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Abstract

This research deals with various aspects of channel modeling in land mobile satellite (LMS)
communications. In this work, we investigate on the effect of propagation phenomena specific to
different propagation scenarios on signal received by an LMS receiver.

We sort out the propagation scenarios usually encountered by an LMS receiver and analyze the
chain of mechanisms that contribute to the fading effects in that particular scenario. From this
analysis, we conclude what type of mathematical formulation and what statistical distributions
are appropriate to take into account the effect of the actual propagation phenomena which occur
for pertaining to certain scenario. The complex envelope processes proposed this way are used for
narrowband and wideband LMS channel modeling.

We include the effect of directivity of LMS antenna systems in the three-dimensional (3D)
scattering models available in literature. This significantly modifies the expression of autocovariance
function and second order moments useful for calculation of some important second order statistics.

We propose two narrowband models based on complex envelope processes with additive and
multiplicative interaction of shadow fading and small-scale fading with 3D scattering mechanism.
By comparing with measurement results of second order statistics available in literature, we show
that the additive model can be used to depict a wide variety of fading situations for flat urban and
suburban areas while the model based on multiplicative process is applicable to areas shadowed by
irregular terrain and trees.

For calculation of statistics in multipath frequency-selective wideband channel we propose a
new mathematical framework which is also used for state-based models. We also compute channel

capacity for all kind of channel models dealt throughout the thesis.
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Land mobile satellite communications (LMSC) are part of Global Mobile Satellite Communi-
cations (GMSC), which provides global communication service to end users from a GEO (Geo-
stationary Earth Orbit) or non-GEO satellite. The INMARSAT system was the first to provide
international maritime satellite communication services and later expanded its services to aircraft
and land mobiles. Other systems like MSAT in Canada, American Mobile Satellite Corporation
(AMSC) in USA, and AUSSAT in Australia provide LMSC services for voice communication. Since
mid-1970s, many research groups and space research organizations are active on research, testing
and small-scale deployment of mobile satellite communications. Examples include Canadian re-
search Laboratories (CRL) with MSAT, MSAT-X in USA, ETS-V in Japan, and PROSAT in
Europe.

The purpose of first generation satellite communications was to provide telecommunication
services to fixed earth station receiver like television broadcasting, navigation services for maritime
etc. Later in second generation systems, satellite services to mobile terminals started with the aim of
navigation services like Global Positioning System (GPS), aeronautical and personal communication
services. Generally, L- (1-2 GHz) and S-bands (2-4 GHz) were being used for those services.
Recently, higher satellite bands — Ku (11-18 GHz), K (18-30 GHz), and Ka (30-40 GHz), are
also being exploited for multimedia services. Recent examples of deployments and studies are
satellite-based Internet and multimedia services to high-speed trains [2] and the hybrid Ku/Ka
band MoBISAT (Mobile Broadband Interactive Satellite Access Technology) system [3]. The later
one aims at providing dual services to high speed trains and other land mobile terminals — television
broadcasting in Ku-band and high speed Internet service in Ka band based on DVB-S/DVB-RCS
standard [4]. There is also attempt at convergence of mobile satellite and terrestrial networks.

The potential of high speed internet and multimedia service of LMS systems has recently drawn
enough attention towards the modeling of LMS channels [5-10]. Majority of the LMS channel
models available in literature deals with propagation channel which can be defined as the physical
medium through which electromagnetic wave propagate between transmitter and receiver antennas
[11]. Propagation channel modeling is the method of establishing a mathematical relation between
received signal attributes and channel parameters which roughly depicts the different propagation
phenomena. If the effect of the antennas are included, the channel under consideration is called as

radio channel [11].




1.1 Issues in LMS Channel Modeling

1.1 Issues in LMS Channel Modeling

Propagation or radio channel modeling is the prerequisite for the design, testing, and deployment

of any wireless communication system. The underlying reasons are elaborated below.

e For better quality of service (QoS) which is target of any communication service, proper
communication system design is required with the purpose to control the transmission and

reception techniques in a predetermined way to mitigate the channel impairments.

e Towards that, the sources of these impairments have to be thoroughly investigated [11] which
demands rigorous study of the propagation phenomena and sufficient information about de-
pendence of signal attributes (power, amplitude, phase, frequency deviation, fluctuation rate,

duration of outage etc.) on propagation characteristics.

e Through channel modeling, mathematical expressions are derived which represents the ef-
fect of various channel parameters (transmission frequency and bandwidth, elevation angle
of satellite or base station, spatial density and distribution of physical objects around the
receiver, relative velocity between satellite or base station and receiver, and other mobile
objects in vicinity of the receiver etc.) on the signal attributes. These expressions are useful
in devising proactive measures for transmission and reception techniques and are reliable up
to considerable extent if these expressions yield values of signal attributes close to the ones
acquired through measurement campaigns. Once an expression is proved to be reliable, it
can be used again and again thus saving the cost and time needed for a measurement cam-
paign. These expressions also work as reference for performance evaluation and comparison

of different receiver systems.

e In wireless communication like LMS, the behavior of the channel is more unpredictable lead-
ing to difficulty in estimation of the dependence of the signal attributes upon some of the

aforementioned parameters. There lies the actual challenge of channel modeling.

Like any wireless communication systems, propagation channel in LMS system can be modeled
using methods which may be empirical, analytical or statistical [12]. For deployment and planning
of network, the most useful is the empirical approach which yields fast results for attenuation losses

and link budget due its simplicity (chapter 4 of [13]). But these models too are site dependent,




1.1 Issues in LMS Channel Modeling

providing little option for universal design and performance evaluation of a system let alone the
performance comparison of different systems. On the other hand, analytical models can supply
enough information about link budget by calculating average received power in a location by using
geometrical theory of diffraction (GTD). Moreover, small-scale variations (termed as small-scale
fading) around the average power of received electric field is taken into account by summing up the
reflected and scattered replicas of the transmitted wave. Using these field equations, one can derive
the autocovariance function and power spectral density, caused due to Doppler shift (Doppler PSD),
of the received signal, and the crosscorrelation between the signals received on two different antennas
in a multi-antenna system; the last quantity being very useful for design of spatial diversity [1].
However, due to inability of capturing the effects of slow temporal or spatial variation of shadow
fading, analytical models may not be considered completely site independent. Apart from that,
analytical models based on ray-tracing techniques are incapable of capturing the effects of multipath
delays which are both random and time-varying [14]. If the number, location, speed and other
characteristics of the reflectors and scatterers are not deterministic, statistical models are essential.
Statistical channel modeling provides sufficient information about some very important attributes
of the received signal like the probability of received envelope or power being under a certain
level, fluctuation rate, duration of deep fades etc. in the form of respective statistical quantities —
cumulative distribution function (CDF), mean level crossing rate (LCR) and average fade duration
(AFD). LCR and AFD provide the a-priori information about burst error statistics [15] required for
the design of communication systems, mainly the diversity schemes, error control coding and other
techniques used for signal quality improvement. For a newly proposed system, these statistics also
stand for figure of merit and thus can be used as a platform for performance comparison of different
systems in different propagation scenarios. Thus, it is very important to compare these quantities
calculated from expressions derived in a channel model with the same obtained from measured data
to ensure the credibility of that channel model. However, to calculate the power spectral density
and autocorrelation function of received signal, expression for the autocorrelation of the envelope
with certain statistical distribution have to be related with the expression formulated in some
analytical model. One popular example is [16], where autocovariance of Nakagami-m distributed

envelope has been related with the same of received signal envelope formulated in [17-19].




1.2 Relevant Works in LMS Channel Modeling

Though both being variants of wireless communications, LMS and cellular systems differ a
lot and so does the respective channel modeling approaches. In cellular communications, the base
station is elevated at a very small angle. The scattering models, therefore, assume a two-dimensional
(2D) scattering geometry. Even if a 3D geometry is considered, the elevation angle of wave arrivals
are assumed with a mean of 0° and biased heavily towards small angles [1]. The scenario can
be quite different in case of LMS with higher elevation angle of satellite. The mean cannot be
zero as antennas are adjusted to have more directivity towards a positive angle close to satellite
elevation angle [20,21]. Instead of linear polarization, the transmitted signal and receiver antenna

are circularly polarized which might have a different impact on received signal characteristics. For

satellite communication systems, scattering needs to be considered only for the mobile units.

1.2 Relevant Works in LMS Channel Modeling

The majority of the LMS channel models are narrowband statistical models though there have
been few works done in wideband modeling. The narrowband models with a single statistical
distribution are summarized in Table 1.1. More elaborate discussions on these models is provided

in section 2.3.2.3.

Table 1.1: Comparison of Single Distribution LMS Channel Models

Proposed | Scattering model Comments on complex envelope process
by
Loo [22] | 2D with uniformly dis- | Shadow fading only affects the line-of-sight
tributed azimuth angle | (LOS) component which is additive to the mul-
of arrival (AoA) tipath fading process representing the scattered
components collectively.
Patzold | Asymmetrical Doppler | Like [22]; but the LOS component is Doppler
et PSD; provides another | shifted, providing extra degree of freedom by
al. [23] modification to 2nd or- | modifying 2nd order statistics.
der statistics
Corazza- | 2D with uniformly dis- | Both LOS component and scattered components
Vatalaro | tributed AoA are under the effect of shadow fading which is
[24] multiplicative to the process which collectively
represents the said components.
Vatalaro | 2D with uniformly dis- | An extra additive scattered component is in-
[25] tributed AoA cluded to [24]. This model is a compromise be-
tween the extreme cases of [22] and [24].
Hwang 2D with uniformly dis- | Both LOS and scattered components undergo
et tributed AoA shadow fading, but independently.
al. [26]




1.2 Relevant Works in LMS Channel Modeling

These single distribution models cannot properly represent diverse fading situations in different
geographical locations covered by LMS communication. To overcome this problem, models utilizing
more than one distribution have been proposed. The different propagation scenarios are considered
as different states with a single distribution assigned to each. The states are combined with a
Markov chain to yield what is called state-oriented modeling. Some important examples of these

models are provided in Table 1.2.

Table 1.2: Comparison of State-oriented LMS Channel Models

Proposed by Structure of the model Shadow fading
Lutz et al. [27] | two-state: unshadowed + shadowed | Multiplicative
Karasawa et al. | three-state: unshadowed + shad- | LOS, additive
[21] owed + blocked

Fontdn et al. | three-state: unshadowed + moder- | LOS, additive
[28] ately shadowed + deeply shadowed

Scalise et | three-state: unshadowed + shad- | Multiplicative
al. [10] owed + blocked

Milojevié¢ et al. | dynamic state model in contrast to | LOS, additive
[9] a fixed state model with shadowing

at each state

Wideband effects are usually studied via delay profile of multipaths or impulse response of
the channel. The underlying assumption is that a discrete number of scatterers are around the
receiver or in another way the receiver is able to detect only a finite number of discretely located
scatterers or resolve multipaths originated from them. The channel impulse response usually gives a
quantitative perspective of how the mean power and delay of arrival of individual multipaths affect
the quality of signal received. The effect of the channel impulse response is generally represented
by a tapped delay line structure. Each impulse or tap stands for a resolvable multipath. Most of
the researchers have aimed to propose distribution of tap gains, delay times and Doppler spectra
of each tap [29-31]. In [32] and [10], a narrowband approximation of the original wideband model
has been done and LCR and AFD has been computed from this approximated narrowband model
in [32]. Also in [10], an approach has been given to calculate LMS channel capacity based on

capacity-versus-outage approach given in [33].
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1.3 Motivation of the Present Work

As shown in preceding section, there is a wide range of variety among the available LMS channel
models which are based on different assumptions. One of the assumptions is how the shadow fading
affects the received signal components. This leads to mainly two types of mathematical form of
the complex envelope process — additive and multiplicative. The main difference between these
two cases is whether the scattered components are under the effect of shadow fading or not. But
there is no detailed justification available in literature about exactly what kind of propagation
phenomena can result these two or any other cases. To the best of our understanding, whether
these different envelope processes are result of different sets of propagational interactions (reflection,
diffraction, scattering, attenuation etc.) where each set is a unique sequence corresponding to
different propagation scenarios are not specified clearly in literature. This needs to be investigated
with utmost care so that diverse type of locations with variation in fading situations are identified
and the related fading process are assigned a mathematical form that captures the particular set
and sequence of propagation phenomena specific to that situation. This has also to be associated
with logical choice of statistical distribution so that good match between numerical and measured
results are achieved. In this thesis, we will make use of the measurement data available in literature.
However, it may be mentioned that this good match with a particular data set does not ensure
good representation of all kind of fading situations in the corresponding scenario. So, our objective
is to propose channel models which can yield results (CDF, LCR, AFD) representing worst to best
possible situations in a propagation scenario including the specific case of measurement site.

Another drawback of the LMS models available in literature is that these models are based upon
the assumption of two-dimensional (2D) scattering which does not effectively reflect the scattering
mechanism in an LMS link. As pointed out in Section 1.1, antenna radiation patterns have to be
considered while assuming the statistics of azimuth angle of arrival (AoA) and elevation angle of
arrival (EoA). In addition, to the best of our knowledge, any investigation on the effect of circular
polarization, used in LMS, on signal correlation and PSD has not been reported in literature. In
connection with this, one of the objectives of this thesis is to include the effects of the LMS antenna
system along with the propagation modeling.

