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Abstract—This article presents an analysis of P-band radio signal
propagation through forest based on 3D Numerical Method of
Maxwell’s equations (NMM3D). The simulation domain of the
forested region covers an area of 35.8 × 35.8 m2 that includes
112–121 coniferous trees with a height in the range of 8–16 m. The
modeled trees have primary and secondary branches to account
for their impact on scattering and attenuation at P-band. The fast
hybrid method (FHM) has been successfully developed to complete
the NMM3D full wave simulations of trees with efficient use of CPU
time and memory. The accuracy of the proposed FHM model is
validated by comparing scattered fields to that of FEKO for the
case with nine trees. To account for the seasonal variation of water
content in trees and hence dielectric constant, the wave scattering
model is applied to a range of dielectric constants. Analysis of the
P-band signal propagation is performed by computing the average
loss and correlation of the transmission fields. The results show
that the transmissivities are about 0.9 for winter conditions (low
dielectric constant) and about 0.7 for summer conditions (high
dielectric constant). Simulations with randomly positioned trees
(off the periodic grid) demonstrate that the transmissivity shows a
maximum variation of 4.3% relative to the nonrandomly positioned
trees. The correlation analysis of P-band radio signals with two
different dielectric constants indicates a high correlation amplitude
above 0.89 and a phase change of less than 6°. A sensitivity analysis
is carried out for a range of tree heights and trunk radii.

Index Terms—Electromagnetic modeling, electromagnetic
scattering, full-wave simulations, hybrid method, Maxwell equa-
tions 3-D, random media, remote sensing.

I. INTRODUCTION

P -BAND radio signals have long been of great interest
in radar remote sensing since they have high penetration

through dense forest canopies. With the use of P-band signals,
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various data such as soil moisture, land topography, and snow
can be extracted with less influence by forests [1], [2]. Despite
its hypothesized advantage, P-band signal propagation through
forest has not been rigorously analyzed before. Considering the
fact that dielectric constant of trees varies seasonally [3], it is
necessary to analyze P-band signal propagation through trees
with respect to different dielectric constants.

For several decades, the radiative transfer equation
(RTE)/distorted Born approximation has been used to model
the scattering of electromagnetic waves by forest [4], [5]. For
the modeling of forest scattering, RTE represents trees as a
collection of cylinders (trunks, branches, and needle leaves)
and thin disks (leaves), which are homogeneous and randomly
distributed in the forest. This leads to a simplified scattering
model, which can be implemented by considering independent
scattering from all vegetation elements. These approximations
for the RTE have never been rigorously tested. Comparisons with
the exact numerical solutions of Maxwell’s equations indicate
that the accuracy of RTE is limited [9], [17].

RTE [20] is not a rigorous approach based on assumptions that
are not fully justified, in particular the completely independent
random positions of trees. In addition, using intensities rather
than complex field amplitudes does not allow for the complex
correlation analysis to study the impact of tree dielectric constant
on decorrelation of transmission fields. The fast hybrid method
(FHM) is a rigorous way of solving wave multiple scattering
and gives exact solutions of Maxwell’s equations. Microwaves
in trees are governed exactly by Maxwell’s equations and not by
RTE.

In [6], the infinite cylinder approximation, including multiple
scattering, has been applied to forests at the UHF band. However,
this model is limited to trunk-dominated forest for applications
in wireless communications. Unlike the analysis of propagation
of lateral waves in [6], P-band microwave signals for radar
remote sensing are transmitted by satellites above the forest
canopies, and therefore our interests are the propagation of the
signals from above and through canopies for the imaging of the
soil or snow beneath the forests.

To accurately model the P-band signal propagation through
forest canopies, gaps between trees, heights of trees, and realistic
3-D representation of trees should be incorporated into an elec-
tromagnetic scattering model. Our approach is rigorous by using
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Fig. 1. Geometric configuration of (a) forest of coniferous trees occupying a
space of 35.8 × 35.8 m2 and (b) the shapes of a single tree.

the 3-D full-wave simulations of microwave scattering based
on Maxwell’s equations. Among various full-wave simulation
solvers available through commercial vendors, those methods
that have been widely used include: finite-element method used
by HFSS, method of moments used by FEKO, and the finite-
difference time-domain used by CST [7], [13]. However, for the
conditions in a realistic forest plot (e.g., Fig. 1 with a coniferous
tree height of 16 m and more than 100 trees), full-wave simu-
lations using commercial software are not yet computationally
practical (in terms of both CPU time and memory).

