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Abstract— A modified discrete radiative energy trans-
fer (dRET) model has been developed envisaging to overcome
some of the limitations found in the original dRET formulation,
namely in terms of angular resolution, oblique and nonuniform
incidence, and antenna patterns. In addition, the discretized
squared nature of the dRET model can lead to some amount
of staircase error. Hence, this paper also proposes an input
parameter scaling model, enabling the characterization of tree
cells with reduced size. The performance of the modified dRET
model is assessed not only against the current ITU-R P.833-8
recommendation for propagation in vegetation but also against
directional spectra measurements conducted in an outdoor inho-
mogeneous forest at 20 and 62.4 GHz.

Index Terms— Millimeter wave propagation, modeling, scat-
tering, vegetation.

I. INTRODUCTION

H ISTORICALLY, two distinct theories have been devel-
oped to deal with multiple scattering phenomena [1]:

the analytical [2]–[4] and the transport theories [6]–[8]. The
analytical theory, based on Maxwell’s differential equations,
completely describes the physical electromagnetic phenomena
taking place in any propagation medium. To obtain this math-
ematically rigorous description of the scattering phenomena,
a complete knowledge of the medium is required. In the partic-
ular case of radiowave propagation through vegetation media,
such deterministic models rapidly become impractical [5], [6],
since the detailed positions and orientations for every element
of the forest, including tree trunks, branches, leaves, and so
on, are difficult to obtain in a real environment.
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Instead of starting from elementary wave equations,
the transport theory deals directly with the transport of the
energy throughout a medium containing randomly distributed
particles. Although this theory is heuristic and lacks the math-
ematical rigor of the analytical theory, the radiative energy
transfer (RET) theory is a widely used method to model
the wave propagation through random scattering media [1],
predicting signal attenuation, scattering, and (de)polarization
due to the presence of vegetation in the radio path [6]–[12].
Notwithstanding, despite the recent advances in electromag-
netic scattering by discrete random media [13], [14], the inho-
mogeneity intrinsic to vegetation scenarios justifies the need
for a model that can accommodate such challenging propaga-
tion characteristics.

The discrete RET (dRET) approach [15] consists of a tech-
nique intended to deal with the isolated volumes of vegetation,
consequently overcoming some of the limitations found in
the original RET formulation presented in [6] and [8]. The
dRET divides the medium into several nonoverlapping vege-
tation cells, each with specific propagation characteristics. The
original dRET approach was exclusively aimed at overcoming
the RET infinite space limitation, allowing its application
to isolated vegetation structures. However, in its original
form [15], this modeling approach still presents limitations.
To this extent, the limitations of the original dRET model will
be investigated throughout this paper and enhancements sought
to overcome such limitations will be proposed.

This paper is organized as follows. Section II outlines the
original dRET formulation as presented in [15]. In Section III,
the limitations of the dRET model are systematically investi-
gated and a modified dRET model is proposed. The extraction
methods of the required input propagation parameters are
discussed in Section IV, including a parameter scaling model
which enables the characterization of large volumes of vege-
tation with various smaller cells, reducing the discretization
staircase error. Section V presents a performance analysis
of the modified dRET model directional spectra predictions
for an outdoor inhomogeneous forest, not only against the
current ITU-R P.833-8 recommendation for propagation in
vegetation but also against outdoor measurements conducted
at 20 and 62.4 GHz. Finally, Section VI draws conclusions
and points out directions for further work.

II. ORIGINAL dRET FORMULATION

The original dRET approach consists of dividing the vegeta-
tion volume into several nonoverlapping cells [15], as depicted
in Fig. 1, allowing the modeling of isolated vegetation struc-
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tures. The vegetation cells are considered to be identical in
size, i.e., constant �s, and are identified by their Cartesian
coordinates (k, l,m).

The total signal intensity in each cell is decomposed into
the reduced (Iri) and diffuse (Id ) intensities, corresponding to
the coherent and incoherent components, respectively. These
signal intensities are evaluated using an iterative process that
starts at the air–vegetation interface, where I IN

ri = Io(γ0)
is known, and proceeds across the entire structure several
times to evaluate all the interactions between adjacent cells,
until a steady-state criteria is reached [15]. While both the
input and output coherent intensities exhibit the same definite
direction, each input diffuse intensity component I IN

d generates
several output components due to the scattering process. The
relations between input and output intensities are derived from
the original RET formulation [8], [9] and were simplified
using piecewise linear approximations. The piecewise linear
approximations for Iri and Id are, respectively, expressed by

I OUT
ri (γ0) = I IN

ri (γ0)− ke I IN
ri (γ0)�s (1)

I OUT
d (γ ) = I IN

d (γ )+ [−ke I IN
d (γ )

]
�s

+
⎡

⎣ks

26∑

γ ′=1

P(γ, γ ′)I IN
d (γ ′)

+ ks P(γ, γ0)I
IN
ri (γ0)

⎤

⎦�s (2)

where I IN
ri and I OUT

ri are the input and output reduced intensi-
ties, I IN

d and I OUT
d are the input and output diffuse intensities,

and ke and ks are the extinction and the scattering coefficients.
In (2), the thermal radiation of the absorbing volume is
neglected, since it is assumed that the particles’ temperature
is not high enough to make the emission component of the
radiation field comparable to the scattered one. To manage
the scattering profile of the dRET vegetation cells, a so-called
phase function was used, which is modeled as a Gaussian
shaped forward lobe, superimposed to an isotropic level
representing the backscattering region. The phase function,
originally proposed in [17], is described as

P(ψ) = α

(
2

β

)2

e−
(
ψ
β

)2

+ (1 − α) (3)

where α is the ratio between the forward lobe power and the
total power of the phase function, β represents the half-power
beamwidth (HPBW) of the forward lobe and ψ is the angular
difference between the incident (ŝ) and scattering (ŝ′) direc-
tions. Since inside the dRET cubic cell, the vegetation medium
is assumed to be homogeneous, the scattering phenomena will
not be dependent on the azimuth and elevation. Hence, ψ is
not expressed in terms of azimuth and elevation.

