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A New Model for Scattering From Tree Canopies
Based on Physical Optics and Multiple

Scattering Theory
Milan Kvicera, Fernando Pérez Fontán, Jonathan Israel, and Pavel Pechac, Senior Member, IEEE

Abstract—This paper presents a new model for scatter-
ing from tree canopies based on a modif ed physical optics
approach. In this way, propagation through a canopy is accounted
for by respecting the complex propagation constant, which can
be obtained either by the multiple scattering theory (MST)
or approximated based on the canopy specif c attenuation. Unlike
the case when MST is applied directly, the proposed approach
offers signif cant benef ts, including a straightforward software
implementation, feasible computation times for high frequencies
and electrically large canopies, and, most importantly, near-f eld
calculations in regions close to a canopy. The new model is f rst
tested against MST using two artif cial single-tree scenarios at
2 and 10 GHz. Then, experimental data at 2 GHz obtained with
the use of a remote controlled airship for an actual single-tree
scenario are utilized as well. In this way, the model is thoroughly
validated and its advantages over MST are presented in detail.

Index Terms—Multiple scattering theory (MST), physical
optics (PO), scattering, vegetation.

I. INTRODUCTION

SCATTERING from tree canopies has always been of great
interest when addressing radio-wave propagation in the

presence of vegetation. This results in different methods given
in the corresponding Recommendation ITU-R P.833-8 [1]
distinguishing the case of a woodland and an isolated tree.
For example, in woodlands, it is only necessary to consider
specif c attenuation in dB/m at the frequency of interest and
obtain the resulting signal attenuation based on the path length
through the vegetation. Such straightforward approach cannot
be applied for a scenario with a single isolated tree. Thus,
in addition to diffraction around a canopy and a ground
ref ection, [1] utilizes the theory of radiative energy transfer
for propagation through the canopy.
However, the above-mentioned model for isolated trees is

applicable only when the direction from a transmitter (Tx)
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toward the canopy is the same as from the canopy toward a
receiver (Rx), which is generally not the case. Lately, a slant
path scenario based on the multiple scattering theory (MST)
has been added to [1] to overcome such limitations.
MST as given in [1] is based on [2] and [3], which,

in turn, utilize mainly [4] and [5]. It should be noted that
the theoretical background of MST applicable to electromag-
netic wave propagation was f rst given by [6]–[8] and also
utilized in [9] and [10] for the case of a plane wave incident
obliquely on a tree canopy represented by a slab of leaves and
branches.
With the advent of communication and navigation wireless

services, there is an increasing demand on them to reliably
operate outdoors also in the presence of vegetation. This
requirement calls for a model enabling a proper characteri-
zation of such environments in a site-specif c way, respecting
different types and sizes of trees together with various incom-
ing and outgoing propagation directions.
So far, this resulted, for example, in the characterization of

a single-tree scattering pattern by means of computationally
demanding f nite-difference time domain [11], canopy volume
being f lled with point source scatterers [12] or [13], high-
frequency measurement campaigns [14], or measurements
of specif c attenuation for different types of trees or sea-
sons [15]–[17].
Following [1], site-specif c characterization of tree scatter-

ing can be nicely satisf ed by utilizing MST as its input values
include, among others, thorough physical characteristics, such
as sizes of branches and leaves together with their electrical
parameters, number densities, and spatial orientation statistics.
However, there are two main drawbacks of MST preventing

its widespread usage. The f rst is its complexity resulting
in a nontrivial implementation as a computer program, even
when [1] is followed step by step. The second is the enor-
mous computation time required caused by summation of the
high-order Hankel and Bessel functions and canopy volume
integration, as denoted in [3] and [18].
In general, MST provides two types of scattered f elds,

coherent and incoherent [4]. As shown in [3] and [18], in other
than the forward scatter direction, the incoherent f eld may
dominate in amplitude. On the other hand, shadowing behind
a canopy results from the coherent f eld [3], which is, thus,
of interest in [1] as well as in this paper.
As far as shadowing behind a canopy is considered, physical