For efficient simulations of microwave propagation through
forest, a hybrid method was proposed in [8] and [9]. It is based on
numerical solutions for extracting scattering characteristics of a
single tree and analytical solutions for calculating multiple scat-
tering based on vector cylindrical waves (VCWs). The hybrid
method is performed using a two-step approach. The first step is
to extract the T-matrix representing wave scattering for a single
tree using the accurate commercial software. The second step is
to compute multiple wave scattering among trees based on the
Foldy–Lax equation. In the second step, since the T-matrix is

reused and it calculates electromagnetic interactions only out-
side of enclosing cylinders, the hybrid method can significantly
reduce CPU time and memory for full-wave simulations. In
[8], the hybrid method was successfully applied to 196 trees
using an infinite cylinder approximation. Due to the height of
trees in scattering simulations, a large number of unknowns
are generated to calculate multiple scattering, which leads the
hybrid method being reliant on high-performance computing
(HPC). The P-band signal propagation and scattering analysis
for forests require a large number of simulations to account for
a range of dielectric constant and the geometric parameters of
trees. As a result, it is necessary to employ fast solutions to
model electromagnetic scattering of a forest layer. Therefore,
the FHM, to speed up multiple scattering solutions, is adopted
for P-band radio signals.

Previously, the hybrid method with fast Foldy–Lax matrix
inversion solutions and an iterative approach, was applied to
30 trees at L-band [9]. However, the computational complexity
arising from the matrix-column vector multiplication with the
Foldy–Lax matrix remains unaddressed. To further reduce CPU
time and memory requirements, FHM was developed for wave
propagation through corn plants [10]. In the FHM, the solution of
Foldy–Lax equations is accelerated by a triple FFT. Two orders
of the FFTs are based on the sparse matrix canonical grid method
(SMCG) in 2-D positions of the trees [11]. The third order of the
FFTs is based on the order of the VCW. The FHM was shown
to simulate radio signals through 100 corn plants in less than 6
min using a standard laptop computer [10].

The water content of trees varies due to water availability in
the soil and influences dielectric constant variation [3]. Thus, it is
important to analyze P-band radio signals for a range of dielec-
tric constants. Based on these parameters, we can assess forest
effects and sensitivity of the P-band radio signal propagation to
the seasonal change of forests.

In this article, we analyze P-band signal propagation through
forests by using the electromagnetic scattering model of the
FHM. This article is organized as follows. First, the P-band
signal propagation through forest requires an estimate of an
adequate number of trees within the domain of simulation.
Following that, the scattering model of the FHM is described.
After that, the scattering model is applied to 121 trees with
heights of 8, 12, and 16 m and diameters in the range of 10–30
cm. Because the dependence is monotonic, parametric models
can be generated by the FHM for trees with various heights
and radii. To cover various tree configuration scenarios, the
randomly positioned trees and mixed trees are considered in
the FHM. A case study is completed to illustrate the relative
transmissivity at P-band and L-band, with the aim of showing
the higher penetration at lower frequencies.

II. METHOD FOR SIMULATION OF P-BAND SIGNAL

In order to analyze P-band signals, modeling of wave scat-
tering is formed by the electromagnetic response of tree objects
to the incident plane wave. Specifically, the impingement of
plane incident waves on multiple trees is simulated, and the
scattered waves from these trees are computed by the FHM.
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Fig. 2. Estimation of the number of trees for the wave scattering model.

For further characterization of forest effects on P-band signals,
we focus on the center area of the forest for average transmit
power calculation to avoid edge effects. Due to the limited
spatial domain, some of the trees are located on the edge of
forest, and the transmitted power under them should not be used
for averaging. This central area is defined as At, an area for
calculating transmitted power. By increasing the size of At, we
can take the average of the transmitted power with respect to the
area. At can be used to determine the number of trees needed in
wave scattering modeling.

