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In this contribution, we use fading measurements at 2.45, 5.25, 29, and 60 GHz, and wind speed data, to study the dynamic effects
of vegetation on propagating radiowaves. A new simulation model for generating signal fading due to a swaying tree has been
developed by utilizing a multiple mass-spring system to represent a tree and a turbulent wind model. The model is validated
in terms of the cumulative distribution function (CDF), autocorrelation function (ACF), level crossing rate (LCR), and average
fade duration (AFD) using measurements. The agreements found between the measured and simulated first- and second-order
statistics of the received signals through vegetation are satisfactory. In addition, Ricean K-factors for different wind speeds are
estimated from measurements. Generally, the new model has similar dynamical and statistical characteristics as those observed in
measurements and can thus be used for synthesizing signal fading due to a swaying tree. The synthesized fading can be used for
simulating different capacity enhancing techniques such as adaptive coding and modulation and other fade mitigation techniques.
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1. Introduction

In a given environment, radiowaves are subjected to dif-
ferent propagation degradations. Among them, vegetation
movement due to wind can both attenuate and cause a
fading effect to the propagating signal. Operators cannot
guarantee a clear line-of-sight (LOS) to wireless customers as
vegetation in the surrounding area may grow or expand over
the years and obstruct the path. Fade mitigation techniques
(FMTs) such as adaptive coding and modulation can be
used to counteract the signal fading caused by swaying
vegetation. For example, during windy conditions (high
signal fading), power efficient modulation schemes such as
BPSK and QPSK (which are less sensitive to propagation
impairments compared to high-order modulation schemes)
can be used to increase the link availability, while spectral
efficient modulation schemes such as 16 QAM and 64 QAM
can be applied during calm wind conditions (less signal
fading) [1]. An extra coding information can also be added
to the channel so that errors can be detected and corrected
by the receiver. FMTs need to track the channel variations
and adjust their parameters (modulation order, coding rate,
etc.) to the current channel conditions. In order to design,

optimize, and test FMT, data collected from propagation
measurements are needed. However, such data may not be
available at the preferred frequency, wind speed conditions,
and so forth. Alternatively, time series generated from
simulation models can be used. In this case, the simulated
time series need to have similar dynamical and statistical
characteristics as those obtained from measurements [1].

The signal attenuation depends on a range of factors such
as tree type, whether trees are in leaf or without leaf, whether
trees are dry or wet, frequency, and path length through
foliage [2, 3]. For frequencies above 20 GHz, leaves and
needles have large dimensions compared to the wavelength,
and can significantly affect the propagation conditions.
The ITU-R P.833 [4] provides a model for predicting the
mean signal attenuation though vegetation. The temporal
variations of the relative phase of multipath components due
to movement of the tree result in fading of the received signal
as reported in, for example, [5–10]. The severity of the fading
depends on the rate of phase changes which further depends
on the movement of the tree components. Therefore, for
accurate prediction of the channel characteristics, the motion
of trees under the influence of wind should be taken into
account. This requires the knowledge of wind dynamics and
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the complex response of a tree to induced wind force. In our
previous work, a heuristic approach was used to model the
dynamic effects of vegetation [10]. In this paper, we develop
a theoretical model based on the motion of trees under the
influence of wind, and is validated in terms of first- and
second-order statistics using available measurements.

The paper begins in Section 2 by giving a brief descrip-
tion of the measurement setup for measuring signal fad-
ing after propagating through vegetation and for measur-
ing meteorological data (wind speed and precipitation).
Section 3 discusses the wind speed dynamics. The motion of
trees and their dynamic effects on propagating radiowaves as
well as the validation of the proposed simulation model are
dealt with in Section 4. Finally, conclusions are presented in
Section 5.