optics (PO) [19], [20], as applied in [21], offers a computation-
ally very eff cient way to calculate the coherent scattered f eld
behind an electrically large dielectric object, but it excludes
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any f eld passing through it. However, in the following,
we present how to overcome this limitation by considering
a complex propagation constant within the canopy, similar
to the approach carried out in [9] and implemented in [10].
In this way, it is possible to replace MST by PO and obtain
a signif cantly less computationally demanding model with a
straightforward software implementation. Following the PO
approach of [9], the present approach includes the equivalent
electric and magnetic currents on the inner surface of a tree
canopy, which acts as a radiating aperture allowing to account
for diffraction effects around the canopy.
Other signif cant advantages of such model include a proper

modeling of near-f eld effects close to the canopy and the fact
that the consideration of f elds going through and around the
canopy gives rise to smooth transitions between the shadowed
and line of sight (LoS) areas behind the canopy. In contrast,
a linear model based only on the specif c attenuation inevitably
results in sharp edge effects within the transition area where
the abrupt change is a consequence of the path through the
canopy identif ed solely in a geometrical manner.
We also show that the presented model provides results in

agreement with both MST and experimental data obtained for
a single-tree scenario at 2 GHz. It may be also applied to
high frequencies or even a group of trees as it requires only
sampling of the surface instead of the object’s volume, which
is the case of MST. Thus, it respects the recent trend of the
frequency increase toward Ka-band and above in satellite com-
munication systems where the inf uence of vegetation must be
thoroughly addressed from the radio-wave propagation point
of view.
Section II provides a theoretical background for both PO

and MST. In Section III, the new combined PO/MST model is
introduced. Its validation against MST and experimental data
set is presented in Sections IV and V, respectively. Section VI
concludes this paper.

II. THEORETICAL BACKGROUND

A. Physical Optics

Following [19] and [20], both the electric Jeq and magnetic
Meq equivalent surface currents are considered for the time-
harmonic case enabling to drop the e jωt time dependence.
In addition, only an incident plane wave in free space is
assumed, and thus, the electric f eld incident on an object’s
surface sample can be written as

Einc = E0e
− jk·r (1)

where E0 is the amplitude in V/m, r is the surface sample
positioning vector, and

k =k0k̂inc (2)

where k0 is the free space wavenumber and k̂inc is the unitary
vector in the plane wave incident direction.
The incident magnetic f eld is related to Einc by [19]

Hinc = (1/Z0)k̂inc ×Einc (3)

where Z0 is the characteristic impedance of free space.
For a perfectly absorbing object, there are no ref ected f elds

on the object’s surface, and, based on the boundary conditions

Fig. 1. Illustration of the incident f elds Einc and Hinc, the electric
Jeq (single arrow), and magnetic Meq (double arrow) equivalent currents
on a totally absorbing surface sample of area dS at r and the resulting
f elds EB and HB at r considering a rectangular xyz coordinate system.
Normal vector n̂ of the surface sample is pointing outward in the−y-direction.

for tangential electric and magnetic f elds, the following rela-
tions apply [19], [20]:

Meq=−n̂×Einc (4)

Jeq = n̂×Hinc (5)

where n̂ is the unit normal vector of the surface sample at r
pointing outward. In this case, the surface samples illuminated
by the incident plane wave satisfy k̂inc · n̂< 0.
By using Meq and Jeq, the scattered electric and magnetic

near f elds at point r are [19]

Hscat,J = − jk0
e−j k0|r−r |

4π|r−r |
r−r
|r−r |

×JeqdS (6)

Escat,M = jk0
e− j k0|r−r |

4π|r−r |
r−r
|r−r |

×MeqdS (7)

where dS is the area of the corresponding surface sample.
It should be noted that the following relations must be

utilized to get the electric f eld contribution Escat,J from Jeq
and the magnetic f eld contribution Hscat,M from Meq :

Escat,J = −Z0 k̂×Hscat,J (8)

Hscat,M = 1/Z0 k̂×Escat,M. (9)