In a cubic discrete structure like the one presented in Fig.1,
each element cell is surrounded by 26 direct neighbors, thus
explaining the sum over the 26 discrete directions [15] in (2).
Hence, the discrete phase function P (ψ) is exclusively defined
at those 26 discrete directions. From these discrete directions,
the smallest nonzero angular direction is 35°. Consequently,
if (3) is to be used all the discrete directions except one would

Fig. 1. 3-D dRET forest geometry diagram.

lie outside of the phase function main lobe. To overcome this
limitation, a three-step discrete phase function was proposed
in [15]. The three levels of this phase function correspond to:
1) the discrete forward scattering direction (φ = 0°); 2) the so-
called “directive scattering range” (0° < φ ≤ 45°); and 3) the
isotropic scattering angular range representing the remaining
directions. The step levels from this discrete phase function
were defined in [15] using the following three functions:

g(δγ ) =
⎧
⎨

⎩

(α − βα)D δγ = 0
[(1 − α)+ βα]D 0 < δγ < δγ1
(1 − α)D δγ1 ≤ δγ

(4)

where δγ represents the discrete angular directions and D is a
normalization constant required to fulfill the power conser-
vation criteria. The δγ1 parameter, which is the maximum
discrete direction lying in the directional scattering range,
is determined by nd . This parameter represents the number
of discrete angular directions assigned to the directional scat-
tering range.

III. EXTENDED dRET PROPAGATION MODEL

The enhanced dRET model [16] is sought to overcome some
of the limitations from the original dRET model [15]. The
formulation of the modified dRET model is based on the forest
geometry presented in Fig. 1. The transmitter (TX) antenna
is considered to be placed outside the vegetation medium,
whereas the receiver (RX) antenna is limited to the geometric
centers of the vegetation cells (k, l,m)RX forming the discrete
structure.

A. Enhanced Angular Resolution

The original dRET may be regarded as a node-based algo-
rithm where cells are reduced to nodes exhibiting specific
scattering properties. The specific signal intensities are only
calculated on a cell center basis, limiting the possible signal
angular directions at each node to 26 discrete directions.
In Fig. 2(a), it is shown that the minimum nonzero angle
between the cell centers is 45°, which explains the relatively
low angular resolution exhibited by the original dRET results.

To increase the angular resolution of the extended dRET
model, an empirical averaging method based on the path
length traveled by each ray in the corresponding neighbor cell
was developed. Inspired by similar methods proposed in [18]
and [19], this is initially for a 2-D situation. As depicted
in Fig. 2(b), the referred averaging method distinguishes three
different angular regions: Region 1 (0 ≤ φ ≤ 18.43°); Region
2 (18.43° < φ < 45°); and Region 3 (φ = 45°). Assuming this
three-cell geometry, the signal intensities entering cell 1 are

Authorized licensed use limited to: b-on: Instituto Politecnico de Leiria. Downloaded on July 17,2025 at 12:25:46 UTC from IEEE Xplore.  Restrictions apply. 



LEONOR et al.: DISCRETE RET MODEL FOR MILLIMETER-WAVE PROPAGATION THROUGH VEGETATION 1987

Fig. 2. Schematic of the 2-D dRET cell interaction. (b) Schematic of the
averaging method allowing to enhance the dRET angular resolution.

calculated differently depending on their directions and the
cell where they were originated. The intensity entering cell 1
through the angular region 1 is simply the intensity flowing
out of cell 2 on the selected incoming angles. The angular
region 2 is called the averaging region, since the intensity
received in this region is considered to be an average of
the intensities flowing out of cells 2 and 3. This average is
weighted by the normalized paths traveled by each intensity
in the corresponding cell. The paths depicted in Fig. 2(b)
allow the calculation of the relative weights of the intensity
components pn

1 and pn
2 , which are subsequently used in

I IN
cell1(φ) = I OUT

cell2 (φ)pn
1 + I OUT

cell3 (φ)pn
2 (5)

to calculate the total intensity originated from region 2. When
angles within region 2 are considered, φ values close to 18.43°
yield to a small p2 and hence the influence of I OUT

cell3 on I IN
cell1

is minimized, whereas for higher values of φ, the influence
of cell 3 also increases. At φ ≈ 45°, pn

1 is almost 0 and
the influence from cell 2 vanishes. At φ = 45° or region 3,
only the energy emanating from cell 3 is considered. This
procedure is consistently applied throughout the remaining
angular range between 45° and 360°. The values of the
weighting functions pn

1 and pn
2 are calculated for the angular

region 2, i.e., 18.43° < φ < 45°, according to

⎧
⎪⎨

⎪⎩

p1(φ) = �s(1 − tan φ)

2 sin φ

p2(φ) = �s(−1 + 3 tan φ)

2 sin φ

(6)

and subsequently normalized using

pn
i (φ) = pi(φ)

p1(φ)+ p2(φ)
. (7)

B. Solving Iri and Id Equations

As previously mentioned, the original dRET formula-
tion [15] used a piecewise linear approximation to obtain the
discrete RET equations (1) and (2). Although this approach is
valid when relatively small cell sizes are used, it has caused
difficulties in the dRET convergence for cells larger than
1.5 m. The trees generally found in the forests have canopies
with 5–20 m of diameter and consequently the original dRET
formulation might be unusable for applications where one
single tree corresponds to one vegetation cell.

Solutions for a first-order linear differential equation which
has the following general form:

dy

dx
+ p(x)y = q(x) (8)

and its general solution is given by

y =
∫

u(x)q(x)dx + C

u(x)
(9)

where,

u(x) = e
∫

p(x)dx (10)

is called the integrating factor, and constant C can be found
through the giving of initial conditions. The Iri equation can
be assumed to be a first-order linear differential equation
exhibiting this general form, considering q(x) = 0 and
p(x) = ke. Hence, the solutions for the Iri equation can be
found based on two initial conditions, depending on whether
the first layer of cells or the subsequent layers are being
considered. At first cell layer, the initial condition is I IN

ri (n =
1) = I0, whereas in the subsequent layers, the initial condition
is I IN

ri (n) = I OUT
ri (n − 1), where n stands for the number of

the layer being considered. Using these boundary conditions,
the following equation can be obtained:

I OUT
ri (ŝ0) = I IN

ri (ŝ0)e
−ke�s (11)

where ŝ0 represents the direction of Iri. The Id equation might
be solved using a similar approach, using the boundary condi-
tions relative to the diffused intensity, i.e., Id (ŝ, n = 0) = 0
at the first layer; and I IN

d (ŝ, n) = I OUT
d (ŝ, n − 1) at the

subsequent layers. The solution for Id can be obtained as

I OUT
d (ŝ) = ks S(ŝ)

ke

+ks P(ŝ0, ŝ)I IN
ri

ke

−
[
ks S(ŝ)+ ks P(ŝ0, ŝ)I IN

ri

]
e−ke�s

ke

−I IN
d (ŝ)e−ke�s (12)

where S(ŝ) is the weighted contribution from the neighbor
cells in direction ŝ, and ŝ0 is the direction of Iri given by

S(ŝ) =
∑

ŝ ′
P(ψ)I IN

d (ŝ′) (13)

where ψ is the angle between ŝ and ŝ′.
Both the piecewise approach and the proposed approach

were used to calculate the signal intensity inside a 100 m ×
200 m forest divided into 5 m cells. As depicted in Fig. 3(a),
the original dRET modeling approach [15] is unable to con-
verge into a stable result, whereas the proposed formulation
provided a relatively good convergence at the end of a few
iterations, even for 5 m cells. This is confirmed in Fig. 3(b).
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Fig. 3. Convergence evaluation of the enhanced dRET using (a) piecewise
linear approximation and (b) complete equations, both considering �s = 5m.