2. Measurement Setup

To characterize the influence of vegetation on radiowaves,
measurements were performed in [7] for a broad range
of frequencies, including 2.45, 5.25, 29, and 60 GHz, in
various foliage and weather conditions. A sampling rate of
500 Hz was used to collect the radio frequency (RF) signals
using a spectrum analyzer, multimeter, and a computer with
General Purpose Interface Bus (GPIB) interface. In order to
understand the behavior of radiowaves propagating through
vegetation under different weather conditions, meteorolog-
ical measurements including wind speed and precipitation
were also performed in [7]. The wind speed was recorded
every 5 seconds, and the precipitation data every 10 seconds.

The measurements were taken at two different locations,
referred to as Site 1 and Site 2. The trees at Site 1 were
deciduous trees, and were considered both when the trees
were in full leaf and when they were without leaf. Site
2 was populated by several coniferous trees which made
a wall of trees. Table 1 gives a general site information.
A detailed description of the measurements can be found
in [7]. An example of received signal at 29 GHz after
propagating through dry leaved deciduous trees (Site 1) is
shown in Figure 1, and the corresponding measured wind
speed is shown in Figure 2. These figures indicate a strong
dependency of the signal variation transmitted through
vegetation on the wind speed. For a closer look, Figures 3
and 4 show examples of typical measured signals during low
(1 to 3 m/s) and high (≥4.5 m/s) wind speed conditions for
leaved dry deciduous trees (Site 1) at 29 GHz. As expected, we
can observe that the signal variation increases with increasing
wind speed. Accurate modeling of the channel is needed
when designing mitigation techniques for the fast and deep
signal variations are like the ones shown in Figures 1 and 4.
In order to do this, a good knowledge of wind dynamics and
trees motions due to wind is required.

3. Wind Dynamics

Trees sway mostly due to wind. Understanding the dynamic
characteristics of wind is therefore essential when describing
the complex response of a tree to induced wind force
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Figure 1: Measured signal fading after propagating through dry
leaved deciduous trees (Site 1) at 29 GHz. A sampling rate of 500 Hz
was used to collect the signal.
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Figure 2: Measured wind speed for the corresponding signal fading
shown in Figure 1. The wind speed was measured every 5 seconds.

and their dynamic effects on propagating radiowaves. The
turbulent wind speed power spectrum can be represented by
a Von Karman power spectrum [11], and it can be simulated
by passing white noise through a shaping filter with transfer
function given by [12, 13]

HF(s) = KF
(
1 + sTF

)5/6 , (1)

where KF and TF are the gain and time constant of the
shaping filter, respectively. A close approximation of the 5/6-
order filter in (1) by a rational transfer function is given
by [12]

HF(s) = KF
(g1TFs + 1)

(
TFs + 1

)(
g2TFs + 1

) , (2)
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Table 1: Site description [7].

Site Path length Foliage depth Description

Site 1 63.9 m
14.3 m 3 foliated maple trees

7.6 m 1 foliated flowering crab tree

Site 2 110 m 25 m Several spruce and one pine tree creating a wall
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Figure 3: Typical measured signal at 29 GHz for leaved dry
deciduous trees (Site 1) during low-wind speed conditions (1 to
3 m/s). A sampling rate of 500 Hz was used to collect the signal.

−80

−70

−60

−50

−40

−30

−20

−10

R
ec

ei
ve

d
si

gn
al

(d
B

m
)

0 20 40 60 80 100 120

Time (s)

Figure 4: Typical measured signal at 29 GHz for leaved dry decidu-
ous trees (Site 1) during high-wind speed conditions (≥4.5 m/s). A
sampling rate of 500 Hz was used to collect the signal.

where g1 = 0.4 and g2 = 0.25. Tf and KF are defined as

TF = Lr
wm

, (3)

KF ≈
√

2π
B(1/2, 1/3)

TF

Ts
, (4)
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Figure 5: Model for simulating wind speed. n(t) is a white Gaussian
noise with zero mean and unite variance, HF is the low-pass filter
defined in (2), nc(t) is a colored noise, kσ is a model parameter (see
Table 2), wm is the mean wind speed, σw = wmkσ , and w(t) is the
resulting wind speed.