As in [19], the scattered f elds in (6)–(9) introduce blockage
of the original plane wave f elds Edir and Hdir, which would
exist at r if the object was not present. When added together,
the resulting f elds in the presence of a perfectly absorbing
obstacle are

EB = Edir + (Escat,J+Escat,M) = Edir +Eblock (10)

HB = Hdir + (Hscat,J +Hscat,M) =Hdir +Hblock (11)

creating a diffraction pattern behind the canopy. The whole
approach is shown in Fig. 1 in a rectangular xyz coordinate
system.
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B. Multiple Scattering Theory

As in [1]–[3] and [18], two main simplifying assumptions
are required, so that the coherent f elds scattered from tree
canopies can be calculated by MST. First, all scattering paths,
which go through a scatterer more than once, are neglected.
Second, the amplitude of the incident plane wave is supposed
to be constant over the whole canopy.
Then, the coherent f eld at r inside the canopy can be

written as [3], [18]

Eincoh(r ) = Eincexp{− j (K − k0)s1(r )} (12)

where Einc is the incident plane wave as in (1), s1(r ) is the
distance through the canopy to r along k̂inc, and K is the
complex propagation constant inside the canopy given in [9]
for a slab of scatterers as

K = K − j K = k0sin(θ)+
2π

k0sin(θ)
Feq(k̂inc,k̂inc) (13)

with Feq(k̂inc,k̂inc) representing the canopy’s equivalent scat-
tering amplitude per unit volume in the forward scatter direc-
tion and the incident slant angle denoted by θ.
The resulting coherent scattered f eld in k̂out direction at r

can now be written as [3], [18]

Escat=

V

Feq(k̂out,k̂inc)
exp(− jk0|r−r |)

|r−r |
Eincoh(r )dV (14)

where · denotes the statistical average and the integration is
performed over the whole canopy.
The restriction to 2-D scenarios and cylindrical canopies

in [2] and [3] can be overcome by integrating (14) numerically
as in [18]. Furthermore, it should be noted that F eq(k̂out,k̂inc)
can be obtained for arbitrary directions and polarizations
following [5].
It should be noted that in [9], (13) is obtained from

Maxwell’s equations by f nding the mean f eld in the canopy to
its f rst order of approximation (for the general case of oblique
incidence relative to the canopy). However, considering spher-
ical canopies, it is diff cult to uniquely distinguish between the
perpendicular and oblique incidence, especially in the case of
other than terrestrial links. Thus, the model presented in the
following assumes the incidence to be perpendicular for any
k̂inc, i.e., θ= 90° in (13), and the distances through the canopy
toward the illuminated inner surface samples are taken always
along k̂inc. As a consequence, this also allows for considering
a plane wave incident directly on the top of a canopy, as is
common for satellite services during the overhead passes.
When the scattered f eld is added to the direct f eld,

as in (10), shadowing behind the canopy is obtained. However,
as denoted in [3] and [18], the computational demands become
unwieldy with increasing frequency and larger canopies,

mainly due to the calculations of F eq(k̂out,k̂inc) and the
numerical integration in (14).

III. NEW PO/MST MODEL

In Section II-B, PO for the case of a completely absorbing
object was presented. If propagation through a canopy based

on K was addressed by PO as well, computationally demand-
ing MST calculations could be avoided. Such modif cation
of PO is introduced as follows. In addition, the possibility
to approximate K based on canopy specif c attenuation is
provided.

A. Modif ed PO Approach

Based on (10), we may note that it is possible to obtain Edir
at r, i.e., as if the perfectly absorbing object was not present,
by eliminating the blockage f eld in the following way:

Edir = Edir +Eblock−Eblock. (15)

In terms of PO, −Eblock can be obtained as Eblock for n̂
pointing in the opposite direction than in Fig. 1, i.e., as if dS
was a radiating aperture instead of a blocking element, thus
providing an aperture f eld Eaper. In fact, this situation follows
Babinet’s principle in optics [20], which states that the f eld
in case of no screen (Edir) equals the sum of the f eld behind
a screen with an opening/aperture (−Eblock) and the f eld of
the complementary structure (Eblock).
This can now be utilized to build a basis of the modif ed