C. Receiver Antenna Effect

The RX antenna effect is evident at large vegetation depths
where the diffuse signal is dominant. On one hand, as the
antenna HPBW increases, the amount of diffuse received
signal also increases, whereas, on the other hand, antenna
characteristics such as secondary lobes might influence the
received signal level and the directional spectrum shape.
Hence, the modified dRET model will use its enhanced angular
resolution to compute the received signal power for an arbi-
trary shaped RX antenna, which was not possible to perform in
the original dRET model, especially whenever narrow HPBW
antennas are used. The received signal power level Rk,l,m at a
specific location within the forest defined by cell coordinates
k, l,m, is given by the sum of the incident specific signal
intensities, after being conveniently weighted by the antenna
radiation pattern. Such a relation is expressed by

Rk,l,m (φ, θ) = λ2
0

4π

∑

φ

∑

θ

GRX(φ − φRX, θ − θRX)

× Ik,l,m (φ, θ) (14)

where λ0 is the signal wavelength, Ik,l,m is the incoming signal
intensity at the cell located at (k, l,m) position, and GRX is
the normalized radiation pattern of the RX antenna.

D. Nonuniform Interface Illumination

In realistic outdoor environment, the uniform interface
illumination is normally reached by using broad TX anten-
nas or by placing these antennas at a considerable distance
from the air–vegetation interface. Consequently, whenever
these conditions are not met, both the RET [8] and dRET for-
mulations [15] are not completely accurate, since they assume
a uniform air-to-vegetation interface illumination. To improve
the dRET model, the modified dRET implementation not only
can accommodate different signal intensities in the interface
cells but also calculate these intensities based on the TX
antenna position and radiation pattern.

A generic scenario used to calculate the interface illumina-
tion is depicted in Fig. 4. In this scenario, xF , yF , and zF

represent the forest Cartesian coordinate system, whereas xA,
yA, and zA belong to a coordinate system centered on the TX
antenna. Finally, the φTX and θTX angles represent the TX
antenna pointing azimuth and elevation angles, respectively.

Fig. 4. Geometry for the calculation of the air-to-vegetation interface
illumination—Top view (θTX = 0°).

Fig. 5. Impinging rays at the air-to-vegetation interface (a) with oblique
incidence (parallel rays) and (b) under point source illumination.

The normalized received power level Rk,l,m at the center of
each of the air–vegetation interface cells is given by

Rk,l,m (d B) = 20 log

(
dmin

dk,l,m

)
+ GTX (θA − θTX, φA − φTX)

(15)

where dmin is the minimum distance between the antenna and
the air–vegetation interface, dk,l,m is the distance between the
TX and the center of the (k, l,m)th cell, GTX is the normalized
radiation pattern of the TX antenna, and (θA, φA) is the angular
direction of the departing ray toward the cell under calculation.

E. Oblique Incidence and Point Source Illumination

Whenever a generic propagation through vegetation scenario
is to be considered, the incidence angle impinging at the air-
to-vegetation interface may differ from normal incidence, and
hence, the propagation model should be capable of accommo-
dating an oblique incidence scenario. If the TX antenna is suf-
ficiently distant from the air–vegetation interface, as depicted
in Fig. 5(a), the incidence angle of I0 rays can be considered
constant throughout the vegetation structure. However, should
the TX be placed at a short range, the incidence angle
depends on the vegetation cell under consideration as depicted
in Fig. 5(b).

To this extent, the calculation of the coherent intensity
emanating from the cells is different depending on whether
the incidence is normal or oblique. In the latter, the cell
layers are not parallel to the direction of propagation. This
is especially important when a point source is considered, and
therefore, the angles of propagation depend on the cell under
consideration. To calculate the coherent intensity, the original
Iri equation must be transformed into

Iri(k, l,m) = I0e
− ∑

si

ke(k,l,m)�si

(16)
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where ke(k, l,m) is the extinction coefficient corresponding
to cell (k, l,m), and �si is the path traveled by the coherent
signal in the (k, l,m)th cell.

IV. PARAMETER EXTRACTION METHOD FOR

INHOMOGENEOUS VEGETATION MEDIA

Unlike the RET [8] modeling approach, which assumes a
homogeneous medium, the dRET [15] models the vegetation
volume as a cellular structure formed by several vegetation
blocks exhibiting different propagation characteristics. To this
extent, distinct values of the model input parameters must be
independently extracted from the different vegetation types
forming the medium.

A. Extinction Coefficient ke Extraction Method

Early work on the extraction extinction coefficient ke was
proposed in [20]. This method is based on two simple mea-
surements. Initially, the TX and RX antennas are placed
facing each other at a distance such that the mutual far-field
criteria are fulfilled, and the free-space signal level is recorded
for normalization purposes. Subsequently, the tree is placed
between both TX and RX, and the excess attenuation caused
by the tree is recorded. Although this procedure can be easily
employed on small plants and thus be suitable for indoor
measurements, an alternative method must be employed for
outdoor radio paths containing full size trees.

The method proposed here is also based on two measure-
ments performed in front (M1) and behind (M3) the tree
under consideration, according to Fig. 6. At both M1 and M3
measurement positions, the RX antenna is rotated ±45° around
its vertical axis with 1° steps, so the directional profile of the
received signal can be obtained. The distances d1 and d3, also
shown in the figure, are used to calculate the excess free-space
loss (FSL), which will be subtracted from the total measured
loss. Subsequently, the maximum measured power levels and
the relative distances between the TX and the RX measurement
positions can be used to calculate ke according to

M3 max

M1 max
= e−ke(d3−d1)

(
d1

d3

)n

(17)

where n is the decay term of the excess FSL. This term
was considered to be n = 2, indicating that a single ray
model was employed in the FSL calculation. ke obtained using
this method describes the decay of the signal level due to
the excess vegetation attenuation, consequently excluding any
decay caused by the FSL. Due to this, the value of ke can
be directly used in the dRET coherent component equation to
obtain predicted values for the excess attenuation.