Table 2: kσ values for different terrain types at 10 meter height [14].

Type Coastal Lakes Open Built-up areas City centers

kσ 0.123 0.145 0.189 0.285 0.434

where wm is the mean wind speed and Lr is the turbulence
length scale that corresponds to the site roughness. The
turbulence length can be calculated from the height, h, above
the ground, expressed as Lr = 6.5h [14]. Ts is the sampling
period and B designates the beta function, and is given by

B(u, y) =
∫ 1

0
zu−1(1− z)y−1dz. (5)

Figure 5 shows the model for simulating wind speed.
In the model, a white Gaussian noise n(t) (where t is the
time) with zero mean and unite variance is transformed
into colored noise nc(t) by smoothing it with the filter given
in (2). The static gain KF defined in (4) ensures that the
resulting colored noise nc(t) has a unit variance. The wind
speed w(t) is then obtained by multiplying nc(t) by the
standard deviation of the turbulent wind σw and adding the
mean wind speed wm. kσ is a constant which depends on
the type of the terrain [14]; see Table 2. This wind model is
used in Section 4.1 to describe the displacement of tree due
to induced wind force.

4. The Dynamic Effects of Vegetation
on Radiowaves

4.1. The Motion of Trees. A tree is a complex structure
consisting of a trunk, branches, subbranches, and leaves.
The tree responds in a complex way to induced wind forces,
with each branch swaying and dynamically interacting with
other branches and the trunk. During windy conditions,
first-order branches sway over the swaying trunk, and
second-order branches sway over the swaying first-order
branches. Generally, smaller branches sway over swaying
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Figure 6: Path length difference. L1+L2 is the path length of the LOS
component, L3 + L4 is the path length of the multipath component
at rest, L5 + L6 is the path length of the multipath component when
displaced, x is the displacement, d is the distance from the LOS path
to the position of a tree component. Tx and Rx are the transmitting
and receiving antennas.
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Figure 7: Dynamic representation of a tree. mi, ki, ci, fi(t), and
xi(t) are the mass, spring constant, damping factor, time varying
wind force, and time varying displacement of tree component i,
respectively.

larger branches, and leaves vibrate over swaying smaller
branches. The overall effect minimizes the dynamic sway of
the tree by creating a broad range of frequencies and prevents
the tree from failure [15]. Radiowaves scattered from these
swaying tree components have a time varying phase changes
due to periodic changes of the path length which results in
fading of the received signal. Figure 6 illustrates the path
length difference due to displacement of a tree component
from rest, and is given by (see Appendix A)

ΔL ≈ x
d
(
L1 + L2

)

L1L2
, (6)

where L1 + L2 is the path length of the LOS component. L1

is the distance from the transmitter to a point parallel to a
position of a tree component, d is the distance from the point
to the position of a tree component, L2 is the distance from
the point parallel to a position of a tree component to the
receiver, and x is the displacement.

A dynamic structure model of tree was reported in
[15], and is extended here to include dynamic wind force
and mathematical description of the motion of each tree
component; see Figure 7. In the model, tree components
(the trunk, branches, and subbranches) are attached with
each other using springs which resulted in a multiple mass-
spring system. This tree model is further used in Section 4.2
to model the signal fading due to swaying vegetation. For
simplicity, we use a tree model with a trunk and just three
branches and three subbranches, as seen in Figure 7. This
simple model is sufficient to recreate the rich dynamic
behavior of the fading from a real tree, as is demonstrated
in the simulations in Section 4.2. Using Newton’s second law
and the Hooke’s law, the equations of motion (displacement)
for the tree components in Figure 7 can be formulated using
second-order differential equations:

m0ẍ0(t) = −ẋ0(t)
(
c0 + c1 + c3 + c5

)
+ ẋ1(t)c1 + ẋ3(t)c3

+ ẋ5(t)c5 − x0(t)
(
k0 + k1 + k3 + k5

)
+ x1(t)k1

+ x3(t)k3 + x5(t)k5 + f0(t),

m1ẍ1(t) = −ẋ1(t)
(
c1 + c2

)
+ ẋ2(t)c2 + ẋ0(t)c1

− x1(t)
(
k1 + k2

)
+ x2(t)k2 + x0(t)k1 + f1(t),

m2ẍ2(t) = c2
(
ẋ1(t)− ẋ2(t)

