmodel predictions but also against
measurements performed in a controlled environment.
Results obtained from position #4 of the tree formation #1 at

20 GHz are depicted in Fig. 12(a). In this position, the received
signal is highly influenced by the line-of-sight (LOS) contribu-
tion, and hence the directional spectra ismainly influenced by the
receiver antenna radiation pattern. Similar behavior is expected
and observed in positions #1 to #4 in all tree formations. Never-
theless, in to 100 angular range, the receiver mainly re-
ceives the signal scattered by the tree structure and, as one may
observe in Fig. 12(a), the proposed model yields a greater accu-
racy when compared to the dRET model, which overestimated
the received signal in the angular range from to 25 .
Fig. 12(b) presents results obtained from position #5 of tree

formation #2. Unlike in LOS positions, in #5 the receiver is in a
non line-of-sight (NLOS) situation, and thus, the received signal
is nowmostly influencedby the refracted (transmission) andscat-
tered propagation modes. Results obtained from the proposed
propagationmodel in theNLOS position #5, clearly indicate that
such phenomena are modeled, since a relatively good agreement
between predicted and measured results was achieved.

Fig. 12. Results for tree formations: a) formation #1 in position #4 and b) for-
mation #2 in position #5, at 20 GHz; c) formation #3 in position #11 and d)
formation #4 in position #7, at 62.4 GHz.

As the receiver is placed at larger vegetation depth inside the
forest structure, namely at locations #9 to #12, it is more difficult
to accurately estimate the received signal. This is due to the in-
crease of the diffuse components causedby leaves and trunk scat-
tering, and the reduction of the direct rays intensity due to foliage
absorption.Notwithstanding, a rather relatively good accuracy is
achieved by the presented ray-tracing simulation platform,when
the receiver is placed behind the 3rd column of trees, clearly out-
performing the dRETmodel in position #11 of tree formation #3.
Results obtained in this position are depicted in Fig. 12(b).
As formation #4 is entirely composed by ficus benjamina

trees, and as these present a sparser canopy when compared
to conifer trees, both dRET and proposed models achieved a
relatively good accuracy while predicting the received signal
in NLOS situations. In Fig. 12(d), one may observe the results
extracted from position #7 in tree formation #4 at 62.4 GHz,
where both approaches presented similar performance while
predicting the received signal directional spectra.
Subsequently, a quantitative assessment on the performance

of both modeling approaches while predicting the directional
spectra inside a tree formation was performed. For that purpose,
the RMS error between the measured results and both the pro-
posed and the dRET models were obtained for each of the 12
positions of all formations, at both 20 and 62.4 GHz. The RMSE
values are depicted in Table III and Table IV, for proposed and
dRET models, respectively. During this analysis, unexpected
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TABLE III
RMS ERROR OBTAINED WITH PROPOSED MODEL

TABLE IV
RMS ERROR OBTAINED WITH dRET MODEL

errors were found on measurement results, therefore, a few
not-available (N/A) values are presented. From these results, one
may conclude that the dRET model presented a slightly better
overall performance when compared with the proposed propa-
gation model. Notwithstanding, given its simplicity and ease of
integration with other planning tools, the performance achieved
with the presented model is remarkably good since the RMSE
was consistently below 15 dB. Table V presents a comparative
analysis between the dRET and proposedmodels.
Finally, the work presented herein consists of an initial study

on the feasibility of applying the ray-tracing to tree formations,
so far based on simple knowledge of the actual measured re-ra-
diation pattern of each individual tree. Nevertheless, should a
better characterization and modeling of the individual tree ra-
diation pattern be accomplished, then the overall model perfor-
mance would undoubtedly lead to significantly better results.
And thus, the proposed work opens up a new plethora of re-
search ideas and challenges for the convergence of existing and
future (commercial) radio planning tools.

VI. CONCLUSIONS

In this paper, a 2D proof-of-concept that extends the point
scatterer formulation to vegetation areas was successfully pre-
sented. The performance of the propagation model in several

TABLE V
COMPARATIVE ANALYSIS

tree formations, including inhomogeneous combinations of
tree species, was evaluated and assessed, not only, against
measurements performed at two spot frequencies, but also,
against another specific modeling approach for vegetation,
i.e., dRET model. From the obtained results, one can conclude
that the accuracy of the presented model in a tree formation
environment is relatively good given its simplicity and ease
of integration into other ray-tracing planning tools. On the
other hand, the model performance is comparable to that of
the dRET model, in predicting the directional spectra inside a
tree formation scenario. Furthermore, the proposed model can
overcome the dRET limitation for large propagation distances.
Studies performed so far, suggested that point scatterer for-

mulation applied to vegetation media may allow one to per-
formmore complex simulations, considering, for instance, time-
varying effects, due to either wind-induced dynamics or trans-
mitter and/or receiver mobility. This may be accomplished by
manipulating some input parameters (e.g., spatial and time dis-
tribution of the point scatterers).
A 3D extension to include trunk and ground layer effects and

the interaction between layers is under consideration, as well as
further assessment of the proposed model to other species and
frequencies.
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