The method outlined here will only be exact if the received
signal at position M3 is predominantly due to the coherent
signal component. The coherence of the received signal behind
the tree may be guaranteed providing that the vegetation depth
used during the measurement is small enough. Some exper-
iments reported in [6] and [8] suggest that using a practical
vegetation depth corresponding to just one tree yield relatively
good results for ke extraction. Furthermore, the magnitude of
incoherent signal received behind the test vegetation block is

Fig. 6. Measurement geometry for dRET input parameter extraction.

Fig. 7. Reradiation measurement setup. (a) Exact method. (b) Approximated
method.

also influenced by the RX antenna HPBW, which it should be
as narrow as possible.

B. Phase Function Estimation

The method adopted to measure the phase function consists
of rotating the RX antenna following an arc around the
tree [8], [21], recording its normalized scattering profile at
each angular position. A diagram of such measurement method
is presented in Fig. 7(a). Although the method may be used in
an indoor environment, it is not suitable for large vegetation
volumes, since it would require moving the RX antenna
disturbing the required antenna alignment [22].

To this extent, an approximate measurement method, which
minimizes the need for the RX antenna movement, was devel-
oped. This method evaluates the phase function beamwidth
β based on an RX rotation around its vertical axes rather
than a rotation around the vegetation volume. A comparison
between the ideal and approximate measurement methods to
estimate the β parameter is depicted in Fig. 7(b). As shown
in the figure, for small β angles, the common illuminated
volume by the RX and the TX antennas is similar for both
ideal and approximate measurement positions, and hence,
the measured β values are considered to be similar.

The β parameter is subsequently obtained by fitting the nor-
malized Gaussian phase function (3). The fitting is performed
by calculating the root mean squared error (RMSE) between
the Gaussian phase function and the measured signal profile
for a wide range of β parameter values.

Only the β parameter is extracted from the fitting of the
Gaussian curve, since the backscatter level is likely to be influ-
enced by the variation of the RX and TX common illumination
volume, which decreases as the RX antenna points away from
the tree. Therefore, a side scatter measurement is performed
at measurement position M2, to properly evaluate the phase
function backscattering level. Similar to the measurements
performed for other positions, at M2, the RX antenna is rotated
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Fig. 8. Indoor reradiation function measurement setup for (a) 1, (b) 2, and (c) 3 plants.

around its vertical axis in a ±45° angular range, recording
the received signal with 1° of resolution. The side scattered
signal is subsequently calculated by averaging the signal level
at each angular position. The normalized signal level obtained
from this measurement is used along with the phase function
equation (3) to calculate the α parameter value.

C. Scattering Cross Section ks Extraction Method

To evaluate the vegetation scattering cross section ks ,
the geometry adopted to perform the M2 measurement is
modeled using the dRET model as a single dRET vegetation
cell, which is uniformly illuminated by the TX antenna.
Considering such a scenario, the received signal normalized
power level PRX will be given by

PRX(φ = 90°) =
45°∑

φi =−45°

GRX(φi )
Id(φi + 270°)

I0
(18)

where I0 is the maximum intensity at the air-to-vegetation
interface (for normalization purposes) and Id is the diffuse
intensity radiated by the vegetation block. The incoherent
signal intensity was calculated using the dRET equation to the
single vegetation block presented in the propagation scenario.
This equation is a simplified version of (12), which ignores
any interaction between vegetation cells. This is possible, since
the complete tree is modeled using a single dRET cell. The
simplified Id equation is given by

Id (φ) = ks P(φ)I IN
ri (1 − e−ked)

ke
(19)

where P(φ) is the phase function given by (3) after an
appropriate normalization process to fulfill the power conser-
vation criteria, d is the cell width in meters and I IN

ri is the
input reduced intensity at the single vegetation cell. The input
reduced intensity can be determined through

I IN
ri = Io (20)

which represents the signal intensity impinging at the single
vegetation cell. Finally, (18)–(20) can be used to optimize
ks such that the received power level PRX(φ = 90°) fits the
measured side scattered signal obtained from the measurement
geometry as shown in Fig. 6.

D. dRET Parameter Scaling

The discretization of the vegetation medium into individual
cells eventually produces staircase error, due to the assumption
that the signal is invariant throughout the cell volume. This
may be minimized by maintaining vegetation cells size as
small as possible. On the other hand, as the vegetation cells
become smaller, the computational effort to characterize a
forest environment is increased, and hence, a tradeoff between
model accuracy and computational effort must be achieved.

As far as dRET input parameter extraction is concerned,
the method used for ke and ks can also be employed for
small cells, as they are expressed in a per meter basis.
Notwithstanding, the α and β parameters will vary with the
vegetation volume size, due to the multiple internal scattering
inside the vegetation canopy. Hence, its extraction can be
particularly difficult to perform when cells are smaller than
the trees to be modeled, since it is impossible to perform
reradiation measurements for a portion of a tree.

To this extent, an evaluation of the α and β dependence on
the size of the vegetation volume was performed. The experi-
ment used the measurement geometry depicted in Fig. 8(a)
to record the reradiation pattern of four Ficus Benjamina
trees separately, which were named F1, F2, F3, and F4.
Tree specimens had a mean canopy diameter of 60 cm and
1.5 m of height, and both F1 and F2 exhibited a relatively
sparse leaf structure when compared with F3 and F4. In each
measurement, the RX was rotated along an arc around the tree,
within an angular range of φ = ±135° with 1° steps. In each
RX position, a tree was rotated φt = 360° around its vertical,
and 106 samples of the received signal level were acquired by
a data acquisition card, which were averaged yielding the tree
reradiation function. Subsequently, new measurements were
conducted to record the reradiation pattern of groups of trees,
mimicking trees with different thicknesses. To this extent, tree
specimens F2 and F3 were placed side by side, as depicted
in Fig. 8(b), and then all the four tree specimens were placed
in a square-shaped vegetation volume, as depicted in Fig. 8(c).
Measurements were carried out at 20 and 40 GHz using 20 dBi
horn antennas at the RX and 10 dBi antennas at the TX.
In addition, measurements performed at 62.4 GHz used a
25 dBi horn antenna at the TX and a 10 dBi antenna at the RX
end. The distance between the TX antenna and the tree under
measurement was selected to ensure that 2/3 of the 60 cm
canopy diameter was illuminated by the TX antenna HPBW.
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Fig. 9. Measured reradiation functions obtained at 40 GHz for (a) F1 and
(b) vegetation volume formed by four Ficus plants.