)
+ k2

(
x1(t)− x2(t)

)
+ f2(t),

m3ẍ3(t) = −ẋ3(t)
(
c3 + c4

)
+ ẋ4(t)c4 + ẋ0(t)c3

− x3(t)
(
k3 + k4

)
+ x4(t)k4 + x0(t)k3 + f3(t),

m4ẍ4(t) = c4
(
ẋ3(t)− ẋ4(t)

)
+ k4

(
x3(t)− x4(t)

)
+ f4(t),

m5ẍ5(t) = −ẋ5(t)
(
c5 + c6

)
+ ẋ6(t)c6 + ẋ0(t)c5

− x5(t)
(
k5 + k6

)
+ x6(t)k6 + x0(t)k5 + f5(t),

m6ẍ6(t) = c6
(
ẋ5(t)− ẋ6(t)

)
+ k6

(
x5(t)− x6(t)

)
+ f6(t),

(7)

where mi, ki, and ci are the mass, spring constant, and
damping factor of tree component i, respectively. The spring
constant ki describes the stiffness of the wood material.
While the damping factor ci describes the energy dissipation
due to swaying tree component (aerodynamic damping)
and dissipation from internal factors such as root/soil
movement and internal wood energy dissipation [15]. ẍi(t),
ẋi(t), and xi(t) are the acceleration, velocity, and position
(displacement) of tree component i, respectively. fi(t) is the
time varying induced wind force on tree component i, and is
given by [16]

fi(t) =
Cdρwi(t)

2Ai

2
, (8)

where Cd is the drag coefficient, ρ is the air density, Ai is
the projected surface area of the tree component, and wi(t)
is the wind speed (can be simulated using the model shown
in Figure 5).
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The time varying displacement, xi(t), of each tree
component can then be obtained by solving (7) using state-
space modeling:

ẏ = Ay + Bu, (9)

x = Cy + Du, (10)

where y = [x0(t) · · · x6(t) ẋ0(t) · · · ẋ6(t)
]T

is the state

vector, u = [ f0(t) · · · f6(t)
]T

is the input vector, and x =
[
x0(t) · · · x6(t)

]T
is the output vector. The matrices A, B,

C, and D are obtained from (7); see Appendix B. Note that
(9) and (10) are for continuous time and can be converted to
discrete time using, for example, bilinear transformation.

4.2. Signal Fading due to Swaying Tree. Former studies
on the measurements used here suggested that the signal
envelope can be represented using the extreme value or
lognormal distribution [7]. However, our study shows
that the Nakagami-Rice distribution can well represent the
measured signal envelop through vegetation. The Chi-Square
test has been performed to verify the fitness of Nakagami-
Rice and measured signal distribution. For all frequencies,
the hypothesis was accepted for 5% significance level.
Furthermore, the majority of reported measurement results
suggest Nakagami-Rice envelop distribution [8, 17–19].
Therefore, Nakagami-Rice envelop distribution is assumed
in the developed simulation model, with the K-factor given
by

K = Pd
P f

, (11)

where Pd and Pf are the power in the direct and diffuse
components, respectively. From our measurements, we esti-
mated the Ricean K-factors under different wind conditions
using the moment-method reported in [20]; see Figure 8.
The reduction of the K-factor suggests that the contribution
of the diffuse component increases with increasing wind
speed. We can also observe that the K-factor decreases with
increasing frequency (due to smaller wavelength).

