JOURNAL OF KTEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2021

Stochastic 3D Foliage Modeling at 80 GHz: Experimental Validation

and Ray Tracing Simulations

Jiri Blumenstein*, Radek Zavorka*, Josef Vychodil*, Tomas Mikulasek*, Jaroslaw Wojtun?, Jan M. Kelner?,
Cezary Ziolkowski?, Rajeev Shukla, Markus Hoferf, Thomas Zemen?, Christoph Mecklenbrauker”, Aniruddha
Chandra’, Ales Prokes*

!Institute of Communications Systems, Military University of Technology, Warsaw, Poland; 'ECE Department,
National Institute of Technology, Durgapur, India; 8AIT Austrian Institute of Technology, Vienna, Austria;
Institute of Telecommunications, TU Wien, Vienna, Austria; *Brno University of Technology, Brno, Czechia

Abstract—A stochastic modeling methodology for 3D foliage
is presented, aimed at enhancing ray-tracing simulations. The
model supports adjustable stochastic geometry, density, and
shape to capture variability in foliage structures. The model is
validated through experimental measurements of representative
vegetation. The influence of foliage density and size on path
loss and RMS delay spread is analyzed to demonstrate the
applicability of the model in the 80 GHz frequency band.

I. INTRODUCTION

Understanding the behavior of the wireless channel has
always been essential for the design and optimal performance
of wireless communication systems. Numerous modeling ap-
proaches have been proposed in the literature [1]; however, a
comprehensive overview of all channel modeling techniques is
beyond the scope of this letter. Instead, we focus on determin-
istic approaches, specifically ray-tracing-based site-specific
channel modeling, which can provide explainable channel state
information (CSI) [2]. The fidelity of the computed CSI is,
however, closely tied to the accuracy of the employed 3D
environment models [3]. This dependency becomes particu-
larly pronounced at millimeter-wave frequencies, where the
wavelength is on the order of millimeters, making even very
small environmental details significant for the model fidelity.

Nonetheless, an approach to 3D foliage modeling involves
the use of hollow geometric objects as tree models. This
method is employed, for example, in [4], where additional
attenuation is applied based on the distance that rays travel
through the foliage blocks. In [5], trees are simulated as
hollow cubical objects, where even the outer foliage shape (the
envelope) is notably simplified. While such approximations
may be sufficient for narrow-band signals, wide-band signals
with high spatial resolution are more likely to exhibit artifacts
due to the absence of signal interactions within the hollow
volumes. In [6], the cubical volume is discretized into voxels,
while in [7], each tree is modeled by a canopy and a trunk,
both represented by concentric cylinders.

A new approach is enabled by the steadily increasing
computational capabilities, which may solve the problem of
dealing with very small environmental details. However, in
a situation with randomly time-varying 3D objects (e.g. like
foliage in a windy environment), gathering the said details
poses another problem. Thus, hybrid channel models are
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Fig. 1: Photograph of the 80 GHz channel sounder. The receiver (RX) is
located behind the measured foliage. TX-RX separation is 30 m with the tree
15 m distant from the transmitter (TX).

proposed. In [8], two types of rays are introduced. The first
type of rays are deterministic multipath components (MPCs),
interacting with buildings and ground reflections. The second
type of rays are dynamic MPCs, which capture the statistical
properties of the real MPCs interacting with foliage, humans,
vehicles etc. In [9] vegetation-scattering is modeled using
a hybrid physics-based and data-driven approach. Foliage is
modeled as a dielectric slab containing randomly oriented
leaves (disks) and branches (cylinders), which act to scatter
and attenuate the propagating field.

