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Abstract

The demand for high capacity data communication is increasing continu-
ously and rapidly. More Network-based multimedia applications such as
Internet protocol Television (IPTV), video on demand (VoD), voice over In-
ternet protocol (VoIP), and other broadband services are emerging. Due
to congestion in the lower frequency bands many of the services may use
millimeter wavelength bands. A good understanding of the propagation
impairments at millimeter wavelength is important for designing systems
with a targeted quality-of-service (QoS) and availability.

Radio systems utilizing frequencies above about 10 GHz suffer from
attenuation due to rain. Attenuation due to vegetation can severely de-
grade system performances as well. Estimation of the different time dy-
namic propagation impairments is essential for designing reliable and ef-
ficient communication systems. Depending on the current channel condi-
tions such systems can adapt the transmission methodology to offer the
required QoS and maximize the system throughput. The design of such
mitigation technique requires knowledge of the different dynamic propa-
gation impairments affecting the signal.

The research conducted in this study is on modeling and prediction of
propagation effects at millimeter wavelength channels. The focus is on
propagation effects between 20 - 60 GHz with emphasis on signal atten-
uation and fading due to rain and vegetation. The study has led to devel-
opment of a new space-time rain attenuation model which can be used for
simulating multiple correlated rain attenuation time series. Four years of
measurement data from a star-like network was used in the analysis. Based
on the spatial and temporal correlation of rain attenuation, a model for gen-
erating correlated multipath taps during rain for broadband fixed wireless
access (BFWA) employed in dense urban area was developed. In addi-
tion, using available measurements the effect of rain on the performance of
BFWA was investigated.

Duration statistics of rain attenuation are important when evaluating
fade mitigation techniques (FMT) and estimating system outages. A study
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ABSTRACT

on fade duration statistics for satellite links was performed using a large
database compiled for this purpose. Based on this work, a new prediction
model of fade duration statistics for satellite links operating between 10 -
50 GHz was developed.

The dynamic effects of vegetation were studied using available fading
measurements at 2.45, 5.25, 29 and 60 GHz, and wind speed data. New
models for simulating signal fading due to swaying vegetation were devel-
oped by using both a heuristic and theoretical approaches.

An initial dynamic wideband channel model for BFWA systems which
combines degradations due to multipath propagation, rain and vegetation
attenuation as well as scintillation effects was developed.

This work has contributed to and improved the ability to simulate prop-
agation effects at millimeter wavelength channels. The models presented
in this thesis can be used for simulating different capacity enhancing tech-
niques such as adaptive coding and modulation and other FMT.
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Introduction

The increasing demands for high capacity data communications have re-
quired the use of higher frequencies. Services such as broadband com-
munication, interactive broadcasting, multimedia applications and inter-
connection of local area networks require large bandwidths. Millimeter
wavelength bands offer very large bandwidth compared to lower frequen-
cies. Broadband fixed wireless access (BFWA) systems operating at mil-
limeter wavelength are a means to provide everyone with true broadband
services. They can offer cost efficient solutions and are an alternative to
deploying cable based broadband access. BFWA can also function as a
backbone for lower capacity systems such as wireless local area network
(WLAN), worldwide interoperability for microwave access (WiMAX) and
2G - 3G base stations for mobile networks. To make such a BFWA sys-
tem feasible, the initial cost for base stations (BSs) and user terminals (UTs)
has to be low. The deployment of cheap hardware puts emphasis on the
need for advanced signal processing to obtain reliable high data rate com-
munication links. Moving the complexity from the hardware to the digital
computations opens a wide range of research challenges.

A wireless system operating in the 20 - 45 GHz frequency bands is
suitable for fixed and nomadic users. However, due to non-line-of-sight
(NLOS) propagation in mobile channels these systems are not suitable for
mobile users. The bandwidth will not be as scarce as for lower frequencies,
but they are more sensitive to propagation degradation due to for exam-
ple rain, scintillation and vegetation obstructions. A BFWA system will
be quite similar to line-of-sight (LOS) radio links but it will differ in some
important aspects:

• The BS will have to service a large number of UTs and will thus trans-
mit over a sector instead of in a narrow beam. This might result in
multipath even if the UTs have narrow beam antennas.

• In order to get good coverage we can not always require a free LOS
path between the BS and UTs. There might be obstruction by vegeta-
tion or the dominant path might be a reflected one.
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At millimeter wavelength a small change of pathlength can result in
fast variations of the signal. It is sufficient that the antennas or any reflec-
tors, as obstructing vegetation, sway in the wind a few millimeter to get
fast fading channels. This combined with meteorological effects such as
rain attenuation and scintillation will cause the channel to be time vary-
ing. The general approach in point-to-point radio links has been to apply
fade mitigation techniques (FMT) or to add a large link margin to avoid the
aforementioned effects. Focusing on low cost UTs the transmit power will
be limited and the link margins smaller. In a multiuser system where the
users have different channels the overall throughput can be improved by
adjusting coding and modulation to the current channel conditions.

Rain attenuation varies slowly while scintillation and vegetation effects
result in fast signal dynamics. The time duration of a fading event is crucial
when it comes to what type of counter measures that should be applied. In
general, the durations of fades due to rain events are longer compared to
the one resulted from scintillation or vegetation effects. Short fades could
be compensated for by interleaving and coding. Long fades which re-
sult in change of the average signal-to-noise ratio (SNR) can be compen-
sated for by for example change of modulation and coding. Depending
on how fast the channel varies, scheduling and data rate algorithms can
be adapted to increase the system throughput and availability. Knowledge
on the large but slow variations of the channel can be used to determine
the average supported bit rate. This type of information can be signaled
back to high layer applications to for example adjust the source coding for
video or speech to the available data rates. Information on the short-term
channel variations can for example be used to perform fast link adapta-
tion. Figure 1.1 illustrates a point-to-multipoint (PMP) BFWA system af-
fected by rain, vegetation and multipath. The signal could also be affected
by combinations of different degradations for example rain and vegetation
(both slow and fast fading), see the link with the dashed line in Fig 1.1. In
this case, the fade counter measure should be optimized in terms of both
the slow and fast fading dynamics that mitigate the effect simultaneously.
Thus, understanding the dynamic propagation effects at millimeter wave-
length channels are very important when designing FMT and evaluating
system performance. This has therefore encouraged our research on model-
ing and prediction of millimeter wavelength channels.

The works are reported as collection of papers reproduced as part of this
thesis. This introduction gives a background to the seven papers included
in this thesis and a general overview of different propagation impairments
at millimeter wavelength channels. In Section 1, different characteristics of
rain attenuation are discussed. Sections 2 and 3 discuss the dynamic vege-
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FIGURE 1.1: A point-to-multipoint BFWA system

tation effects and the multipath propagation in BFWA, respectively. A brief
description of scintillation effects are given in Section 4. Discussions on
the combined effects of different propagation degradations are dealt with
in Section 5. Then, a description of the included papers is given in Section
6. Finally, Section 7 gives a conclusion by listing the main contributions of
this thesis and presenting some suggestions for future research.

1 Rain Attenuation

At frequencies above 10 GHz, rain attenuation is often the main propaga-
tion impairment affecting a wireless communication system. The attenua-
tion increases with increasing frequency [1]. Rain events occur almost ran-
domly, especially convective rains affect communication systems for inter-
vals comparable to the duration of popular services, such as TV and radio
programs and Internet sessions. Figure 1.2 shows an example of a typical
rain event measured from a 42 GHz terrestrial link at Rælingen, Norway
which represents impairment due to rain and scintillation. The fast fluctu-
ation with low amplitude corresponds to scintillation. The slowly varying
component with large amplitude corresponds to rain attenuation. Rain af-
fects radiowave propagation in three important ways [2]:

• The energy of the incident wave is absorbed by raindrops which are
smaller than the wavelength through a basic heating effect. Depend-
ing on frequency, this will be the most significant source of rain at-
tenuation.

