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ABSTRACT

Foliage penetration (FOPEN) radar at lower frequencies (VHF, UHF) is a well-studied
area with many contributions. However, there is growing interest in using higher Ku-
band frequencies (12-18 GHz) for FOPEN. Specifically, the reduced wavelength sizes
provide some key saliencies for developing more optimized detection solutions. The
disadvantage is that exploiting Ku-band for FOPEN is complicated because higher
frequencies have pronounced scattering effects due to their smaller wavelengths.

A methodology has been developed to model and simulate FOPEN problems that
characterize the phenomenology of Ku-band electromagnetic (EM) wave
transmissions through moderate foliage. The details of this research (i.e. the
realistic tree models, simulation setup and results) are documented in multiple
reports. The main focus of this report is to describe the preliminary validation and
verification of Altair FEKO, the computational EM (CEM) software used for this
research, as well as present a simplified symmetrical tree model and an
introductory CAD tree model.
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1. INTRODUCTION

Synthetic aperture radar (SAR) remote sensing of foliage is crucial to many commercial
and military application scenarios such as terrain mapping, biome characterization,
human/object detection for search and rescue, vehicular tracking, boarder surveillance,
wireless communication channel modeling, etc. Some of the key tasks include
discriminating foliage in mapped terrains, identifying forest types, discerning tree
heights, and detecting anomalies or hidden objects beneath foliage. The interaction of
transmitted electromagnetic (EM) waves with foliage, especially penetrating the foliage
canopy, is termed FOPEN (FOliage PENetration) [1], [2]. The characterization of EM
wave interactions with any generic object is a complex multi-faceted problem that must
take into account a range of parameters relating to the object type and application
scenario. By extension, the more specialized FOPEN case presents further challenges
since foliage acts as a dielectric material which can scatter, reflect, diffract, refract and
attenuate impinging EM waves, from anywhere within its volume. In addition, related
scattering and attenuation effects are much more pronounced at higher transmission
frequencies.

Foliage scattering at lower frequencies (UHF, VHF) is a well-studied area with a wide
set of contributions to date. Nevertheless, there is growing interest in using higher Ku-
band frequencies for FOPEN analysis, i.e., 12-18 GHz transmission range. In particular,
the reduced wavelength sizes (in the centimeters range) provide some key saliencies
for developing more optimized foliage mapping solutions. Foremost, compact Ku-band
antenna designs can yield sizeable space and weight savings. For this reason, the Ku-
band has become a popular operating band for many unmanned aerial systems (UAS)
[3]. Furthermore, system designers can also achieve finer scan resolution via the Ku-
band, helping improve overall foliage characterization and detection capabilities.

Quantifying the interaction of foliage with EM frequencies in the Ku-band, overall,
remains largely unaddressed in the modeling realm today. It is reasonable to expect
that foliage transmissivity involves complicated scattering internal to the canopy,
necessitating a modeling tool’s ability to accurately deal with complicated scattering
environments. Consequently, this problem requires tree and foliage models to have a
high degree of fidelity, so much so as to severely tax the current available computing
resources. These limitations of available computing resources also severely limit the
data generation abilities, demanding judicious choices in parameter selection. All of this
led to a research project for laying out a methodology to model and simulate FOPEN
problems that characterizes the phenomenology of Ku-band EM wave transmissions
through moderate foliage. The details of this project (i.e. the realistic tree models,
simulation setup and results) are provided in [4], [5], [6] and [7].

The main focus of this report deals with validation of Altair FEKO [8] as a tool to
ultimately address the part of this overall research problem that is the transmissivity
through a foliage canopy. The validation strategy is to assess FEKO’s ability to provide
accurate scattering measurements from a succession of targets. In particular, simulation
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results from different articles were first used for verification of FEKO implementation.
Simple canonical and complex objects modeled in these articles were reconstructed in
FEKO, and the results were successfully replicated with very good agreement. Also,
measured data of a simple canonical object was used for validation, and the FEKO
results agreed well with the measured data. This verification process was then
expanded to a symmetrical tree model. Different material and scene scenarios with this
symmetrical tree model were implemented and the results all concurred with the
expectations of electromagnetic physics. Furthermore, a computer-aided design (CAD)
tree model was created and implemented to replicate results from an article. Several
different FEKO solution methods were considered for each problem and the method
most appropriate for each model was employed.
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2. MODEL VERIFICATION WITH SIMPLE CANOINCAL OBJECTS