In [10], point scatterers are distributed inside the tree
envelope, which is, however, again of a simple geometric
shape such as sphere or cylinder. The point scatterer, also used
in [11] to represent a roadside scattering object, is modeled as
an infinitesimal entity. It does not have thickness or random
rotations as e.g. real leafs on a tree. Also, the visualization
of point-scatterers and the explainability of the ray-tracing
is affected. Clearly, gathering of the exact geometrical data,
namely of the foliage, is deemed unpractical, if not practically



impossible; however, some ray-tracing channel modeling ap-
proaches account for the presence of foliage by creating a
3D model of an exemplary tree via techniques such as 3D
scanning or photogrammetry. After assigning the appropriate
material properties, ray-tracing simulations are performed and
the results are compared with measurement data in [12]. The
disadvantages are obviously the scanning procedure and the
difficult generalization of the results. In light of the previous
work mentioned above, the contribution of this paper is as
follows.

o A stochastic 3D foliage modeling methodology that uses
several input parameters, namely: (1) the volume of the
tree crown, (2) a shape deviation parameter, and (3) the
density of the tree crown. The model is stochastic in the
sense that, even with identical parameter settings, each
realization produces a unique 3D foliage geometry. The
model is validated through an extensive measurement
campaign carried out outdoors with an exemplary tree.
The measurements are done at 80 GHz with a frequency
modulated continous wave (FMCW) channel sounder. A
photo from the measurement campaign is shown in Fig. 1.

« We provide simulation results of path-loss (PL), received
signal strength (RSS) and root mean square (RMS) de-
lay spread, for a wide-band 80 GHz signal propagating
through a tree under a parameter sweep.

II. STOCHASTIC 3D FOLIAGE MODEL

This section provides a methodology for the creation of 3D
foliage models. The process is divided into three main steps:

1) Creation of the initial shape of the tree crown (envelope).

2) Perturbation of the tree envelope shape with a 3D normal
distribution in order to randomize the tree crown shape.

3) Filling the perturbed volume with randomly placed
and rotated triangular faces F with given area A and
density p. A visualization of the faces F for different
parameter settings is available in Fig. 2. Note that the
boundary of the perturbed tree envelope is not depicted
nor used for the ray-tracing.

(b)

Fig. 2: A 3D visualization of the simulated scene with RX, TX and the foliage model. (a) Triangular element F;, represents n-th face and D stands for
diameter. This visualization assumes a density of p = 0.125m? and a shape perturbation parameter o = 0.1. (b) Increased density of p = 0.5m?, ¢ = 0.1.
(c) The influence of an increased shape perturbation parameter to o = 1. Note that the internal triangle area A = 2m?: Simulations show a low sensitivity
to A, so the highest acceptable number was chosen to reduce the computation load. Smaller A would result in higher number of internal triangles to fill Q.

A. Model Creation

The initial shape of the tree crown (envelope) ' = (V', F)
is defined by a set of vertices V' C R?, and faces 7/ C N3, and
is based on a triangulated icosphere, formed by subdividing an
icosahedron (although other polyhedrons with triangular faces
may be used as well). Let the set of vertex positions be:

V/:{Vll,v/z,...7V/N}, V/’i €R37 (D

where N stands for the number of vertices. Each vertex lies
approximately on the unit sphere, ||v;|| ~ 1. The irregular
shape of the tree crown 2 = P(') is perturbed by a pointwise
deformation function P : R3 — R3, which deforms the initial
shape ' by adding a random displacement sampled from a
3D normal distribution. The vertices are given as:

3; ~ N(0,0°1). )

/
Vi:Vi—F(Si,

Here, o is a user-defined parameter controlling the perturbation
strength. Let 1y denote the volume of the irregularized shape,
computed numerically (e.g., via tetrahedral decomposition). To
achieve a target volume Viyger, We scale all vertices uniformly:

VoV
s = ( t‘;jet> ,ovinl — gy 3)

With this scaling operation we ensure that the resulting shape
Q = ({vinal yinal  viinaly 77 approximates the desired
volume of the tree crown.