TABLE I

α AND β VALUES EXTRACTED FROM MEASURED VEGETATION

BLOCKS AT 20, 40, AND 62.4 GHz

The averaged reradiation functions recorded at these three
frequencies were then used to extract α and β parameters
by fitting the phase function given by (3) to the measured
data. The reradiation function and their respective fitted phase
functions obtained for Ficus F1 and for the group of four
Ficus plants are depicted in Fig. 9(a) and (b), respectively.
The broadening of the reradiation function forward lobe and
the increase of the backscattering level can be verified as the
vegetation volume size increases from Fig. 9(a) and (b). This
behavior confirms the expected α and β variations, which
can be further verified analyzing the data obtained from the
remaining measurements performed at 20, 40, and 62.4 GHz,
depicted in Table I.

To establish the variation of the relationship from the phase
function parameters, their values were normalized to the FS
results. In the particular case of the measurements performed
with the single Ficus plant, an average from these four mea-
surements was used. The plots presented in Fig. 10(a) and (b)
depict the graphical representation of the α and β variation,
with the increase of the vegetation volume, respectively,
observed at 20, 40, and 62.4 GHz. At 20 and 40 GHz,
the α parameter variation follows approximately a straight
line. In the remaining situations, the parameter variation is not
exactly linear; nevertheless, the approximation with a straight
line seems to yield to negligible errors. The proposed variation
of the relationship relies on a linear interpolation between two
extreme known parameter sets, for the FS scenario and the
maximum number of vegetation volumes. Such straight lines,
representing the phase function parameter variation, can be

Fig. 10. Variation phase function parameters. (a) α. (b) β.

expressed through
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

α(NV ) =
[
α(NV min)− α(NV max)

NV min − NV max

]
NV + α(NV 0)

β(NV ) =
[
β(NV min)− β(NV max)

NV min − NV max

]
NV + β(NV 0)

(21)

where NV represents the number of vegetation specimens,
NV min is the minimum number of vegetation tree widths used
in the measurements (in the current case, the minimum number
is zero corresponding to FS), NV max is the maximum number
of vegetation volumes, whereas α(NV 0) and β(NV 0) represent
the values of α and β obtained from the FS measurement,
respectively. The assumption of a linear variation for the
phase function parameters eventually generates an amount
of error in the prediction of the phase function; however,
given that the cell splitting will be useful when modeling
trees exhibiting large canopies, a relatively good accuracy was
achieved by (21) while predicting α and β parameters, since
the prediction errors are below 0.05 for α and 4° for the
β parameters. Although this seems to be a reasonable error,
the effects caused by the introduction of these scaling errors
in the dRET model results should be further evaluated.

The proposed parameter scaling method was assessed in a
single tree geometry. To this extent, the dRET input parameters
were extracted for an in-leaf White Oak tree with a 12 m of
canopy diameter, using the method described in Section IV,
at 20 and 40 GHz. The tree under test was then modeled
using two different dRET simulation geometries. In the first,
the tree is modeled by a single dRET cell and character-
ized by the propagation parameters directly extracted from
the measurements, while in the second, the tree was split
into 16 (4 × 4) cells, characterized by the scaled α and β
parameters. The propagation parameters extracted from the
White Oak tree at 20 and 40 GHz are presented in Table II.
The predicted side scattered signals are subsequently evaluated
using the dRET model for the two potentially equivalent
scenarios. The results of this comparative analysis are depicted
in Fig. 11(a) and (b) using 20 and 40 GHz parameters, respec-
tively. Results obtained at 20 GHz show an excess attenuation
difference of 6.2 dB between both the scenarios, whereas the
results at 40 GHz exhibit a difference of 0.55 dB. The accuracy
differences found for both the scenarios might be considered
relatively substantial. However, the scaling methodology was
only developed for one volume to four volumes splitting.
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TABLE II

SCALED AND UNSCALED PROPAGATION PARAMETERS
FROM THE White Oak TREE AT 20 AND 40 GHz

Fig. 11. Simulation results for the scattered signal of the White Oak tree at
(a) 20 and (b) 40 GHz.

The highlighted examples represent a 16 to 1 reduction ratio,
which pushes the parameter scaling method to its boundaries
of validity. To this extent, further work should address a wider
range of validation (and optimization) of the scaling method.
Nevertheless, the relatively low differences between the results
from both modeling scenarios suggests that the parameter
scaling method is able to perform adequately for real-sized
trees.

V. dRET TESTING USING IDEALIZED SCENARIOS

To test the proposed modified dRET model performance,
two different forest scenarios were considered. Scenario 1 is
formed by a single tree and is intended to study the shadowing
effect, considering different TX locations, while Scenario 2
is formed by a screen of trees and an isolated block of
vegetation. The aim of the latter is to show how the signal
behind the screen of trees can be increased in the presence of
the scattering effect from an isolated vegetation block.

A. Scenario 1: Single Vegetation Block

The detailed diagram of scenario 1 is presented
in Fig. 12(a) and (b) considering two distinct TX locations.
This scenario considers a 20 × 20 cell structure, each
one with 1 m2, composed by a 3 × 5 vegetation block,
characterized by α = 0.95, β = 30°, ke = 3, and ks = 2.9.
The algorithm was simulated using an angular resolution of
1° while considering a 10 dBi RX antenna and an isotropic
TX antenna. As depicted in Fig. 12, in both scenarios, the RX
antenna orientation was kept constant at φRX = 0° and
φRX � 30° for TX positions 1 and 2, respectively.

Results from simulations performed with the dRET con-
sidering the two TX locations are depicted in Fig. 13. The
coherent component attenuation causes the shadow effect due
to the presence of the vegetation block in the radio path. The
incoherent component is only formed inside the vegetation

Fig. 12. dRET test scenario 1 for (a) TX position 1 and (b) TX position 2.

Fig. 13. Iri + Id results for test scenario 1 considering a 10 dBi RX antenna
for (a) TX position 1 and (b) TX position 2.

volumes. Hence, it causes the enhancement of the received
signal behind the vegetation blocks, as suggested by the light
blue shadows present behind the vegetation volumes.