The time series for the received power is obtained as
|h(t)2|, where h(t) is the complex impulse response due to
the multipath in the vegetation. For a Ricean distributed
signal envelope, the impulse response h(t) can be expressed
as the sum of the direct and diffuse signal components as
shown in

h(t) = ad exp( jθ)
︸ ︷︷ ︸

Direct

+
N=7∑

i=1

a f exp
[
j
(
θi − 2π

λ
ΔLi(t)

)]

︸ ︷︷ ︸
diffuse

,
(12)
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Figure 8: Ricean K-factors as function of average wind speed
estimated from measurements at 2.45, 5.25, 29, and 60 GHz after
propagating through dry leaved deciduous trees (Site 1).

where the first term in (12) is the contribution of the direct
signal component. ad =

√
Pd (Pd is as defined in (11)), and θ

are the amplitude and phase of the direct signal, respectively.
The second term in (12) is the contribution of the diffuse
component which is the sum of signals scattered from the
tree components. N = 7 is the total number of scattering
tree components (the trunk, branches, and subbranches; see
Figure 7). a f =

√
Pf /N is the amplitude of each scattered

signal (assumed to be equal for all scattered components),
where Pf is as defined in (11), θi is the phase uniformly
distributed within the range [0, 2π], λ is the wavelength,
and ΔLi(t) is the time varying path length difference due to
displacement of the ith tree component shown in Figure 7.
Note from (12) that the time varying path length difference,
ΔLi(t), results in time varying phase changes which in turn
gives a fading effect to the received signal. Following the same
approach as in (6), ΔLi(t) for i = 1, 2, . . . , 6 are given by

ΔL0(t) ≈ x0(t)
d0
(
L1 + L2

)

L1L2
,

ΔL1(t) ≈ (x0(t) + x1(t)
)d1

(
L1 + L2

)

L1L2
,

ΔL2(t) ≈ (x0(t) + x1(t) + x2(t)
)d2

(
L1 + L2

)

L1L2
,

ΔL3(t) ≈ (x0(t) + x3(t)
)d3

(
L1 + L2

)

L1L2
,

ΔL4(t) ≈ (x0(t) + x3(t) + x4(t)
)d4

(
L1 + L2

)

L1L2
,

ΔL5(t) ≈ (x0(t) + x5(t)
)d5

(
L1 + L2

)

L1L2
,

ΔL6(t) ≈ (x0(t) + x5(t) + x6(t)
)d6

(
L1 + L2

)

L1L2
,

(13)
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where L1, L2, and di are as defined in (6), and xi(t) is obtained
from the state-space model in (9) and (10).

Examples of simulated signal fading due to swaying
tree using the new model for low- and high-wind speed
conditions are shown in Figures 9 and 10, respectively. The
simulation parameters are given in Table 3. In general, Ai

values in the range 10 to 80 m2, mi values in the range
0.01 to 30 kg, ki values in the range 5 × 102 to 5 ×
104 N/m2, ci values in the range 0 to 35 can be used in the
model. These parameter ranges are obtained by performing
simulations using different tree parameters and comparing
the simulated first and second-order statistics to these of
measurements from Site 1 (since the new model is intended
for modeling signal fading due to a single tree). Then, the
parameter ranges are defined based on the agreements found
between the measured and simulated first- and second-
order statistics. Finally, realistic values within the defined
parameter ranges are assigned to each tree component;
see Table 3 (no curve fitting or numerical optimization is
used). For example, as shown above the parameter range
found for mi is between 0.01 to 30 kg, from this a realistic
value for m0 (the trunk) should be close to the upper
limit of the parameter rage,that is, somewhere between 15
to 30 kg. In this case, 20 kg is randomly chosen from the
realistic value range for m0; see Table 3. The same selection
process based on realistic values within parameter ranges is
performed for the other tree parameters. Comparisons of the
cumulative distribution functions (CDFs), autocorrelation
functions (ACFs), level-crossing rates (LCRs), and average
fade durations (AFDs) of the measured and simulated
received signals at different frequencies are shown in Figures
11–18. The LCRs and AFDs are normalized to the Root-
Mean-Square (RMS) level. The CDF describes the prob-
ability distribution of a random variable. While the ACF
is a measure of the degree to which two time samples of
the same random process are related and is expressed as
[21]