• Larger raindrops on the order of wavelength in size will scatter the
incident electromagnetic wave resulting in a reduction of the wave

5
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FIGURE 1.2: Measured rain attenuation at 42 GHz in Rælingen, Norway.

amplitude at the desired receiver location. The amount of scattering
depends on the intensity of raindrops, size distribution and orienta-
tion.

• Raindrops cause depolarization of the incident wave, manly through
scattering.

The attenuation on a radio path also depends on how much of the path
that is subjected to rain. The specific rain attenuation in dB per km can be
found though the following expression [3]

A = kRα (1.1)

where k and α are constants which depend on frequency and polarization,
and R is the rain rate in mm/h for a given percentage of time.

The international telecommunication union (ITU) [4] provides a global
model for predicting the cumulative distribution function (CDF) of rain at-
tenuation. The model gives the time percentage the attenuation exceeded
in an average year and worst month. Figure 1.3 shows the complementary
cumulative distribution (CCDF) of rain attenuation for a terrestrial link at
Kjeller, Norway calculated using the ITU-R P.530 [4]. We can observe from
Fig. 1.3 that high rain attenuation levels (greater than about 17 dB) can be
observed for time percent less than 0.01% of an average year. Thus, em-
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FIGURE 1.3: CCDF of rain attenuation for Kjeller 59.58o N (latitude) and
11.02o E (longitude) at 42 GHz and 4.6 km pathlength.

ploying a fixed fade margin may not guaranty the required quality of ser-
vice at all times. Instead, FMT such as adaptive coding and modulation
can be used to obtian the desired quality and availability to users. For ex-
ample, during heavy rain conditions, power efficient modulation schemes
can be used to prevent system outage. While spectral efficient modulation
schemes can be used in clear sky conditions. Diversity techniques can be
used during rain to increase system availability. The design and implemen-
tation of FMT requires knowledge of the first and second order statistics of
rain attenuation. Second order statistics such as fade duration, inter-fade
duration and fade slope describes the dynamic characteristics of rain atten-
uation, see Fig. 1.4.

In order to develop and test different FMT, data collected from propa-
gation measurements are needed. Alternatively, time series generated from
simulation models can be used. In this case, the simulated time series need
to have similar statistical characteristics as those obtained from measure-
ments.

7
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FIGURE 1.4: Dynamic features of rain attenuation [5]

1.1 Fade Duration

The duration of a fade is defined as the time interval between two consecu-
tive crossings of the same attenuation threshold, see Fig. 1.4. The statistics
can be described by two different CDFs [5]:

• P (d > D|a > A), the probability of occurrence of fades of duration
d longer than D (s), given that the attenuation a is greater than A
(dB). This probability can be estimated from the ratio of the number
of fades of duration longer than D to the total number of fades ob-
served, given that the threshold A is exceeded.

• F (d > D|a > A), the cumulative exceedance probability, or, equiva-
lently, the total fraction (between 0 and 1) of fade time due to fades
of duration d longer than D (s), given that the attenuation a is greater
than A (dB). This probability can be estimated from the ratio of the to-
tal fading time due to fades of duration longer than D given that the
threshold A is exceeded, to the total exceedance time of the threshold.

Fade duration is an important parameter to be taken into account in
system design for several reasons:

• System outage and unavailability: Fade duration statistics provides in-
formation on the number of outages and the probability of the system
being unavailable for a time period of a given duration.

• Fade mitigation techniques: Depending on the link margin, fade du-
ration statistic provides statistical information on the time durations
the system stays in a compensation configuration.

• Coding and modulation: Fade duration is a key element in the process

8
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of choosing forward error correction codes and best modulation
schemes. The propagation channel does not produce independent
errors but blocks of errors. Fade duration impacts directly on the
choice of the coding scheme.

Fade duration distributions of rain attenuation are often modeled as
the sum of two functions, one taking account of short durations and the
second accounting for long durations [5–8]. The short and long durations
are usually assumed to be caused by scintillation and rain effects, respec-
tively. There also exist models which uses three functions to describe the
fade durations due to scintillation, convective and stratiform rains [9].

1.2 Inter-Fade Duration

The inter-fade duration or non-fade duration (NFD) is the complement of
the fade duration, see Fig. 1.4. In addition to the fade duration, it is also
important to characterize the time interval between two fades. Once the
level of the received signal has just crossed back over the margin thresh-
old after an outage event, it is essential to know statistically the duration
before the occurrence of another fade event which may result in system out-
age. The inter-fade duration can be classified in to short, intermediate and
inter-event intervals [10]. The short inter-fade interval segment accounts
for tropospheric scintillation, and any fast amplitude variations resulting
from rapid changes in rain dynamics. This interval ranges approximately
from 1 to 10 seconds. The intermediate range results from rain dynam-
ics such as rain cell translation, and life cycle variations of rain cells. The
range of the intermediate interval is approximately from 10 seconds to sev-
eral hours. The inter-event intervals are measured in days and represent
the distribution of return periods of rain events [10]. Several studies and
experimental results of inter-fade duration of rain attenuation are reported
in the literature, among them are [10–14].

1.3 Fade Slope

Fade slope describes the rate of change of rain attenuation, see Fig. 1.4.
A typical fade countermeasure system is open-loop uplink power control
(ULPC), in which the attenuation on a uplink is estimated from the attenua-
tion measured on the downlink and compensated by varying uplink power
[15]. Information regarding on fade slope is therefore important for deter-
mining the required tracking speed of the ULPC. Fade slope depends on
the attenuation level and the rain rate [16, 17]. This implies that the fade
slope will depend on the drop size distribution and therefore on the type

9
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of rain (convective or stratiform rain) [18]. Another parameter of influence
is the horizontal wind velocity perpendicular to the path which determines
the speed at which the horizontal rain profile passes across the propagation
path. The fade slope is likely to decrease with increasing pathlength. This
is because a certain attenuation level on a longer path is more likely to be
caused by widespread rain, or by several rain cells integrated over a longer
distance, while the same attenuation on a shorter path is more likely to be
due to a single, more intense rain cell [18]. Several prediction models of
fade slope distribution has been published in the literature, among them
are [18–22].

1.4 Temporal and Spatial Variability of Rain Attenuation

Rain attenuation shows a temporal and spatial variability. Depending on
the temporal and spatial correlation of rain attenuation different paths may
experience correlated attenuations. It is often observed that during show-
ers, high intensity rain is localized in a small area surrounded by a region
of more uniform, low intensity rain [1]. The spatial and temporal rain at-
tenuation correlation shows a seasonal dependency, were the correlation is
smaller during summer than during winter. This is because relatively small
rain cells with high rainfall rates (convective rain) occur more frequent dur-
ing summer than during winter. Similarly, stratified rainfall, which extends
over larger areas with small rainfall rates, occur more frequent during win-
ter than during summer [23, 24]. Fig. 1.5 illustrates a link diversity config-
uration during rain where a UT is simultaneously connected to two BSs at
any time. In this scenario, information on space-time correlation of rain at-
tenuation can be used by the system to select the most suitable base station
for the user. In a millimeter wavelength PMP systems, high capacity can
be gained by using a combination of coding and diversity [25]. To obtain
this, knowledge of the spatial and temporal variation of rain attenuation
is needed. This channel information is also useful for adaptive data rate
algorithms. Depending on the spatial and temporal variation of rain atten-
uation the overall system performance can be improved by adapting the
modulation and coding to the current channel conditions.

