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Abstract—In this paper, we show a stochastic approach to
generate a 3D model of a foliage, which is then used for
deterministic ray-tracing channel modeling. This approach is
verified by a measurement campaign at 60 and 80 GHz with
2 GHz bandwidth. The wireless channel is characterized by path-
loss and RMS delay spread and we show the angular dependency
of those parameters when the receiver is placed on a half-circle
around the tree. Besides electromagnetic material properties, the
3D model is characterized by several interpretable parameters,
including tree volume, leaf size, leaf density, and the tree crown
shape parameter.

Index Terms—ray-tracing, channel modeling, channel sound-
ing, millimeter waves.

I. INTRODUCTION

The millimeter-wave band, spanning the electromagnetic
spectrum from 30 to 300 GHz, offers extraordinary bandwidth
and, consequently, high potential data rates. It is also well
known that path loss is a function of frequency. Compared
to lower frequencies, millimeter-wave channels thus exhibit a
higher path loss. However, this can be compensated for by
utilizing higher-order antenna arrays with the same physical
area as antennas operating at lower frequencies [1]. The
more problematic part of the millimeter-wave band is a low
diffraction contribution and high penetration losses [2]. Thus,
in this paper we concentrate on the problematic situations
when the line-of-sight (LOS) is obstructed by vegetation and
only the reflection and/or the diffraction contributions are
available (please see Fig. 1 and 2).

Either derived heuristically, from measurement datasets or
from geometrical representations, various channel modeling
techniques have been explored in the literature [3], but a
complete review of all the modeling methods exceeds the
scope of this paper. Instead, we concentrate on deterministic
methods, particularly ray-tracing-based site-specific channel
modeling, which offers interpretable and visualizable channel
state information (CSI) [4].

Let us note that the accuracy of the derived CSI heavily
relies on the precision of the 3D environment models used
[5]. This reliance is especially critical at millimeter-wave
frequencies, where the wavelength is in the millimeter range,
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Fig. 1: Photo of the 60 and 80 GHz channel sounder. The
receiver (RX) is located on the left side from the measured
foliage. The distance from the TX to the tree and from the
tree to the RX is 15 m.

rendering even minor environmental details vital for model
accuracy.

A method for 3D foliage modeling presented in [6] utilizes
hollow geometric shapes to represent trees and foliage. This
approach applies extra attenuation depending on the distance
rays traverse through foliage blocks.

Similarly, in [7], trees are modeled as hollow cubic forms,
with the outer foliage shape (the envelope) significantly sim-
plified. For wide-band signals with high spatial resolution,
the lack of ray interactions within the foliage volume may
lead to unwanted artifacts in the channel impulse responses
(CIRs). Thus, in [8], the cubic volume is divided into voxels,
whereas in [9], trees are represented by canopy and trunk, each
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Fig. 2: Top-down view on the ray-tracing scenario depicting
the half-circular placement of receivers. For clarity, we depict
rays only for α = 90°. D stands for three crown diameter and
the triangular element Fn represents n-th face. Please note that
the LOS is suppressed and not visualized. We assume isotropic
radiation. The transmitter is slightingly moved sideways to
allow for visualization.

modeled as concentric cylinders. In [10], vegetation scattering
is represented through a hybrid approach combining physics-
based modeling with data-driven elements. The foliage is
described as a dielectric slab populated with randomly oriented
leaves (modeled as disks) and branches (modeled as cylinders),
which contribute to both scattering and attenuation of the
electromagnetic field. In [11], scattering within vegetation is
instead approximated by placing point scatterers inside a tree
volume, typically defined by simple geometric shapes such as
spheres or cylinders.

In [12], the authors employ point scatterers to model
roadside scattering elements. These scatterers are treated as
infinitesimal points, lacking physical thickness or randomized
orientation—unlike actual leaves in a natural tree. This ab-
straction limits the physical realism of the model and affects

both the visualization and interpretability of ray-tracing results.
In this paper, we present a methodology for the generation

of the 3D foliage model and subsequent ray-tracing simulation.
The fundamentals of this approach are described in [13]
and in [14] we provide in-depth details of the measurement
campaigns including the description of the channel sounders.
The contribution of this paper is as follows:

• Results of angularly-resolved simulations of the path-loss
and root mean square (RMS) delay spread of a wireless
propagation through a foliage.