PO model. We keep the f eld in the presence of the perfectly
absorbing obstacle EB and HB [see (10) and (11)], and adjust
the aperture f eld Eaper and Haper based on the propagation
characteristics of the object. The resulting total f elds can be
written as

Etot = EB +Eaper = (Edir +Eblock)+Eaper (16)

Htot = HB +Haper = (Hdir +Hblock)+Haper. (17)

For the case of a completely transparent object where
Eaper =−Eblock, (16) fulf lls that Etot must equal Edir as

Etot = (Edir +Eblock)−Eblock = Edir. (18)

However, should the object be less transparent, Eaper must
be accordingly adjusted so that it even vanishes as the object
becomes totally absorbing for which, as in (10)

Etot = (Edir +Eblock)+ 0= EB. (19)

Similar situation applies to the magnetic f elds as well.
Now, we can present the resulting model in more detail.

Considering a cylindrical canopy, which can also be of any
other shape if its surface is sampled properly, the top view of
the corresponding scenario is shown in Fig. 2.
Commonly, in PO, the outer surface visible by the incoming

plane wave is identif ed to enable the calculation of the
scattered f elds. However, it is here more advantageous to
consider the inner surface to be illuminated (k̂inc · n̂ > 0 for n̂
pointing outward the surface, solid line in Fig. 2). The reason
is that K can then be applied directly in (1) based on the path

through the canopy in k̂inc direction toward r as

Einc = E0e
− j k0k̂inc·r e− j (K−k0)s1(r ) (20)

similar to (12). After that, (3)–(9) can be applied directly to
obtain

Eaper = Escat,J+Escat,M (21)

Haper = Hscat,J +Hscat,M (22)
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Fig. 2. Modif ed PO approach illustrated by the top view of a cylindrical
canopy illuminated by a plane wave Einc. The outer part of the canopy visible
by Einc is shown by the dashed line. However, the model considers the
inner part shown by the green solid line to be illuminated by Einc. The f eld
radiated from the inner aperture toward r, Eaper , is obtained by considering
the surface sample normal pointing outward and the complex propagation
constant K inside the canopy within the path length s1. The blockage f eld,
Eblock , is obtained by considering the surface sample normal pointing inward
and k0 only.

with n̂ = n̂aper oriented as in Fig. 2. This makes the model very
straightforward and results in low computational demands.
Otherwise, if the outer surface (dashed line in Fig. 2) was
considered to be illuminated by Einc, a unique propagation
direction and path lengths through the canopy would have
to considered inside (6) and (7) for each r , inappropriately
complicating the model.
When compared with [9] or [10], which can be used for

the case of a single isolated tree as well, we should stress that
(21) and (22) utilize Meq and Jeq induced on the illuminated
inner surface of the canopy. Such concept is also compatible
with the PO approach of common electromagnetic simulators.
The blockage f elds Eblock and Hblock are obtained as

in (1)–(10) with n̂ = n̂block oriented as in Fig. 2. Direct f elds
at r simply follow (1) and (3) as:

Einc = E0e
− jk·r (23)

Hinc = (1/Z0)k̂inc ×Einc. (24)

B. Propagation Inside Canopy

Following [3], the f eld inside the canopy depends on K as:

E(r )∼ exp{− j K s1(r )}= exp{− j (K − j K )s1(r )}. (25)

However, in [20], propagation constant γ is considered, such
that

E(r )∼ exp{−γs1(r )}= exp{−(α+ jβ)s1(r )} (26)

and

γ = −ω2με+ jωμσ (27)

where ω is the angular frequency and μ, ε, and σ are the
permeability, permittivity, and conductivity of the medium,
respectively.
This allows us to write

β = K = Re{K} (28)

α = K =−Im{K} (29)

and derive relative permittivity εr and conductivity σ of the
canopy as

εr =
α2 −β2

−ω2μ0ε0
=
K 2 − K 2

ω2μ0ε0
(30)