Now, the tree shape is ready to be filled with triangular
faces F C N3, creating an irregular and stochastic internal
structure of the tree. Given a face density p (in faces per cubic
meter) and the user-defined volume Ve, the total number of
internal trianges is @@ = |p - Viarge|. Let each internal triangle
have area A, which is defined by the user. Then, assuming

equilateral triangles, the side length [ = , /%. The triangular

face F are defined in a local coordinate system centered at
the origin, its vertices are:

l I 1
P1 = <07\/§70) ) b2 = (25 2\/570) 5 (4)
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Fig. 3: (a) Measured and ray-traced PDPs (b) RMS delay spread as a function of the tree volume. We generate fifty 3D tree realizations for each simulated
tree crown volume Viarget € {200, 1000} m3. The depicted heatmap shows the occurrence of a certain RMS DS value. Other parameters are: triangle density
p = 0.125, triangle area A = 2m?, perturbation strength o = 0.1 m and number of subdivisions nepgy = 2.

Each triangle is randomly rotated using a Rodrigues’ rotation
formula with a 3 x 3 orthonormal matrix R that satisfies:

R'R=1 and det(R)=1, (5)

where ' denotes a transpose operation. This ensures that
R performs a pure rotation without scaling. Given local
triangle coordinates p; € R3 (for j = 1,2,3), their rotated
counterparts are:

p; =R-p;. (6)
The rotated triangle is then translated to a
random  position s; utilizing a random  offset
c € R3 suchthate ~ U(Q) and ce€ Q.

Note that U/(€2) denotes a uniform distribution over the
region within 2, which means that every point within the
volume has the same probability of being chosen.

We write s; = ¢ + p;-, j = 1,2,3. Then, the final vertex
positions are:

si1t =C;+R-p1, Sig=¢i+R-p2, siz=c;+R-ps. (7)
Repeating this approach gives () independently rotated,
uniformly distributed internal triangles F. The list of user-

defiend parameters is available in Table L.

TABLE I: List of user-defined parameters for irregular shape generation
and internal triangle placement.

Parameter Description
Viarget [m3] Target volume of the outer shape

o[m] Perturbation strength (standard deviation of noise)
Nsubdiv [—] Number of subdivisions of the icosphere

p [triangles/ m®] | Internal triangle density
A [m?]

T'seed [_]

Area of each internal triangle

Random seed (optional, for reproducibility)

B. Ray-tracing Simulation Setup

The wireless channel parameters are obtained by the ray-
tracing. In Fig. 2 we see the rays depicted in red. We use the
open source ray-tracer Sionna, version 1.0.2 [13]. The material

settings are based on ITU-R P.833 recommendation [14] as fol-
lows: relative permittivity €, = 17, conductivity £ = 0.05 S/m
and scattering coefficient p; = 0.50.

Since the ray-tracing provides unlimited bandwidth (BW)
with MPCs being infinitely narrow, we use a sinc-filter for
pulse shaping to reduce the BW to 2 GHz. The setting of the
ray-tracing engine are listed in Table II together with related
channel sounder parameters.

TABLE II: List of the channel sounder parameters and ray-tracing settings.

Parameter Measurement Ray-tracing
Frequency, Bandwidth 80GHz, 2.048 GHz | 80GHz, 2 GHz
RX and TX Antenna, Gain Horn, 24.8 dBi Isotropic, 0 dBi
TX Power (w/o the ant. gain) | 34dBm 0dBm
Number of Candidate Paths - 2 x 106
Maximum Path Depth - 25

III. VERIFICATION MEASUREMENT CAMPAIGN

The verification of the ray-tracing simulations with the
proposed 3D foliage model is performed. The measurements
are done with a BW of 2 GHz and horn antennas with 24.8 dBi
gain. A photo from the measurement is depicted in Fig. 1.
We have used FMCW channel sounder with a FMCW sweep
duration of T' = 8 us, where snapshot averaging is used to
additionally enhance the signal to noise ratio (SNR). In [15]
we provide more details on the measurement campaign.