To the best of the authors’ knowledge, no method has been proposed to calculate important

statistics like CDF, LCR, and AFD of a wideband channel by exploiting the power-delay statistics
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from the channel impulse response model. Taking costly and time-consuming measurement in
different places is the only way to calculate these quantities. Investigation of the characteristics of
the received wideband signal at different excess delays might provide some conclusive ideas about
formulation of the same.

Without the knowledge of channel capacity, channel modeling is often considered to be incom-
plete as capacity is the upper limit of information rate that can be transmitted over the channel with
negligible error. It is a fair assumption that the LMS channel is ergodic due to the large transmission
time. The ergodic capacity notion has to be used and its a challenging job in frequency-selective

fading situations.

1.4 Thesis Contribution

The main contributions of the thesis are summarized below:

e Proposed various narrowband complex envelope processes which effectively represent fading
effects in different propagation scenarios. Some of these take other existing LMS channel

models as special cases.

e Investigated the effect of circular polarization and antenna directivity, specific for LMS sys-
tems, in small-scale fading and introduced significant modification for the expression of au-
tocovariance function and second order moments useful for calculation of some important

second order statistics.

e Proposed a narrowband model which includes the effect of 3D scattering, with an additive
complex envelope process. It is shown that, this model is applicable in flat (without irregular
terrain or hills) urban and suburban areas by comparing the second order statistics acquired

from this model and from measurement data available in literature.

e Proposed a narrowband model with a multiplicative complex process in a 3D scattering
propagation scenario. Through comparison of analytically derived LCR and AFD with the
same obtained from available measurement data, this model is recommended for use in tree-

shadowed areas.

e An analytical technique based upon statistical modeling for calculation of CDF, LCR, and

AFD in multipath frequency-selective wideband channel.
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e Computation of channel capacity in the LMS channel of our concern for both flat fading and

frequency-selective fading cases.
1.5 Organization of the Thesis

The rest of this thesis is organized as follows:

Chapter-2 provides a brief description of LMS communication systems, and presents the prop-
agation characteristics of LMS channel and the research works available in literature in the area of
LMS channel modeling.

Chapter-3 presents the overview of our approach towards LMS channel modeling. We consider
different propagation scenarios and analyze their effect on the propagation phenomena. Based on
these analysis, we represent the fading effects in different scenarios with various complex envelope
process. These complex processes along with a three-dimensional geometrical scattering model
lays the foundation of different narrowband models; some of which we propose and elaborate in
subsequent chapters. We also employ some modifications to 3D scattering models based upon
antenna properties.

In Chapter-4, we present a narrowband model with additive complex envelope process with a
Doppler PSD generated from a 3D scattering model. By comparison with measurement results of
LCR and AFD, we show that this model can be used in flat urban and suburban area to depict a
wide variety of fading situations including the marginal cases covered by some other models.

Chapter-5 presents another narrowband model with the multiplicative interaction of Nakagami-
m distributed small-scale fading and lognormal distributed shadow fading. This model is shown to
be applicable to urban or suburban streets shadowed by irregular terrain and areas shadowed by
trees.

Chapter-6 provides modeling approaches in wideband cases. In this chapter, a new technique is
proposed to derive CDF, LCR, and AFD in a wideband channel. We also model the propagation
scenarios considered in Chapter-3 with different channel impulse response and calculate CDF, LCR,
and AFD for these.

In Chapter-7, we compute the channel capacity for the narrowband and wideband channels
considered in earlier chapters. We also give examples to compute the overall channel capacity for

the Markov chain used in combining the channels respective to specific propagation scenario, so
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that cut-offs for transmission rate in different satellite bands can be recommended.
Finally, Chapter-8 concludes the thesis giving a summary of the works done in previous chapters

and shows some future directions for extending this research.
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2.1 Problem in Signal Reception in LMS Systems

In this chapter, first, we elaborate on the problems encountered in LMS system caused by various
propagation phenomena which we describe along with their effects on received signal properties.
We then come up with various channel modeling approaches, which in general applies to a wireless
communication system, and the related works available in literature specifically for LMS channel

modeling.
2.1 Problem in Signal Reception in LMS Systems

Like any communication system, LMS systems also suffer problems in proper signal reception
or more specifically in extraction of useful information without any error. The major problems

encountered are summarized below.

e Satellite unavailability: a single satellite may not be sufficient to maintain the minimum
received signal power required for reliable communication most of the time. Especially the
situation can be severe for low elevation angles in non-GEO systems where satellite to receiver
path is heavily shadowed by obstacles. However, to improve system availability and coverage
reliability, constellations of satellites can be exploited allowing the implementation of satellite

diversity.

e Low signal power: Even with the availability of multiple satellites, communication cannot be
completely reliable or information extraction can be erroneous. It is possible due to several
reasons covering huge distances of the available satellites, shadowing of receiver at all direc-
tions (e.g. urban streets with high-rise buildings, areas with mountains, tree-covered streets
etc.), transmission bandwidth being larger than propagation channel bandwidth, polarization

mismatch between antenna and received electromagnetic waves etc.

e Fluctuation in signal amplitude and phase: while shadowing by big obstacles is responsible
for low received power, scattered reflection from objects in the close vicinity of the receiver
causes reception of numerous electromagnetic waves attenuated and phase shifted to uncertain
amount. Consequentially, both constructive and destructive interference happens among the
waves yielding great fluctuation in amplitude and phase resulting detection of information

very critical.

e Long duration outage or fades: another crucial effect of the aforementioned constructive and
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2.2 Propagation Effects in Land Mobile Satellite Channel

destructive interference is that the received signal power remains below the minimum level
required for reliable communication for some duration and this phenomenon is termed as
fade or outage. A very short duration fade is acceptable as interruption of communication is
unlikely. But if received signal is in outage for a long duration, termination of a voice/video
call or interruption of data communication is highly possible. This link failure is an inevitable
outcome of loss of synchronization between local reference signal at the receiver and the

transmitted signal.

2.2 Propagation Effects in Land Mobile Satellite Channel

The long propagation path between satellite and a mobile receiver on earth comprises layers of
atmosphere with widely diverse effects, unique to a particular layer, on transmitted electromagnetic
waves. In addition to that are the effects of propagation phenomena introduced by obstacles in
proximity of receiver — obstruction, diffraction, specular and scattered reflection etc. The later
ones, though being present in terrestrial mobile communications, are considerably different in LMS
communications mainly due to higher elevation angles which changes over time due to movement of
both satellite and mobile receiver. Several attempts have been made by different aerospace research
organizations and researchers in academia and corporate organizations to study and analyze all
these propagation phenomena and the consequent effects. In this section, we are going to elaborate

those studies and analysis in perspective of the problems mentioned in Section 2.1.
2.2.1 Propagation Characteristics of Land Mobile Satellite (LMS) Channel

The propagation of the received signal is affected by free space attenuation, Faraday rotation,
ionospheric scintillation, tropospheric attenuation and depolarization, small-scale fading due scat-
tered components, and shadowing.

Free space attenuation causes the received signal power to decrease with the distance between
transmitter and receiver. The free space power received by a receiver antenna at a distance d from

the transmitter antenna is given by the Friis free space equation,

_ PGG N

Po(d) = =7 (2.1)

where d is the transmitter-receiver (T-R) separation distance in meters, P is the transmitted power,

P.(d) is the received power which is a function of d, G; is the transmitter antenna gain, G, is the
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receiver antenna gain, and A is the wavelength in meters.
Faraday rotation is defined as the rotation of the polarization axis of a non-circularly polarized

wave caused by the ionosphere. It can be expressed as

236

Q= 7

/ N()By(l).dl (2.2)
S

where By, in Gauss, is the component of the earth’s magnetic field along the direct path, N is the
electron density of the ionosphere in electrons per meter cubed, and f is frequency in Hz. The
integration is performed along the direct path S. The loss due to polarization rotation can be
eliminated by using circular polarization of the carriers.

Ionospheric scintillation is produced by irregularities in the electron density in the ionosphere.
Nonhomogeneous ionized layers cause scattered reflection of radio waves, yielding fluctuations in
amplitude and phase of the received signal. According to CCIR (Consultative Committee of In-
ternational Radio) data on ionosphere scintillation, its effect on transmission in L band can be
ignored [34]. Even more negligible are effects at Ku, K, Ka bands, because these effects are in-
versely proportional to the transmission frequency.

The tropospheric effects at the higher satellite bands are much more significant. The signal is
attenuated mainly due to hydrometeors (rain, ice crystals, clouds) and atmospheric gases (oxygen,
water vapor) by two different mechanisms. First, a rotation of the plane of polarization of the signal
is caused owing to scattering by hydrometeors and water vapor and secondly, the transformation
of electrical energy into thermal energy due to the induction of currents in the rain and ice crystals
(which are electrically conductive). These effects can be neglected at L and S bands as they increase
with frequency.

Small-scale fading, also known as multipath fading, is small-scale variation or fading of am-
plitude and phase of the received signal over a short interval of time or travel distance. This is
caused by the interference of scattered electromagnetic waves originated by reflections and scatter-
ing from obstacles around the receiver, more specifically from the outside of the first Fresnel zone.
Its power depends on the spatial distribution of the scattering objects around the receiver. Besides
small-scale fluctuation of amplitude and phase, other effects include random variation of instanta-
neous frequency or frequency modulation caused by time varying Doppler effects and inter-symbol

interference (ISI) caused by echoes and consequent time spreading. Time varying Doppler effects
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happen not only due to the movement of mobile receiver but also due to speed of surrounding
objects like vehicles which causes variation of doppler shifts in different multipath waves. Trans-
mission bandwidth also plays an important role, to be explained in Section , behind the fluctuation
and ISI.

Although the mean signal level or power seems to be constant over few meters of travel distance,
a slow but random variation of the mean is observed over larger distance. This slow and random
attenuation of received signal amplitude or power is termed as shadowing or shadow fading. The
reason for this spatial variation is that, the distribution of the obstacles and scattering objects
around the receiver may be vastly different at two different locations having the same Transmitter-
Receiver separation. Measured signals in these cases vary vastly around the average value of
received power predicted by equation (2.1) or by some other link budget equations (like large-scale
path loss models with GTD) [35]. This variation may be temporal also due to random attenuation
through foliage or change of satellite elevation angle over time even when the receiver is not moving
large distance. In [36], assuming a forward scattering model, the reason behind the variation of
local mean power is explained to be caused by slow changes in the scattering cross-section of the
last scattering object. Its effect depends on the signal path length through the obstacle, type of
obstacle, elevation angle, direction of travel, and carrier frequency. The shadowing is more severe
at low elevation angles, where the obstacle projected shadow is high.

So, it may be concluded that for most of the satellite bands, shadow fading and small-scale
fading are the dominant propagation phenomena which affect the received signal in a land mobile

satellite channel.

2.3 Modeling Approaches for Land Mobile Satellite Channel

Several directions have been shown by researchers to deal with the unpredictable nature of
channel via different ways of channel modeling. Though there are numerous models in literature,
the approaches can be broadly classified according to the relation between transmission bandwidth
and propagation channel bandwidth as — narrowband and wideband. The narrowband models deal
with the situation of frequency-flat fading (simply called as flat fading) where different frequency
components of transmitted signal experience same channel gain. Wideband models try to take care

of the case when channel shows frequency-selective nature and these models usually comprise several
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narrowband models as components. While the narrowband models available in literature can be
classified into three broad categories: empirical models, analytical models and statistical models; the
available wideband models mainly comprise narrowband analytical and statistical models. In this
section, first we illustrate the impulse response model which provides the basis for the discrimination
between narrowband and wideband channel, then elaborate the several approaches of channel

modeling, focusing mainly on LMS.
2.3.1 Impulse Response Model of Wireless Multipath Channel

Due to the relative movement between surrounding objects and the receiver, the arrival delay
and Doppler shift of multipaths are time varying while the amplitude and arrival delays are random
too due to random type and spatial distribution of the surrounding objects which causes random
variation in amplitude and phase of waves reflected in a particular direction. In perspective of
signal processing, this multipath effect can be well described by a linear time-varying filter with
a impulse response denoted by h(t, 7). Here, 7 denotes the delay in arrival of multipaths while ¢
denotes the variation of the impulse response observed in different time. The received signal can be
expressed as the convolution of transmitted signal and h(¢, 7). For baseband representation, h(t,7)

can be expressed as

N—-1
= A% D5t — (1)) (2.3)
1=0

where A;(t), 0;(t) and 7;(¢) are time-varying random amplitude, phase, and delay in arrival, respec-
tively, of ith multipath component at time ¢. N is the maximum possible number of multipaths.
d(+) is the dirac delta function pinpointing the exact time of arrival of a multipath.