The first model considered was a dielectric sphere in free space presented by [9]. The
authors used a method called Volume-Element-Free Scheme (VEFS). The sphere
radius is 0.32A with a permittivity of 3.75. The frequency considered is 300 MHz with an
incident plane wave source where theta = 0° and phi = 0°. The results obtained are
bistatic Radar Cross Section (RCS) with theta = 0° - 180°; increment of 1°, and phi = 0°
for a polarization of vertical vertical (VV) and horizontal horizontal (HH). When
replicating the results, the solver utilized was MoM because of the low frequency and
the electrically small sphere. A side by side comparison and an overlay of the results
obtained in FEKO and the results from the article are shown in Figure 1 (a) — (c). The
results agree very well for both the VV and HH polarization and are within 0.25 dBsm
over the entire angle range.
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Figure 1: Bistatic VV and HH RCS (dBsm) results from a dielectric sphere: (a) FEKO results,
orange line (VV) and green line (HH); (b) article [9] results, dark blue and purple lines (VV) and red
and light blue lines (HH); (c) FEKO results overlaid on the article results.
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Another model replicated was a perfect electric conducting (PEC) sphere model in free
space from [10]. The method used in the article is a mixed-form fast multipole algorithm
(Mixed-form (FMA)). The PEC sphere has a radius of 1 m, the frequency is 0.24 GHz
and the source is an incident plane wave with theta = 0° and phi = 0°. The bistatic RCS
is calculated for theta = 0° - 180°; increment of 1°, and phi = 0° with a polarization of VV.
Multilevel fast multipole method (MLFMM) is the optimal method for the replicated
simulation because of the size of the sphere. The results solved with FEKO and the
results from the article are shown in Figure 2 (a) — (c), and are well matched over the
entire angle span with no more than a displacement of 0.001 dBsm.

20 20

x MIE
— MIXED-FORM FMA (STANDARD TO2I)

RCS [dBsm]
Bistatic RCS (dB)

- ; - _ ; ‘ ; ‘ ; : ; ;
0 How B w0 W 80 0T T a0 80 100 120 140 160 180
Theta [deg] 6 (Degree)

(a) (b)

20

Bistatic RCS (dB)

0 20 40 60 80 100 120 140 160 180
0 (Degree)

(c)

Figure 2: Bistatic VV RCS (dBsm) results from a PEC sphere: (a) FEKO results, green line; (b)
article [10] results, black line and black X; (c) FEKO results overlaid on the article results.

A PEC cube and a dielectric sphere modeled in [11] were replicated. For the PEC cube,
the authors compare several MoM-discretizations: Electric-Field Integral Equation
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(EFIE) with Rao-Wilton-Glisson (RWG) basis functions, Electric-Magnetic Field Integral
Equation (EMFIE) with divergence-Taylor-Orthogonal (div-TO) basis functions,
Magnetic-Field Integral Equation (MFIE) with RWG basis functions and MFIE with div-
TO basis functions. The diameter of the cube is 0.2 m, the frequency is 300 MHz, the
model is meshed with 588 triangles and the source is an incident plane wave with theta
= 0° and phi = 0°. The total bistatic RCS is calculated in the yz-plane with theta from 0° —
90°; increment 2°, and phi = 90° with a polarization of VV. The method used to
reproduce this problem was MoM because of the low frequency. Note, the FEKO model
was meshed with 576 triangles. Figure 3 (a) — (c) display the results.

As for the dielectric sphere solved in this article, since it is penetrable material, the
MoM-discretization analyzed are Poggio-Miller-Chang-Harrington-Wu-Tsai (PMCHWT)
with RWG basis functions, Muller with RWG basis functions, Muller with ORT1 and
Mueller-EMME (Electric-Magnetic-Magnetic-Electric) with ORT1. The sphere radius is
0.1 m with a relative permittivity of 2, meshed with 128 triangles and the simulation
parameters are the same as for the PEC cube. Note, the FEKO model was meshed with
126 triangles. The comparison total RCS results are in Figure 4 (a) — (¢) and the FEKO
model results are within less than 0.01 m? of the EFIE [RWG] results from the article.
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Figure 3: Total bistatic VV RCS (m?) results from a PEC cube: (a) FEKO results, blue line; (b)
article [11] results, all black lines; (c) FEKO results overlaid on the article results.
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Bistatic RCS, yz-plane

29 299 I I \ \ \ \ T 1
| | | | | | | |
200 B it B et el e
| | | | |
| | | | |
A1 T P
|| m— PMCHWTIRWG]
302 302 - -1J{0 O MulerRWG]

"'|+ # MullerORT1]

I am— Muller-EMME[ORT1]

E 03 303 - —+
: -0.3 £
o g
0 04— — - L ____
E 304 30.4
205 305k - —-d——-lo— L J_
308 2306 — —
07 B B - AL/ U i
2:R8%%

308
0

10 2 Kl 40 50 60 10 80 90 0
Theta [deg]

(a) (b)

Bistatic RCS, yz-plane
-29.9

dBsm

30.8 =
0

(c)

Figure 4: Total bistatic VV RCS (dBsm) results from a dielectric sphere: (a) FEKO results, purple
line; (b) article [11] results, all black lines; (c) FEKO results overlaid on the article results.