σ =
2αβ
ωμ0

=
2K K

ωμ0
(31)

where the permittivity and permeability of vacuum are
ε0 = 8.854 × 10−12 F/m and μ0 = 4π × 10−7 H/m,
respectively.
Based on [3], the specif c attenuation in dB/m is then

αspec = 8.686K = 8.686α. (32)

It should be noted that K can be well approximated by
k0 as, generally, more volume of the canopy consists of free
space rather than branches and leaves. Under this assumption,
it is possible to avoid calculations of K by MST if the specif c
attenuation for a given type of tree is given as, for example,
by [1]. Then, we may write

K∼=k0 − j K =k0 − jαspec/8.686. (33)

This means that if this approximation is used in (20),
MST calculations are avoided completely, further reducing the
computational time. However, as shown in Section IV, a better
agreement with MST is achieved when both the phase and
amplitude changes are applied in (20).
We should note that following [9], (13) is valid under the

approximation that the total f eld incident on a scatterer is
equal to the mean f eld, which sets a validity limit on the upper
frequency as the path through the canopy should be below
one or two skin depths [22]. As the skin depth is the inverse
of K [22], we may consider αspec= 2 dB/m at 10 GHz [1],
and, with the use of (32), we obtain the skin depth of
about 4.3 m. In the same way, at 2 GHz, the skin depth
would be about 21.7 m. This justif es the validity of all the
simulations presented in this paper.

IV. VALIDATION AGAINST MST

There exist an unlimited number of scenarios to validate
the presented model. Following [18], two distinct frequencies,
namely, 2 and 10 GHz, are selected to demonstrate the
computational advantage of the modif ed PO model over MST.
All the simulation times are related to a PC with a 3.5-GHz
Quad-Core processor and 16-GB RAM.
As in [1], both the terrestrial path (k̂inc1 in Fig. 3) and a slant

path (k̂inc2 in Fig. 3), for which the elevation angle of 20° was
selected, are addressed. The canopy of interest is a cylinder
of radius R = 1m and height H = 2m and the incident plane
wave is supposed to be vertically polarized. The resulting
vertically polarized f elds are calculated in two straight lines
with a sampling step of one third of the wavelength, λ/3. The
f rst one is in the x-direction starting from behind the canopy
up to a distance of 500λ (see Fig. 3) to simulate a scenario
where Rx moves away from the canopy. The second one is 50λ
long starting at a distance of 0.5m behind the canopy following
the y-direction to present a scenario when Rx moves out of
the shadowed area behind the canopy.
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Fig. 3. Validation scenario considering two different incident angles of the
incident plane wave (elevation of 0° and 20° with respect to the cylindrical
canopy of radius R = 1m and height H = 2m with a center at the origin
of the xyz coordinate system. The resulting f elds are obtained behind the
canopy in a line from [R, 0, 0] to [R + 500λ, 0, 0], i.e., parallel to x , and
from [R+0.5, 0, 0] to [R+0.5, 500λ, 0], i.e., parallel to y, with a sampling
step of λ/3 as indicated by the dotted lines.

Fig. 4. Total f eld behind the canopy in the x-direction from R up to R+500λ
at 2 GHz (top) and 10 GHz (bottom) as obtained by MST (solid line) and the
modif ed PO approach (dashed line) for which the results with approximated
K ∼= k0− j K (dotted line) are shown as well. The incident plane wave with
vertical polarization is perpendicular to the canopy.