A number of models describing the temporal variability of rain atten-
uation can be found in the literature, among them [26–32], and models
describing the horizontal distribution of rain attenuation [33, 34]. It is of
great interest to have a space-time rain attenuation model which combines
the temporal and spatial variability of rain attenuation. Depending on the
separation angle between different links and climatic parameters, such a
model can be used for generating multiple correlated rain attenuation time
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FIGURE 1.5: Route diversity during rain, where a user terminal selects
a link from base station with a lower attenuation at any time.

series experienced by each link. This can further be used for optimizing
FMT such as link diversity, space-time coding and other performance en-
hancing techniques.

2 Vegetation Effects

Vegetation obstructing the LOS propagation path causes radiowave ab-
sorption, scattering, diffraction and depolarisation [35]. The attenuation
depends on a range of factors; among them are tree type, whether trees are
in leaf or without leaf, whether trees are dry or wet, frequency, and path-
length through foliage [36, 37]. The ITU-R P. 833 [38] provides a model
for predicting the mean signal attenuation though vegetation. At millime-
ter wavelength leaves and needles have dimension large compared to the
wavelength, and can significantly affect the propagation condition. For a
receiver sight obstructed by vegetation, the channel does not remain sta-
tic as vegetation move due to applied wind force. In some cases, the sig-
nal can be insufficient for service after propagating through vegetation. In
other cases, a UT may be obstructed by vegetation along the signal path
that does not give a sufficient mean attenuation to take the received signal
level below the system margin. However, as the trees move with wind,
time varying multipath component occur due to reflection and scattering
from swaying tree components. This results in signal level variation over a
large range which may make the provision of a service unfeasible. Fig. 1.6
shows an example of a typical measured received signal at 29 GHz after
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propagating through a leaved dry deciduous trees and the corresponding
measured wind speed is shown in Fig. 1.7. As expected the signal varia-
tion increases with increasing wind speed. Observe the large signal varia-
tions in Fig. 1.6 after about 2000 seconds which is caused by the increase in
wind speed shown in Fig 1.7. This indicates the existence of high correla-
tion between received signal variation through vegetation and wind speed.
In general, designing mitigation techniques for these very fast and deep
signal variations can be challenging and it depends on accurate modeling
and prediction of the signal fading. This further requires the knowledge of
wind dynamics and the complex response of a tree to induced wind force.
Different experimental results and analysis on the effect of vegetation on
radiowaves are reported in the literature; among them are [36, 37, 39–44].

Much research in the past has been concentrated in characterizing the
mean attenuation through vegetation. Understanding the dynamic effects
are essential, especially having time series synthesizers for signal fading
due to swaying vegetation are important for testing different system impli-
cations due to vegetation. In this case, the simulation model should have
similar statistical and dynamical characteristics as those of measurements.
Time series obtained from propagation experiments can be used for this
purpose. However, such time series may not be available at the preferred
frequency, wind speed conditions etc.

3 Multipath Propagation

Multipath propagation occur when the received signal consists of a number
of signals that have traveled different pathlengths. Multipath propagation
with large time delays relative to symbol duration result in frequency se-
lective fading, which can significantly degrade the system performance if
no equalizers are used. The time delay between received multipath compo-
nents depend on both the surrounding reflectors and the properties of the
transmitting and receiving antennas. A ray-tracing study reported in [39]
shows that the very narrow user terminal antenna beamwidths in BFWA
systems cause the majority of multipath signals to be heavily attenuated.
Only the very shallow grazing rays from nearby rooftops and the ground
enter the receiver with an appreciable magnitude. Fig. 1.8 shows a pos-
sible multipath scenario at millimeter wavelength signal in urban envi-
ronment. In addition to the desired LOS signal, reflections from nearby
building of the desired transmitted signal (and also of undesired interfer-
ing signals) may occur. In the millimeter wavelength region the diffraction
phenomenon can be neglected and the sum of the direct ray and the re-
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FIGURE 1.6: Measured signal fading after propagating through dry
leaved deciduous trees at 29 GHz.
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FIGURE 1.7: Measured wind speed.
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FIGURE 1.8: Multipath in BFWA system (at millimeter wavelength) em-
ployed in urban environment [39].

flected/scattered rays can be used to describe the behavior of the propaga-
tion channel with good accuracy [45, 46]. Building surfaces are quite rough
at millimeter wavelength, and this leads to diffuse reflection [47].

The distribution of the short-term received signal envelope after prop-
agating different paths can be described by a Nakagami-Rice distribution
[48, 49]. The change of the reflection properties in the environment due
to wet surfaces can cause time varying multipath propagation [49]. It was
found from 38 GHz wideband measurements that the Nakagami-Rice K-
factor of the received signal decreases with increasing rain rate, and is given
by [49]

K = 16.88 − 0.04R (1.2)

where R is the rain rate in mm/h. This is because wet surfaces become
better reflectors which results in increasing specular reflected power. In
order to characterize the multipath property of a given environment, the
location of each reflector has to be known. Ray tracing techniques using
geographical databases may obtain reflector locations, however in many
cases these databases are not available. More generic representation of the
propagation channel can be obtained by getting the location of reflectors
from a statistical distribution. In recent years a number of experimental
results and multipath models for BFWA has been reported, among them
are [48–53].
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4 Scintillation Effects

The random variations of the refractive index caused by atmospheric tur-
bulence yields a random variation of the amplitude, phase and angle of ar-
rival (AOA) of the received signal. This phenomenon is called tropospheric
scintillation. In the troposphere, there are two main regions in which turbu-
lence is likely to be strong. In the lower part of the troposphere (the surface
boundary layer) where turbulence fluctuations produce mixing of the air,
and are responsible for vertical transport processes near the Earth’s sur-
face. In clouds, where turbulence results from the entrainment of air (the
process by which the outer edge of the cloud mixes with dry air outside of
the cloud) [39]. It has been shown that turbulence in cumulus clouds (espe-
cially fair-weather clouds) induces most of the scintillation effects observed
on satellite links [39]. The scintillation effects observed on terrestrial links
are mainly due to turbulence in the lower part of the atmosphere [54]. The
amplitude of scintillations increases with increasing frequency, pathlength,
and antenna beamwidth [55–57]. In addition to clear sky scintillation, scin-
tillation occurs also simultaneously during rain induced fades where the
standard deviation of scintillation increases with increasing rain attenua-
tion [58].

A wide aperture antenna may be used to reduce the effect of scintilla-
tion, since this produces averaging of the scintillation across the slightly
different paths taken to each point across the aperture. Alternatively, spa-
tial diversity may be used, where the signals from two antennas are com-
bined to reduce the overall fade depth (best result may be obtained by using
vertically separated antennas due to the tendency for horizontal stratifica-
tion of the troposphere [59]). Numerous studies dealing with scintillation
can be found in the literature, among them are [54–64].