• Comparison and validation of the simulated and measured
channels at 60 and 80 GHz with 2 GHz bandwidth.

II. STOCHASTIC 3D FOLIAGE MODELING METHODOLOGY

The 3D model consists of vertices, where each triplet of
vertices forms a triangular face. A set of these triangular
faces represents scattering objects that are randomly positioned
and oriented within a predefined area - we can view this
as a tree crown envelope. Such a cloud of randomly placed
and rotated scattering faces serves as an input for the ray-
tracing simulation. In the following section, we provide a more
rigorous description of the 3D model generation process.

A. Creation of the 3D foliage model

The basis for modeling the shape (envelope) of the tree
crown is a pair of sets, the set of vertices V ′ and the set of
faces F ′. We write:

Γ′ = (V ′,F ′), where V ′ ⊂ R3. (1)

Specifically, the set of vertex positions is written as:

V ′ = {v′
1,v

′
2, . . . ,v

′
3M}, v′

i ∈ R3 (2)

and the set of triangular surfaces is given by:

F ′ = {F ′
1,F ′

2, . . . ,F ′
M}, (3)

where M is the number of triangles.
For simplicity, we assume that each vertex lies on the unit

sphere, ∥vi∥ ≈ 1. To obtain the irregular shape of the tree
crown, we utilize a point-wise deformation function P : V ′ →
V , which deforms the initial shape Γ′ by adding a random
displacement δi sampled from a 3D normal distribution. The
vertices are then given as:

vi = v′
i + δi, δi ∼ N (0, ξ2I), (4)

where ξ is a user-defined parameter controlling the deforma-
tion strength.

In order to set the volume of the tree crown, we determine
the ratio of the desired volume VD and the initial volume VI

as: σ =
(

VD
VI

)1/3

. Then, the vertices are scaled according:
vD
i = σ ·vi. With this scaling operation we ensure that the re-

sulting shape Γ = ({vfinal
1 ,vfinal

2 , . . . ,vfinal
N },F ′) approximately

matches the desired volume of the tree crown.
At this stage, the tree crown is ready to be filled with

scattering triangular faces F ⊂ N3, creating an stochastic
internal structure of the foliage. Each F is defined in a local



coordinate system centered at the origin and its vertices are
written as:
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where l =
√

4A√
3

is the side length of the equilateral triangle
with user-defined area A, representing the actual scattering
face. The next step is that each face is randomly rotated
utilizing a Rodrigues’ rotation matrix R ∈ R3.

The triangles F are defined by local coordinates pj ∈ R3

(for j = 1, 2, 3), and their rotated counterparts are defined as:

p′
j = R · pj . (6)

In the next step, the rotated triangular face is trans-
lated to a random position sj utilizing a random offset
c ∈ R3 such that c ∼ U(Γ) and c ∈ Γ. Here, U(Γ)
denotes a uniform distribution within Γ, meaning that every
point within the volume has the same probability of occur-
rence. Now, the rotated and translated vertices are given as:

si1 = ci+R ·p1, si2 = ci+R ·p2, si3 = ci+R ·p3 (7)

This process of filling the envelope Γ could be repeated in
order to satisfy the density of the faces ρ.

III. RAY-TRACING AND MEASUREMENTS

In this section we describe both ways of gathering data
from the measurement campaign and from the subsequent ray-
tracing simulations.

A. Ray-tracing

The ray-tracing simulation of wireless propagation through
the 3D foliage model is performed using the open-source
ray tracer Sionna, version 1.0.2 [15]. The material parameter
settings are based on the ITU-R P.833 recommendation [16].
We use a scattering coefficient µs = 0.50, relative permittivity
of ϵr = 17 and conductivity κ = 0.05S/m. Utilizing the pulse-
shaping, we reduce the bandwidth (BW) to 2 GHz. Table I lists
the 3D model parameters.