A. Estimation of the Number of Trees

A crucial part in the simulation of scattering of the P-band
signal is the estimation of the required size of domain and
hence the number of trees. For our scattering model, the spatial
distribution of trees is illustrated in Fig. 2. We require At to
be large enough so that there will be a large number of trees
to allow convergence to a representative solution, but not too
large to avoid edge effects. Note that if At is too large, inci-
dent waves will have experienced only partial attenuation and
scattering by some trees near the edge of At, resulting in a
higher (erroneous) transmission. In simulation results, we have
two areas: 1) Adomain, which is the domain of the simulation
and 2) At, which is the domain over which we calculate the
scattered fields and transmitted fields. Plane wave incidence is
assumed on Adomain. To avoid edge effects, At must be less
than Adomain. For convergence validation, we need to increase
At under the fixed Adomain obtained by the design formula.
This approach is different from traditional approaches of rough
surface simulations in which a tapered wave is used. However,
a tapered wave approach is poor when the height is larger or
much larger than a wavelength. By considering the tree height h
(see Fig. 2), the domain width is described as

lx,domain = 2h tan θ + lx,t (1)

where θi and lx,t are an incident angle and a side length of At,
respectively. Once lx,t is determined, the width of the domain
area is calculated by (1).

TABLE I
DIMENSIONS OF A TRUNK AND BRANCHES

Fig. 3. Parameters of tree dimensions and their locations.

Table I shows the values of the tree dimensions shown in
Fig. 3. The variable rt indicates the radius of the trunk to be
used in parametric models. The tree branches are distributed into
six layers with 2 m spacing between them. Each layer contains
three primary branches and 12 secondary branches. The layers
of branches are arranged in an asymmetric pattern by rotating
them along azimuthal angles. When we consider a tree height
of 16 m, the incidence angle θi of 40°, and lx,t = 9 m, the width
of the simulation domain is 35.8 m. Considering a spacing ls
between trees of 3.3 m and rc of 1.4 m, we determine that the
number of trees in the domain area is 121 trees.

Scattering simulations over the study domain, containing
121 trees with a 16 m height require substantial computation
resources. For the efficient computation and fast simulations of
a large number of trees, the FHM is employed to model the wave
scattering [10].

B. Fast Hybrid Method

The first step of the FHM is to extract the T-matrix of a single
tree. To efficiently solve the scattered fields of a large number
of trees, treating a single tree as a single network parameter, the
T-matrix [18], can reduce the unknowns in Maxwell’s equations
and the computational complexity. The T-matrix characterizes
the scattered field coefficients in terms of VCW as follows [9],
[12]:

aSα
n (kz)

=
∑

β∈{M,N}

∑
n′

∫ k

−k

dk′zT
(α,β)
nn′ (kz, k

′
z)a

Eβ
n′ (k

′
z), α =M,N

(2)
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where aEβ
n′ (k′z) is the complex amplitude of excitation field,

α and β are VCW modes corresponding to M̄ or N̄ used in
electric field calculation as shown in the following equation:

Ēs (r̄)=
∑
n

∫ k

−k

dkz

[
aSM
n (kz) M̄n (kz, r̄)+a

SM
n N̄n (kz, r̄)

]
.

T
(α,β)
nn′ (kz, k

′
z) in (2) is a T-matrix element corresponding to

a cylindrical wave order of n and a z-directional component
of the wave vector kz. Scattered fields are calculated based
on coefficients of VCWs. When considering P-band signals,
to only consider propagating waves requires restricting the kz
wave modes to a maximum wave number of k. This is necessary
as the wave numbers past this limit correspond to evanescent
waves and thus have a negligible contribution. Using full-wave
solvers such as FEKO and HFSS, we can excite plane waves and
store scattering amplitudes from a single tree. Far-field solutions
of VCW are matched with full-wave solutions of commercial
software, and this provides the calculation of T-matrix elements
as discussed in [12].

The second step is to solve multiple scattering among trees
based on the Foldy–Lax equation. The Foldy–Lax equation
states that the final excitation fields are equivalent to the sum
of incident waves and scattered waves

Ēex
q (r̄) = Ēinc (r̄) +

N∑
p=1,p �=q

Ēs
qp (r̄) (3)

where p and q are indices of scatterers and summation is per-
formed except p �= q. With the aid of a matrix form of (3) [10],
we can formulate it as a system of linear equations(

ψM
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ψN
inc

)
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(4)
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kz,nz
is discretization over kz range with spacing Δkz and

σqp
mn(kz,nz

) is a translation addition matrix. The matrix dimen-
sion of block matrices, F and I, is NqNmNn ×NqNmNn,
where Nq, Nm, and Nn represent the number of trees, of az-
imuthal mode, and of discretized kz, respectively. The plane
wave coefficients are Evi = −iER/

√
2 and Ehi = ER/

√
2 to

generate the right-hand circular polarization (RHCP).