To avoid any inconsistence with [1]–[3] and [18], the same
material parameters, sizes, and orientation of the branches
and leaves were considered. As a consequence, the propa-
gation constant obtained by (13) is K2GHz = 42.06 − 0.11i
and K10GHz = 210.34 − 0.25i . In terms of (30) and (31),
this implies εr,2GHz = 1.007, σ2GHz = 0.0006 S/m and
εr,10GHz = 25.18, σ10GHz = 0.0067 S/m. Following (32),
the specif c attenuation is αspec,2GHz = 0.96 dB/m and
αspec,10GHz = 2.17 dB/m.
Based on Fig. 4, which shows the scan in the x-direction

for the perpendicular incident plane wave, it is obvious that

Fig. 5. Total f eld behind the canopy up to a distance of 50λ in the
y-direction for x = R+0.5 at 2 GHz (top) and 10 GHz (bottom) as obtained
by MST (solid line) and the modif ed PO approach (dashed line) for which
the results with approximated K ∼= k0 − j K (dotted line) are shown as
well. The incident plane wave with vertical polarization is perpendicular to
the canopy.

the modif ed PO approach follows the MST trend in a better
way when the approximation of K is not utilized, especially
at 2 GHz. This is also the case in Fig. 5, where the scan in the
y-direction is shown. With increasing distance, the resulting
f eld is smoothly approaching the incident plane wave f eld of
the amplitude E0 = 0dBV/m in both Figs. 4 and 5. Moreover,
we may note that in Fig. 5, as expected, this transition occurs
approximately at a distance of 1 m in the y-direction where,
based on the canopy radius, the geometrical LoS begins. The
overall attenuation behind the canopy is about 2 and 4 dB at
2 and 10 GHz, respectively, which nicely corresponds to the
maximum path through the canopy, which is 2 m, multiplied
by αspec,2 GHz or αspec,10 GHz given earlier.
It must be noted that, for particular r, MST based on (14)

considers K being the same for each canopy voxel [3], [18].
This is, however, a far-f eld approximation considering the
scattered f elds to be emanating from the canopy’s center.
Without this consideration, MST would be impossible to run
in this case. However, the modif ed PO approach utilizes
near-f eld propagators (6) and (7) accounting for different
directions from each surface sample and is thus capable to ade-
quately represent canopy’s near f elds. This can be observed
in Figs. 4–7 where, close to the canopy, stronger f eld varia-
tions are provided by the modif ed PO model than by MST.
Note that due to the canopy dimensions, results at 10 GHz
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Fig. 6. Total f eld behind the canopy in the x-direction from R up to R+500λ
at 2 GHz (top) and 10 GHz (bottom) as obtained by MST (solid line) and the
modif ed PO approach (dashed line) for which the results with approximated
K ∼= k0− j K (dotted line) are shown as well. The incident plane wave with
vertical polarization has an elevation angle of 20° with respect to canopy
center.

in Figs. 4 and 5 can be considered as near f elds, indicating a
limited validity of MST and the worse match with the modif ed
PO model.
Figs. 6 and 7 show the same scenarios as Figs. 4 and 5;

however, the incident plane wave has now an elevation angle
of 20°. Here, the advantage of not using the approximation
of K is not that pronounced, although it still results in more
realistic stronger near-f eld variations.
We should note that, from the geometrical point of view,

the inf uence of Edir is stronger than in the case of the
perpendicular incidence, and thus, the free space conditions
are achieved at shorter distances and the resulting curves are
smoother than in Figs. 4 and 5.
Again, similar to Figs. 4 and 5, we see smooth transitions

between shadowed and LoS areas respecting the geometrical
LoS, which now begins at about 4 m in the x-direction
in Fig. 6, based on the elevation angle and canopy height,
and remains almost the same in Fig. 7 as in Fig. 5.
Furthermore, apart from the near-f eld limitations, about

1-dB lower attenuation level predicted by MST in Fig. 6 is
a consequence of the fact that the coherent scattered
f eld predicted by MST signif cantly decreases for other
than the forward scatter direction [3], [18]. Thus, for the
slant path, MST predicts lower resulting attenuation as

Fig. 7. Total f eld behind the canopy up to a distance of 50λ in the y direction
for x = R + 0.5 at 2 GHz (top) and 10 GHz (bottom) as obtained by MST
(solid line) and the modif ed PO approach (dashed line) for which the results
with approximated K ∼= k0 − j K (dotted line) are shown as well. The
incident plane wave with vertical polarization has an elevation angle of 20°
with respect to canopy center.