5 Combined Propagation Effects

In some cases the received signal can be affected by combinations of dif-
ferent propagation degradations [65, 66]. For example the received signal
may be affected by rain, scintillation, vegetation and multipath propaga-
tion. In order to design and optimize a FMT for such scenario, knowl-
edge of the individual propagation effects and their dependency on each
other is required. As discussed in Section 4, during rain the scintillation
standard deviation increases with increasing rain attenuation [58]. In Sec-
tion 3 the dependency of the received multipath signal power on rain rate
was discussed, where the Nakagami-Rice K-factor decreases with increas-
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FIGURE 1.9: Combined wideband dynamic channel model [65, 66].

ing rain rate due to increase power of the reflected multipath components
[49]. Measurement results in [37] shows that wet vegetation attenuates the
signal more than dry ones. Fig. 1.9 illustrates a channel model for com-
bined propagation effects. The dashed lines indicate that there is a depen-
dency between the propagation effects. The channel impulse response is
then given by

h(t) =
N−1∑

n=0

an(t)sn(t)vn(t)mn(t)δ(t − τn) exp(−jφn(t)) (1.3)

where t is the time and N is the total number of taps. For each tap number
n, τn(t) is the tap delay, φn(t) is the phase within the range [0, 2π], δ is delta
function, mn(t) is the signal amplitude, vn(t) is the time varying vegetation
attenuation, sn(t) is the scintillation effect and an(t) is the dynamic rain
attenuation. Depending on the pathlength traveled through vegetation,
rain and turbulence, each tap will have different average vegetation and
rain attenuations, and scintillation effects. Foliage density is not uniform,
which implies that depending on the angle of incident to the foliage, taps
will fade differently. During rain, the taps may be subjected to varying cor-
related dynamics depending on the spatial correlation of rain attenuation
between different paths though rain [66]. In general, understanding the
different dynamic propagation effects at millimeter wavelength and their
dependency on each other is important for developing a realistic wideband
combined channel model. The model can be used for simulating FMT for
combinations of different propagation impairments.
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6 Contributions of the Included Papers

This thesis incorporates seven papers. Propagation impairments due to
rain, vegetation and multipath propagation were investigated. Paper A
focuses on rain attenuation, and investigates the spatial and temporal vari-
ability of rain attenuation. Based on the model and theory on the spatial
and temporal correlation of rain attenuation described in Paper A, the mul-
tipath propagation during rain in BFWA employed in dense urban areas
was studied in Paper B. The objective was to develop a theoretical model
for simulating correlated channel tap realizations during rain which can be
used in performing different system aspect simulations.

In Paper C we concentrated on satellite links and studied the fade du-
ration statistics for frequencies between 10 - 50 GHz, and proposed a new
prediction model. While in Paper D the focus was to investigate the ef-
fect of rain attenuation on the channel capacity and bit error rate (BER) of
BFWA systems.

Papers E and F deals with the dynamic effects of vegetation on prop-
agating radiowaves, and new models for simulating signal fading due to
swaying vegetation were developed. Finally, Paper G presents a wideband
dynamic channel model which combines propagation impairments due to
rain, scintillation, vegetation and multipath propagation.

Please note that the models for the multipath and vegetation effects
presented in Paper G can be replaced by the models developed in Paper B
and E/F, respectively. A brief summary of the individual papers is given
below.

Paper A
Michael Cheffena, Lars Erling Bråten, and Torbjörn Ekman, ”Dynamic
Space-Time Rain Attenuation Model,” Submitted August 2007, Revised
June 2008 to IEEE Transactions on Antennas and Propagation.

This paper is partially based on a previously published conference arti-
cle [67]. We have investigated the space-time correlation of rain attenuation
using 42 GHz star-like network measurements. By combining the spatial
and temporal variability of rain attenuation we developed a new model for
synthesizing multiple correlated rain attenuation time series. The model
is based on the Maseng-Bakken model reported in [26]. Many of reported
time series synthesizers of rain attenuation are focused on generating time
series of one link. However, giving the degree of rain attenuation correla-
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tion between two or more links, the model can be used to generate multi-
ple correlated rain attenuation time series which can be used for optimizing
FMT and for simulating capacity enhancing techniques such as route diver-
sity, space-time coding and adaptive coding and modulation. The correla-
tion properties of the model were validated by comparing it with published
diversity gain models. Good agreement was also found between measured
and simulated CDFs of rain attenuation. The model parameters were ex-
tracted from available measurements at 42 GHz.

In the Maseng-Bakken model the dynamics of rain attenuation is
controlled by the parameter βs. Using βs values extracted from our
measurements and other previously reported values in the literature,
we identified the most significant climatic and link parameters which
influences the rain attenuation dynamics. From this we constructed a
prediction model for βs using systematic multivariable technique reported
in [68]. Finally, we studied the advantage of route diversity with selection
combing using available measurements.

Paper B
Michael Cheffena and Torbjörn Ekman, ”Theoretical Multipath Channel
Model During Rain for BFWA Employed in Dense Urban Areas,” Accepted
for publication in Proc. 2nd International Conference on Signal Processing and
Communication Systems, Gold Coast, 15 - 17 December, 2008.

During rainfall, the multipath taps may be subjected to varying corre-
lated dynamics depending on the spatial correlation of rain attenuation
between different paths though rain. Based on the theory described in
Paper A on the spatial and temporal correlation of rain attenuation, a
theoretical model for generating correlated multipath taps during rain
for BFWA employed in dense urban area was developed. Using the
developed theoretical model, we investigated the role of UT antenna on
the performance of BFWA. The results show that system outage increases
with increasing antenna beamwidth. Especially, a rapid variation of the
outage probability was observed for antenna beamwidth between 1 - 5
degree. The results indicate the importance of narrow beam UT antennas
in BFWA systems. The model can be used for performing other different
system level analysis.
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Paper C
Michael Cheffena and César Amaya, ”Prediction Model of Fade Duration
Statistics for Satellite Links between 10 - 50 GHz,” Accepted for publication
in IEEE Antennas and Wireless Propagation Letters, to appear in 2008.

In paper C we developed a new model for predicting fade duration
statistics for satellite links between 10 - 50 GHz using statistics derived
from unfiltered beacon data. A large fade duration database which covers
the Ku, Ka, and Q/V frequency bands, different elevation angles (14o -
89o) and a variety of different climatic conditions (tropical, sub-tropical
and temperate) was used. Two lognormal functions were used to model
the short and long durations due to scintillation and rain events. The indi-
vidual variables in the double lognormal are modeled as functions of link
and climatic parameters. A systematic multivariable technique reported in
[68] was used to identify the most significant parameters that governs the
fade duration statistic of a given location. The parameters found are the
attenuation threshold, frequency, elevation angle and the Rice-Holmberg
[69] rain convectivity parameter. Then, we compared the performance of
the new model with well known existing prediction models such as the
ITU-R [5], COST 205 [6] and Dissanayake-Haidara (D-H) [7]. The results
show that the new model has the best performance at Ku, Ka, and Q/V
frequency bands. When comparisons were performed using all available
data, the new model gives the best prediction on average, followed by the
D-H, COST 205 and the ITU-R models, respectively.

Paper D
Michael Cheffena, ”The Effect of Rain Attenuation on the Performance of
BFWA around Kjeller, Norway,” Accepted for publication in Proc. IEEE 68th
Vehicular Technology Conference (VTC ), Calgary, 21 - 24 September, 2008.