Since the matrix multiplication in (4) increases computational
complexity as the number of trees grows, the third step is
introduced to speed up the solutions of the Foldy–Lax matrix
equations. Considering trees periodically located on the x–y
plane, the locations of trees are represented by indices as

ρ̄p = x̂α′
gΔx+ ŷβ′

gΔy (5)

where α′
g and β′

g are corresponding to tree locations with their
ranges α′

g ∈ [1, Nx] and β′
g ∈ [1, Ny], respectively. Nx and Ny

are the number of trees along x-axis and y-axis, respectively. This
notation leads to the formulation of the triple FFT consisting
of 2-D FFTs for spatial distribution of trees on the x–y plane
and 1-D FFT for the order of cylindrical waves in translation
addition theorem. The triple FFT is applied to the translation
addition matrix and a column vector as shown in the following
equation [15]:

σF = FFT {σ}
aSα
F = FFT

{
aSα

}
(6)

where both σF and aSα
F have the three dimensions of 2Nx ×

2Ny ×(4Nmax + 2). The inverse triple FFT of (6) provides
a matrix multiplication by a column vector as shown in the
following equation:

ψα = FFT−1
{
σF ◦ aSα

F

}
. (7)

Due to the large number of unknowns, the inversion of the
matrix increases CPU time and memory in the hybrid method.
To calculate unknowns in (4), the inversion of the Foldy–Lax
matrix is transformed into physical iterative solutions [9], [16].
This means that the iterative multiplication of the Foldy–Lax
matrix provides the nth-order solutions, where n is the number
of iterations. The higher order solutions converge rapidly.

Since scattering coefficients are defined outside the cylinder
that encloses a tree, plane waves are used to compute the inner
field in the commercial software [10].

C. Validation: FHM and Estimated Number of Trees

For validation of our hybrid method, the specification of
incident waves is based on the P-band Signals of Opportu-
nity Synthetic Aperture Radar concept [2]. The frequency is
370 MHz, and polar and azimuthal angles of plane incident
waves are θi = 40° as shown in Fig. 2 and φi = 0°, respectively.
The coefficient of RHCP waves isER = 1. The entire procedure
for FHM is shown in Fig. 4. During preprocessing, the T-matrix
is computed and stored in the library. Using Altair FEKO [13],
the scattered fields of a single tree are computed, and the T-matrix
extraction formula in (4) characterizes the T-matrix. The com-
plex permittivity of the trees determined by the dielectric model
in [14] ranges from 3 + 0.70i to 20 + 10.07i. The extracted
T-matrices corresponding to dielectric constants are validated by
comparing scattered fields of FHM to that of FEKO, as shown
in Fig. 5(b). The complex permittivity of the tree is used for
simulation, but for the sake of brevity, only the real part, ε′r, is
used to label the curves in the figures throughout this article. The
field points are 1.4 ≤ x ≤ 15 m, y = 0 m, z = 0 m, as shown in
Fig. 5(a).
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Fig. 4. FHM procedure for computing transmissivity and correlation coefficients. In the transmissivity and correlation computation block, t, the index n, and
Δlx,t are a transmissivity, the number of the iteration, and an increase of lx,t, respectively.

Fig. 5. Validation of T-matrices corresponding to different dielectric constants.
(a) Field points for validation. (b) Comparison of scattered fields obtained using
T-matrix and FEKO.