A dielectric cube was solved using RL-GO because of the high simulation frequency.
The parameters used were from two different articles [12], [13] that both modeled a
dielectric cube with a length of 0.12 m, a dielectric constant of 2.7 - j0.01 and solved at
a frequency of 30 GHz. The authors in [12] used GO to calculate the monostatic RCS
with an incident plane wave where theta = 90° and phi = 0° - 45° using an increment of
0.1°. They simulated both polarizations, i.e. VV and HH. The results from [12] as well as
the replicated FEKO results are shown in Figure 5 (a) — (c) for VV polarization and
Figure 6 (a) — (c) for HH polarization. There is a slight mismatch in the results for VV
polarization around 5° — 30°, and 5° — 32° for the HH polarization results. This is due to
the different solvers used and is also displayed amongst the different solvers used
within the article.
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Figure 5: Monostatic VV RCS (dBsm) results from a dielectric cube: (a) FEKO results, pink line; (b)
article [12] results, blue line, black dashed line and green line; (c) FEKO results overlaid on the
article results.
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Figure 6: Monostatic HH RCS (dBsm) results from a dielectric cube: (a) FEKO results, pink line; (b)
article [12] results, blue line, black dashed line and green line; (¢c) FEKO results overlaid on the
article results.

As for the simulation of the dielectric cube in [13], the source setup is slightly different
having an incident plane wave of theta = 90° and phi = 0° - 90° using an increment of
0.1°. In this article, the method used a ray-density normalization (RDN) with PO and
physical theory of diffraction (PTD). They provided measured and simulated monostatic
RCS data for both VV and HH. Figure 7 (a) - (c) display the results of the FEKO
simulation compared to the measured data in the article [13] and Figure 8 (a) — (c) show
the comparison of the FEKO simulated results to the simulated results in [13]. The
FEKO simulated data, as well as the simulated data from the article have a similar trend
as the measured data, however, there is not a complete match, and as articulated from
the article, this difference is due to the simulated results being very sensitive because of
the real and imaginary part of the relative permittivity value. Also, there may have been
some measurement errors because of inaccurate positioning of the dielectric cube.
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Regarding the slight offsets between the FEKO simulated results and the simulated
results from the article, this is likely due to the different types of solvers used to
calculate the RCS values.
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Figure 7: Monostatic VV and HH RCS (dBsm) results from a dielectric cube: (a) FEKO results,
green line (VV) and black line (HH); (b) article [13] measured results, blue line (VV) and red line
(HH); (c¢) FEKO results overlaid on the article measured results.
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Figure 8: Monostatic VV and HH RCS (dBsm) results from a dielectric cube: (a) FEKO results,
green line (VV) and black line (HH); (b) article [13] simulated results, blue line (VV) and red line
(HH); (c) FEKO results overlaid on the article simulated results.

Two other models simulated was a coating plate and sphere that were modeled in [14].
The authors in the article used FEKO to simulate a full scale model, a theoretical model
and a designed model. Both of the theoretical and designed models are 1/5 of the full
scale model. The results obtained for all the models are transverse electric (TE)
monostatic RCS with an incident plane wave theta = 0° - 90°; increment of 1°, and phi =
0°. All the coating plates and spheres have a coating permittivity of 14.49 - j0.12 and
permeability of 3.56 - j1.12 with a bottom PEC face for the plates and a PEC core for
the spheres. The frequency is 2 GHz for the full scale models and 10 GHz for the
theoretical models. The full scale plate has a length = 0.5 m, width = 0.5 m and coating
thickness = 0.002 m. The theoretical plate has length = 0.1 m, width = 0.1 m and
coating thickness = 0.0004 m. The full scale sphere has a diameter = 0.5 m and a
coating thickness = 0.002 m. The theoretical sphere has a diameter = 0.1 m and coating
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thickness = 0.0004 m. These replicated models were solved using MLFMM and the
results from the simulation and the article for the coating plate are shown in Figure 9 (a)
— (d), and Figure 10 (a) — (d) for the coating sphere. The FEKO results for both the plate
and the sphere lay directly on top of the results from the article with at most 0.05 dBsm
difference in some areas.
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Figure 9: Monostatic HH RCS (dBsm) results from a coating plate: (a) FEKO full scale results, pink
line; (b) FEKO theoretical results, green line; (c) article [14] full scale and theoretical results, black
line with square (full scale) and red line with circle (theoretical); (d) FEKO results overlaid on the