Paper D treats the transmission issues in a combined form including
both propagation effects and system aspects. The effect of rain attenuation
on the performance of BFWA around Kjeller, Norway was investigated
using rain attenuation statistics derived from local measurements at
42 GHz collected over four years from a star-like network. The rain
attenuation statistics of three converging links is presented and compared
with the ITU-R model [4]. The results show that the ITU-R model predicts
the statistics relatively well, expect for high attenuation levels where the
model overestimates the occurrence. During rain, the stochastic nature of
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the propagation channel is transferred to the channel capacity and BER
statistics. Statistical results of the channel capacity and BER in the presence
of rain attenuation at different service distances in scenarios with and
without intercell interference are presented. The results give an insight
to the effect of rain attenuation on system performance, and can be used
for evaluating the technical feasibility of BFWA systems in locations with
weather conditions similar to the Kjeller area.

Paper E
Michael Cheffena and Torbjörn Ekman, ”Modeling the Dynamic Effects of
Vegetation on Radiowave Propagation,” Published in Proc. IEEE Interna-
tional Conference on Communication (ICC), pp. 4466 - 4471, Beijing, 19 - 23
May, 2008.

In paper E a heuristic approach was used to model the dynamic
effects of vegetation using available fading measurements at 2.45, 5.25, 29
and 60 GHz, and wind speed data. The complex responses of a tree to
induced wind force was studied, and used to explain different phenomena
observed in measurement results. By utilizing a lowpass filter and a
mass-spring system, a new simulation model for generating signal fading
due to a swaying tree was developed. In the model, the oscillation of
each tree component was modeled as the oscillation of a mass-spring
system with the mass and spring constant of the system representing
the actual mass and stiffness of the wood material. The Nakagami-Rice
K-factors for different wind speeds were estimated from measurements.
A good agreement was found between measured and simulated CDFs
and power spectral densities (PSDs) at different wind speed conditions.
Depending on the wind speed and physical characteristics of the tree, the
model can be used for simulating signal fading due to a swaying tree with
similar dynamical and statistical characteristics as those observed from
measurement results.

Paper F
Michael Cheffena and Torbjörn Ekman, ”Dynamic Model of Signal Fad-
ing due to Swaying Vegetation,” Submitted to EURASIP Journal on Wire-
less Communications and Networking. Special Issue on Advances in Propagation
Modeling for Wireless Systems, 2008.
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In paper F a theoretical model was developed to characterize the
dynamic effects of vegetation using available fading measurements at 2.45,
5.25, 29 and 60 GHz, and wind speed data. It is based on Paper E. In the
model a multiple mass-spring system was used to represent a tree and a
turbulent wind model was used to describe the wind dynamics. Using the
wind and tree models the complex response of a tree to included wind
force was mathematically described and used to model the signal fading
due to swaying vegetation. The model was validated in terms of CDF,
autocorrelation function (ACF), level crossing rate (LCR) and average
fade duration (AFD) using measurements. Good agreement was found
between the measured and simulated first and second order statistics. The
model can be used for simulating signal fading due to swaying vegetation
which can further be used for designing and simulating FMT.

Paper G
Michael Cheffena, Lars Erling Bråten, Terje Tjelta and Torbjörn Ekman,
”Time Dynamic Channel Model for Broadband Fixed Wireless Access Sys-
tems,” Published in Proc. IST 15th Mobile & Wireless Communications Sum-
mit, Myconos, 4 - 8 June, 2006.

In paper G a dynamic wideband channel model for BFWA which com-
bines degradations due to multipath propagation, rain and vegetation at-
tenuation as well as scintillation effects was developed. The objective was
to specify the relationship between propagation effects and combine them
in such a way to give a complete channel model suitable for designing fade
mitigation and simulating capacity enhancing techniques. In the model, a
time varying tapped delay line model is employed to represent the mul-
tipath propagation. The time dynamic rain attenuation is modeled using
the Maseng-Bakken model [26]. The vegetation attenuation is modeled by
a Nakagami-Rice distribution with K-factor decreasing with wind speed.
The power spectrum of amplitude scintillation reported in [56] was used to
describe the dynamics of scintillation. The short-term probability density
function of scintillation was modeled by a Gaussian distribution, while the
long-term distribution was modeled using the Mousley-Vilar model [70].
The influences of rain on the scintillation standard deviation and on the
multipath properties of the channel were also incorporated in the combined
wideband channel model.

Note that the models for the multipath propagation and vegetation ef-
fects in Paper G can be replaced by the models reported in Paper B and
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Paper E/F, respectively.

7 Conclusions

A good understanding of the propagation channel at millimeter wave-
length is necessary for success in designing wireless systems with a given
quality-of-service (QoS) and availability. Rain attenuation varies slowly
while scintillation and vegetation effects result in fast signal fading. De-
pending on how fast the channel changes the transmission methodology of
the communication system can be adapted to increase the system through-
put and guaranty the required QoS and availability. In some cases, the
propagation path might be affected by combination of different propaga-
tion impairments with various speed of fading dynamics. In this case, the
fade counter measure need to be optimized in terms of the various fading
dynamics of the channel. For proper design of FMT, not only is knowl-
edge on the individual dynamic effects required but also knowledge on the
dependency between the propagation impairments is needed.

The work presented in this thesis deals with modeling and predicting
propagation effects at millimeter wavelength channels. The collective con-
tribution of the thesis is to add understanding on the different dynamic
propagation impairments between 20 - 60 GHz with emphasis on signal
fading due to rain and vegetation. As a result models for rain attenuation,
multipath propagation during rain, vegetation effects, and combined prop-
agation impairments where developed. In addition, simulations where
performed to characterize the effect of multipath propagation during rain
and rain attenuation on system performance. They give an insight into
the kinds of system performance analysis that can be performed using the
models developed in this thesis.

This work has contributed to and improved the ability to simulate prop-
agation effects at millimeter wavelength channels. The models presented
in this thesis can be used for simulating different capacity enhancing tech-
niques such as adaptive coding and modulation and other FMT. The main
contributions of this thesis and suggestions for future research are given in
the following sections.

7.1 Main Contributions of the Thesis

The main contributions of the thesis can now be summarized as follows:
• A new dynamic space-time rain attenuation model was developed

using available measurements at 42 GHz from a star-like network
collected over four years.
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• A new prediction model for fade duration statistics for satellite links
between 10 - 50 GHz was developed. The most significant link and
climatic parameters which governs the fade duration statistics of a
particular location where identified. The new model has the best
performance when compared with well known existing prediction
models such as the ITU-R [5], COST 205 [6] and D-H model [7] using
our fade duration database.

• Two new models for simulating signal fading due to swaying vege-
tation were developed using available fading measurements at 2.45,
5.25, 29 and 60 GHz, and wind speed data. A heuristic and a theoret-
ical (which includes a tree and a turbulent wind model) approaches
were used to develop the simulation models.

• A new theoretical model for generating correlated multipath taps
during rain for BFWA employed in dense urban area was developed.
Using the developed model the role of UT antenna on system perfor-
mance was investigated. From this the importance of directive UT
antennas in BFWA was indicated.

• A prediction model for parameter βs which controls the dynamics of
rain attenuation in the Maseng-Bakken model was developed. The
most significant link and climatic parameters which influence the dy-
namics of rain attenuation where identified.

• The effect of rain on the performance of BFWA was investigated us-
ing rain attenuation statistics of three converging links. Statistical
results of the channel capacity and BER in the presence of rain at-
tenuation at different service distances in scenarios with and without
intercell interference are presented.

• An initial wideband dynamic channel model which combines propa-
gation degradations due to multipath, rain, scintillation and vegeta-
tion was developed.

7.2 Suggestions for Future Research

Below are given a list of some suggestions for future works
• Verify the theoretical multipath model during rain for BFWA em-

ployed in dense urban area reported in Paper B using wideband mea-
surements.