Following T-matrix extraction, the second step, calculating
multiple scattering, is validated by the commercial software
FEKO. With the configuration of 3 × 3 trees and the tree
parameters of ε′r = 6, h = 16 m, and ls = 3.3 m as shown
in Fig. 6(a), the accuracy of the wave scattering model from
FHM is compared to FEKO. To check iterative solutions for the
matrix, scattering coefficients corresponding to the first tree’s
M̄ modes are plotted in Fig. 6(b). For visualization, the points
in Fig. 6 are sampled every 20 indices. This indicates that
higher order solutions decrease quickly as the orders increase.
Therefore, including up to the second order is sufficient to
accurately capture multiple scattering. As shown in Fig. 6(c),
the scattered fields of the FHM are plotted at observed points
along the x-direction (−15 ≤ x ≤ 15 m, y = 1.6 m, z = 0
m) and y-direction (x = 1.6 m, −15 ≤ y ≤ 15 m, z = 0 m),
which show good agreement with FEKO. Our primary interests
are the characteristics of P-band signals on the ground plane
beneath the forest, and thus the electric and magnetic fields
of the FHM on the x–y plane at z = 0 m are compared to
that of FEKO as shown in Fig. 6(d), which show excellent
agreement.

The FHM reduces computational complexity and memory
requirements. For P-band signal propagation through a forest,

TABLE II
CPU TIME AND MEMORY COMPARISON

hybrid solutions that combine FEKO with analytical solutions of
the Foldy–Lax equation provide more efficient and faster solu-
tions than solely simulating the forest using FEKO. For the CPU
time and memory comparison, the FHM was performed using
Ryzen 5 4500U (standard laptop) and 16 GB RAM, whereas
FEKO simulation was performed by Intel Xeon Gold 6254 CPU
with 180 GB RAM (HPC). The comparison is described in
Table II. The CPU time of the FHM is 27% less than that of
FEKO and the memory usage is 210 times less than FEKO.
Note that the difference of CPU time and memory between the
FHM and FEKO becomes large as the number of trees increases.
Due to its relatively small memory capacity, the FHM is capable
of modeling wave scattering of P-band signals over much larger
domains than commercial software, which exceeds its memory
limit. For this reason, we chose to apply the FHM in our study.

In order to validate the proposed number of trees, we design
the test case that compares transmissivity between nine trees
by using FEKO and 121 trees by the FHM. Transmissivity is
the ratio between transmitted power reaching through trees and
incident power as shown in the following equation:

T =
1

At

∫∫
At

S̄tot · (−ẑ)
S̄inc · (−ẑ)dr̄ (8)

where S̄tot is Poynting vectors obtained from total electric fields
and total magnetic fields, and S̄inc is Poynting vector of inci-
dent fields. Transmissivity computation involves two regions, as
shown in Fig. 7: At, which is used for calculating transmitted
power, and Ad, which is the domain area where all the trees are
located. Incident waves reach Ad as shown in Fig. 7, and the FHM
computes multiple scattering in this area. The transmissivity is
computed over At. Since the transmissivity fluctuates depending
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Fig. 6. Validation of the scattering model using nine trees. (a) Top view of nine-tree arrangement. (b) Rapidly decreasing scattering wave coefficients with an
increasing order in physical iterative solutions. (c) Comparison of scattered fields between the FHM and FEKO. (d) P-band signals on the bottom plane.

Fig. 7. Definition of AD and At, and the test case of 9 trees and 121 trees.

on the size of At, it is necessary to find convergent values by
increasing At. The transmissivity computation block in the FHM
process is described in Fig. 4. After searching a zero slope to find
local minimum and maximum values, transmissivity is iterated
by increasing the side length lx,t in Fig. 7. The transmissivity
is obtained by taking the center point between local minimum
and maximum values. Then, it is completed when it satisfies the
following:

2Δ

ts,max + ts,min
< tolerance (9)

Fig. 8. Tolerance criteria of transmissivity computation.

TABLE III
TRANSMITTED POWER COMPARISON

where variables are defined in Fig. 8. The transmissivity results
by using the test case are shown in Table III. To show edge
effects and validate the selected number of trees, we compare
the transmissivity between 9 and 121 trees. In the nine-tree
case, some incident waves reach At without passing through
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Fig. 9. Convergence comparison between 9 trees and 121 trees.

any trees. As a result, the transmissivity of nine trees is greater
than that of actual forest. Additionally, as shown in Fig. 9,
simulations with fewer trees do not converge due to edge effects.
In contrast, a domain with 121 trees achieves convergence of
the transmissivity with respect to lx,t. Therefore, this indicates
that for the simulation of wave propagation through forested
areas, domain with 121 trees and a height of 16 m is sufficiently
accurate.