The cells in scenario 1, which are not directly disturbed
by the vegetation effect, exhibit an excess loss depending on
the RX antenna location and consequently the relative TX–RX
antenna alignment. This effect can be noted by the lighter red
colors corresponding to lower received signal at those cells.
In Fig. 13, the shadowing effect created by the vegetation
block is also consistent when a point source illumination is
considered, since the symmetrical shadow pattern (around the
depth axes) obtained for scenario 1(a) is titled in scenario 1(b).

B. Scenario 2: Vegetation Screen + Isolated Vegetation Block

To test the dRET capability to predict the scattered signal
generated from isolated vegetation blocks, a simulation geom-
etry composed by a 4 m depth and 9 m wide vegetation screen,
strategically positioned between the RX and TX antennas, and
a 3 m ×2 m isolated vegetation block, as depicted in Fig. 14,
was considered. This positioning aims to block the coherent
signal component, allowing the incoherent signal scattered
from the isolated vegetation block to be distinguished. Both
blocks of vegetation included in this simulation scenario were
modeled using the following parameters: α = 0.5, β = 10°,
ke = 0.5, and ks = 0.4.

Results obtained from the simulated vegetation structure are
displayed in Fig. 15 for a cell size of 1 m and an angular
resolution of 2°. Fig. 15(a) shows the coherent signal compo-
nent at every cell of the computational volume considering an
isotropic RX antenna. The plot shown in Fig. 15(b) represents
the prediction of the directional spectrum of the received signal
obtained with a 20 dBi and 20° of HPBW RX antenna, placed
at the RX position.
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Fig. 14. Diagram of scenario 3 formed by a vegetation screen and an isolated
vegetation block.

Fig. 15. Simulation results obtained for Scenario 2. (a) Iri across the
vegetation structure. (b) Directional spectra Iri + Id at RX position.

The predicted signal incorporates both coherent and inco-
herent components. From the analysis of Fig. 15(b), it is
evident that the maximum received signal level, corresponding
to the coherent component, shows up at a φRX angle different
from 0°. This is due to the assumption of a real point
source instead of an idealized distant TX source. The coherent
signal traveling through the vegetation screen is attenuated by
approximately 10 dB, which is consistent with the attenua-
tion shown in Fig. 15(a) and ke value used throughout the
simulation, i.e., ke = 0.5. Around φRX = 90°, the received
signal directional profile exhibits a contribution due to the
scattered signal from the isolated vegetation block. This shows
that the modified dRET algorithm is capable of predicting the
scattering, i.e., the incoherent signal, originated in an isolated
vegetation structure located in the computational volume. The
received signal decays considerably for 130° ≤ φRX ≤ 300°,
because the RX antenna is pointing away from any vegetation.
In this angular region, the received signal is mainly influenced
by the rear of the RX antenna radiation pattern.

VI. PERFORMANCE ANALYSIS IN OUTDOOR

INHOMOGENEOUS TREE FORMATION

The modified dRET model proved to be suitable to charac-
terize the propagation in the presence of indoor tree formation
scenarios [23], [24], with some degree of inhomogeneity,
and to predict the directional spectra inside such vegetation
structures at 20 and 62.4 GHz.

In this section, the proposed enhanced dRET model
is used to predict the directional spectra for an outdoor
inhomogeneous tree formation at two signal frequencies,
i.e., 20 and 62.4 GHz. The performance of the proposed
modified dRET model is assessed not only against site-specific

Fig. 16. Scaled map of Wyevale Garden Centre test site.

directional spectra measurements but also against the current
ITU-R recommendation for propagation in vegetation [6],
which derives from the original RET formulation.

A. Methodology and Measurement Geometry

The measurement site is located in Cardiff, and a complete
characterization of the test site geometry was achieved by
measuring the tree locations and mean canopy diameters using
a theodolite. The data gathered from these measurements were
used to create the 2-D forest diagram depicted in Fig. 16. The
tree positions, as well as the canopy diameters, are represented
according to the scale shown in the diagram. The TX location
employed throughout the directional spectrum measurements
and its pointing direction are also shown in Fig. 16.

The test forest is then formed by 26 full size in-leaf
trees, distributed by six different tree species. To individually
identify each tree, they were labeled from T1 to T27. The
characteristics of each tree, e.g., the species name and the
approximate canopy diameter, are depicted in Table III. The
White Oak, the Prunus Sargentii, and the Prunus Avium trees
form large broad leaves, whereas the Oleaster and the Pecan
show long needle shape ones. Finally, the Betula Pendula has
the smallest leaves from all trees forming the Wyevale test
site.

The directional spectra were then extracted with the RX
placed at each one of the 10 measurement points (MPs),
labeled from MP1 to MP10 in Fig. 16. At each one of these
MPs, the RX antenna was rotated around its vertical axes in a
360° angular range, with 1° increments, recording the received
signal level arriving from various directions. Measurements
at the two signal frequencies, i.e., 20 and 62.4 GHz, were
performed independently, using the VV polarization config-
uration. In addition, both 20 and 62.4 GHz TXs employed
relatively broad 10 dBi antennas so that a uniform air-to-
vegetation interface illumination is ensured. At the RX end,
high-gain antennas were employed, to provide a detailed and
precise directional profile of the received signal. A 33 dBi
antenna was used for 20 GHz measurements, whereas the
62.4 GHz measurement system employed a 36 dBi antenna.

To model the test forest using the dRET, a 38×18 (684) cell
matrix was used, as depicted in Fig. 17. Each elementary cell
was defined with 2.5 m2, providing a good tradeoff between
the computation effort and staircase error. In addition, this
allowed the representation of the larger trees using 15–25 cells,
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TABLE III

TREE TYPES PRESENT AT THE WYEVALE GARDEN CENTER TEST SITE
AND SCALED PARAMETERS USED AT 20 AND 62.4 GHz

Fig. 17. dRET cells used for Wyevale test forest modeling.

which was just about the maximum scaling factor that could
be accurately accommodated by the propagation parameter
scaling method presented in Section IV.

Although it is possible to assign individual propagation
parameters to the cells partially filled with vegetation, which
consequently would enhance the model accuracy, this was not
done in the current case study. Consequently, the propagation
parameters were assigned on a frequency and tree basis,
according to the methods depicted next, being identical and
independent of the cell vegetation occupancy percentage. Cells
with less than 50% of their area filled with vegetation were
considered as air cells, shown in white color. The MPs were
positioned at the nearest center from the corresponding cell.
These positions, numbered from 1 to 10, are also shown
in Fig. 17.