article results.
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Figure 10: Monostatic HH RCS (dBsm) results from a coating sphere: (a) FEKO full scale results,
red line; (b) FEKO theoretical results, orange line; (c) article [14] full scale and theoretical results,
black line with square (full scale) and red line with circle (theoretical); (d) FEKO results overlaid on

the article results.
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3. MODEL VERIFICATION WITH COMPLEX OBJECTS

A more complex model replicated was a PEC triangular trihedral with an extended
bottom plate found in [15]. In the report, the methods used are a geometric formula,
Xpatch and SAIC full-wave solver (SAF). Xpatch implements the shooting and bouncing
ray (SBR) method and SAF implements a MoM and MLFMM hybrid solver. The authors
provide results for the geometric formula, the triangular trihedral (VV and HH) and the
triangular trihedral with the extended bottom plate (VV and HH). The complex target of
interest for model verification is the triangular trihedral with the extended bottom plate.
The interior edge dimensions of the triangular trihedral is 0.15 m and the extended
bottom plate radius is 0.5 m. The frequency is 10 GHz and the source is an incident
plane wave where theta = 75° (elevation = 15°) and phi = 0° - 90° with an increment of
1°. The monostatic RCS is calculated at VV and HH. The asymptotic RL-GO method is
used to replicate the results from the report, all of which are seen in Figure 11 (a) — (c).
From 20° — 70° the FEKO results align well within 0.25 dBsm of the geometric formula
results from the article. The other ranges exhibit characteristics similar to the results in
the article but the slight value variations between these results is due to the different
solvers that are used.
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Figure 11: Monostatic VV and HH RCS (dBsm) results from a PEC triangular trihedral with an
extended bottom plate: (a) FEKO results, pink line (VV) and blue line (HH); (b) report [15] results,
solid black line, red dashed line with circle (VV) and green dashed line with circle (HH); (c) FEKO
results overlaid on the report results.

Another complicated object modeled is the real world, well known SAR target, SLICY,
(Sandia Laboratories Implementation of Cylinders) that is made up of various reflectors.
The CAD model used to replicate results from [16] was provided by [17]. Pictures of
both the real target and the CAD model are displayed in Figure 12 (a) & (b). In the
article, the results presented are from the proposed scattering center model and the
actual RCS data from the SLICY target. For the replicated results in FEKO, RL-GO is
used to compute the HH monostatic RCS results with an incident plane wave at theta =
45° and phi = -3.4° to 3.4° with an increment of 0.05° and a frequency of 9 GHz. Figure
13 (a) — (c) show these results versus the results from the article. Characteristics of the
FEKO results resemble those provided by the article, however there are some details of
the curve that are not matched exactly. This is likely because different SLICY models
are used as well as the difference in methods implemented.
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(a) (b)

Figure 12: (a) Photo of the real world SLICY target [18]; (b) Picture of the SLICY CAD model
imported into FEKO.
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Figure 13: Monostatic HH RCS (dBsm) results from SLICY: (a) FEKO results, red line; (b) article
[16] scattering center model results and actual RCS data, solid black line (scattering center model)
and black line with a dot (actual RCS data); (c) FEKO results overlaid on the article results.
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4, MODEL VALIDATION WITH MEASURED DATA

For a comparison of simulated data versus actual measured data, the monostatic RCS
of a 19-inch PEC sphere was measured in one of Sandia National Laboratories (SNL)
certified radar testing facilities. The frequency spanned the range 1.85 — 18.25 GHz with
the incident plane wave where theta = 0° and phi = 45°. The measured data included
the frequency and the RCS magnitude and phase values for both VV and HH. These
results were first replicated in FEKO with the PO method because of the large
frequency range. The simulated results have a similar curve as the measured data,
where the peak to peak oscillations diminish, however, the periodicity is off. This can be
seen in Figure 14 (a) — (c) and Figure 15 (a) — (c). To try to resolve this and replicate the
measured data more exactly, the MLFMM solver in FEKO was implemented. A smaller
frequency range (1.85 — 3 GHz) was selected because of computational restraints using
MLFMM, but, the calculation from this subset of frequencies compared even better to
the measured data, which is shown in Figure 16 (a) — (c).Thus, using the MLFMM solver
captures more signatures and detail of the model.
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Figure 14: Monostatic VV RCS (dBsm) magnitude results from a 19-inch PEC sphere: (a) FEKO PO
results, purple line; (b) measured data, blue line; (c) FEKO results overlaid on the measured data.
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Figure 16: Monostatic VV RCS (dBsm) magnitude results from a 19-inch PEC sphere: (a) FEKO
MLFMM results, pink line; (b) measured data, blue line; (c) FEKO MLFMM results overlaid on the
measured data.
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5. MODEL VERIFICATION WITH A SYMMETRICAL TREE MODEL