III. P-BAND SIGNAL ANALYSIS ON FOREST

In the previous section, the number of trees is determined, and
the scattering model of the FHM is validated. This section illus-
trates the analysis of P-band signal for various forest parameters.
The dielectric constant of trees on forest varies seasonally. The
dielectric constant is expected to be the highest during summer
and the lowest during winter due to its relation with moisture and
temperature [3]. Considering a minimum dielectric constant of
3 representative of winter conditions and a maximum dielectric
constant of 20 representative of summer conditions for a variety
of trees [3], the P-band signal simulations span all seasons. In
the wave scattering model, the angles of the incident waves are
the same with the previous section.

A. 16 m of Tree Height With Trunk of 5 cm Radius

Using 121 trees with a height of 16 m as shown in Fig. 7,
the transmissivity for various dielectric constants is analyzed.
From the forest wave scattering model, total electric fields and
total magnetic fields on the ground plane beneath trees (at z =
0 m) are illustrated in Fig. 10. We can observe high amplitudes
(sometimes greater than 1) of P-band signals between trees along
the x-direction due to the fact that the signals between trees are
less attenuated and the incident waves passing through trees
and reflected waves by other trees could be coherent. Fig. 11(a)
shows the convergence of the transmissivity computation. Fol-
lowing the completion of the convergence block, the transmissiv-
ity versus dielectric constant is shown in Fig. 11(b). Since higher
dielectric constants of trees lead to higher scattering coefficients
and loss, an increase in the dielectric constant decreases the
transmitted power. Over the entire range of dielectric constant,
P-band can penetrate forest with a transmissivity of about 0.7
(summer) or greater than 0.9 (winter).

To indicate the impact of dielectric constant on the spatial
variation of transmission fields, the complex correlation coeffi-
cient is computed within the computation block in Fig. 4. High

correlation means that the spatial distribution of propagated
P-band signals is less sensitive to the variation of dielectric
constants. The correlation coefficient is derived from the electric
fields by using complex-valued samples [19]. Because of the
oscillatory nature of the real and imaginary values of electric
field components on the bottom plane, the mean electric field is
significantly smaller than the sample values in the correlation
coefficient. This leads to the following equation:

Ĉer,jk ≈
NpxNpy∑

i=1

Ēer,j(xi,yi)·Ē∗
er,k(xi,yi)√

NpxNpy∑
i=1

|Ēer,j(xi,yi)|2
NpxNpy∑

i=1
|Ēer,k(xi,yi)|2

, j �= k

(10)
where indices j and k indicate the dielectric constant for com-
parison and the reference dielectric constant, respectively, and a
summation index i indicates the ith segment as shown in Fig. 12.
We carry out a numerical integration over discretized segments
on the bottom plane underneath trees, thus the segments Δx and
Δy should be less than a wavelength. We divide the bottom plane
with a segment length of 0.067 m, about 1/12th of one λ.

To ensure convergence, the procedure described in Fig. 4
is performed. Without loss of generality, we let the reference
dielectric constant be 6. The tolerance for convergence criteria
is 0.06. Applying (10) to the computation block, a convergence
is achieved after lx,t = 6 m, as shown in Fig. 13(a). As a result,
the correlation coefficients for the 121-tree case are illustrated in
Fig. 13(b). The amplitude of the correlation coefficient decreases
as the difference between the reference dielectric constant and
the other dielectric constants grows, and the phase of the cor-
relation coefficients remains in the range of −4° to 6°. As the
dielectric constant difference increases, the spatial variation of
P-band signals increases. Although the amplitude and phase of
transmitted fields vary with dielectric constants, they are highly
correlated up to dielectric constant of 20 with the correlation
coefficient amplitude above 0.88 and phase change of less
than 6°.

B. Dependence on Tree Size

The height and trunk radius of trees can have a large variation.
The variation with respect to heights is shown in Fig. 14(a). The
scattering model to this case is generated by the FHM. Since the
taller tree leads to an increase in scattering, the transmissivity is
reduced. As shown in Fig. 14(b), the transmissivity has an ap-
proximate linear dependence on the tree height and the dielectric
constant has an influence on the slope.