Rh
(
t1, t2

) = E
{
h
(
t1
)
h
(
t2
)}

, (14)

where E is the expectation, h(t1) and h(t2) are random
variables obtained by observing h(t) at time t1 and t2, respec-
tively. The LCR measures the rapidity of the signal fading. It
determines how often the fading crosses a given threshold in
the positive-going direction [22]. The AFD quantifies how
long the signal spends below a given threshold, that is, the
average time between negative and positive level-crossings
[22]. The CDF, ACF, LCR, and AFD determine the first- and
second-order statistics of the channel.

The effect of wind speed on the channel statistics can
be observed from Figures 11–14 which show comparisons
of measured (leaved dry deciduous trees (Site 1) at 29 GHz)
and simulated channel statistics during low- and high-
wind speed conditions. We can observe from Figure 11
that the probability the received signal is less than a given
threshold increases with increasing wind speed. Note also
from Figure 12 how fast the ACF decays during high wind
speed compared to low wind speed conditions. The increase
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Figure 9: Simulated signal fading using the new model at 29 GHz
during low wind speed conditions (wm = 2 m/s). All simulation
parameters are given in Table 3.

rate of signal changing activity during windy conditions
can be implied from the LCR curves in Figure 13. In
addition, the effect of high wind speed which results in
deep signal fading with short durations can be observed
from the AFD curves shown in Figure 14. The frequency
dependency of the channel is evident from Figure 15–
18 which show comparisons between measured (leaved
dry deciduous trees (Site 1) at 2.45, 5.25, and 60 GHz)
and simulated channel statistics during high wind speed
conditions (wm = 5 m/s). The probability that the received
signal is less than a given threshold increases with increasing
frequency; see Figure 15. We can also observe from Figure 16
that the autocorrelation function decays more rapidly for
high frequency compared to low-frequency signals. The
increasing rate of signal changing activity and the increasing
existence of deep signal fading with increasing frequency
can be observed from the LCR and AFD curves shown in
Figures 17 and 18, respectively. The frequency dependency
of the channel statistics is directly related to the signal
wavelength. As the frequency increases, the signal wavelength
decreases which results in increasing sensitivity to path
length differences caused by swaying tree components. In
general, the agreements found between the measured and
simulated received signals in terms of both first- and second-
order statistics are satisfactory; see Figures 11–18. Moreover,
the results shown in Figures 11–18 suggest that the swaying
of tree components with wind can highly impact the quality
and availability of a given link, and should be consid-
ered when designing and evaluating systems at different
frequencies.

5. Conclusion

In this paper, we use available measurements at 2.45, 5.25,
29, and 60 GHz, and wind speed data to study the dynamic
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Table 3: Simulation parameters.

Wind parameters Other parameters

wm = 2 m/s (low wind) Cd = 0.35 [16] K-factor for 2.45 GHz = 6 dB (at wm = 5 m/s)

wm = 5 m/s (high wind) ρ = 1.226 kg/m3 [16] K-factor for 5.25 GHz = 1 dB (at wm = 5 m/s)

kσ = 0.434 Ts = 0.002 s K-factor for 29 GHz = 11 dB (at wm = 2 m/s)

h = 10 m K-factor for 29 GHz = −5 dB (at wm = 5 m/s)

K-factor for 60 GHz = −6 dB (at wm = 5 m/s)