When more than one multipath signal arrive within a symbol period, the signal waves com-
bine vectorially at the receiver to yield the small-scale fluctuation of received signal amplitude and
phase. These multipaths are called unresolvable. However, if symbol period is so small that only
one multipath signal arrives within a symbol period, then small-scale fading does not happen as
multipaths are resolvable. So, the time resolution of multipath detection depends on the transmis-
sion bandwidth and multipath delay structure in a local area. To measure h(t,7) in baseband, a
very narrow wideband pulse (called probing pulse) is transmitted so that all possible multipaths
are resolved uniquely and accurately. Temporal and spatial averaging of |h(t, 7)|? over a local area

gives the power delay profile of the multipath propagation channel.
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In case of narrowband transmission, almost all multipaths are unresolvable and arrive within
a symbol period. The advantage of this is very little spreading of a symbol. On the other hand,
wideband signals are prone to this time spreading and consequent ISI due to arrival of one or more
echoes at the end of a symbol. The time spread caused in a local area is quantified by RMS delay
spread which is given by the power delay profile of that area. In frequency domain, this effect is
described as the distortion caused by unequal channel gain at different frequencies of a wideband
signal. This frequency domain effect of multipath channel is called as frequency-selective fading
and is quantified by coherence bandwidth. Coherence bandwidth is the separation in frequency
for which two different frequency components of a signal are strongly correlated and experience
same multipath fading gain. If transmission bandwidth is higher than the coherence bandwidth,
then equalization is needed to remove the distortion caused by the frequency-selective fading and
the channel is called wideband. The opposite case is the narrowband channel characterized by
non-frequency-selective or frequency-flat fading for which no equalization is needed as distortion
due to symbol spreading is negligible. Coherence bandwidth is inversely proportional to the RMS
delay spread.

To represent the time-varying nature of the channel impulse response, another quantity named
coherence time is used. It provides the time gap within which correlation between two multipath
signals is high. It is inversely proportional to the maximum Doppler frequency. If the symbol
period is higher than this coherence time, then the channel impulse response changes within a
symbol period and the multipath channel is called a fast fading channel (slow fading in opposite

case).

2.3.2 Narrowband modeling
2.3.2.1 Empirical models

Empirical channel models provide a mathematical expression for mean attenuation or path loss
and link margin in terms of some physical parameters (path length through vegetation, satellite
elevation angle and frequency) with the sole purpose of yielding a curve closely fitted (by regression
methods) to some measured data set. Due to simplicity, these expressions are very useful in the
specific location where the measurement was taken. But for other areas with different kind of
vegetation or obstacles, these expressions are unlikely to work. The underlying reason for this

shortcoming is that these models do not represent the effects of different propagation phenomena
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(reflection, diffraction, scattering etc.) on received signal properties.

2.3.2.1.1 Vegetative attenuation models: These models provides an estimate of the signal
attenuation through vegetation for different link frequency or satellite elevation angles.

Modified Exponential Delay (MED):

Introduced by Wiessberger [37], later simplified by CCIR [38], and modified by Smith, Stutzman,
and Barts [39,40], this model allows prediction of mean path loss due to vegetative attenuation.

The expression involving path parameters and frequency is given by
L, =a,D, (2.4)

where L, is the attenuation in dB, D, is the path length through vegetation in meters, and «,, is
termed as the specific attenuation of the vegetation in dB/m. ‘Specific attenuation’ is a contradic-
tory term as «,, is dependent upon vegetative path length D,. «, is expressed as function of D,
and frequency with different equations by Wiessberger, CCIR, and Barts and Stutzman. All these
equations work for path length up to 400 m and the attenuation increases with frequency at each

model. According to CCIR,
oy = 0.2f%3 D04 200MHz < f < 95000MHz (2.5)

Vogel and Goldhirsh model [41-44]:
This model was proposed to predict tree attenuation for different elevation angles and is valid

for small elevation angles ranging from 15° to 40°. The mathematical formula is

Full Foliage : L;(0) =—0.48-0+ 26.2 (2.6)

Bare tree : Ly(f) = —0.35-6 +19.2 (2.7)

where L is the foliage attenuation in dB and 6 is the elevation angle in degrees.

2.3.2.1.2 Models for estimation of link margin: The following models were proposed to
estimate the required link margin, which were also expressed as function of frequency and elevation
angle, for a specified link outage probability.

CCIR model [45]:
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According to this model, the required link margin for an urban area can be estimated as
M=178+193-f—-0.052-0+ K - (7.6 + 0.053 - f +0.04 - 0) (2.8)
and the same for a suburban or rural area is
M=125+017-f—-017-0+ K - (64—1.19- f +0.05-6) (2.9)

where M is the link margin in dB, f is the link frequency in GHz, 6 is the satellite elevation angle
varied from 19° to 43°, and K is a factor relating the percentage of locations where the specified
carrier power will be exceeded. These equations were proposed to fit the measurement data taken
at 860 MHz and 1550 MHz.

Models directly relating link margin and outage probability [46-48|:
All the models of this kind tend to propose an empirical expression relating the link margin and

link outage probability. This expression is usually of the form:
M=—-Aln(P)+ B (2.10)

where M is the link margin in dB, P is the specified probability ranging from 1% to 20%, and A
and B are first or second order polynomials of the elevation angle.

In all these empirical models, their is increase in attenuation with link frequency. Besides, the
required link margin is high at increased elevation angle due to less shadowing by vegetation and

other obstacles.
2.3.2.2 Analytical models

Most of the available analytical models try to represent the effect of small-scale fading by
formulating the received electric field usually based on an assumption about the spatial angles
of arrival of incoming waves and by providing Doppler power spectral density, autocovariance
function, and a statistical distribution for the envelope and phase. The effectiveness of some
statistical distributions (Rayleigh, Rician) have been given proper analytical justification by these
models e.g. Clarke’s model [18]. Doppler PSD is the PSD of received small-scale fading envelope.
However, analytical models does not provide prediction of signal fluctuation rate, fade durations,
and shadow fading which plays a role in long-term variation of average received signal power.

Statistical distributions (Rayleigh, Rician) yielded from these models does not provide good match
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with the statistics of measured data in all kind of propagational situations.

The received signal is the vector sum of a number of components which have traveled via
different paths. Ossanna’s work [49] on this was first where the received resultant wave is assumed
to be a vector sum of a LOS component and one or more reflected components. Presence of
LOS component means this model is applicable only in open areas outside of cities and forests.
Gilbert [17] was the first to work on scattering mechanism. Based on the assumption that a large
number of scatterers are uniformly located on the horizontal plane containing the mobile receiver,
Clarke has given a two-dimensional (2D) scattering model leading to Rayleigh distribution of signal
envelope and a symmetric Doppler power spectral density (PSD) [18]. This kind of 2D scattering

model does not effectively reflect the scattering mechanism in an LMS link.

Figure 2.1: 3D scattering geometry [1].

Aulin was the first to propose a 3D scattering model [19] for propagation in land mobile com-
munication. Its modified version proposed by Parsons [1] is widely accepted in literature. The
scattering geometry is shown in Fig. 2.1. It shows one of the many scatterers surrounding the
receiver. Due to movement of receiver and surrounding objects, the individual components will
be subject to a Doppler shift related to the spatial angle of arrival i relative to the direction of

motion. With reference to Fig. 2.1, the resultant complex signal can be expressed as

N

r(t) = A expj2m(fe+ fumcosyi)t + ¢il. (2.11)

=0

where fp, is maximum Doppler frequency shift, f. is carrier frequency, ¢; is the random phase of ith
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multipath, A is the random envelope of the resultant complex signal r(t) and can be represented
by some statistical distribution (e.g. Rayleigh distribution in Clarke’s model [18]).

The normalized autocovariance function of the received signal r(t) is given by

o(r) = \ /w explj (27 furr cos ) p() . (2.12)

In Fig. 2.1, the angle of arrival of a wave from the ith scatterer, v;, is the angle formed between
the line joining the scatterer to the mobile and the direction of motion (assumed to be in the X-Y
plane). It is made up of two components, 3; the vertical or elevation angle of arrival (EoA) and «;

the horizontal or azimuth angle of arrival (AoA). It is shown in [1] that in general
cos P = cos a cos [3. (2.13)

The autocovariance and PSD can only be evaluated if specific probability density functions
(pdf) are assumed for the spatial angles « and 3. Like [18], a uniform pdf has been assumed for

AoA «ain [1],
1

=5 0<ac<o2r (2.14)

Pala)

As in a land mobile scenario, majority of incoming waves travel in a nearly horizontal direction,
some criteria has been specified in [1] to seek a pdf for EoA (. The criteria are that § has a
mean value of 0°, is heavily biased towards small angles, does not extend to infinity and has no

discontinuities. The pdf is expressed as

ps(B) = —— cos (Wﬁ> (2.15)

This pdf is limited to [, which is dependent upon the local surroundings. A suitable value for
Om, can be estimated from experimental measurements.
By using equations (2.12), (2.13), (2.14) and (2.15) the autocovariance function can be written

as

Bm
p(1) = 4‘% /_; Jo(27 fi T cos 3) cos (Wﬁ> dg (2.16)

The Doppler PSD can be evaluated by taking Fourier transform of the autocovariance function and

in [1], it is shown to have no discontinuity like the Doppler PSD calculated in [19].
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2.3.2.3 Statistical models

Unlike analytical models, statistical models do not provide field equations by summing up the
fields of incoming waves. Rather, statistical distributions are assigned for envelope and phase of the
received signal with the target of proper match with the statistics of measured data collected in a
particular or several locations. These models offer an insight into the effect of different propagation
phenomena on the signal attributes (mainly power, envelope, phase, fluctuation rate, fade dura-
tion) by proper representation of small-scale fading and shadow fading effects on received signal.
However, Doppler PSD and autocorrelation function cannot be calculated by statistical modeling
as it does not include the spatial angles of arrival. In the statistical models available in literature,
most of the researchers used the expression of autocovariance function provided by some analytical
model to derive the second order moments as a function of the first order moments and maximum
Doppler frequency. This helps to normalize LCR and AFD with respect to maximum Doppler fre-
quency so that these quantities become independent of transmission carrier frequency and velocity
of the mobile receiver and surrounding objects.

After the initial works of Young [50], many researchers have tried to find out what statistical
distribution describes best the channel conditions. It has been concluded in this paper that Rayleigh
distribution is effective for representation of signal amplitude variations over small areas. The
conclusion is drawn upon measurements taken at frequencies ranging from 150 to 3700 MHz in
New York City. Clarke’s model explained this observation well analytically. Through several
measurement campaigns around the world, it has been established that Rayleigh distribution is good
to represent small-scale variations of signal envelope when LOS or any dominant signal component
is not available which happens in dense urban areas. When these components are available, Rician
distribution [51] has been proved good though their are other distributions proven to be better in
certain situations. Nakagami-m distribution [52] has been employed in different terrestrial channel
models to describe a wide variety of fading situations including those covered by Rayleigh and
Rician, by simply changing the parameter m € [0.5, co). For m > 1, it represents the LOS
availability condition described by Rician distribution; for m = 1, it stands for the non-LOS
condition of Rayleigh, and for m > 1 but not very big, it describes the fading situations in between
these two extreme cases. For 0.5 < m < 1, this distribution is known as Nakagami-q which

is mathematically same as the Hoyt distribution [53] and is the only distribution to represent
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fading situations worse than the one represented by Rayleigh. However, a completely different
kind of distribution is needed to depict the slow variation of shadow fading. Through comparison
with measurement data, empirical evidence has been given that shadow fading is best fitted by
lognormal distribution [43,54,55]. In [36], an additive model has been proposed to give a theoretical
justification for this log-normal shadow fading.

Two different approaches namely global or single distribution modeling and state-oriented mod-
eling have been taken in the existing statistical models. The first one describes the channel by the
use of a single distribution, usually a mixture of aforementioned distributions, with the target of
representing both small-scale fading and shadow fading effects in all kind of propagation scenario.
In the state-oriented approach, different propagation scenarios with wide variety are considered
as separate states of fading and each of these discrete states are modeled separately by a single
distribution. The transitions of channel to different propagation scenarios or states are modeled

with discrete-time Markov chain.

2.3.2.3.1 Global or Single Distribution Modeling: Approaches by various researchers for
statistical channel modeling mainly differ in the distribution assumed for the representation of
small-scale and shadow fading and in the consideration of how the shadow fading affects the line-
of-sight (LOS) and scattered components. Some of these approaches are briefed in Table 2.1.

As can be seen from the table, some models take the association of the two processes as additive
[22,23] or multiplicative [24].

Main problem with global or single distribution model is it is not valid for stationary conditions.
Different propagation conditions due to frequent changes in the elevation angle of the satellite
cannot be modeled with a single distribution as the mobile receiver travels from one propagation
scenario to another (e.g. urban to rural). This inability of a single pdf, though it may be a
mixture pdf to realize diverse propagation conditions, to describe this non-stationary nature of the

propagation channel effectively led to the state-oriented channel modeling.