Based on the generated results, we have developed a para-
metric model for P-band signal transmissivities that vary with
tree heights (with a fixed trunk diameter of 10 cm). A data set
provides the parametric model of different tree heights through
curve fitting. As shown in Fig. 14(b), the first-order polynomial
fitting, T ≈ ah+ 1, can represent the simulated transmissivity
based on the FHM. The polynomial coefficients are shown in
Table IV. To validate the parametric model, the transmissivities
of h = 10 m and h = 14 m corresponding to dielectric constant
of 3 are obtained by the FHM. As shown in Fig. 14(b), the vali-
dation points show good agreement. The correlation coefficient
corresponding to this height range is shown in Fig. 15. As the
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Fig. 10. P-band signals with different dielectric constants on the bottom plane.

Fig. 11. Transmissivity with different dielectric constants. (a) Convergence of
transmissivity. (b) Transmissivity with respect to the complex permittivity.

Fig. 12. Segments for calculating correlation function.

Fig. 13. Correlation of P-band signals with different dielectric constants of
trees. Note that the ε′r means the index j in (10) and the reference dielectric
constant k is 6. (a) Convergence of correlation function in amplitude and phase.
(b) Convergent correlation value with respect to dielectric constants.

TABLE IV
COEFFICIENTS OF POLYNOMIAL FOR TRANSMISSIVITY: TREE HEIGHT

tree height decreases, the correlation between transmission fields
for different dielectric constant increases. In the case of a height
of 8 m, they are highly correlated with correlation coefficient
amplitudes mostly above 0.9 and the phase change of under 2°.

P-band signal modeling for variations in trunk radii was
performed. Trees in the model have a fixed height of 16 m,
with trunk radii varying between 5 and 15 cm, as illustrated in
Fig. 16(a). Since the volume increases with the square of radius,
the transmissivity is not linear as shown in Fig. 16(b). As a
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Fig. 14. Parametric modeling of transmissivity with different tree heights.
(a) Geometry of trees. (b) Transmissivity with respect to heights.

Fig. 15. Correlation coefficients versus tree heights.

result, the parametric model is generated by using curve fitting
up to the fourth order as T = a3r

4
t + a3r

3
t + a2r

2
t + a1rt + 1.

The coefficients of the polynomial are shown in Table V. The
validation points of the parametric model show good agreement
with the FHM, as shown in Fig. 16(b). The correlation coefficient
corresponding to the trunk radii is shown in Fig. 17.

Fig. 16. Empirical modeling of transmissivity with varying trunk radii.
(a) Geometry of trees. (b) Transmissivity with respect to radii.

TABLE V
COEFFICIENTS OF POLYNOMIAL FOR TRANSMISSIVITY: TRUNK RADII

Fig. 17. Correlation coefficients versus tree radii.
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Fig. 18. Study of random locations of 16-m-tall trees. (a) Definition of
random variables. (b) Geometric configuration of randomly positioned trees
used for validation. (c) Spatial distribution of electric fields obtained by the
FHM and FEKO. (d) Transmissivity computation with Monte Carlo simulations
of randomized trees.

C. Randomization of Trees (Locations and Different Trees)

To assess the impact of randomly located trees, we perform
the FHM for nonperiodic structures [10]. The FHM is suitable
for scattering by trees in random positions as the 2-D transla-
tion through 2-D SMCG [11] is applied to nonperiodic located
trees to speedily translate to periodic grids. Tree locations are
randomized by the displacement Δd, the azimuth rotation ϕ on
grid points, and random gaps as shown in Fig. 18(a). Fig. 18(b)
shows the validation case of eight trees with a gap. The FHM
is applied to this geometric configuration. In Fig. 18(c), the
results show that the electric fields of random locations of trees
are identical between the FHM and FEKO. Following that, the
FHM is extended to a forest of 112 trees with dimensions of
35.8 × 35.8 m2. By performing Monte Carlo simulations that
average transmissivities over realizations [9], the transmissivi-
ties corresponding to dielectric constants are obtained as shown
in Fig. 18(d). The difference of transmissivity between trees
located on periodic grids and random grids is within 4.3%.

To account for the presence of mixed trees, we conduct a
separate study that includes two different tree heights in one
forest stand: those 16 and 8 m tall. To validate this study, mixed
eight trees are randomly located as shown in Fig. 19(a). The
FHM results are in good agreement with that of FEKO, as shown

Fig. 19. Investigation of mixed trees with 16 and 8 m tree heights in a forested
area. (a) Trees of two different heights and randomized locations for validation.
(b) Electric fields on the bottom plane corresponding to mixed eight trees by
the FHM (left) and FEKO (right). (c) Transmissivity computation of mixed 112
trees with Monte Carlo simulations (trees randomly positioned).

in Fig. 19(b). Using Monte Carlo simulations, we obtain the
transmissivities for a forest of 112 trees comprising two different
trees. The results are shown in Fig. 19(c).