As for the computational cost, the model consisted of
hundreds of triangles/faces which is the main factor deter-
mining the computational duration. In the presented cases, the
simulation took milliseconds on a regular office laptop with a
Ryzen 5 processor and without a dedicated GPU.

Parameter Description
A [m2] Area of each internal triangle

VD [m3] Target volume of the outer shape

ξ[−] Perturbation strength (standard deviation of noise)

ρ [triangles/m3] Internal triangle density

rseed [−] Random seed (optional, for reproducibility)

TABLE I: Table of user-defined parameters for the tree-crown
shape generation and internal triangle placement.
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Fig. 3: Measured and ray-traced PDPs and CIRs (in absolute
value squared) for α = 0° at 80 GHz. We generate twenty
random 3D foliage realizations for the given tree crown
parameters.

B. Measurement campaign

The measurement environment is depicted in Fig. 1, where
we see the tree under test. It is a deciduous tree with rather
small leaves (4-5 cm of length) that is measured during the
summer. The transmitter (TX) is located 15 m in front of the
tree and its horn antenna with 24.8 dBi gain is always pointed
towards the tree and parallel to the ground. The same holds for
the RX, which was moved around the tree on a half-circular
trajectory, while its horn antenna with 24.8 dBi gain is also
parallel to the ground and pointed towards the tree.

In [14], the outline of the RX and TX measurement po-
sitions is provided. For the verification of the ray-tracing
outcome, we utilize the positions RX2 at α = 180° and RX4
at α = 105°. For the RX4 location, the LOS component was
removed from the measured data at the post-processing stage.
The reason for the removal is that the LOS component does
not interact with the tree for most RX positions as they are
not hidden behind the tree, thus it carries no information on
the tree.

C. Measurement and ray-tracing simulation comparison

In Fig. 3 we compare the measured and simulated PDPs
at α = 0° and 80 GHz. Here we note that the aim of this
methodology is not a photorealistic recreation of the tree and
subsequent exact CSI determination. The aim is a stochastic
3D modeling technique parametrized with physically meaning-
ful parameters, which is used for deterministic and explainable
ray-tracing. With that in mind, a qualitative assessment based
on visual inspection indicates that the simulation closely
matches the measured data.

In Fig. 4 we compare cumulative distribution functions
(CDFs) for both 60 and 80 GHz. We simulate 20 random
realizations of a tree with the density ρ ∈ {0.05, 0.25},
perturbation strength ξ = 0.1 (i.e. almost circular tree-crown
shape), VD = 600m3 and A = 2m2. The area of each triangle
is notably larger than that of a real-world leaf. However, it
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Fig. 4: CDF evaluation of the simulated and measured PDPs for (a) at 60 GHz and (b) at 80 GHz for α = 105°. Here, the
tree crown density was varied such that ρ ∈ {0.05, 0.25}. Please note that the subfigures (a) and (b) share the same legend.

was determined by simulation that reducing the triangle size
does not significantly improve the match with measurements.
Therefore, the largest triangle area that still provides a good
fit to the measurements was used.

In Fig. 4 (a) we see the CDFs of the two frequency bands
examined, that are the 60 and 80 GHz. As for the 60 GHz
band, in Fig. 4 (a) we read that 50% of received signal
strength indicator (RSSI) values is -77 dBm or less. In the
case of 80 GHz in Fig. 4 (b), we read that 50% is RSSI
values are -80 dBm or less. The difference between the 60
and 80 GHz is that the 60 GHz band has approximately 3 dB
lower attenuation, when propagating through a tree. Here it is
interesting to remind, that free-space path loss (FSPL) is 2 dB
lower for the 60 GHz band than for the 80 GHz.

D. Angularly-resolved RMS delay spread and path-loss

A complete description of a wireless channel is provided
by the CIR, written by [17]:

h(t, τ) =

N∑
n=1

Gnan(t, τ)δ(τ − τn), (8)

where N is the number of multipath components (MPCs),
an is the amplitude and phase of the n-th MPC. The term
δ(τ − τn) represents the Dirac delta function, indicating the
time delay of the multipath component n. The effects of the
receiving and transmitting antennas are given in the term Gn.