• More analysis of fade duration statistics for slant paths especially for
locations above 50o latitude.

• As the fading is composed of effects working on different time scales
(fast and slow), develop channel predictors for different speed of dy-
namics.
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• Use knowledge on the fast and slow channel variations to develop
efficient adaptive coding and modulation algorithms.

• Verify the combined wideband channel model reported in Paper G
using measurements, and use it to carry out a performance analy-
sis of BFWA subject to different combinations of propagation impair-
ments.
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[9] L. E. Bråten, C. Amaya, and D. Rogers, “Fade durations on Earth-
space links: Dependence on path and climatic parameters,” Proc.
CLIMPARA, Budapest, 28 - 30 May 2001.

[10] United Sates of America, “Working document toward a revision of
recommendation ITU-R P.1623 including a new inter-fade interval
prediction method,” Doc. 3M/59, ITU-R Study Group 3, 2004.

25



REFERENCES

[11] E. Matricciani and M. Mauri, “Rain attenuation successive fade du-
rations and time intervals between fades in a satellite-earth link,”
Electron. Lett., vol. 22, no. 12, pp. 656–657, June 1986.

[12] E. Vilar and A. Burgueño, “Analysis and modeling of time intervals
between rain rate exceedances in the context of fade dynamics,”
IEEE Trans. Commun., vol. 39, no. 9, pp. 1306–1312, September 1991.
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Abstract

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. By utilizing a multiple mass-spring system to represent a tree and a
turbulent wind model, a new simulation model for generating signal fading due
to a swaying tree was developed. The model is validated in terms of the cumu-
lative distribution function (CDF), autocorrelation function (ACF), level crossing
rate (LCR) and average fade duration (AFD) using measurements. Good agree-
ments were found between the measured and simulated first and second order sta-
tistics of the received signals at different wind conditions. In addition, the Ricean
K-factors for different wind speeds were estimated from the measurements. Gen-
erally, the new model has similar dynamical and statistical characteristics as those
observed in measurement and can be used for synthesizing signal fading due to a
swaying tree. The synthesized fading can be used for simulating different capac-
ity enhancing techniques such as adaptive coding and modulation and other fade
mitigation techniques.
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INTRODUCTION

1 Introduction

In a given environment radiowaves are subjected to different propagation
degradations. Among them, vegetation moving with wind can both at-
tenuate and give a fading effect to the propagating signal. Generally, op-
erators 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. Therefore, understanding the dynamic vegetation
effects on propagating radiowaves is important for designing fade mitiga-
tion techniques such as adaptive coding and modulation, path diversity,
and other mitigation techniques.

The attenuation depends on a range of factors; such as tree type,
whether trees are in leaf or wet, frequency, and pathlength through foliage
[1, 2]. For frequencies above 20 GHz, leaves and needles have dimensions
large compared to the wavelength, and can significantly affect the prop-
agation conditions. The ITU-R P. 833 [3] provides a model for predicting
the mean signal attenuation though vegetation. The temporal variations
of the relative phase of multipath component due to movement of the tree
results in fading of the received signal, and had been reported in e.g. [4–
7]. The severity of the fading depends on the rate of phase changes which
further depends on the movement of the tree components. Thereby, for
accurate prediction of the channel characteristics, the motion of trees un-
der the influence of wind should be taken in to account. This requires the
knowledge of wind dynamics and the complex response of a tree to in-
duced wind force. In our previous work, a heuristic approach was used
to model the dynamic effects of vegetation [7]. 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 description of the mea-
surement set-up for measuring signal fading after propagating through
vegetation and meteorological data. Section 3 discusses the wind speed
dynamics. The motion of trees and their dynamic effects to propagating ra-
dio waves, and the validation of the proposed simulation model are dealt
with in Section 4. Finally, conclusions are presented in Section 5.

2 Measurement Set-Up

To characterize the influence of vegetation on radiowaves, measurements
were performed for a broad range of frequencies, including 2.45, 5.25, 29
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TABLE F.1: Site description [5]

Site Pathlength 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 creat-
ing a wall

and 60 GHz, in various foliage and weather conditions [5]. A sampling
rate of 500 Hz was used to collect the radio frequency (RF) signals using
a spectrum analyzer, multimeter, and a computer with GPIB (General Pur-
pose Interface Bus) interface. In addition, to understand the behavior of
radiowaves propagating through vegetation under different weather con-
ditions, meteorological measurements including wind speed and precipi-
tation were performed. The wind speed was collected every 5 seconds, and
the precipitation data every 10 seconds.

The measurements were taken in 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 out of
leaf. Site 2 was populated by several coniferous trees which made a wall of
trees. Table F.1 gives general site information. A detailed description of the
measurements can be found in [5]. An example of received signal at 29 GHz
after propagating through dry leaved deciduous trees (Site 1) is shown in
Fig. F.1, and the corresponding measured wind speed is shown in Fig. F.2.
These figures indicate the existence of strong wind speed dependency for
signal transmission through vegetation. For a closer look, Figs. F.3 and F.4
show examples of typical measured signals during low (1 to 3 m/s) and
high wind speed (≥ 4.5 m/s) conditions for leaved dry deciduous trees
(Site 1) at 29 GHz, respectively. Accurate modeling of the channel is needed
when design mitigation techniques for the fast and deep signal variations
shown in Figs. F.1 and F.4. This requires knowledge of wind dynamics and
the motion of trees under the influence of wind.

146



MEASUREMENT SET-UP
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FIGURE F.1: Measured signal fading after propagating through dry
leaved deciduous trees at 29 GHz.
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FIGURE F.2: Measured wind speed.
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FIGURE F.3: Typical measured signal at 29 GHz for leaved dry decidu-
ous trees during low wind speed conditions (1 to 3 m/s).
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FIGURE F.4: Typical measured signal at 29 GHz for leaved dry decidu-
ous trees during high wind speed conditions (≥ 4.5 m/s).
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WIND DYNAMICS

3 Wind Dynamics

The movement of trees is directly influenced by wind. Understanding the
dynamic characteristics of wind is therefore essential when describing the
complex response of a tree to induced wind force and their dynamic effects
to propagating radiowaves. The turbulent wind speed power spectrum
can be represented by a Von Karman power spectrum [8], and it can be
simulated by passing white noise through a shaping filter with transfer
function given by [9, 10]

HF (s) =
KF

(1 + sTF )5/6
(F.1)

where KF and TF are the gain and time constant of the shaping filter, re-
spectively. A close approximation of the 5/6-order filter in (F.1) by a ratio-
nal transfer function is given by [9]

HF (s) = KF
(g1TF s + 1)

(TF s + 1)(g2TF s + 1)
(F.2)

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

TF =
Lr

wm
(F.3)

KF ≈
√

2π

B(1
2 , 1

3)

TF

Ts
(F.4)

where wm is the mean wind speed and Lr 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 [11]. 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 (F.5)

Fig. F.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 unit
variance is transformed into colored noise, nc(t) (with unite variance), by
smoothing it with the filter given in (F.2). 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, as described below.

w(t) = nc(t)σw + wm (F.6)
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FIGURE F.5: Model for simulating wind speed.