|Feq(k̂out,k̂inc)|≤ |Feq(k̂inc,k̂inc)| whereas the modif ed PO
model is based solely on the forward scatter case due to using
K within the canopy.
PO computation times at 2 and 10 GHz for the scenario

in Fig. 4 were 4 s and 1.5 min, respectively, excluding the
time needed to sample the canopy by squares of side λ/3 and
obtain K based on (13), which had to be calculated only once
as k̂inc did not change. MST required 40.2 and 52.7 min to
obtain Feq(k̂out,k̂inc) for each r at 2 and 10 GHz, respectively,
and then 1 s and 3.2 min for the volume integration in (14)
where the voxel side was 0.4λ as in [18]. The scenario
in Fig. 5 with ten times shorter Rx path required about ten
times less computation time, as expected. Similar situation
was observed for the scenarios in Figs. 6 and 7 as well.
This allows us to compare computation times per one r

position, as shown in Table I. It turns out that if F eq(k̂out,k̂inc)
was precalculated, as in [2] and [3], the performance of PO
and MST would be for this specif c case about the same
at 2 GHz, with PO becoming faster at 10 GHz, as could
be expected. However, using MST would thus mean that
only scenarios known in advance can be considered, and,
as already discussed, near-f eld calculations would be dis-
regarded. In addition, for frequencies toward Ka-band and
above, the number of voxels for electrically large canopies
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TABLE I

COMPUTATION TIMES PER ONE RX POSITION

becomes enormous, thus signif cantly increasing computation
demands of the volume integration in (14).
To sum up, the modif ed PO approach not only outperforms

MST in terms of computation times for high frequencies
and electrically large canopies, it also enables to account for
near-f eld effects being based on the near-f eld propagator
from [19]. Thus, it supports correct application in rapidly
changing environments, which are not known in advance and
where the user is often in canopy’s near f eld. As the additional
phase shift caused by the canopy is disregarded within the
approximation of K in (33), using the full expression for
K shall be preferred especially for near-f eld calculations,
as shown in Figs. 4–7.

V. EXPERIMENTAL VALIDATION

In this section, we validate the modif ed PO model against
an experimental data set obtained at 2 GHz for the case
of a single isolated tree and we show results obtained by
MST as well. For these purposes, a remote controlled airship
carrying a Tx instantly pointing toward Rx was utilized.
The measurement system transmitted left-handed circularly
polarized (LHCP) and right-handed circularly polarized con-
tinuous wave signals, which were received by a custom-
made sensitive Rx with a high sampling rate of 10 kHz [15].
Here, however, it is suff cient to address only one copolarized
channel, namely, LHCP, and, to be consistent with Section IV,
vertical polarization will be considered by both the modif ed
PO and MST models. It should be noted that for calibration
purposes, measurements on a f at open f eld were performed
to obtain reference LoS signal levels.
For the validation trial, Rx was placed 10 m behind the

canopy and the airship made a f yover in the y-direction away
from the canopy with a constant speed of about 8 m/s at an
altitude of about 200 m. As the Rx antenna height was 1.5 m
and the canopy can be modeled by a sphere of 5 m radius
with its center 6 m above ground level (see Fig. 8), there exists
geometrical LoS up to a horizontal Tx distance of about 150 m
from the canopy.
In Fig. 9, we can nicely see that the modif ed PO model

predicts zero attenuation within the geometrical LoS area,
as expected, which is also the case of MST. However,
the experimental data show excess loss variations of about
2 dB and even signal enhancement of about 3 dB in the
LoS region. One reason for this are ground ref ections, which
were considered neither by the modif ed PO nor MST and

Fig. 8. Single-tree scenario utilized for the experimental validation of
the modif ed PO model and its xyz coordinate system. Rx location is
r =[0,−10, 1.5]m, and the canopy can be approximated by a sphere of
radius 5 m with its center C =[0, 0, 6]m. The airship carrying Tx was moving
away from the canopy in the y-direction approximately at a height of 200 m
above ground level.