Another verification effort involves various simulation scene scenarios using a
symmetrical CAD tree model created from scratch in CADFEKO that is described in [4]
and [5]. The tree was purposefully designed symmetrically to test for symmetry in order
to validate the simulation results. The main purpose of developing this symmetrical tree
model was to advance the model verification process to more of a representative model.
Each particular scene scenario was chosen to aid with deciphering signals according to
EM physics. Thus, while a scenario that uses a ground plane in this section is included,
its purpose here is to merely validate the modeling process, and not to explore the
effects of the ground on transmissivity properties of the foliage canopy.

The symmetrical tree has trunk, branches and stems created from solid cylinders with
varying heights/lengths and diameters. Approximate dimensions of this tree model
came from a black walnut tree in [19]. Black walnut trees are deciduous trees, which is
a characteristic of interest for this research. The height of the tree is about 4.45 m and
the canopy width is around 0.86 m. The trunk diameter is 0.09 m and the thickness of
each leaf is 0.0001 m. The MLFMM solver is used because of the size and detail of the
tree.

Several different scene scenarios are simulated at 3 different frequencies: L-band (1.25
GHz), X-band (9.6 GHz) and Ku-band (15 GHz). The model scenarios are: (1) a
symmetrical dielectric tree in free space, (2) a symmetrical PEC tree in free space (3) a
symmetrical dielectric tree on a soil ground plane and (4) 2 symmetrical dielectric trees
located 2 m apart in free space (simulated only at L-band). The ground plane is a built in
FEKO homogenous half space in region Z < 0, which is a reflection coefficient
approximation. This ground plane is assigned a dielectric value of soil with a dielectric
constant of r= 5.0 — j0.7 for all frequencies, which is referenced in [19]. Most of the tree
properties and frequencies come from [19]. The dielectric values of the leaves and the
trunk of the symmetrical tree model are calculated by the dielectric value model
equation discussed in [4] and [5] and derived and detailed in [20]. All the calculated
dielectric values assume a temperature of 22 °C, bulk density of 0.33 and a gravimetric
moisture content of 0.68. At L-band (1.25 GHz), the relative permittivity of the leaves is
&r = 28.0383 —j9.0076 and the relative permittivity of the trunk and branches is & =
28.4047 - j9.0651. The X-band (9.6 GHz) and Ku-band (15 GHz) trunk and branch
materials have to be modeled with an impedance sheet because MLFMM cannot
handle high loss material. At X-band the relative permittivity of the leaves is & = 20.75 —
j8.8838 and the trunk and branches relative permittivity is &r = 21.092 — j9.0229 with a
surface impedance of Zs = 20.0432 + j18.0831. For Ku-band, the relative permittivity of
the leaves is &r = 17.4081 — j9.5048 and the trunk/branches/stems relative permittivity is
€= 17.6857 +j9.6739 with a surface impedance of Zs = 21.3453 + j19.2526.

Two different incident plane waves are simulated at theta = -50°, phi = 0° and theta =
50°, phi = 0° for all the scenarios at each frequency. The choice of incident angle for
FOPEN radar operation involved trading the line-of-sight path-length through the
canopy against the image distortions inherent to steep collection geometries. Generally,
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an incident angle in the vicinity of 45° is considered a good operational compromise.
The bistatic RCS is recorded for theta = -90° to 90°; increment of 5°, and phi = 0° with a
polarization of VV. Figure 17 displays the symmetrical tree with the simulation
parameters in FEKO.

Theta = -50°

AN\

N

Theta =50°,

wi

Figure 17: Symmetrical tree and simulation setup in FEKO with an incident angle of theta = -50°,
phi = 90° and theta = 50°, phi = 90°.