2.3.2.3.2 State-oriented Modeling When large area is covered by mobile receiver, the chan-
nel model become non-stationary. It can be divided into different small areas with constant en-
vironment with stationary channel model. In this approach a Markov process is used to model

long-term variations of the channel and its transitions to different states whereas short-term varia-
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Table 2.1: List of Channel Models Available in Literature

Multipath | Shadow Complex Channel | Comments

fading fading Model

Rayleigh | lognormal | r = S’ 4 Rem; Here envelope and phase of shadow faded
(LOS, S: log-normal, R: | LOS component and multipath faded scat-
additive) Rayleigh, ¢g,¢: uni- | tered components are assumed indepen-

form [22] dent to each other.

Rayleigh | lognormal | r=S ¢ e + x, + | Like [22]; but the LOS component is
(LOS, Jjy,; S: lognormal, x,, | Doppler shifted, providing extra degree of
additive) y,: Gaussian, f, and 0,: | freedom by modifying fade statistics.

constant [23]

Rician lognormal | r = RSeJH; S: lognor- | Envelope and phase of LOS component
(Multi- mal, R: Rician, #: uni- | and scattered components are not inde-
plicative) | form [24] pendent to each other, both components

are taken care of by a single process R
which is under the effect of shadow fad-
ing.

Rician lognormal | r = RSe” + x, + jy,; | An extra additive scattered component is

and (Multi- S: lognormal, R: Ri- | included to [24]. Envelope and phase of

Rayleigh | plicative) cian, z,, y,: Gaussian | this extra scattered component is indepen-

[25] dent to the same of R which incorporates
the LOS and another part of the scattered
components. This model is a compromise
between the extreme cases of [22] and [24].

Rayleigh | lognormal | r = ACSIem + | Both LOS and scattered components un-

RSer (GH’); S, S,: log- dergo shadow fading, but independently.

normal, R: Rayleigh,

A,: constant [26]

tions corresponding to each individual discrete state are described by one of the above mentioned
pdfs with appropriate parameters.

A Markov process is a stochastic process in which a system can take on discrete states in such
a way that the probability of taking on a given state depends only on the previous state. For
State-oriented statistical modeling, transition between different states are generally modeled with
first-order M-state discrete-time Markov chain. The chain is a random process taking on only

discrete values satisfying the condition

Pl(s[n] = sn)[(s[n = 1] = sn-1), (s[n = 2] = sn-2), .. ]

(2.17)
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2.3 Modeling Approaches for Land Mobile Satellite Channel

Table 2.2: List of State-oriented Models available in Literature

Proposed by Structure of the model

Lutz et al. [27] | two-state: Ricean (unshadowed) + Suzuki (shad-
owed)

Karasawa et al. | three-state: Ricean (unshadowed) + Loo (shad-

[21] owed) + Rayleigh (blocked)

Milojevi¢ et al. | dynamic state model in contrast to a fixed state

9] model with Loo pdf at each state

When s[n] = s;, the Markov chain is said to be in state 7. The conditional probabilities P;j;[n] =
P[(s[n] = s;)|(s[n—1] = s;)] are known as the state-transition probabilities. The switching process

between states is described by the transition probability matrix

P11 P12 y - PIM
pl=| 7 7 . (2.18)
L PMl PM2 PMM ]

The matrix of the absolute state probabilities, the probability of the system being in state ¢, is
defined as
[W] = [WUWQ) 7WM] (219)

The convergence property of the Markov chain is defined by the equation
[PIW(n —1)] = [W(n)]. (2:20)
The probability that the model stays in state ¢ for n samples is

Pi(N:n)le;;l~(1—1Di/i), n=12.... (2.21)

The cumulative distribution for the duration of each state is

Pi(Ngn):(l—Pi/i)-ZPg‘/;l, n=1,2.... (2.22)
j=1

The number of states of the Markov chain as well as the statistics describing each of these states
differ from model to model and from researcher to researcher. Some of these models are briefed in

Table 2.2.
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2.3 Modeling Approaches for Land Mobile Satellite Channel

In Markov chain, the state durations have to follow an exponential distribution (equation
(2.22)). But, Hase et al. [56] has shown that the CDF of nonfade and fade durations calculated
from measured data were best fitted by curves following power-law and log-normal distribution,
respectively. The nonfade duration distribution given by Hase et al. and later recommended by

the ITU-R (Radiocommunication Sector of International Telecommunications Union) [57] is
P(D<d)=1-8d"" d> g (2.23)

where the parameters 8 and v depend on the degree of optical shadowing. The recommended fade

duration distribution is a log-normal model given by

P(D < d) = % {1 e (h‘(d)\f#m))} (2.24)

where In(a) and o is the mean and standard deviation of In(d) respectively.
Braten et al. [58] proved (using measured data) that state durations follow equation (2.23) and
(2.24) if a semi-Markov model is used. In a semi-Markov chain, transitions between the states are

described by the transition probabilities P;; where i # j.
2.3.3 Wideband Modeling

With the advent of third and fourth generation LMS communication systems capable of provid-
ing multimedia services [2,3], enough attention had been drawn towards the modeling of wideband
LMS channels [10]. In the perspective of the theory of multipath fading channels, a channel is
considered to be wideband when signal bandwidth is higher than the coherence bandwidth signify-
ing that different frequency components of received signal are not strongly correlated i.e. they are
experiencing different channel gains. Coherence bandwidth is inversely proportional to the RMS
delay spread which is dependent upon the spatial distribution of the obstacles around the mobile
receiver. RMS delay spread is high in urban streets due to presence of numerous scatterers in
contrast to open or rural areas with a few number of scatterers. So, it is usual in cellular commu-
nications that coherence bandwidth is low in urban scenario leading to frequency-selective fading
while it is flat fading in open or rural areas for the same transmission bandwidth. On the other
hand, for LMS communications, the channel can be considered wideband with frequency-selective
in nature even in open or rural areas with high coherence bandwidth which might be exceeded at

higher satellite bands like Ku- and Ka-band.
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2.3 Modeling Approaches for Land Mobile Satellite Channel

As already stated, the channel for a particular propagation scenario can be modeled either
as narrowband or wideband depending upon the transmission rate. In narrowband channels, the
receiver cannot separately process or resolve the several group of replica waves of transmitted
signal or multipaths. For statistical analysis, all the dominant and non-dominant components of
the received signal are combined into a random complex envelope process with a single mixture
distribution to describe all kind of fading experienced by the different components. When the
transmission bandwidth W is very high, multipaths that are separated by at least 1/W in delay
are resolvable. The relative power and the delays of the resolvable groups of received multipaths are
described by channel impulse response. For a particular propagation scenario, the single distribution
already used in a narrowband model will be replaced by simpler distributions assigned for different
multipaths in the channel impulse response. For example, if the distribution was Rician in the
narrowband model, the first path in the wideband model will be deterministic representing the
LOS component while the other paths will have complex Gaussian envelope. So it can be said that,
the complex envelope process of a narrowband model will be spread over time in case of higher
transmission bandwidth in a particular propagation scenario. In other words, if a narrowband model
is already proved to be applicable in a particular propagation scenario, one can get the distribution
of the paths in the channel impulse response (CIR) by simply splitting the narrowband complex
envelope process into resolvable groups of dominant and non-dominant components and assigning
the corresponding simpler distributions. Doppler power spectral density (PSD), another important
quantity in narrowband modeling, of the non-dominant scattered components are usually kept the
same for paths representing resolvable groups of non-dominant components in the CIR.

The effect of the channel impulse response is generally represented by a tapped delay line
structure. Each impulse or tap stands for a resolvable multipath. Most of the researchers have
aimed to propose distribution of tap gains, delay times and Doppler spectra of each tap [29-31].
In [29], the multipaths have been considered to be divided into two groups — ‘near echo’ and ‘far
echo’. Excess delay and power of the taps, and number of multipaths both in case of near and far
echoes are modeled with various statistics. Model parameters were provided to fit the measured
data. In [30], measurements are reported at five different propagation environments at 15° — 40°
elevation angles at L-band and S-band. The authors derived empirical expressions for the delay

spread extracted from those data. The average delay spread was found to be 120-150 ns, smaller
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2.4 Summary

than the same reported in case of terrestrial channel. Rician distribution was taken to represent
the amplitude of the first two taps of the six tap structure while the other four were described
by Rayleigh distribution. The distribution parameters were optimized to match the measurement
results with the purpose of applicability in variety of elevation angles and propagational situations.
In [31], the channel is analyzed by dividing it into two parts: the free space propagation (satellite-to-
local cluster) and the local cluster which is responsible for the multipath fading effects. A Doppler
shift and an attenuation factor epitomized the space propagation. The multipath components are

modeled by tapped delay line while the line-of-sight (LOS) was modeled separately.

2.4 Summary

A detailed description of the channel modeling approaches in the context of LMS communication
along with underlying theory and literature survey has been provided in this chapter. Keeping in
mind the main objective of this thesis work, our target in next chapters will be narrowband and
wideband statistical LMS channel modeling with the help of a 3D scattering model. However,
before working on statistical modeling, we must include the antenna effects into the 3D scattering

model, to be dealt with in next chapter.
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3.1 Statistical Representation of the Fading Effects in Different Propagation Scenario

This chapter presents the overview of our approach towards LMS channel modeling. We con-
sider different propagation scenarios and analyze their effect on the propagation phenomena like
availability of LOS or some dominant component, scattering, and most importantly shadowing,
whether it affects the power of only LOS and/or scattered components of received signal. Working
towards one of the motivations of this thesis work, we also give the justification for the use of addi-
tive or multiplicative interaction of the small-scale fading and shadow fading process in connection
with the actual propagation phenomena. Based on these analysis, we represent the fading effects
in different scenarios with various complex envelope process. These complex processes along with a
three-dimensional geometrical scattering model lay the foundation for different narrowband mod-
els; some of which we propose and elaborate in subsequent chapters. These narrowband models,
specific to a particular type of area or propagation environment, can be combined into a Markov
or semi-Markov chain to ensure vast geographical applicability. We also formulate the effect of
circular polarization on the correlation properties of received electric field. Finally, we include the
effect of directivity of LMS antenna systems, in general, in the 3D scattering models available in
literature and formulate the autocovariance function which will be useful for calculation of second

order moments and statistics for the channel models proposed in later part of this thesis.

3.1 Statistical Representation of the Fading Effects in Different
Propagation Scenario

One of the main objectives of this thesis work is to represent the propagation effects in diverse
type of propagational situations. Towards this, one must first sort out the propagation scenarios
which exhibit completely different fading effects i.e. signal received in two different propagation
scenario should differ widely in average power, fluctuation, and fade durations. After that, the
complex envelope of received signal have to be given a mathematical form which will approximately
represent the fading processes contributed by different propagation phenomena like scattering,
reflection, random attenuation etc. In other words, the mathematical expression for the complex
envelope should be able to give an insight into the effect of the actual propagation phenomena in a
particular propagation scenario. As propagation scenarios represent variety of geographical areas
(urban, rural, jungle etc.), combining several narrowband models by a Markov chain into a finite-
state channel model will enable it to represent any kind of propagational situations. Hereby, we are

going to elaborate some propagation scenarios that will be considered for modeling in subsequent
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3.1 Statistical Representation of the Fading Effects in Different Propagation Scenario

chapters and we also try to provide the rationale behind the choice of additive and multiplicative

envelope process in connection with actual propagation phenomena.

/ Random aﬁenuatiR

~-._ Diffraction (source of local scattering)

~

LOS (blocked or unblocked S !
in random fashion) E

Local scattering

Local scattering

(a) (b)

Figure 3.1: Propagation phenomena in (a) flat urban/sub-urban area, (b) non-flat urban and tree-covered
area.