TABLE F.2: kσ values for different terrain types at 10 meter height [11]

Type Coastal Lakes Open Built up areas City centres

kσ 0.123 0.145 0.189 0.285 0.434

σw = kσwm (F.7)

where kσ is a constant which depends on the type of the terrain [11], see Ta-
ble F.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, sub-branches,
and leaves. The tree responds in a complex way to induced wind forces,
with each branch swaying and dynamically interacting with other bran-
ches and the trunk. During windy conditions, first-order branches sway
over the swaying trunk, and second-order branches sway over the sway-
ing first-order branches. Generally, smaller branches sway over swaying
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 [12]. Radiowaves
scattered from these swaying tree components have a time varying phase
changes due to periodic changes of the pathlength which results in fading
of the received signal. Fig. F.6 illustrates the pathlength difference due to
displacement of a tree component from rest, and is given by (see Appendix
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FIGURE F.6: Pathlength difference. L1 + L2 is the pathlength of the LOS
component, L3 +L4 is the pathlength of the multipath component at rest,
L5 + L6 is the pathlength of the multipath component when displaced,
x is the displacement and d is the distance from the LOS path to the po-
sition of a tree component. Tx and Rx are the transmitting and receiving
antennas.

2).

∆L ≈ x
d(L1 + L2)

L1L2
(F.8)

where L1 + L2 is the pathlength 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 L2 to the position of a tree component, L2 is the
distance from L1 to the receiver and x is the displacement.

A dynamic structure model of tree was reported in [12], and is extended
here to include dynamic wind force and mathematical description of the
motion of each tree component, see Fig. F.7. In the model, tree components
(the trunk, branches and sub-branches) 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 here use a tree model with a trunk and just
six branches, as seen in Fig F.7. This simple model is sufficient to recre-
ate the rich dynamic behavior of the fading from a real tree, as is demon-
strated 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 com-
ponents in Fig. F.7 can be formulated using second order differential equa-
tions

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)

(F.9)

m1ẍ1(t) = −ẋ1(t)(c1 + c2) + ẋ2(t)c2 + ẋ0(t)c1

− x1(t)(k1 + k2) + x2(t)k2 + x0(t)k1 + f1(t)
(F.10)
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FIGURE F.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, respectively, of tree component i (the
trunk and branches).

152



THE DYNAMIC EFFECTS OF VEGETATION ON RADIOWAVES

m2ẍ2(t) = c2(ẋ1(t) − ẋ2(t)) + k2(x1(t) − x2(t)) + f2(t) (F.11)

m3ẍ3(t) = −ẋ3(t)(c3 + c4) + ẋ4(t)c4 + ẋ0(t)c3

− x3(t)(k3 + k4) + x4(t)k4 + x0(t)k3 + f3(t)
(F.12)

m4ẍ4(t) = c4(ẋ3(t) − ẋ4(t)) + k4(x3(t) − x4(t)) + f4(t) (F.13)

m5ẍ5(t) = −ẋ5(t)(c5 + c6) + ẋ6(t)c6 + ẋ0(t)c5

− x5(t)(k5 + k6) + x6(t)k6 + x0(t)k5 + f5(t)
(F.14)

m6ẍ6(t) = c6(ẋ5(t) − ẋ6(t)) + k6(x5(t) − x6(t)) + f6(t) (F.15)

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 [12]. 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 [13]

fi(t) =
Cdρw(t)2Ai

2
(F.16)

where Cd is the drag coefficient, ρ is the air density, Ai is the projected sur-
face area of the tree component and w(t) is the wind speed (it is assumed
to be the same within the area of the tree and can be simulated using the
model shown in Fig. F.5).

The time varying displacement, xi(t), of each tree component can then
be obtained by solving Eqs. (F.9) to (F.15) using state-space modeling

ẏ = Ay + Bu (F.17)

x = Cy + Du (F.18)
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where y = [x0(t) x1(t) x2(t) x3(t) x4(t) x5(t) x6(t) ẋ0(t) ẋ1(t) ẋ2(t) ẋ3(t) ẋ4(t)
ẋ5(t) ẋ6(t)]T is the state vector, u = [f0(t) f1(t) f2(t) f3(t) f4(t) f5(t) f6(t)]T

is the input vector, and x = [x0(t) x1(t) x2(t) x3(t) x4(t) x5(t) x6(t)]T is the
output vector. The matrices A, B, C and D are obtained from Eqs. (F.9)
to (F.15), see Appendix 3. Note that (F.17) and (F.18) are for continues-time
and can be converted to discrete-time using e.g. bilinear transformation.

4.2 Signal Fading due to Swaying Tree

Former studies on the measurements used here suggested that the signal
envelop can be represented using the Extreme value or lognormal distri-
bution [5]. However, the majority of reported measurement results sug-
gest Nakagami-Rice envelop distribution [6, 14–16]. It was found here that
the Nakagami-Rice distribution can well represent the measured signal en-
velop through vegetation. The Chi-Square test has been performed to ver-
ify the fitness of Nakagami-Rice and measured signal distribution. For all
frequencies, the hypothesis was accepted for 5% significance level. There-
for, Nakagami-Rice envelop distribution is assumed in the developed sim-
ulation model, with the K-factor given by

K =
Pd

Pf
(F.19)

where Pd and Pf are the power in the direct and diffuse component, respec-
tively. From our measurements we estimated the Ricean K-factors under
different wind conditions using the moment-method reported in [17], see
Fig. F.8. The reduction of the K-factor suggests that the contribution of the
diffuse component increases with increasing wind speed. We can also ob-
serve that the K-factor decreases with increasing frequency (due to smaller
wavelength).

The time series for the received power is obtain as |h(t)2| where h(t) is
the complex impulse response due to the multipath in the vegetation. The
impulse response h(t) can be expressed as

h(t) = ad exp(jθ) +
6∑

i=0

af exp

[

j

(

θi −
2π

λ
∆Li(t)

)]

(F.20)

where ad =
√

Pd is the amplitude of the direct component and af =
√

Pf/7
is the amplitude of each scattered signal (assumed to be equal for all scat-
tered components), θ is the phase uniformly distributed within the range
[0, 2π], λ is the wavelength and ∆Li(t) is the time varying pathlength dif-
ference due to displacement of the ith tree component shown in Fig. F.7.
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FIGURE F.8: Ricean K-factor as function of average wind speed.

Following the same approach as in (F.8), ∆Li(t) for i = 1, 2...6 are given by

∆L0(t) ≈ x0(t)
d0(L1 + L2)

L1L2
(F.21)

∆L1(t) ≈ (x0(t) + x1(t))
d1(L1 + L2)

L1L2
(F.22)

∆L2(t) ≈ (x0(t) + x1(t) + x2(t))
d2(L1 + L2)

L1L2
(F.23)

∆L3(t) ≈ (x0(t) + x3(t))
d3(L1 + L2)

L1L2
(F.24)

∆L4(t) ≈ (x0(t) + x3(t) + x4(t))
d4(L1 + L2)

L1L2
(F.25)

∆L5(t) ≈ (x0(t) + x5(t))
d5(L1 + L2)

L1L2
(F.26)

∆L6(t) ≈ (x0(t) + x5(t) + x6(t))
d6(L1 + L2)

L1L2
(F.27)
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where L1, L2 and di are as defined in (F.8). Observe from (F.20) that the
time varying pathlength difference, ∆Li(t), results in time varying phase
changes which gives a fading effect to the received signal.