We compare the transmissivities obtained from the random
positions and mixed trees with those obtained from the orig-
inal positions, using previously obtained results, as shown in
Fig. 20(a). For the scenario of the mixed trees, the heights
of the trees are randomly selected between 8 and 16 m. As a
result, the average ratio of 16 m height trees to the total trees
is obtained as 0.47 over all realizations. Our analysis reveals
that randomly generated tree positions lead to clustering effects
and thus produced higher transmissivity values than nonrandom
trees. Furthermore, due to the greater penetration of radio signals
through 8-m trees compared to 16-m trees, the mixed trees
yield higher transmissivity values than the other two scenarios.
The transmissivity of the mixed trees is approximately midway
between that of the randomized 16-m trees and the randomized
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Fig. 20. Comparison of (a) transmissivity and (b) optical thickness among
8 and 16 m randomly positioned trees, randomly positioned 16-m trees, and
nonrandom 16-m trees.

TABLE VI
L-BAND [9] AND P-BAND COMPARISON: 8-M TREE

8-m trees because the number of 16-m trees used in the mixed
tree scenarios is lower than that of 8-m trees.

In order to calculate the optical depth using the FHM, we
utilize the relationship between effective transmissivity and
optical thickness as follows [8]:

τeff = − cos θi ln t (11)

where t and τeff are the transmissivity and the effective optical
thickness, respectively. This allows us to extract the values of
the effective optical thickness, which fits into the RTE model,
as shown in Fig. 20(b).

D. L- and P-Band Comparison

The P-band can better penetrate tree canopies due to a longer
wavelength than other bands. To analyze its advantage, we com-
pare L-band and P-band transmissivity. For the pair comparison,
using the same incident waves, the dielectric constant, and tree
sizes as in [9], with a tree height of 8 m and a trunk radius of
12.5 cm, we obtain the P-band transmissivity through the FHM
with randomized trees and compare to that of [9]. The results,
shown in Table VI, indicate that the transmissivity of P-band
is 0.22 higher than the L-band transmissivity. Considering the
thick trunks used in the simulation, this supports the notion
that P-band radio signals provide better penetration through the
forest canopy.

IV. CONCLUSION

In this article, the analysis of the P-band signal propagation
through forest has been performed by the FHM. A hypothetical
forest consisting of 121 coniferous trees for the domain area,
35.8 m × 35.8 m, is considered necessary for accurate wave
scattering modeling. Therefore, considering the CPU time and
memory requirement of scattering simulations, the FHM is
used for efficient and fast solutions. To validate the accuracy

of the FHM, the wave scattering model for nine trees is val-
idated by FEKO. To cover seasonal variations, transmissivity
simulations with respect to a range of dielectric constant have
been performed. Across a range of dielectric constants, it was
shown that for P-band forest consisting of a tree height of 16
m transmissivities are higher than 0.69. The winter and the
summer conditions show transmissivity values of 0.97 and 0.69,
respectively. Using the transmissivity results from a range of
dielectric constants, heights, and trunk radii, we have developed
a parametric model, which provides the estimated transmissiv-
ity based on geometric parameters and dielectric constants of
trees. Over seasonal variations in forest with a height of 16-m
trees and the radius of 5 cm, the P-band radio signal remains
well-correlated (correlation amplitude > 0.89) with relatively
small phase variations less than 4°. Furthermore, the FHM is
implemented to account for both the randomly positioned trees
and the mixed trees, covering various scenarios of the forest.
The FHM results show that P-band provides higher penetration
through the forest of trees than L-band. Presently we are devel-
oping T-matrices that include leaves. At P-band, an approximate
calculation gives tau (leaves) of roughly 0.02. Thus, scattering
waves are dominated by tree trunks, primary and secondary
branches. The proposed analysis will be extended to study radio
signal propagation through forest across multiple frequencies,
including L-, S-, and C-bands. Electromagnetic modeling for
scenarios involving intercepted snow in the canopy requires
further research due to the transmissivity variation caused by
it.
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