The bistatic RCS results with plane wave theta = -50° and theta = 50° are symmetrical
for all scenarios at each frequency. The mirrored RCS results are indistinguishable, and
this demonstrates that the setup and the solver are outputting expected results. For L-
band, these results are viewed in Figure 18 (a) - (c) for a symmetrical dielectric tree in
free space, Figure 19 (a) - (c) for a symmetrical PEC tree in free space, Figure 20 (a) -
(c) for a symmetrical dielectric tree over a soil ground plane and Figure 21 (a) - (c) for
two symmetrical dielectric trees located 2 m apart in free space. For X-band, the results
are displayed in Figure 22 (a) - (c) for a symmetrical dielectric tree in free space, Figure
23 (a) - (c) for a symmetrical PEC tree in free space and Figure 24 (a) - (c) for a
symmetrical dielectric tree over a soil ground plane. For Ku-band the results are shown
in Figure 25 (a) - (c) for a symmetrical dielectric tree in free space, Figure 26 (a) - (c) for
a symmetrical PEC tree in free space and Figure 27 (a) - (c) for a symmetrical dielectric
tree over a soil ground plane.

31



RCS [dBsm]
-]
i
.~'/
—
7
\jl/__}
S
-
\\
.
RCS [dasm]
2

60 -30 o k1] 60 80

Theta [deg] Theta [deg]

(a) (b)

RCS [dBsm]

20 %0 30 0 £ &0 %
Theta [deg]

(c)

Figure 18: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree in free space at L-band
for: (a) incident plane wave theta = -50° (b) incident plane wave theta = 50°; (c) incident plane
wave theta = 50° (purple line) reversed and overlaid on incident plane wave theta = -50° (green

line).
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Figure 19: Bistatic VV RCS (dBsm) results for a symmetrical PEC tree in free space at L-band for:
(a) incident plane wave theta = -50°; (b) incident plane wave theta = 50°% (c) incident plane wave
theta = 50° (purple line) reversed and overlaid on incident plane wave theta = -50° (green line).
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Figure 20: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree over a soil ground
plane at L-band for: (a) incident plane wave theta = -50°; (b) incident plane wave theta = 50°; (c)
incident plane wave theta = 50° (purple line) reversed and overlaid on incident plane wave theta = -
50° (green line).
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Figure 21: Bistatic VV RCS (dBsm) results for 2 symmetrical dielectric trees located 2 m apart in
free space at L-band for: (a) incident plane wave theta = -50°; (b) incident plane wave theta = 50°;
(c) incident plane wave theta = 50° (purple line) reversed and overlaid on incident plane wave theta
= -50° (green line).
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Figure 22: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree in free space at X-band
for: (a) incident plane wave theta = -50° (b) incident plane wave theta = 50°; (c) incident plane
wave theta = 50° (purple line) reversed and overlaid on incident plane wave theta = -50° (green

line).
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Figure 23: Bistatic VV RCS (dBsm) results for a symmetrical PEC tree in free space at X-band for:
(a) incident plane wave theta = -50°; (b) incident plane wave theta = 50°; (c) incident plane wave
theta = 50° (purple line) reversed and overlaid on incident plane wave theta = -50° (green line).
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Figure 24: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree over a soil ground
plane at X-band for: (a) incident plane wave theta = -50°; (b) incident plane wave theta = 50°; (c)
incident plane wave theta = 50° (purple line) reversed and overlaid on incident plane wave theta = -

50° (green line).
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Figure 25: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree in free space at Ku-
band for: (a) incident plane wave theta = -50°; (b) incident plane wave theta = 50°; (c) incident
plane wave theta = 50° (purple line) reversed and overlaid on incident plane wave theta = -50°

(green line).
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Figure 26: Bistatic VV RCS (dBsm) results for a symmetrical PEC tree in free space at Ku-band for:

(a) incident plane wave theta = -50°; (b) incident plane wave theta = 50° (c) incident plane wave
theta = 50° (purple line) reversed and overlaid on incident plane wave theta = -50° (green line).
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Figure 27: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree over a soil ground
plane at Ku-band for: (a) incident plane wave theta = -50°; (b) incident plane wave theta = 50°; (c)
incident plane wave theta = 50° (purple line) reversed and overlaid on incident plane wave theta = -
50° (green line).