3.1.1 Flat areas with low clustering density

An additive envelope process is suitable to depict propagation characteristics in a flat urban
or suburban area (without irregular terrain or hills) where there is no kind of interaction (e.g.
reflection or scattering) on signal waves before getting scattered by local cluster of scatterers around
the receiver. The LOS component is shadow faded and has a random average power because it
is available in a random manner due to irregularity in building heights and gaps between them
(Fig. 3.1(a)). The scattered components are not under the effect of shadow fading as no random
attenuation occurs before diffraction in rooftops and building edges. Thus, the small-scale fading of
the scattered components can be represented by a complex envelope process with constant power
while a separate random process describes the shadow faded LOS. An additive envelope process
turns out eventually,

EZXl +jXo+Y (3.1)

where R is the low pass complex envelope of received signal, X7 and X, are the inphase and
quadrature components of the low pass complex envelope of scattered components, and Y stands

for the shadow fading experienced by LOS component.
3.1.2 Non-flat or tree-covered area

When interactions happen before entering into local cluster of scatterers, random attenuation

causes slow variation of mean received power of both the LOS and scattered components which
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3.1 Statistical Representation of the Fading Effects in Different Propagation Scenario

necessitates the exploitation of a multiplicative process. A very irregular terrain around urban or
suburban areas (streets shadowed by hills around) or roadside trees forming canopy like structures
might lead to this type of situation (Fig. 3.1(b)). Three propagation phenomena happen in this
situation in a consecutive manner — first, random attenuation by irregular terrain (hills) and/or
trees; second, local scattering around the receiver; third, reception of some dominant and scattered
components, all of which has suffered random attenuation in the first place. As the total signal
power in a local cluster is random itself, the shadow fading process (Y) should be multiplicative
to another random process (denoted here as Z) which represents the small-scale fading caused by
the interference of different dominant and non-dominant components. The multiplicative complex
envelope process is given by

R=2Z-Y. (3.2)
3.1.3 High clustering density with LOS blocked

In a dense urban area with high-rise buildings, it is usual that LOS path is blocked especially in
case of geosynchronous and LEO satellites with low elevation angle. Only the scattered components
are received without any effect of shadow fading. So, the complex envelope in this case can be
expressed as

R= X+ jXo. (3.3)

The most common statistical distribution in literature for this case is Rayleigh. However, it is

shown in [59] that, Nakagami-¢ is more suitable in a mobile satellite link.
3.1.4 Open area with few obstacles

In areas where LOS path is unblocked (e.g. rural areas, farmland, coasts), there have to be
a constant in the complex envelope along with the inphase and quadrature components of the
scattered components,

R = X1 + jX5 + A(constant). (3.4)

The usual distribution in literature for this case is Rician.
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3.2 Effect of Circular Polarization in Small-Scale Fading of Received Electric Field

3.2 Effect of Circular Polarization in Small-Scale Fading of Re-
ceived Electric Field

The resultant electric field at a mobile receiver in a three-dimensional propagation environment

is analytically expressed in equation (6) of [19] as,
E(t) = Te(t) coswet — Ty(t) sinwet. (3.5)

For RHCP plane wave, the expression for in-phase and quadrature components T.(t) and Ts(t)

(given in equation (7) of [19] for vertically polarized plane wave) can be rewritten as

Mz

n [|AR| cos(wnt + 05,) + sin(wnt + 60,,)]

N
Z [JAR|sin(wnt + 6,,) — cos(wnt + 6,)] (3.6)

where |AR| is the axial ratio defined as the ratio of amplitudes of axial components of a circularly
polarized plane wave. LMS antennas, when used in end-fire mode, have |AR| ~ 1. In that case, it
can be shown that the autocorrelation function has analytical expression same as given by equation
(10) and (11) of [19]. Therefore, it can be concluded that circular polarization has no extra effect

on received signal properties in LMS communication.

3.3 Effect of Antenna Directivity in Three-dimensional Scattering
Model

In an LMS communication link, a mobile receiver can be thought of to be in a three-dimensional
space where signal waves arrive from several directions. So, with the direction of motion of mobile
receiver, each received wave makes an angle which has two components — azimuth angle of arrival
(AoA) and elevation angle of arrival (EoA). In [1], a 3D scattering model with the pdf of AoA and
EoA was proposed for a terrestrial mobile communication link. The AoA pdf was taken uniform
assuming isotropic propagation in horizontal plane, while the EoA pdf was cosine with a mean of
0° and was heavily biased towards small angles. The underlying reason in [1] for high concentration
of incoming waves around horizontal plane is given by observing the similarity between measured
spectra and spectra of Clarke’s 2D scattering model. However, the EoA does not have the same

characteristics in LMS systems where antennas are adjusted to have more directivity towards a
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3.3 Effect of Antenna Directivity in Three-dimensional Scattering Model

positive angle close to satellite elevation angle [20,21] while being omnidirectional in the azimuthal
plane. In [20], a crossed-drooping-dipole antenna with a radiation pattern (Fig. 2 of [20]) elevated
at 40° was used for the reception of MARECS signal at [.-Band. Thus, some of the waves coming
from beneath the antenna will be rejected and the EoA pdf must have a non-zero mean. In general,
the cosine pdf of [1] can be modified to have a non-zero mean. However, if information is available
about the used antenna system, then the radiation pattern itself can be used instead of an EoA
pdf. Crossed-drooping-dipole, quadrifilar helix and log-spiral antennas are mostly used due to their
capability of generating circular polarization and all have a uniform gain pattern in azimuthal plane
and a cosine-like elevation-plane gain pattern though there is no compact mathematical expression
for these kind of complex antenna systems.

Keeping the EoA pdf same as [1], the normalized autocovariance or autocorrelation function
rp(7) of the zero mean complex Gaussian envelope of scattered multipath components thus turns

out to be
i) = /ﬁ o2 fman c08 B)ps (B)G(B)d8 (3.7)

where fiax i the maximum Doppler frequency and G(/3) is the radiation power pattern of antenna
in elevation plane. Hereby, we assume an elevated cosine for the field pattern for mathematical

simplicity and thus the elevation-plane power pattern turns out to be

G(B) = cos? <;g_ i)) 43 (3.8)

where, Gy(> 0) is the angle of maximum gain and Spaxc is the half of the full beamwidth so that

the range is (8o — BmaxG, fo + Bmaxc). The expression for pg(F) is [1]
pp(B) = T cos (E.@) (3.9)

where [y, (> 0) is the maximum value of EoA. Depending upon the relative difference of By, BmaxG
and (m, there can be three different conditions for intersection of ps(f) and G(f), and therefore,
three different sets of limit for the integration in equation (3.7). The three different pairs of limit
are (80 — BmaxG, B0 + Pmaxc) for Bm > Bo + Pmaxc as fo + Pmaxc is always greater than |Gy —

ﬁmaxG|7 (60 - ﬁmaXGa ﬁm) for |B0 - ﬁmaxG‘ < ﬁm < 60 + ﬂmax@m and (_ ﬁma ﬁm) for ﬁm < |ﬁ0 -

BmaxG ‘ .

However, the second order moments are actual parameters of importance to be used to calculate
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3.3 Effect of Antenna Directivity in Three-dimensional Scattering Model

LCR which reflects the fluctuation rate of received signal. The variance of the time derivative
around a specified envelope level simply gives an idea about the amount of fluctuation around that

or |#,(0)| multiplied with the variance of in-phase and

2
level and it is equal to %rp(r) latr=0

quadrature components of the received complex envelope.

In general,
— 7p(0) = (2 fmax)” X 7- (3.10)
Without putting the limits of integration in equation (3.7), v takes the following form,

_ psin((p—=2)B)  sin(pf)  psin((p+2)8) | psin(¢(fo — ) +pB) | psin(gho + (p+2—q)5)

32(p —2) 16 32(p+ 2) 32(p — q) 64(p+2—q)
psin(gfo + (p — 2 —q)B) N psin(gfo — (p—2+q)B) | psin(gBo — (p+ q)B)
64(p —2 —q) 64(p — 2+ q) 32(p +q)
psin((p+ 2+ q)B — qbo)
61 T2+ 0 (3.11)

which after putting the proper limits yield three different expressions. Here, p = 7/(20y,) and

q = 7/ Bmaxg- For the first case of intersection i.e. for the range (8y — SmaxGs 50 + OmaxG),

V= %COS(Pﬂo) Sin(pfimaxc) + - & TgXG cos((p — 2)Bo)sinc((p — 2)Bmaxc /)

+ 16(%2—) cos((p + 2)6o) sin((p + 2) Bmaxc) + pﬂrln—g"G cos(pBo)sine((p — q)Bmaxc/)

+ m cos(pfo) sin((p + @) Bmaxc) + - P g;"G cos((p — 2)fo)sinc((p — 2 — q) Bmaxc /)
p;;?;(f;i)qﬁ;) sin((p — 2 + q)Bmaxc) + % cos((p + 2)Bo)sinc((p + 2 — q)Bmaxc /)
m cos((p + 2)B0) sin((p + 2 + ¢) Omaxc) (3.12)

sin(rz)

where Sinc(z) = . For the second case of intersection i.e. for the range (5o — BmaxGs Sm)s

T

_ PlBmsine((p = 2)Bm/7) — fisinc((p — 2)61/7)] | [sin(pfm) — sin(pf)]

i 32(p — 2) * 16
N psin((p + 2)Bm) — sin((p + 2)5))] N p[sin(q(Bo — Bm) + pPm) — sin(q(Bo — B1) + pB)]
32(p+2) 32(p —q)

N plsin(gBo + (p+ 2 — ¢)Bm) —sin(gBo + (p +2 — q)3)]
64(p +2 —q)

N plsin(gBo + (p — 2 — ¢)Bm) —sin(gBo + (p — 2 — q)3)]
64(p —2 —q)

N plsin(gBo — (p — 2+ ¢)Bm) —sin(gho — (p — 2 + q)3)]
64(p — 2+ q)

TH-1233 09610205
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N plsin(gBo — (p + @)Bm) — sin(gBo — (p + @) B1)]

32(p+q)
p[sin((p +2 + q) B — qB0) — sin((p + 2+ ¢) B — qfo)]
+ 64(p0+ 2+9q) 1 : (3.13)

where ﬁl = 60 - ﬁmaxG-

For the third case of intersection i.e. for the range (— fm, fm),

PBm sin(pfm) N psin((p + 2)Bm)

7= | g sine((p — 2)Bmaxc/m) + —2 16(p 1)
+ p?%n cos(gfo)sinc((p — 2 — q) fmaxa /) + p?%m cos(qBo)sinc((p + 2 — q)Bmaxc/T)
+ m cos(¢o) sin((p + ¢)Bm) + m cos(qfo) sin((p — 2 + ) Bun)
3—2@%?@ cos(qfo) sin((p + 2 + ¢)Bm) + pfgl cos(qBo)sinc((p = q)Bmaxc/7) | - (3.14)

The calculated value of r; (0) from the above group of equations (3.10)—(3.14) will be used in
subsequent chapters for calculation of the second order moments. If antenna radiation pattern is
not included, like in the scattering model of [1], the value of \r; (0)| usually goes on decreasing
if B (which is fixed in a particular location) is increased. In other words, the fluctuation of
received signal and LCR increases if scatterers are located closely around the azimuthal plane. An
interesting change happens if antenna system like in [20] is used. Due to high elevation of the main
lobe (40° here), the overlapping of the radiation pattern and scattering geometry is almost non-
existent if 3y, is low and thus |r;(0)| and eventually LCR is decreased (shown in Section 4.2) due to
non-availability of fluctuating scattered power. As, (3, is increased (e.g. highly elevated scatterers
like tall tree or building), |r;(0)] gets higher value signifying increased fluctuation in contrast to
model proposed in [1]. However, for low antenna elevation, the situation can be different depending

upon the spatial distribution of the scatterers.

3.4 Summary

The prerequisite for our approach on narrowband and wideband LMS channel modeling, to
be covered in subsequent chapters, has been carried out here by the initial classification of the
propagation scenarios and the inclusion of the effects of LMS antenna systems in a 3D scattering

model. Some interesting effects of antenna directivity on the second order moments have been
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investigated which will be addressed in more detail when calculating second order statistics in

upcoming chapters.
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4.1 The Proposed Model Based on an Additive Envelope Process

This chapter proposes and develops a model taking into account the fading process experienced
by the different components of the received signal. Here, a narrowband model is introduced using
additive complex envelope process with a Doppler PSD generated from a 3D scattering model. The
expressions for the pdf of the envelope and phase components are derived first; taking into account
appropriate fading process as experienced by the LOS and NLOS components. The mathematical
expressions for LCR and AFD are then derived. By comparing with measurement results of LCR
and AFD available in literature, it is shown that this model can be used to depict a wide variety of
fading situations for flat urban and suburban areas. If LOS component is not included, the model
represents the scenario normally encountered in dense urban conditions. With LOS component
being present but not experiencing shadow fading, the model represents fading conditions experi-
enced in open areas. For such cases, the proposed model give rise to a new distribution which is

termed here as extended Nakagami-q or extended Hoyt fading process.

4.1 The Proposed Model Based on an Additive Envelope Process

In the model proposed here, as discussed in Section 3.1.1, only the LOS component gets effected
by shadow fading while the local mean power of scattered components is kept constant. This
otherwise means that NLOS components of the transmitted signal are not shadow faded before
entering into the local cluster of scatterers in the close vicinity of the receiver. Therefore, this leads
to an additive process same as equation (3.1) and has the applicability in flat urban and suburban
area as explained in Section 3.1.1. Here, X; and X5 are both low pass Gaussian process with zero
mean and unequal variances of and o3 respectively, leading to Nakagami-g or Hoyt distribution
of the envelope of scattered components [52,53]. Y represents the shadow faded LOS component

with lognormal distribution given as

1 (Iny — ,Us)2
py\y) = exp | — , y=0 4.1
W= [ = (41)

where o5 and pg are standard deviation and mean of Iny respectively. The mean signal level in a
large area (large enough to experience the slow variation of shadow fading) is denoted here as S,
which is related to us as ps = In .Sg.