Important parameters of wireless channels are the path-loss
and the RMS delay spread. The path-loss simply sums all the
energy in the CIR according to:

PL =
∑
τ

|h(τ)|2, (9)

please note that in the ray-tracing simulation, the TX power
is set to 0 dBm.

The RMS delay spread describes how strong the delay
dispersion of the channel is and it is written as [17]:

DS =

√∑
τ (τ − τ̄)2P (τ)∑

τ P (τ)
,where τ̄ =

∑
τ τP (τ)∑
τ P (τ)

. (10)

The term P (τ) represents the power-delay profile (PDP) and
is given as:

P (τ) = E|h(τ)|2. (11)

Please note that the simulations and the measurements are
assumed to be time-invariant, and thus the Doppler shift is
not included in the complex base-band representation of the
CIR in (8) and for the same reason P (τ) depends only on τ ,
while t is omitted.

In Fig. 5 we can see the evaluation of the ray-tracing
simulations for the case when the proposed 3D model of the
foliage is orbited by the RX. The interpretation of the α angle
is available in Fig. 2. For each α, we generate twenty random
3D foliage models using the same settings. Each realization is
naturally different, as the tree crown shape, the positions and
orientations of the scattering triangles are drawn from random
distributions. Thus, in Fig. 5 we show an occurrence heatmap
around the mean value of the examined RMS delay spread
and path-loss.

The path-loss is highest for the direct propagation through
the tree (α = 0°). For the 60 GHz band we read -140 dB
and for the 80 GHz band the PL is three to four dB higher.
Please note that the LOS component, if present, would be
at -100 dB at 80 GHz and -97 dB at 60 GHz for the given
distance of 30 m. When we subtract the loss caused by the
free space propagation, we see that the additional attenuation
caused by the tree is around 20 dB at α = 180° and 40 dB
at α = 0°. In simulations and also in the measurements, the
LOS is removed. The reason is that most of the RX locations
are not behind the tree, thus the LOS is not interacting with
the tree and because it is much stronger than the remaining
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Fig. 5: The angularly resolved (a, b) path-loss and (c, d) RMS delay spread heatmaps for the 60 and 80 GHz bands. For each
angle α we generated twenty random 3D realizations of the foliage with the given tree-crown parameters.

MPCs, it would undesirably influence the PL, DS and also the
CDFs in Fig. 4.

As α increases, the PL almost linearly decreases and for
α = 90° the PL mean value is 133 dB and 130 dB for 80 GHz
and 60 GHz, respectively. This represents an interesting phe-
nomenon, where the strongest MPCs reflecting back to the
transmitter at α = 180◦ interact only with the first layer of
scattering triangles, and are therefore less attenuated than the
MPCs that have to propagate through the entire foliage in the
case of α = 0◦.

The RMS delay spread occurrence heatmap is depicted in
Fig. 5 (c) and (d) for 80 GHz and 60 GHz, respectively. In
general, the DS ranges from 5 ns to 15 ns and as α increases,
the DS almost linearly increases as well. The intuition behind
this is that MPCs arriving from the direction α = 180◦ pass
through the foliage back and forth when reflecting from the
most distant outer layer of scattering triangles. This results in
additional delay and an increased delay spread compared to
the direction α = 0◦. The variance of the DS is approximately
3 ns and does not change significantly with varying α.

IV. CONCLUSION

In this paper we have further developed the 3D foliage mod-
eling methodology and we have shown the angularly-resolved
path-loss and RMS delay spread values. We have done this
for two frequency bands, i.e. 60 GHz and 80 GHz. The ray-
tracing simulation, which accepts the proposed 3D model, is
done with Sionna, which is an open-source ray-tracing tool.
The simulation outcome is verified by measurements done in
a real-world scenario. The PL ranges from -120 dB to -140 dB
depending on the angle of arrival and angle of departure. The
same holds for the RMS delay spread, which ranges from 5 ns
to 15 ns.
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