Fig. 9. Experimental validation of the modif ed PO model against MST
and the experimental data obtained at 2 GHz for the single-tree scenario
from Fig. 8. Geometrical LoS is achieved approximately up to the horizontal
distance of 150 m from the canopy while the forward scatter case is achieved
at about 450 m from the canopy where MST and the modif ed PO model
match.

which can, in general, occur between Tx and the canopy,
between the canopy and Rx, and between Tx and Rx further
shadowed by the tree. In addition, the airship f ight path was
not perfectly reproduced during the reference open f eld mea-
surements, and, based on the Rx radiation pattern, the excess
loss precision is estimated to be about 1 dB. Also, any
ref ections from the outer part of the canopy were disregarded
in the simulation, which, in reality, contribute to the observed
signal variations as well.
When Tx leaves the geometrical LoS region, the measured

excess loss increases signif cantly up to about 10 dB with
two deep fades of up to 15 dB. We can see that MST is
not capable to reproduce such behavior, mainly because of
its far-f eld approximation as explained in Section IV. Thus,
it provides resulting attenuation of about 2 dB only as the
forward scatter case was not achieved for any Tx position and
only weak coherent scattered f elds were obtained. Based on
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the geometry, the forward scatter case would be achieved for
the y-distance of about 450 m, which is not included in the
experimental data but where the simulations in Fig. 9 show a
nice match between MST and the modif ed PO model.
In contrast, the proposed modif ed PO model provides a

smooth and more pronounced transition into the shadowed
region, thus matching the experimental data in a signif cantly
better way, respecting both the geometrical LoS borderline and
near-f eld propagation conditions. The predicted attenuation is
about 5 dB, which corresponds to the theoretical maximum
path of 10 m through the canopy and the specif c attenuation of
about αspec= 0.6 dB/m calculated by (32) considering a defo-
liated tree. However, to be consistent with [1]–[3] and [18],
the same branches parameters were utilized to obtain this
value, which may not be exactly the case of the particular
single tree from Fig. 8. By changing these parameters, it would
be possible to simply achieve higher specif c attenuation and
match the excess loss of 10 dB.
As indicated in [2], [3], and [21], the corresponding deep

fades are mainly a consequence of ground ref ections and
individual interactions of the incident f eld with main branches
and trunk, which was not included in the simulation. Despite
that, it is obvious that the modif ed PO model is capable of
reproducing both the transition from geometrical LoS to the
shadowed area and the resulting attenuation in canopy’s near
f eld in a trustworthy way, which is not the case of MST.

VI. CONCLUSION

We have presented a new model for scattering from tree
canopies following a modif ed PO approach, which enables to
account for propagation through the canopy. This is achieved
by considering the inner part of the canopy to be illuminated
by the incident plane wave, thus acting as an aperture. The
incident plane wave is supposed to propagate inside the canopy
following the complex propagation constant K , which can be
obtained either directly by MST or approximated if the canopy
specif c attenuation is already known.
The proposed model was tested against MST for the case

of artif cial single-tree scenarios at 2 and 10 GHz. It was
found that when K is not approximated, a better match
with MST is achieved for the terrestrial path scenario. The
slant path scenario showed that the new model is capable of
addressing near-f eld effects close to the canopy, unlike MST.
Furthermore, advantages in the required computation times
were demonstrated, especially for the case of high frequencies
and electrically large canopies.
In addition, the proposed model was successfully validated

against experimental data set at 2 GHz, which include a
transition between LoS and shadowed regions. It was shown
that a trustworthy match with the experimental data set was
achieved with the new model but not with MST.
To sum up, the proposed modif ed PO/MST model offers a

straightforward software implementation built on basis of com-
mon PO and enables to avoid MST calculations completely if
K is already provided. In addition, it is computation advan-
tageous over MST especially in the case of high frequencies
and electrically large structures. Last, but most importantly,

it allows for proper near-f eld calculations within areas close
to tree canopies. As such, the model well reproduces both
the resulting attenuation by vegetation and transitions between
geometrical LoS and shadowed areas behind a canopy.
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