When comparing every scene setup at one frequency, the interest is to assess the
trends and see if the RCS results comply with the physics of EM, and this is the case.
There is more reflection from the PEC tree in free space than the dielectric tree in free
space, and the dielectric tree over a ground plane has the highest RCS values
compared to the other scenarios. For example, at L-band, the average RCS for the
dielectric tree in free space is around -23 dBsm, for the PEC tree in free space the
average RCS is around -12 dBsm, the dielectric tree over a ground plane is about -5
dBsm and the two dielectric trees in free space is approximately -17 dBsm. A
comparison of every scenario for each frequency with an incident plane wave theta =
50° are displayed in Figure 28 (a) — (d) for L-band, Figure 29 (a) — (c) for X-band and
Figure 30 (a) — (c) for Ku-band.
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Figure 28: Bistatic VV RCS (dBsm) results at L-band for incident plane wave theta = 50°: (a) a
symmetrical dielectric tree in free space; (b) a symmetrical PEC tree in free space; (c) a
symmetrical dielectric tree on a soil ground plane; and (d) 2 symmetrical dielectric trees located 2

m apart in free space.
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Figure 29: Bistatic VV RCS (dBsm) results at X-band for incident plane wave theta = 50°: (a) a
symmetrical dielectric tree in free space; (b) a symmetrical PEC tree in free space; (c) a
symmetrical dielectric tree on a soil ground plane.
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Figure 30: Bistatic VV RCS (dBsm) results at Ku-band for incident plane wave theta = 50°: (a) a
symmetrical dielectric tree in free space; (b) a symmetrical PEC tree in free space; (c) a
symmetrical dielectric tree on a soil ground plane.

In addition, each scenario was compared across the three frequencies. These results
make sense as well with L-band having lower RCS values (i.e. less scattering) and Ku-
band having the highest RCS values (i.e. the most scattering). For instance, the scene
with a dielectric tree over a soil ground plan has an average RCS of -20 dBsm for L-
band, -18 dBsm for X-band and -10 dBsm for Ku-band. These frequency comparison
graphs are shown in Figure 31 (a) — (c) for a symmetrical dielectric tree in free space,
Figure 32 (a) — (c) for a symmetrical PEC tree in free space, and Figure 33 (a) — (c) for
a symmetrical dielectric tree on a soil ground plane. All the results verify that the solver
and the solver setup are implemented and simulating correctly.
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Figure 31: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree in free space with
incident plane wave theta = 50°: (a) L-band; (b) X-band; (c) Ku-band.

45



5 bt
o 10
5
5
H o
] 2
=10 =
8 § s
x x
15
-10
20 -
Ey 0 2 o = ) P 0 30 0 E) © %
Theta [deg] Theta [deg]

(a) (b)

RCS [dBsm]
=3 =) s

8

]

-90 60 -30 0 30 60 90
Theta [deg]

(c)

Figure 32: Bistatic VV RCS (dBsm) results for a symmetrical PEC tree in free space with incident
plane wave theta = 50°: (a) L-band; (b) X-band; (c) Ku-band.
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Figure 33: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree on a soil ground plane
with incident plane wave theta = 50°: (a) L-band; (b) X-band; (¢) Ku-band.

Additional verification simulations were carried out where the dielectric tree model in
free space was solved without leaves (trunk and branches only) and with leaves (full
tree) at each frequency. These results also proved to confirm the integrity of the solver
and the model. At L-band, there was a negligible difference in the results between the
tree with leaves and the tree without leaves. The average RCS for both cases is around
-23 dBsm. This was expected since the wavelengths at this frequency (0.24 m) are very
large compared to the leaves and thus do not significantly contribute to the scattering.
The average RCS results at X-band for the tree model without leaves is around -17
dBsm and for the tree model with leaves the average RCS is around -14 dBsm. At Ku-
band the results for the tree model without leaves average around -15 and the average
RCS value for the tree model with leaves is approximately -12 dBsm. Thus, the tree
models with leaves at X-band, and even more so at Ku-band, have an increased
scattering effect since as the frequency increases the wavelengths gets smaller and the
size of the leaves become larger relative to the smaller wavelengths, consequently
creating more scattering. These RCS value comparisons are presented in Figure 34 (a)
& (b) for L-band, Figure 35 (a) & (b) for X-band and Figure 36 (a) & (b) for Ku-band.
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Figure 34: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree in free space with
incident plane wave theta = 50° at L-band: (a) without leaves (trunk and branches only) and (b)
with leaves (full tree).
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Figure 35: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree in free space with
incident plane wave theta = 50° at X-band: (a) without leaves (trunk and branches only) and (b)
with leaves (full tree).
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Figure 36: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree in free space with
incident plane wave theta = 50° at Ku-band: (a) without leaves (trunk and branches only) and (b)
with leaves (full tree).
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6. MODEL VERIFICATION WITH A CAD TREE MODEL