L1 = 3000 m and L2 = 100 m

Tree parameters

d0 = 1.0 m A0 = 66.2 m2 m0 = 20 kg k0 = 1.0× 104 N/m c0 = 20.0

d1 = 3.0 m A1 = 21.0 m2 m1 = 1.0 kg k1 = 1.0× 103 N/m c1 = 15.0

d2 = 3.7 m A2 = 7.80 m2 m2 = 0.02 kg k2 = 7.0× 103 N/m c2 = 2.00

d3 = 2.5 m A3 = 22.9 m2 m3 = 2.0 kg k3 = 6.0× 102 N/m c3 = 14.0

d4 = 2.7 m A4 = 9.70 m2 m4 = 0.03 kg k4 = 8.0× 103 N/m c4 = 1.80

d5 = 2.8 m A5 = 23.5 m2 m5 = 2.5 kg k5 = 1.1× 103 N/m c5 = 14.5

d6 = 3.2 m A6 = 10.4 m2 m6 = 0.04 kg k6 = 5.0× 103 N/m c6 = 2.00
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Figure 10: Simulated signal fading using the new model at 29 GHz
during high wind speed conditions (wm = 5 m/s). All simulation
parameters are given in Table 3.

effects of vegetation on propagating radiowaves. A new
simulation model for generating signal fading due to a
swaying tree has been developed by utilizing a multiple
mass-spring system to represent a tree and a turbulent
wind model. The model is validated in terms of first- and
second-order statistics such as CDF, ACF, LCR, and AFD
using measurements. The agreements found between the
measured and simulated first- and second-order statistics
of the received signals through vegetation are satisfactory.
Furthermore, Ricean K-factors for different wind speeds are
estimated from measurements. In general, the new model
has similar dynamical and statistical characteristics as those
observed from measurement results and can be used for
simulating different capacity enhancing techniques such as
adaptive coding and modulation and other fade mitigation
techniques.
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Figure 11: CDFs of measured (dry leaved deciduous trees (Site 1))
and simulated (using the new model) signals at 29 GHz during low
(wm = 2 m/s) and high (wm = 5 m/s) wind speed conditions. All
simulation parameters are given in Table 3.

Appendices

A. Path Length Difference due to Swaying
Tree Component

Using a trigonometric analysis of the paths shown in
Figure 6, L3 and L4 can be expressed as

L3 =
√
L2

1 + d2 = L1

√
√
√

1 +
d2

L2
1

,

L4 =
√
L2

2 + d2 = L2

√
√
√

1 +
d2

L2
2
.

(A.1)
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Figure 12: ACFs of measured (dry leaved deciduous trees (Site 1))
and simulated (using the new model) signals at 29 GHz during low
(wm = 2 m/s) and high (wm = 5 m/s) wind speed conditions. All
simulation parameters are given in Table 3.
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Figure 13: LCRs of measured (dry leaved deciduous trees (Site 1))
and simulated (using the new model) signals at 29 GHz during low
(wm = 2 m/s) and high (wm = 5 m/s) wind speed conditions. All
simulation parameters are given in Table 3.

Assuming L1 � d and L2 � d, Taylor approximation can be
applied to yield

L3 ≈ L1

(

1 +
d2

2L2
1

)

,

L4 ≈ L2

(

1 +
d2

2L2
2

)

.

(A.2)
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Figure 14: AFDs of measured (dry leaved deciduous trees (Site 1))
and simulated (using the new model) signals at 29 GHz during low
(wm = 2 m/s) and high (wm = 5 m/s) wind speed conditions. All
simulation parameters are given in Table 3.
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Figure 15: CDFs of measured (dry leaved deciduous trees (Site
1)) and simulated (using the new model) signals at 2.45, 5.25,
and 60 GHz during high (wm = 5 m/s) wind speed conditions. All
simulation parameters are given in Table 3.