So, the envelope is given by

R=|R| = /(X1 +Y)? +X3. (4.2)
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4.1.1 First Order Statistics

The probability density function (pdf) of envelope R can be derived with the help of conditional
probability. Given the condition Y = y, the in-phase component of R is modified into a non-zero

mean Gaussian process X = X; + y with mean y. So, the joint pdf of X| and X5 is

1 )2 3

/ 1 2
’ xr1,T2) = X el i el . 4.3
pX17X2( 1, %2) oo, 26 P( [2 % 9 % (4.3)

Now, by transformation from cartesian to polar coordinates, we get the joint conditional pdf

pro(r 0]Y = y) as [60]

. (r cos 0—y)? 25in2 0
P Gl st )
’ Y 2mo109

PRO (4.4)

where 7 > 0 and 0 < 6 < 27. So, the joint envelope-phase pdf pr e(r,f) can be derived as [61]
o
po(r0) = [ prolrolY = vy (y)ds (45)

In light of the technique given in [60] (pp. 128-131), we deduce the individual pdf of envelope

and phase as marginal pdf of equation (4.5), as

) r . ( 7"2(1 N 1))701e (Iny — ps) 12
=—exp|—— | 5+ —exp | ———F— — =
bR V2m010905 P 4 \o? o3 / Y = 202 202
= r? (1 1 Ty
X Y (—1) ke <Z <; - 02>> Do (0 ) dy (4.6)
0 i 2 i
where € = 2 for k # 0 (eg = 1), I;(-) is modified Bessel function of first kind with order k; and
vo () 1 /°° - (ny — ps)° [0102 ) p( Y >
o(l) = ——=— —exp |— xXp | ——
2r)* %0y Jo Yy 2072 G(6) 202

mggy cosf y? sin” 0 ooy cos b
t e P~ Sag )9\ T ==
G3/2(9) 2G(9) o1/ G(0)

(4.7)

where G(6) = 02 cos? 0 + 02 sin? 6 and Q(-) is the Q-function which is related with error function
as Q(z =1 [ — erf < )] .

Under certain conditions, if the shadow fading is absent, the joint envelope-phase distribution
in equation (4.4) denotes a new distribution. We, hereby, name it as extended Nakagami-q or

extended Hoyt distribution and describe its statistics in Section 4.3.2.
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4.1 The Proposed Model Based on an Additive Envelope Process

4.1.2 Second Order Statistics
4.1.2.1 LCR and AFD

Level Crossing Rate (LCR) is the rate at which envelope of received signal crosses a specified

threshold. In analytical representation, it is expressed as

(e o]

Np(r) = / gy (s ) di (4.8)
0

where R and R are received signal envelope and its time derivative, respectively, and pj ,(r,7) is
the joint pdf of R and R. Pr p(r,7) can be derived with the use of conditional probability in a

similar way as in Section 4.1.1.

Pri(rT) = / /0 Pre(m Y =y, Y = §)pyy (v, 9)dydy (4.9)

where r > 0, —00 < 7 < 00, 0 < 0 < 27 and —o0 < 0 < 0o and Pyy (¥, 9) is the joint pdf of ¥ and

Y given as [62]

. 2

Y
. 1 (Iny — )’ ( y)

: — ~ _ 4.10

Pyy (¥, 9) srorong? &P 207 207 (4.10)

where y > 0, —0o < y < oo and oy is the standard deviation of time derivative of the normal or
Gaussian variate associated with V.

Given the condition Y = y, the in-phase component of R is a Gaussian process X| = X1 + v,
as shown in Section 4.1.1. So, its derivative, X{ =X+ 7, is also a Gaussian process with non-zero

mean 7 while X5 is zero mean Gaussian distributed. The joint pdf p X! Xa, X1, X (), x2, &), Z2) comes

)

(4.11)

out to be a four variable joint Gaussian distribution as

! L@ =y’ 28 (@ —9)°
! W 1 2 1 2

P v v .\ L1,L2,T1,T2) = exp | —= -~ 2 1 = 4+ =
X17X2,X1,X2< 1 1 ) (271’)2(710'2 /Blﬂ2 ( 2 [ 0_% O'% ﬂl ,82

where (31 and (3o are variances of X{ and X respectively and can be related with o1 and oo by
method shown in Section 4.1.2.2.
Now, by transformation from cartesian to polar coordinates, we get the joint conditional pdf
as
2

r (rcos&—y)Q_r

(27) 0109/ B1 s o

25in2%0

2 2
207 205

pR,R,@,G(r’ 7,0, 6?|Y = y,Y =y) =
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4.1 The Proposed Model Based on an Additive Envelope Process

(fcos@—résinﬁ—g)f_(fsin0+r9c039)2 (4.12)
201 203 o

Equation (4.12) is integrated with respect to § and 0 to derive Pr e TlY =y, Y =9).

2

. S r (rcos —y)>  r2sin0
PR Y =y, 0) 2 oron 0/ exp ( 207 207
1 (7 — 5 cos 0)?
— db. (4.
¢ VB2 + (61 — B2) cos?f A ( 2[B2+ (B1 — B2) 00520]> (4.13)

Then using equation (4.9), expression for pj ;(r,7) is derived as
oo 9 2m 9 9. 9
(r,7) r /1 (Iny — ps) / (rcosf —y) rsinf
(1) = —5—— | —exp |————5—— exp | — —
Prr (2n)%0 10904 / Yy . 202 ) P g 203
1
X
\/52 + (81 — B2 + 02y?) cos?

,,;2

X exp | — dody. (4.14)
2[/+ (81 = B2 + 73?) cos?)]

Finally, using equation (4.8), expression for LCR is derived.

Je%e) B 9 27
Natr) = ——— [ Lexp [—W] [ /24 (51 = 5 o2 costo
° 0

(2%)2010205 J Y
(rcos® —y)*  r2sin’0
- — dfdy. 4.15
, exp( 00T (1.15)

Using the knowledge of computed LCR, average fade duration (AFD), which is defined as the

average period of time for which the received signal is below a specified threshold level R, can be

/ Rm(r)_

Nr(R)

computed as

Tr(R) = (4.16)

In other words, it is the ratio of cumulative distribution function to LCR at a particular signal

level.
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4.2 Results and Discussions

4.1.2.2 Normalization with respect to Maximum Doppler Frequency Using 3D Scat-
tering Model

Different maximum doppler frequency fmax, (¢ = 1,2) has been assumed for the Gaussian
processes X; (i = 1,2), as was done in [59]. Using equations (3.10), (3.12), (3.13), and (3.14), the

quantities §; (i = 1,2) can be expressed in terms of fiax, as
Bi = 02 X (27 fumax; )% X 7. (4.17)

If antenna effects are not included (recommended only if omnidirectional pattern in elevation

plane), then value of v is given by [1],

V= [411 + é (ﬁ cos (208m) + gSinC <; — 2’%))] : (4.18)
However, instead of taking individual values for fu,ax, (as done in [59]), the ratio fimax,/fmax, = &

is used here as a normalization factor while the assumption fiax = fmax, 1S kept same as [59].
Due to slowly time-varying nature of shadow fading, power spectral density (PSD) of it is
usually assumed as low-pass functions like Gaussian, R-C low pass or 3-pole butterworth filters.

O'S/ \/ﬁ

With this low-pass PSD assumption, it can be shown that = T 27 fmax; Where the constant
ratio

n depends on the filter assumed and f;ati0 is the ratio between f.x and 3-dB cut-off frequency of
the filter. As time variation of shadow fading is very small compared to the frequently changing
small-scale fading, high value of fati, is considered here.

Taking into account all these assumptions, equation (4.15) can be normalized with respect to

maximum doppler frequency as

Ng(r) r1 (Iny — 1)’ 2
fmax - 27TO'10'20'S/yeXp [_ 20-2 /\/’71920'2 ’}/0'1 ’Yk;2 +I€ 0‘2 )COS26
0
0 — 2 243 29
X exp _ (rcos i y)” rsin d0dy w1
201 20’2

Vn

where k; = Tt
ratio

4.2 Results and Discussions

In Figure 4.1(a) and 4.1(b), effect of important parameters of Hoyt/Nakagami-¢ and lognormal

distribution, i.e. o1, o2 and o5, and also parameters of 3D scattering model namely (G, Oo,
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Figure 4.1: Effect of 07, 03, 0, and 3D scattering model parameters on LCR, (a) without and (b) with

antenna effect.
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4.2 Results and Discussions

OBmaxc on LCR curves are shown. In both of these figures, LCR curves have a maximum around
So = —14 dB as signal envelope crosses the area mean signal level most of the time. Fig. 4.1(a)
shows LCR, at a particular threshold, decreases for increasing (3, which is possible if the mobile
receiver is moving around in an area with variation in height and concentration of building, trees
and other obstacles. An increasing [, signifies sparse distribution of scatterers in the elevation
plane, and longer difference in path length traversed and in time of arrival causing interference of
waves spread over time and eventually less fluctuation rate. The opposite trend is observed in Fig.
4.1(b) due to antenna directivity at a high angle (40°) as said earlier in Section 3.3. The overall
LCR values are also less compared to Fig. 4.1(a) due to rejection of a lot of fluctuating scattered
power. Variation among the curves is also very high for a change in 3, with other parameters kept
constant. However, for small Gy (20°), LCR values change like Fig. 4.1(a) because of increased
intersection of the radiation pattern and scattering geometry if 3y, is low. It is also observed that
small-scale fading parameters o1, o2 have more influence on the LCR curves at R < Sy and shadow
fading parameter og at R > Sp (which accords with observation in [63] and complies with equation
(4.5-18) in [60]). This is the reason why LCR curves suddenly go up from the earlier curvature
and tend to flatten out for R > Sy at very high values of shadow fading variance such as o3 =2.24
(19.45 dB).

However, the quantities meq and Qcq should not be mistaken same as equation (4.27) and (4.28).
Qeq is total power of the scattered components only and m.q is the fading severity parameter as
though any LOS path is blocked to the receiver. Hence, meq and {leq here stand for equivalent

Nakagami-m parameters for Nakagami-g alone. So, the relation between meq, {leq and o1, o2

are [52]
(of +03)?
m = 4.20
= AT+ (7 A (420
and
Qeq = 07 + 03, (4.21)

We, hereby, present a comparison of LCR derived from our proposed model with the same given
in [22,23] along with the same parameters and show this result in Figure 4.2(a) and 4.2(b). LCR of
the proposed model based on 2D scattering is zero when effect of highly elevated antenna system
(Fig. 2 of [20]) is included. Since Nakagami-q is a generalized distribution, our proposed model

provides several LCR curves for different fading situations which can be obtained by changing o

45



4.2 Results and Discussions
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Figure 4.2: Comparison of LCR obtained from proposed model with existing models for same multipath
power and shadow fading for (a) without and (b) with antenna effect.
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4.2 Results and Discussions

and o9 (i.e. changing meq).

As can be observed from Figure 4.2(a) and 4.2(b), the LCR curves obtained from our proposed
model have not only good correlation with the existing additive Rayleigh-lognormal models [22,23]
when meq = 1; but are also at higher values compared to the curves of the existing models for
0.5161 < meq < 0.8046, denoting worse fading situations. In 4.2(a) and 4.2(b), we have depicted
the lower and upper limit of this wide range of meq by the ‘dashed’ and the ‘diamond’ curves,
respectively, as well as one intermediate point meq = 0.6039 is also shown by the ‘star’ curve to
show that increment of meq gradually decreases LCR at a particular value of R. Hence it can be
broadly concluded that for meq € (0.5, 0.8], the proposed model in this chapter can represent worse

fading situations which other existing additive models are unable to depict.

10° ¢

Normalized LCR
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Figure 4.3: Comparison of computed LCR with measurement data and with other models.

In Figure 4.3, the analytically computed LCR is compared with LCR curve of suburban mea-

surement data reproduced from [20]. It is reported in [20] that this suburban data were collected
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4.2 Results and Discussions

at a satellite elevation angle of 19° on streets within a residential area of Ottawa with one and two
storey homes. LCR curve obtained from equation (4.19) at 3, = 7/3 and at values of 5y, BmaxG
taken from Fig. 2 of [20] is in good match with the suburban measurement LCR curve justifying
the claim made at the beginning of Section 4.1. Good match is also achieved by a two-state model
proposed in [23] with Rayleigh-lognormal distribution in both states and with parameters given
in Section IV-B and Table II of the same paper. However, the increased number of states gives
rise to more rigorous analytical computation as in the two-state model in [23]. Our model being
a single state model, is devoid of such computational hazards while still capable of adaptation to
measurement data. However, the analytical curves of the other established single state additive
models [22,23] do not show a good degree of match with the measurement result beyond a certain
range of threshold level. Since the propagation characteristics of a flat urban area with low density
of obstacles is not significantly different than that of a flat suburban area, as explained in Section
3.1.1, it is expected that LCR/AFD measurement of a flat urban area would also yield a good
degree of accuracy with respect to our proposed model similar to that reported in Figure 4.3 in the
context of a flat suburban area.

Dependence of AFD on the parameters are shown in Figure 4.4. Like Figure 4.1(a) and 4.1(b),
similar grouping is also possible here depicting the dominance of small-scale fading for R < Sy and
of shadow fading in reverse case. It is also observed that long duration fades occur either in case of
severe fading condition (i.e. low meq) or infrequent shadow fading (i.e. low o). In similarity with
Figure 4.2(a) and 4.2(b), AFD curves obtained from the proposed model are in accordance with
the curves of existing additive Rayleigh-lognormal model [22] when meq = 1 and showing higher
fade durations for meq < 1, thus reflecting the ability of the proposed model to epitomize worse
fading conditions.