A. Wireless Channel Parameters

The channel impulse response (CIR) is defined as:
M
h(t,7) =Y Gmap(t)e > 0ns(r —1,), (8
m=1

where M is the number of MPCs, a,, and 1, are the
amplitude and phase of the m-th MPC, f, is the carrier
frequency. The term 6(7 — 7,,,) represents the Dirac delta
function, indicating the time delay of the multipath compo-
nent m. The effects of the transmitting and receiving antennas
are integrated in the term G,,,. The power-delay profile (PDP)
is given as:

P(r) = E|n(t,7)|". ©)
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Fig. 4: (a) RMS delay spread and (b) Received signal strength evaluation of fifty realizations of the tree model for each simulated leaf density p.

When processing the measurement data, the expectation is ap-
proximated by averaging over multiple snapshots. In contrast,
in the case of the ray-tracing simulation, multiple random
3D foliage models are generated using the same parameter
settings, and the resulting PDP is obtained by averaging the
corresponding squared CIRs in absolute value.

An important parameter describing temporal dispersion of
the channel is the second-order central moment of the PDP,
referred to as the RMS delay spread [16]:

Drms = \/ZT (XT:T;();)P(T),Where 7= M (10)

2., P(7)

Another parameter evaluated is the PL, which is given as
PL =3%"_|h(7)|* (note that the TX power is 0 dBm).

In Fig. 3a we depict the PDP calculated from the ray-traced
CIRs together with the measured PDP. Note that the aim of
this modeling method is not to exactly replicate the measured
MPCs, but rather to capture second-order statistics while
maintaining the stochastic nature of the modeling approach
and an understandable parametrization of the model.

B. Simulation Results

In Fig. 3b we see the influence of the tree crown volume
Viarget € {200, 1000} m? for A = 2m?, o = 0.1 and ngbaiv =
2. For p = 0.125, which is rather sparse (see Fig. 2a), the
resulting Dryvs = 0.5ns for the smallest volume Viarget =
200m3. As Viarget increases, Dryis increases to 3 ns.

Additionally, the Dgys is evaluated in Fig. 4a as a de-
pendence on the density p for a given volume of the tree
crown. The simulation is setup such that for each density, we
generate fifty random 3D models of the foliage with otherwise
constant parameters. Thus, we are able to depict a color-coded
histogram together with the mean value of Dgys and the RSS.

We see that increasing the tree crown density from p = 0
(which is free space) to p = 1 leads to an increase in the RMS
delay spread from Dgrys = Ons to Drys = 8ns. It is notable
that from p = 0.6 the Dgrys slightly decreases. The measured
data exhibit Drys = 8.5 ns.

As for the RSS and PL, it holds that PL = —RSS
(assuming TX power is 0dBm). Thus, in Fig. 4b, we see

RSS = —100dBm for p = 0, thus PL. = 100 dB (agrees with
free-space path loss (FSPL) at 30 m of TX-RX separation). As
the density p increases, the losses increase as well to 60 dB
for p =1 (assuming we deduce the FSPL).

In order to compare the measurements with the outcome of
the ray-tracing simulations, we plot the cumulative distribution
functions (CDFs) of the measured PDPs, the ray-traced PDPs
and the ray-traced CIRs. In total, in Fig. 5 we see fifty CIRs
for each tree density value p € {0,1}.
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Fig. 5: CDF evaluation of the simulated and measured PDPs as
shown in Fig. 3a. The CDFs of the individual CIRs |h(t,7)|? are depicted
with varied leaf density p € {0,1}.

IV. CONCLUSION

In this letter we show a methodology for stochastic 3D fo-
liage modeling, intended for ray-tracing simulations. Sweeping
through the model parameters, we show the resulting wireless
channel parameters such as path loss and RMS delay spread.
By comparing CDFs, we demonstrate a match between the
measured and ray-traced data.
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