L3 + L4 is the path length when a tree component is at rest,
and by using (A.2), we get

L3 + L4 ≈ L1 + L2 +
d2

2

(
L1 + L2

L1L2

)

. (A.3)

L5 +L6 is the path length when a tree component is displaced.
Again performing a trigonometric analysis of Figure 6 and
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Figure 16: ACFs of measured (dry leaved deciduous trees (Site
1)) and simulated (using the new model) signals at 2.45, 5.25,
and 60 GHz during high (wm = 5 m/s) wind speed conditions. All
simulation parameters are given in Table 3.
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Figure 17: LCRs of measured (dry leaved deciduous trees (Site
1)) and simulated (using the new model) signals at 2.45, 5.25,
and 60 GHz during high (wm = 5 m/s) wind speed conditions. All
simulation parameters are given in Table 3.

applying a Taylor approximation by assuming L1 � d + x
and L2 � d + x, L5 + L6 can be expressed as

L5 + L6 ≈ L1 + L2 +
(d + x)2

2

(
L1 + L2

L1L2

)
. (A.4)
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Figure 18: AFDs of measured (dry leaved deciduous trees (Site
1)) and simulated (using the new model) signals at 2.45, 5.25,
and 60 GHz during high (wm = 5 m/s) wind speed conditions. All
simulation parameters are given in Table 3.

The difference in path length when a tree component is at
rest and when it is displaced is then given by

ΔL = (L5 + L6
)− (L3 + L4

)

≈
(

2dx + x2

2

)(
L1 + L2

L1L2

)

.
(A.5)

Assuming further x� d (which is valid for trees not located
very near the transmitter or the receiver), the path length
difference can then be expressed as

ΔL ≈ xd

(
L1 + L2

L1L2

)

. (A.6)

B. Matrices for the State-SpaceModel

The state, y, and input, u, vectors defined in (9) and (10) are
given by

y = [x0(t) · · · x6(t) ẋ0(t) · · · ẋ6(t)
]T

, (B.1)

u = [ f0(t) · · · f6(t)
]T
. (B.2)

By taking the first derivation of (B.1),

ẏ = [ẋ0(t) · · · ẋ6(t) ẍ0(t) · · · ẍ6(t)
]T

, (B.3)

where the double derivations ẍ0(t) · · · ẍ6(t) in (B.3) are
defined in (7). From (9), ẏ is given by

ẏ = Ay + Bu, (B.4)
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where y and u are as defined in (B.1) and (B.2). In order (B.4)
to be equal to (B.3), the matrices A and B have to be equal to

A =
(
07×7 I7×7
A21 A22

)

, (B.5)

where 07×7 and I7×7 are 7 × 7 zero and identity matrices,
respectively. A21 and A22 in (B.5) are given by

A21 =
⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

−
(
k0 + k1 + k3 + k5

)

m0

k1

m0
0

k3

m0
0

k5

m0
0

k1

m1
−
(
k1 + k2

)

m1

k2

m1
0 0 0 0

0
k2

m2
− k2

m2
0 0 0 0

k3

m3
0 0 −

(
k3 + k4

)

m3

k4

m3
0 0

0 0 0
k4

m4
− k4

m4
0 0

k5

m5
0 0 0 0 −

(
k5 + k6

)

m5

k6

m5

0 0 0 0 0
k6

m6
− k6

m6

⎞

⎟
⎟
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⎟
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⎟
⎟
⎟
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⎟
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⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

,

(B.6)

A22 =
⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
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⎜
⎜
⎜
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(B.7)

B =
(
07×7
B21

)

, (B.8)

where B21 in (B.8) is a diagonal matrix expressed as B21 =
diag{1/m0 · · · 1/m6}.

The output vector x in (10) is defined as

x = [x0(t) · · · x6(t)
]T
. (B.9)

From (10), x is given by

x = Cy + Du. (B.10)

For (B.10) to be equal to (B.9), the matrices C and D have to
be equal to

C = (I7×7 07×7
)
,

D = (07×7
)
.

(B.11)
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