B. Parameter Extraction: Measurements and Results
To extract the relevant input propagation parameters

required for the dRET modeling approach, the extraction
method proposed in Section IV for outdoor scenarios was
used. Under ideal circumstances, the parameter extraction pro-
cedure should be carried out in an isolated vegetation volume,
as depicted in Fig. 6, hence avoiding any contamination of
the measurements from other vegetation species. However,
in the Wyevale test forest, it was impossible to find suitably
isolated volumes of the relevant species present throughout the
site. Consequently, the propagation parameters were extracted
from trees located at the borders of the forest, thus limiting
the amount of interference from the remaining vegetation.
To further minimize any possible contamination, the TX
antennas were positioned so that their main lobe illumination
was limited to the vegetation block under measurement. The
parameter extraction procedure was not performed for the
Pecan trees, since this species was only found at the last
vegetation row of the test forest and consequently would have
a limited effect on the received signal level. Also, the analysis
of the terrain surrounding these trees showed that it would
be impossible to find sufficient foreground clearance to ade-
quately perform the outlined measurements. These particular
trees will be modeled using an average of the parameters
extracted from the remaining trees.

The calculations of the ke, ks , α, and β propagation
parameters were based on the received signal strength at
M2 and M3 after being normalized to the received power
at M1. These measured normalized received signal levels are
shown in Table IV, where M3,1 is the difference between the
maximum measured signals at M3 and M1, and M2,1 stands
for an average of M2 signal obtained within a ±15° angular
range around the center of the tree, normalized to M1. The
analysis of the results from Table IV demonstrates that the
sparser and smaller trees, e.g., T1 and the T3,5,6,7 tree group,
tend to exhibit higher signal levels at M3, when compared
with M2. This suggests that the received signal at M3 is still
due to the coherent signal component, whereas the signal at
M2 is due to the scattered or diffused component.

For trees where the coherent component has been exces-
sively attenuated, the extinction coefficient extraction method
may yield underestimated ke values. An accurate extraction of
this parameter should therefore be done using smaller volumes
of vegetation, in order to ensure the presence of a significant
coherent signal component at M3. Due to the absence of
smaller isolated vegetation volumes from the species of T11,
T12, and T17, where a better ke estimation may be obtained,
these trees were to be modeled using the available ke estima-
tions. The complete set of values for such ke estimations is
also presented in Table IV at the signal frequencies of 20 and
62.4 GHz.

The anticipated tendency for ke to increase with frequency,
due to the increasing absorption [6], [21], is only evident for
the smallest vegetation group formed by the Prunus Sargentii.
In the remaining cases, the ke seems to stabilize, or even to
decrease with frequency. This phenomena already reported by
other researchers [25], [26] might be due to the fact that
at high signal frequencies, the Fresnel ellipsoid clearance
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TABLE IV

NORMALIZED RECEIVED SIGNAL LEVELS AT M2 AND M3 WITH RESPECT TO M1 , AND ke , ks , α , AND β PARAMETERS EXTRACTED
FROM MEASUREMENT VEGETATION BLOCKS AT 20 AND 62.4 GHz

decreases, and consequently, it is easier for the propagating
signal to find free gaps through the vegetation structure. Other
theory relates this odd behavior with the electrical and geo-
metrical characteristics of the scatterers within the vegetation
volume, assuming that the ke stabilization with the increase
of the signal frequency is related with a frequency resonance
phenomenon.

Both α and β values obtained for each measured tree type
present at the Wyevale test forest are presented in Table IV.
The β values were optimized by fitting a Gaussian phase func-
tion to the directional signal profile obtained at measurement
position M3. By comparing the β values with the HPBW of
the RX antennas used in the measurements and considering
the relation β = 0.6BW−3 dB [7], the broadening of the phase
function forward lobe is evident. Although the RX antenna
radiation pattern might cause a certain amount of distortion
in the β measurement, the relatively low HPBW of the RX
antennas employed should considerably limit this effect.

The α parameter optimization was based on the previously
fitted β while considering the received signal level recorded
at M2. This method is not dependent on the RX antenna
rotation and consequently was not affected by the RX antenna
radiation pattern. However, a few trees exhibit a side scatter
signal level similar to the signal level measured at M3. Under
these circumstances, the correct α parameter is somewhat diffi-
cult to be determined. The phase function α and β parameters
shown in Table IV were obtained considering the complete
trees. Consequently, they do not represent the 2.5 m size cells,
used throughout the dRET vegetation modeling. To this extent,
the dRET parameter scaling model was used to correct the α
and β values extracted for the dRET vegetation cells. The final
values for α and β used throughout the dRET simulations are
depicted in Table III.

The determination of the scattering coefficient values ks

was performed as outlined in Section IV. This method is
based on the previously calculated propagation parameters.
Whenever it was impossible to find the phase function α
parameter, an isotropic phase function was used in the opti-
mization of ks . Some of the ks parameters were somewhat
difficult to extract from the measured data, especially for the
larger trees. This seems to be related to the above-mentioned
difficulties arising from the high attenuation of the coherent
signal component. The obtained ks parameters are also shown
in Table IV.

TABLE V

WYEVALE TEST FOREST RET INPUT PARAMETERS SETS

C. RET Simulation Parameters

This section provides a benchmark between the proposed
enhanced dRET model and the original RET formulation, used
in the current ITU-R 833-8 recommendation for propagation
in vegetation [7], while predicting the directional spectra for
an inhomogeneous outdoor tree forest scenario. The RET [8]
theory is used to characterize through the component and con-
sequently to predict the received signal level for various vege-
tation depths. This propagation model relies on a set of input
parameters, including α and β used to manage the scattering
function of the infinitesimal sized scatterers, the scattering and
extinction coefficients, ks and ke, respectively, the albedo ω,
which is the ratio between the scattered power, and the total
power entering the random medium and the HPBW of the RX
antenna (γR−3 dB). The RET model is exclusively derived for
homogeneous vegetation media. To this extent and due to the
inhomogeneity provided by the Wyevale forest, the RET input
propagation parameters were characterized with the average
values found for the various tree specimens. The RET input
propagation parameters are depicted in Table V.

D. Results and Analysis

The proposed enhanced dRET model was used to predict
the directional spectra at each one of the 10 RX positions,
at 20 and 62.4 GHz. Simulation results were assessed not only
against signal predictions using the original RET formulation
but also against measurements performed for an outdoor inho-
mogeneous test forest, comprised by 26 trees of six different
species.