For further verification, a CAD tree model created in Arbaro was implemented to
simulate results from an article where an Arbaro CAD tree model was also employed
[21]. The authors used the quaking aspen CAD tree file from the Arbaro library to
analyze scattering characterizations. They used the FDTD method to solve the problem
at low frequencies from 200 — 500 MHz (P-band). Since the contribution from the leaves
on the tree is negligible at these low frequencies, simulations in this article were carried
out for the tree trunk only, the tree trunk with primary branches and the tree trunk with
primary and secondary branches (Figure 37). The tree height is 7.4 m and the base
diameter is 0.34 m. The trunk has a relative permittivity of 13.9 and a conductivity of
0.039 S/m. The ground plane is soil with a relative permittivity of 5.45 and a conductivity
of 0.020 S/m. The monostatic RCS results with polarizations VV and HH are calculated
with an incident plane wave of theta = 45°, 60°, 75° and an averaging of the responses
over 36 phi angles. For the replicated results in FEKO, MLFMM was used to simulate
the trunk only model over a soil ground plane of homogenous half space in region Z <0
(reflection coefficient approximation) (Figure 37). The trunk model imported into FEKO
was created from the quaking aspen Arbaro CAD tree library file. Because an averaging
of phi angles cannot directly be calculated in FEKO, different selected phi angles were
calculated and compared with the phi averaging results calculated in the article, which
are displayed in Figure 38 (a) — (d) for an incident angle of theta = 45°, phi = 45°, 90°
and 225° Figure 39 (a) & (b) for incident angle theta = 60°, phi = 45°; and Figure 40 (a)
& (b) for incident angle theta = 75°, phi = 45°.

The results in the article and the replicated results are similar. The curves follow the
same trend and are within comparable dB ranges, however, they are not exact. This
can be due to the variation of how the phi angle is handled. Also, the article does not
explain how the ground plane was solved so this could be the difference as well. In
addition, not having the exact tree model or tree model orientation will give at least a
slight variance in results. Lastly, calculating the RCS with different solvers can cause
varying plots.

FEKO Model (Imported Arbaro Model) Model in Article

Figure 37: Side by side comparison of the imported quaking aspen trunk only tree model in FEKO
and the various models of the tree in the article [21].
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Figure 38: Monostatic VV (blue lines) and HH (green lines) RCS (dBsm) results from a quaking
aspen tree trunk: (a) FEKO results for theta = 45°, phi = 45° (b) FEKO results for theta = 45°, phi =
90°; (c) FEKO results for theta = 45°, phi = 225°; (d) article results [21] for theta = 45°, an average of
36 phi angles; dotted lines (trunk), dashed lines (trunk and primary branches), solid lines (trunk,
primary and secondary branches).
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Figure 39: Monostatic VV (blue lines) and HH (green lines) RCS (dBsm) from a quaking aspen tree
trunk: (a) FEKO results for theta = 60°, phi = 45° and (b) article [21] results for theta = 60°, an
average of 36 phi angles; dotted lines (trunk), dashed lines (trunk and primary branches), solid
lines (trunk, primary and secondary branches).
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Figure 40: Monostatic VV (blue line) and HH (green line) RCS (dBsm) from a quaking aspen tree
trunk: (a) FEKO results for theta = 75°, phi = 45° and (b) article [21] results for theta = 75°, an
average of 36 phi angles; dotted lines (trunk), dashed lines (trunk and primary branches), solid
lines (trunk, primary and secondary branches).
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7. CONCLUSION

Several diverse model simulations were replicated for verification and validation of the
CEM software and the accuracy of setup. Different methods were utilized for familiarity
with each one and as a preliminary exercise to find the appropriate and optimal solver
for the FOPEN research problem. Verification started with simple canonical models from
articles then advanced to more complex models. For a more complete validation
process, measured data was replicated, and eventually the verification process
progressed to a full symmetrical tree model and an externally designed imported CAD
tree trunk model.

Through these exploratory simulations and being advised by Altair FEKO engineers,
MLFMM is deemed the optimal method to solve simulations of an EM wave interactions
with realistic full tree models at higher frequencies. This is because MLFMM is best
suited for solving electrically large problems (large trees at high frequencies) with small
details, such as the leaves and small branches on the tree models. Also, MLFMM
captures small details for electrically large problems without requiring too many
computational resources. The FEKO simulated results of the measured 19-inch PEC
sphere provides an excellent example of the fidelity of the MLFMM solver. Also, the
symmetrical tree simulations were solved with MLFMM and more plot details were
captured. As a result of this preliminary validation work, various FOPEN scene
scenarios with realistic tree models were simulated with MLFMM and results of these
simulations and details of this FOPEN research are found in [4] and [5].
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