It is shown in Figure 4.5 that the AFD curve of our model is in good match with suburban
measurement curve of AFD reproduced from [20] and also outperforms other related models [22,23]

in the aspect of matching with measurement curve.
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4.3 Special Cases

4.3 Special Cases

4.3.1 Absence of LOS: Nakagami-q envelope process

In absence of LOS component, equation (4.2) turns out to be the envelope of Nakagami-q by
putting Y = 0. The expressions of its first and second order statistics can be formulated by putting
py(y) = 0(y) in the equations given in Section 4.1.1 and 4.1.2 and they will be same as derived
in [59]. The only modification will be introduced by the 3D scattering model proposed in Section

3.3. Some results on this is shown later in Section 6.2.2.3.
4.3.2 Absence of Shadow Fading: Extended Nakagami-q Distribution

When shadow fading is absent, the LOS component can be represented by a constant equal
to area mean signal level Sy. So, the low-pass complex envelope (let now be denoted by E) is
modified as

Ry = X1+ jX2+ So. (4.22)

This complex envelope is different from the additive envelope expressed in equation (3.1) in
the sense that, here the LOS component is unfaded and thus is not a random process. Therefore,
this distribution has practical utility when the receiver does not move a considerable distance
(over few tens of meters) so that the effect of shadow fading can be neglected (which includes
indoor environment too). This distribution can also be used instead of Rician to represent channel
conditions in open areas due to LOS availability. Thus, it is implied that by a little modification,
the narrowband model in Section 4.1 can be used for both the scenarios described in Section 3.1.2
and 3.1.3.

Let us denote the modified envelope and phase as R; and ©;. The modified envelope is now

Ry = |Ri| = /(X1 + S0)? + X3. (4.23)

Following equation (4.4), the joint envelope-phase pdf pgr, e, (71,61) in this special case is given

by

2 2
2071 205

(4.24)

pRl,@1(T1’91) = 2mo109

where 1 > 0 and 0 < 6; < 27. With Sy = 0, equation (4.24) is marginalized to the joint envelope-
phase pdf of Nakagami-q distribution and all other statistics of Iﬁl becomes same as of a Nakagami-g

process. This promotes us to employ the term extended Nakagami-g distribution.
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Following the procedure of equation (4.6) and (4.7), the envelope and phase pdfs (pg, (r1) and

pe,(01)) can be deduced as

2 2 & 2
T 1 1 1 0 1 1 1 7”150
= L=+ = =0 E I — - =) )I
() =5, exp< 4 <U% " U%)) o [ %} - el ( (U% 03)) "\ of

(4.25)
and
1 | o109 < Sg) \/271’0%80C0$91 ( SO sin 01> 0950 cos 01
0 — exp | ——=%= | + ex -
penB) = 5 |Gy ™\ "202) T ey P\ ey ) 9\ o e
(4.

26)

where G(01) = 02 cos? 6y + a?sin®6y. pg,(r1) is plotted in Figure 4.6 for different values of the
parameters. It is observed from this figure that the pdf approaches to Gaussian pdf at higher value
of Sy as it signifies a corresponding increase in m (equation (4.28)). Lower value of Sy is required
to reach the Gaussian shape when o1 ~ o9, as it denotes larger m (e.g. m = 2.64 for o2 = 0.0331,

02 =0.03, So = 0.5 and m = 1.4 for 6% = 0.0621, 03 = 0.001, Sy = 0.5).

0?=00621, 02= 0,001, §, = 0.2
- - -0%=00621,02=0.001, S = 03
““““ 02=00621,02=0001, S, =05
x 02=00621,02=000L S, =1
- 02200331, 05=008, S =02

2 _ 2 _ -
————— 0= 0.0331, 0,= 0.03, SU =05

Figure 4.6: pdf of envelope of extended Nakagami-q distribution.
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4.4 Summary

4.3.2.1 Relation with Nakagami-m, Rician and Rayleigh Distribution

The relation between the parameters of Nakagami-m (m and ) and Nakagami-q (o1 and o2)

distribution are also modified in this special case. Following [52], the relations are
O=FE[R]=FE [(X1 +S0)% + Xg} = S2+ 02 + 03 (4.27)

and )
02 (Sg + o1 + 03)
m = 5 5 = 1 . 5 (4.28)
E[(Rl—Q) ] 2(0'1 +U2)+40150

When o1 = 09 = 0, it becomes Rician distribution. In that case, the relation between m, Q and o
is
Q = S§ + 202 (4.29)

and

(884207 (S5+27)° (14 K)? (4.30)
40" +40%SF  (S2420%)° —S5b 142K '

where K is the Rician factor given by K = SZ/20%. When Sj assumes a high value, the correspond-
ing value of K (and m) also becomes large and thus the extended Nakagami-q distribution tends
to Gaussian distribution like the marginal case of Rician distribution with a high LOS component
power.

A more special case of Rayleigh distribution turns out when the LOS path is absent i.e. Sy =0

along with 0, = o9 = o. In this case, Q = 202 and m = 1.
4.4 Summary

Analytical expressions for first and second order statistics along with simulation results have
been given for a new additive channel model proposed in this chapter. This narrowband model
has its applicability in flat urban and suburban area for practical reasons already explained and it
has been proved to be superior than other single state LMS models in case of suburban scenario
by comparison with measurement data. The model can also be used to depict a wide variety of
fading situations including the marginal cases covered by some other models (e.g. [22,23]). It is
also shown that when LOS component is either absent or present without shadow fading, this
model can represent two other channel conditions — LOS non-availability in dense urban areas and

LOS availability in open areas respectively. In the later case, a new distribution, termed here as
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4.4 Summary

‘extended Nakagami-g’ or ‘extended Hoyt’, turns out from our proposed model as a special case.
Relation of this distribution with Nakagami-m, Rician, and Rayleigh distribution have also been

discussed.
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5.1 Statistics of the Proposed Envelope Process

In this chapter, we propose a narrowband model based on a multiplicative envelope process
which is targeted to capture fading mechanism in a propagation scenario described in Section
3.1.2. To represent the unfaded LOS component and small-scale faded scattered components in a
combined process, we, hereby, consider Nakagami-m distribution. This distribution can epitomize a
wide range of fading situations, by simply changing the parameter m € [0.5, 00), including the LOS
availability condition described by Rician distribution (m > 1), non-LOS condition of Rayleigh (m
= 1) and the worst condition of Nakagami-¢ (0.5 < m < 1). Multiplicative to this Nakagami-m

process is the shadow fading which is taken as lognormally distributed.

5.1 Statistics of the Proposed Envelope Process

As per the discussion above, the overall signal envelope (R) of received signal is represented as

a multiplication of a Nakagami-m (Z) and a lognormal (Y') process; i.e.
R=2Z-Y. (5.1)

Starting with a Gaussian random process X with mean ps and standard deviation og, the
lognormal process Y can be written as Y = eX. The time derivative of X and Z, X and Z are
Gaussian with zero mean [16]. As X, X, and Z are all Gaussian, we have opportunity to examine
the first and second order statistics of envelope R under the assumption that X, X, and Z are

jointly correlated.
5.1.1 First and Second Order Statistics

We start with the multivariate Gaussian density function (py ¢ ,(x,%, %)) of X, X, and Z given

as
1
exp (—(X —m)TK(x - m)>
Py 4@, %) = 2 (5.2)
x,X,7\T> L5 %) = -
(2m)*/% /K]
where T indicates the transpose of a vector or matrix, x = [z ¢ |7, m = [ug 0 0]7, and K1
denotes the inverse (|K| is determinant) of the covariance matrix
e RXJ'((T) RX,Z(T)
K= x.x(7) o3 Ry 4(7) (5.3)
RX,Z(T) RX,Z(T) O'ZQ,
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5.1 Statistics of the Proposed Envelope Process

where oy and 0, are the standard deviation of X andZ respectively. o2 = W, where 7,(7)
is the normalized autocorrelation function of the process Z2 and #,(0) is the second derivative of
r2(7) at 7 =0 [16]. Ry x(7), Ry 4(7), and Ry ;(7) are crosscorrelation functions of pairs out
of X, X, and Z. As both X and Z are zero mean processes, the crosscovariance functions in
covariance matrix K are replaced with the corresponding crosscorrelation functions. To calculate
second order statistics like LCR and AFD, the observation time instant for all the processes should
be same, implying that 7 = 0 should be set for all the crosscorrelation functions in K. As a
matter of fact, the crosscorrelation functions can be replaced with correlation coefficients, e.g.
Px x = RX,X(())/(USUS’)'

Next, to transform the variables from X, X to Y,Y (Y is the time derivative of Y'), we use the
relations Y = X, z = Iny, Y = XeX and & = 1/y to get the Jacobian of transformation as 1/y.

As Z is assumed independent of X, X, Y,Y and Z, Pyy 75U, U, 2, 2) turns out as py v , (4,9, 2, £)

= pz(2) - pX,Xz(lny, /1y, 2)/y?, where pz(z) is the pdf of Z given by

pz(z) = % (%)mz2m_1 exp (_mTzQ> , 22>0 (5.4)

with Q = E[Z2], m = Q?/E[(Z? — Q)?]. Using the relations y = r/z, § = g - %, % = % — %,
z

and the Jacobian of transformation as 1/22, PR foz (1,7, 2, %) is obtained after transformation of
variables. Integrating for z and 2, we get the expression for the joint pdf py (7, ) of signal envelope

(R) and its time derivative (R) as

mz?\"
Q
Os

Pralrr) = 0/ T (m)owr/P()

2 2 2 .
i oy (I +px ) (px x =Px2)" | m2* 2% i (55)
X,z P(2) Q P(z)r?

where P(z) = o2 (1 — piz) +022%(1— p;X) +2090,2(px 7 — Px xPx.z) and Ry =1 - p?X,X -

p;z- - p?-(vz- + 20x xPx zPx ;- Integrating Prp(r,7) with respect to 7, the expression for pdf is

derived as
o0
pR(r) — M (m>wéxp —M 1 _p2. o UZQ’(l +pX,Z')2(pX,X _IOX,Z)2 _mz2 "
ﬁf‘(m)asr Q 2RPUS2 X,Z P(Z) 0
0
(5.6)
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5.1 Statistics of the Proposed Envelope Process

Table 5.1: Parameters for the analytical models

Channel | infrequent light shadowing frequent heavy shadowing
Model
Proposed | m = 2,Q = —-27dB,us = | m = 1.2,Q = —8dB,us =
2dB,os = 0.3dB —5dB, 05 = 3dB
[63] m = 14,Q = —8dB,us =
—5dB, 05 = 7dB
[10] 0s = 2dB, s = —2dB, 203 =
—10dB
[24] 0s = 04dB,us = 2dB, K = | 05 = 12dB,us = —5dB, K =
5.35,202 = —2dB 1,20% = —8dB
[22] 0s = 1dB,us = 1dB,by = | 05 = 7dB,us = —34dB, by =
—8dB,p=0.9 —12dB,p = 0.6

R,R

o0
The final expression of LCR using Ng(r) = [ 7p,_ . (r,7)dr is
0

N (7’) . (g>m 7 P( ) 2m—2
R wl'(m)os
0
L ox _mz2 _ (lnz - Ns)2 1— 2 oy (1+ pX,Z')Q(pX,X o pX,Z) dz.(5.7)
Pl 7 q 9R,02 Px.z P(z) A
R

Pr(r)

The AFD can then be computed as Tr(R) = (])VRT'

5.1.2 Effect of 3D Scattering Model on the Derived Statistics

For the purpose of normalization of LCR and AFD, the autocorrelation function r,(7) must
be related with the maximum doppler frequency fmax. According to [16], r.(7) is related with the
normalized autocorrelation function r,(7) of independent Gaussian processes of complex envelope
of scattered multipath components as r,(7) = 1 + 7‘%(7’). That implies #,(0) = 2#,(0) = —2 x
(27 finax)? X 7. 7y is calculated using equations (3.12), (3.13), and (3.14).

Considering all the aforementioned assumption, equation (5.7) can now be normalized with

respect to fiax. The modified expression is
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5.2 Analysis of Results
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Figure 5.1: Comparison of computed LCR with measurement data and with other models in case of
frequent heavy shadowing; p1, p2 and ps stands for py ¢, px  and px ; respectively.

o i o

x exb <_m22 - (ln% —,us)2 p— [kl(l‘f‘sz)(pX,X _pX’Z)]2]>dz.(5.8)

Q 2R,02 Pxz ™ P(2)
2742
where k1 = % , ko = ?rﬁ, and P'(z) = k?(1 — piz) +k3022%(1 — ,0§(X) + 2k1koosz(py 5 —
PX,XPX,Z')'

5.2 Analysis of Results

LCR and AFD curves obtained from measured data in [22] are reproduced for comparison with
the same quantities obtained from the model proposed in Section 5.1 and other existing models. The
measurement was taken at an elevation angle of 15° in a rural site with 35% tree cover. The value

of the parameters used for the analytical models for the two cases of infrequent light shadowing
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5.2 Analysis of Results
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5.2 Analysis of Results
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Figure 5.3: Comparison of computed AFD with measurement data and with other models in case of
infrequent light shadowing; p1, p2 and p3 stands for py x, px 7 and px ; respectively.

and frequent heavy shadowing are shown in Table 5.1.