Fig. 18(a) and (b) depicts the results obtained at mea-
surement location MP1, at 20 and 62.4 GHz. Although the
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Fig. 18. Directional spectra results obtained at position: MP1 at (a) 20 and
(b) 62.4 GHz; MP4 at (c) 20 and (d) 62.4 GHz; and MP9 at (e) 20 and
(f) 62.4 GHz.

directional spectra shape at MP1 is mainly influenced by the
RX antenna pattern, especially around the φRX � 340° angular
range, the TX and RX antennas are only facing each other in
one particular antenna angle of the received signal directional
spectrum. When the antennas are not pointing to each other,
i.e., φRX � 90° to φRX � 270°, an important part of the
received signal is emanated from the backscattering of the
forest. To this extent, the approximations of the estimation
of the backscattering intensity might lead to the differences
found between both measured and dRET results. In addition,
effects such as the ground reflection and possible scattering
in the remaining environment (which were not included in
the model), may be responsible for the inaccuracies depicted
in Fig. 18(a) and (b).

Results obtained at MP4 are depicted in Fig. 18(c) and (d).
This position is located behind tree T1, and consequently,
the received signal level is influenced by the estimated ke

parameter corresponding to this tree. In the angular region
where the maximum signal was received, the absolute max-
imum error lies within 5 and 10 dB for 20 and 62.4 GHz,
respectively.

These relatively low errors are caused by fluctuations in
the insertion loss due to the different radial paths, which the
propagating signal used to travel through tree T1. However,
the imprecise evaluation of the scattering characteristics of
Oleaster trees T2 and T4, which was based on the results
obtained for tree T12, resulted in a relatively inaccurate estima-
tion of the scattered signal in the 260° ≤ φRX ≤ 330° angular

range. To this extent, an individual tree characterization would
undoubtedly lead to a better overall performance of the dRET
model.

Fig. 18(e) and (f) depicts the results obtained at MP9, which
is located at the rear of the test forest. All predictions show an
rms error consistently below 10 dB, which can be considered
to be satisfactory. The principal contribution for the overall
error in the predictions obtained at 20 GHz is present at the
40° ≤ φRX ≤ 100° directional range. Within these angles,
the received signal is determined by vegetation surrounding
the test forest rather than any modeled vegetation volume.
Consequently, it is impossible for the dRET to predict such
signal variations based on the forest model used. Considering
the scattering originated within the test forest only, the agree-
ment between the predicted directional spectrum and the actual
received signal, which lies above the RX noise floor, can be
considered good. At 62.4 GHz, the received signal strength
at position #9 was only measurable for a narrow angular
range due to RX sensitivity limitations. The RET predictions
obtained for measurement position MP9 at 20 and 62.4 GHz
severely underestimate the received signal level yielding to
rms errors of about 150 dB; to this extent, data obtained using
RET model was not included in Fig. 18(e) and (f).

A quantitative assessment on the performance of the mod-
ified dRET model while predicting the directional spectra
for an outdoor inhomogeneous forest was performed for all
the available measurement data. To this extent, the RMSE
between the model prediction and the measured results was
obtained for each of the 10 positions, at 20 and 62.4 GHz.
However, at some measurement positions, the complete direc-
tional spectra were not possible to obtain due to RX sensitivity
limitations. The complete summary on the RMSE analysis of
dRET model predictions, as well as the number of available
measurement samples per MP, are depicted in Table VI. The
analysis of this table shows an expected trend for the RMSE
to increase with the vegetation depth. Also, the positions
influenced by the propagation characteristics of the Oleaster
trees, i.e., MP6, MP8, and MP10, seem to exhibit larger error
values. These errors are believed to be due to the method used
in the parameters extraction, which was based on a single tree
measurement instead of averaging various trees.

As it would be expected, the majority of the dRET pre-
dictions were observed to be more accurate when compared
with the RET model. This is mainly due to the inability of
the RET in modeling a predominantly heterogeneous forest.
However, at the air-to-vegetation interface, i.e., MP1, MP2, and
MP3, the received signal level is mainly influenced by both
the RX antenna pattern and by the backscattering occurring
in the first layer of trees. In these particular measurement
positions, the RET model seems to provide a more reliable
characterization of the backscattering phenomenon. However,
this is due to the fact that RET considers a Gaussian antenna
pattern in the simulations as opposed to a measured antenna
pattern used in dRET (i.e., horn antenna), while in the former,
there is only one Gaussian main lobe with no side- nor
backradiation, i.e., a pencil sharp beam, and hence, no signal
is being collected in the angular regions of 5°–108° and
296°–343° in MP1. These correspond to the regions away
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TABLE VI

RMS ERROR BETWEEN PREDICTED AND MEASURED
VALUES AT WYEVALE TEST SITE

from boresight and backscattering from semi-infinite air-to-
vegetation interface, and therefore these angular ranges have
not been considered for the computation of the rms error. As a
consequence, in the latter, higher RMSE values were obtained,
since the full angular range was considered.

Finally, an overall model performance with the mean
RMSE from 9.0 to 12.8 dB was achieved by the dRET
model. Although such errors are evaluated for the complete
directional spectrum, these are similar to those reported in
the literature obtained for simple attenuation versus depth
measurements [6].

VII. CONCLUSION

A critical discussion of the original dRET modeling fea-
tures, limitations, and drawbacks is presented in this paper.
To overcome the original model drawbacks, new solutions
were outlined yielding to an extended dRET formulation. The
proposed modified dRET model includes the enhancement of
the angular resolution, the simplification of the equations for
both coherent and diffuse components, the integration of the
RX antenna effect, the availability of a nonuniform interface
illumination, and oblique incidence.

The dRET engine relies on four input propagation-
dependent parameters. Considering the physical meaning of
each parameter, an extraction method consisting of a limited
number of measurements was also proposed. This method
allows the optimization of the four dRET input parameters
from isolated vegetation volumes, based on three relatively
straightforward propagation measurements.

A thorough assessment on the enhanced dRET model was
presented. The performance of the dRET modeling approach
was assessed against directional spectra for an outdoor inho-
mogeneous tree formation at 20 and 62.4 GHz. As expected,
the dRET greatly outperformed the RET formulation, which
is derived for infinite homogeneous media. To this extent,
the performance achieved by the modified dRET model was
relatively good, since the overall RMSE achieved in a real
outdoor environment was below 13 dB.
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