Examples of simulated signal fading due to swaying tree using the
new model for low and high wind speed conditions are shown in Figs. F.9
and F.10, respectively. The simulation parameters are shown in Table F.3.
The parameters for the tree (Ai, mi, ki and ci) are chosen to give good agree-
ment with measurement results. Note that different damping factors, ci, for
low and high wind conditions are used. This is because as the wind speed
increases tree components sway to dispute the energy induced from the
wind [12] which results in increasing damping factor with increasing wind
speed. 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 0.01 to 35 (for low wind speed) and ci values in the range 40 to
200 (for high wind speed) can be used in the model. Comparisons of the
CDFs, ACFs, LCRs and AFDs of the measured (leaved dry deciduous trees
(Site 1) at 29 GHz) and simulated received signals during low and high
wind speed conditions are shown in Figs. F.11 - F.14. The LCRs and AFDs
are normalized to the Root-Mean-Square (RMS) level. Observe that good
agreement is found between the measured and simulated received signals
in terms both first and second order statistics. Observe also the effects of
wind speed on the first and second order statistics of the received signal.
For example note how fast the ACF decays during high wind speed com-
pared to low wind speed conditions. The increase rate of signal changing
activity during windy conditions can be implied from the LCR curves in
Fig. F.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 Fig. F.14.

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 effects of vegetation on propa-
gating radiowaves. By using a multiple mass-spring system to represent a
tree and a turbulent wind model to characterize the dynamic behavior of
wind, a new simulation model was developed for simulating signal fading
due to swaying vegetation. The model was validated in terms of first and
second order statistics such as CDF, ACF, LCR and AFD at different wind
conditions using measurements. Good agreements were found between
the measured and simulated first and second order statistics of the received
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FIGURE F.9: Simulated signal fading at 29 GHz during low wind speed
conditions (wm = 2 m/s).
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FIGURE F.10: Simulated signal fading at 29 GHz during high wind
speed conditions (wm = 5 m/s).
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FIGURE F.11: Measured and simulated CDFs at 29 GHz for low (wm = 2
m/s) and high (wm = 5 m/s) wind speed conditions.
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FIGURE F.12: Measured and simulated ACFs at 29 GHz for low (wm = 2
m/s) and high (wm = 5 m/s) wind speed conditions.
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FIGURE F.13: Measured and simulated LCRs at 29 GHz for low (wm = 2
m/s) and high (wm = 5 m/s) wind speed conditions.

−50 −40 −30 −20 −10 0 10 20
10−3

10−2

10−1

100

101

102

Level normalized to RMS level

A
ve

ra
ge

 fa
de

 d
ur

at
io

n 
(p

er
 s

ec
on

d)

 

 
Measured High
Simulated High
Measured Low
Simulated Low

FIGURE F.14: Measured and simulated AFDs at 29 GHz for low (wm = 2
m/s) and high (wm = 5 m/s) wind speed conditions.
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signals. Furthermore, the Ricean K-factors for different wind speeds were
estimated from measurements. In general, the new model has similar dy-
namical and statistical characteristics as those observed from measurement
results and can be used for simulating different capacity enhancing tech-
niques such as adaptive coding and modulation and other fade mitigation
techniques.
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Abstract

Broadband fixed wireless access (BFWA) has been recognized as an effective
first kilometer solution for delivering broadband services to residential and busi-
ness customers. The large bandwidths available above 20 GHz make radio sys-
tems with very high capacities possible. Users can be offered bit rates in the order
of several hundred Mbit/s. Such radio links can, in many cases, be an alternative
to optical fibre in terms of capacity. This article presents a time dynamic channel
model for BFWA operating above 20 GHz. The developed channel model rep-
resents the time varying wideband channel, and combines degradations due to
multipath propagation, rain and vegetation attenuation as well as scintillation ef-
fects. A time varying tapped delay line model is employed to represent multipath
propagation. Time dynamic rain attenuation is modeled using the Maseng-Bakken
model. The vegetation attenuation is modeled by a Nakagami-Rice distribution
with K-factor decreasing with wind speed. The short-term probability density
function of amplitude scintillation is modeled by a Gaussian distribution, while
the long-term distribution is modeled using the Mousley-Vilar model. The com-
bined channel model is suitable for simulating fading mitigation techniques such
as adaptive coding and modulation, interference cancellation, and other capacity
enhancing techniques.
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Appendix 1

Derivation of (A.11)

The correlation coefficient between two filter outputs is given by

[RY ]ij = E[yi(k)yj(k)] (1.1)

where yi(k) and yj(k) are given by (A.10); substituting these expressions in
(1.1) yields

[RY ]ij = E[(
√

1 − ρ2
i xi(k) + ρiyi(k − 1)) · (

√

1 − ρ2
jxj(k) + ρjyj(k − 1)]

=
√

1 − ρ2
i

√

1 − ρ2
j

[RX ]ij
︷ ︸︸ ︷

E[xi(k)xj(k)] +ρj

√

1 − ρ2
i

0
︷ ︸︸ ︷

E[xi(k)yj(k − 1)]

+ ρi

√

1 − ρ2
j

0
︷ ︸︸ ︷

E[xj(k)yi(k − 1)] +ρiρj

[RY ]ij
︷ ︸︸ ︷

E[yi(k − 1)yj(k − 1)]

=
√

1 − ρ2
i

√

1 − ρ2
j [RX ]ij + ρiρj [RY ]ij

(1.2)

Solving (1.2) for [RX ]ij gives

[RX ]ij =
1 − ρiρj

√

1 − ρ2
i

√

1 − ρ2
j

[RY ]ij (1.3)
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Appendix 2

Derivation of (F.8)

From Fig. F.6, by using Pythagoras

L3 =
√

L2
1 + d2

= L1

√

1 +
d2

L1

(2.1)

Applying Taylor approximation

L3 ≈ L1(1 +
d2

2L2
1

) (2.2)

Similarly

L4 ≈ L2(1 +
d2

2L2
2

) (2.3)

L3 + L4 is the pathlength in rest, and is given by

L3 + L4 = L1 + L2 +
d2

2

(
L1 + L2

L1L2

)

(2.4)

L5 + L6 is the pathlength when displaced, expressed as

L5 + L6 = L1 + L2 +
(d + x)2

2

(
L1 + L2

L1L2

)

(2.5)
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2. DERIVATION OF (F.8)

The difference in pathlength when a branch is in rest and when it is dis-
placed is then given by

∆L = L5 + L6 − L3 + L4

=
(2dx + x2)

2

(
L1 + L2

L1L2

)

≈ x
d(L1 + L2)

L1L2

(2.6)
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Appendix 3

Matrices for the State-Space
Model in (F.17) and (F.18)

A =

(
07×7 I7×7

A21 A22

)

(3.1)

where 07×7 and I7×7 are 7 by 7 zero and identity matrices, respectively.
A21 and A22 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















(3.2)

A22 =















− (c0+c1+c3+c5)
m0

c1
m0

0 c3
m0

0 c5
m0

0
c1
m1

− (c1+c2)
m1

c2
m1

0 0 0 0

0 c2
m2

− c2
m2

0 0 0 0
c3
m3

0 0 − (c3+c4)
m3

c4
m3

0 0

0 0 0 c4
m4

− c4
m4

0 0
c5
m5

0 0 0 0 − (c5+c6)
m5

c6
m5

0 0 0 0 0 c6
m6

− c6
m6















(3.3)
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3. MATRICES FOR THE STATE-SPACE MODEL IN (F.17) AND (F.18)

B =





























0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
1

m0
0 0 0 0 0 0

0 1
m1

0 0 0 0 0

0 0 1
m2

0 0 0 0

0 0 0 1
m3

0 0 0

0 0 0 0 1
m4

0 0

0 0 0 0 0 1
m5

0

0 0 0 0 0 0 1
m6





























(3.4)

C =













1 0 0 0 0 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0 0 0 0













(3.5)

D = (07×7) (3.6)
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