The multiplicative Rayleigh-lognormal distribution in [10] was first proposed in [64] for propaga-
tion in cellular urban scenario and later used several times in different terrestrial wireless systems.
As the expressions of LCR were not given in [10, 24], we hereby deduce those for the sake of

comparison. The expressions of LCR for the models in [10,24] are deduced respectively as

O'I2+Z2 Z2 (lnT _,U/)Z
z S
———s - —=——|d 5.9
/ 27TO'OO'S exp( 208 202 “ (5.9)
and
K +1) T
N 2 52 27< / ~A(K+1) - K
R(r) =0 + 2oy = [exp (=K +1) - K)
0
(0% — )’
XIO(QZ K(K+1))exp B Y dz (5.10)

61



5.2 Analysis of Results
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5.3 Summary

where 03 is the variance of in-phase and quadrature components of a complex Gaussian process
associated with Rayleigh or Rician distributed signal envelope, 0’2 denotes variance of the time
derivative of the same two components, and K is the Rician K-factor.

In case of frequent heavy shadowing in Figure 5.1, LCR of our model is matching nicely with the
measurement at py ¢ = 0.15, Px.z = 0.01, Px z = 0.9, B = w/18. In accord with the measurement
elevation angle, radiation pattern parameters are set at Sy = 7/12, faxg = 27/9. The mean square
of absolute error for fitting is 0.0023 in this case. The mean square of fractional or relative error is
0.0935 although its only 0.0128 for thresholds in the range of -35 to -13 dB which is significant range
of interest in heavy shadowing conditions. The employment of increased number of correlation
coefficients and 3D scattering effect provides better adaptability of our model to measurement
results by giving the choice of multiple curves than other existing models [10,22,24,63].

The LCR curves obtained from our model shows a partial match with LCR obtained from
measurement in case of infrequent light shadowing (Fig. 5.2) with mean square of absolute error
and fractional error turning out to be 0.009 and 0.1012, respectively. But in case of AFD with both
parameter sets, we got very good match, shown in Fig. 5.3 and 5.4. Mean square of fractional or
relative errors are 0.011 and 0.0242 respectively. As results for infrequent light shadowing obtained
from [10,63] are far away from matching with measurement, those curves are not shown in Figure

5.2 and 5.3.

5.3 Summary

Analytical expressions have been derived for a generalized Nakagami-lognormal multiplicative
model affected by 3D propagation environment in an LMS link. The analytically obtained curves
match closely with the ones obtained from measurement data collected in a rural tree-shadowed
area. This model provides more degrees of freedom due to the joint correlation between various
processes. However, for Rician like situations (m > 1 e.g. when satellite elevation angle is high and
the obstacles are not so high), such a multiplicative model is not recommended since Nakagami-m

process alone can represent those situations almost clearly.
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6.1 Formulation of Statistical Parameters in Linearly Time-Varying Channel

In the earlier chapters, we concentrated mainly on modeling of narrowband LMS channel con-
ditions. In this chapter we extend the modeling for wideband scenarios. In continuation of the
discussion in Section 2.3.3, the multipaths in a channel impulse response have different fading
statistics along with different distributions in some cases like the presence of dominant components
and shadow fading. The statistics of the received signal is completely that of the first path in the
first delay bin (interval between consecutive multipath arrivals). But from the second delay bin
onwards, the effect of a new multipath arrival contributes to the statistics of the received signal.
Given this situation, it is not worthwhile to attempt to deriving analytical expressions for CDF,
LCR, AFD from the envelope pdf as it changes over time. Statistical distributions can only be
proposed for individual path envelopes or tap gains, which is actually done in existing wideband

models. If steady state values are taken for CDF, LCR, AFD, then it becomes same as narrowband.

6.1 Formulation of Statistical Parameters in Linearly Time-Varying
Channel

The time-varying impulse response of a multipath propagation channel with N number of

multipaths at some observation time ¢ is written as

Z A ()% D5t — 7y(t)). (6.1)

where A;(t), 6;(t) and 7;(t) are time-varying random amplitude, phase and delay in arrival respec-
tively.

For a unit amplitude signal (like BPSK or MSK) with envelope u(t) (unit step function),
from equation (6.1) the processed signal is y(t) = ijol A (13(4)) 2Ty (t — 7,(t)). In inphase-

quadrature form it can be expressed as,

y(t) = ﬁ@ + X1t — (1) + j X1t —71(1))]
1st multipath 2nd multipath
+ [Xor(t — 7a(t)) + j Xoq(t — 72(1))] - - (6.2)

3rd multipath

The first path is assumed a real dominant component, may or may not be shadow faded, without

any scattered multipath component. So, the envelope of y(t) is Rar, = Yo at delay bin 0, Ra,, =

\/(XH +Yp)2 + X12Q at delay bin 1, Rar, = /(X171 + Xor + Y0)2 + (X1¢ + X20)? at delay bin 2

(henceforth we are omitting the time variable ¢ for convenience) and so on (Fig. 6.1).
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6.1 Formulation of Statistical Parameters in Linearly Time-Varying Channel
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Figure 6.1: Change of statistics in each delay bin of received signal.

The CDF and mean LCR at a particular delay bin can be calculated using standard formulae:
CDFg,, |ar, = P[RAs, < Ryp] and LCRR,, |Ar = Cf?*pRATZ_’R(Rth,f)df. Knowledge of these quanti-
ties at individual delay bins is not sufficient for gesign and control of transmission and reception
techniques because frequent modification of these is not feasible and especially when the delays are
random e.g. changing the parameters of an error control coding scheme by knowing the mean LCR
at all the delay bins is only possible if the delays are deterministic.

As the pdf and joint pdf of whole received signal pr(r) and p R, (7, 7) are changing over time in a
random fashion, the overall CDF and mean level crossing rate cannot be derived using conventional
formulas. Thus, a quite different approach based on sample counting has been introduced by us. If
we count the number of samples with envelope below the specified threshold (Ry;,) or the number
of envelope crossings with respect to that threshold for a ceratin period of time, then we can get
the CDF or LCR at a particular delay bin by dividing the count by total number of samples at
that bin. For three delay bins, as shown in Fig. 6.1, the overall CDF can be related with CDF

at particular delay bins as, Ply(t) < Ry,] = (A1o X P[Rar, < Ru] + A1 X P[Rar, < Ry) +
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6.2 First and Second-Order Statistics in Wideband LMS Channel Model

Aty X P[Rar, < Run))/ (A1 + A1 + Ame). However, this is impulse response specific and a
random instantaneous value. To remove the randomness, some sort of averaging is needed which
can be accomplished in two ways. One is using some available power delay profile which stands
for temporal and spatial averaging of the instantaneous CIR measured at a geographical area.
Another one is statistical averaging which requires a priory assumption about distribution of the
excess delays (duration of delay bins) and the corresponding multipath power.

For a power delay profile, CDF and LCR of received signal y(t) for a threshold Ry, can be
analytically expressed as,

N-2

Ply(t) < Ry = Z (AT /Tmax) X P[Ra7; < Rip) + (1 — (ATN—-1/Tmax)) X P[Rary_, < Ripn] (6.3)
=0

and

N—
E[Ng,, (y(t))] = Z (AT /Tmax) X LCRR,, |ar,

[\

=

0
+ (1_(ATN71/Tmax))XLCRRth|A7'N_1- (64)

And for statistical averaging, there will be an expectation operation for the A7;s. The expression

of LCR in this case can be expressed as,

N-2
E[Nr,, (y(t)] = Y EIATi/Tmax] X LCRRy, |ar,
=0
+ (1=E[ATN—1/Tmax] ) XLCRR,, [Ary s (6.5)

where A7; is excess delay for ith delay bin, Tax is the maximum excess delay, and Ply(t)ar, < R
and LCRg,, |-, are the analytically calculated CDF and LCR at ith delay bin. The N — 1th term
is given a different time share. It stands for a practical situation where last few multipaths are

ignored for insignificant received power.

6.2 First and Second-Order Statistics in Wideband LMS Channel
Model

6.2.1 Initial Considerations
We, hereby, consider four different propagation scenarios discussed in Section 3.1 for wideband

LMS channel modeling.

As discussed in Section 2.3.3, the suitable distributions for the CIR in the wideband models
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6.2 First and Second-Order Statistics in Wideband LMS Channel Model

are achieved by splitting the distributions that has been used for narrowband modeling in the

aforementioned scenarios:
1. flat areas with low clustering density: first path — lognormal, second onwards — Nakagami-q.

2. non-flat or tree-covered area: Multiplicative lognormal-Rayleigh for all paths; first path can

be just lognormal if any dominant component exists.
3. High clustering density with LOS blocked: Nakagami-q for all paths.
4. Open area with few obstacles: first path — constant or no fading, second onwards — Rayleigh.

The number of paths or taps (in the consequent tapped-delay line) is kept variable and have to
be changed accordingly to match the analytical results with measurement and simulation results

for a particular scenario.
6.2.2 Calculation of CDF, LCR and AFD

The distribution of the excess delays Ar; is taken here as exponential distribution,
p(AT;) = Aexp(—AAT;). (6.6)

where A is the multipath arrival rate. The mean power of the multipaths are taken to be exponen-
tially decreasing [29].

Thus, the mean of the excess delays from statistical averaging turns out as, F[AT;/Tmax] =

#. Therefore, the CDF of the received wideband signal can be calculated as
1
Ply(t) < Ben] = 5—— (P[Rlar, < Rin] + PIR|ar, < Ren] + )
max
1
+ ( - Mmax) xP[Rlary_, < Rip. (6.7)

In similar way, the LCR can be calculated as

1
E[NRth (y(t))] = N (LCRRth|AT0 + LCRRth|AT1 +e )
1
+ (1 _ Mma) « LCRp,, |Ary. .- (6.8)

So, once we have the analytical expressions for CDF and LCR at individual delay bins i.e. P[Ra,, <
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6.2 First and Second-Order Statistics in Wideband LMS Channel Model

Ry and LCRR,, |Ar,, we can calculate the overall CDF and LCR from equations (6.7) and (6.8).
Then we can calculate AFD which is the ratio of CDF and LCR.

6.2.2.1 Propagation scenario — flat areas with low clustering density

x
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Figure 6.2: LCR calculated for different multipath arrival rate and a channel impulse response with
distributions — [lognormal Nakagami-g Nakagami-q].

The statistical distribution for delay bin 0 is same as that of first dominant path — lognormal in
this case. For subsequent bins, its additive lognormal-Nakagami-q as the complex envelope takes
a form Xj + jXg + Yy. The variance of Nakagami-g goes on increasing from one delay bin to the
next as the variance at a particular delay bin is the addition of variance of signal at previous bin
to the variance of the newly arrived multipath.

The CDF of a lognormally distributed envelope process is given by,

1 Iny —
Fy(y) = §erfc [_n\yﬁaﬂs] (6.9)
and LCR as [65],
Og/ (hly - NS)2
Ny (y) = Yo P [_W (6.10)
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Figure 6.3: Channel impulse response for different multipath arrival rate.

The CDF of additive lognormal-Nakagami-q process can be derived by integrating its pdf from

0 to Ry,. The expression of the pdf at a particular delay bin (other than Oth bin) is (equation 4.6)
7 2
r) r r2 (1 N 1 / 1 (Iny — ps) y?
rN=——ep|—— |5+ —exp |— —
LF V2mo,02,0% ® 4 O'i U%i ) Y . 20’3 20%@'

X OOE ka 2 L—L ng ﬂ dy (611)
4 o? o3 o?
k=0 i i i
2

where o7, and Ugi in a particular delay bin is the cumulative sum of all o2 up to that particular

o 2 _ 2 2 2
bin i.e. here, 07, = 0f|ary + 0{|Ar + 01|Ar-

The expression of LCR at a particular delay bin (other than Oth bin) is (equation 4.15)

00 2
R 1 Iny — us)?
LCRRth’ATi = . h / ~exp [(y'u)] /\/ﬂ2 + (ﬁl — B +0-82/y2) cos26
0

(ZW)QaliagiUS J Y 202
0 — R 29
xexp | — (Fun COS2 w)* 10 dody. (6.12)
2011, 2021,

The normalization with respect to maximum Doppler frequency is done here like Section 4.1.2.2.
Using equations (6.7), (6.8), (6.9), (6.10), (6.11), and (6.12), we calculate CDF, LCR and AFD
for the received wideband signal in this propagation scenario.

LCR calculated for different multipath arrival rate A are plotted in Fig. 6.2. As multipath

70



6.2 First and Second-Order Statistics in Wideband LMS Channel Model

10° ¢ ‘
o A=2psht =101ps
10° L x N = 5ps_l, T =1.01ps E
_ -1 _
- — —A=10ps ’Tmax_ 1.01ps
3 | narrowband o
10° b S
04
O
-
©
(]
N
©
£
(@]
z
10_2 ! ! ! ‘ ‘ : :
-30 -25 =20 -15 -10 -5 0 5 10

R, (dB)

Figure 6.4: AFD calculated for different multipath arrival rate and a channel impulse response with
distributions — [lognormal Nakagami-q Nakagami-q].

arrival rate is increased, the LCR curves move up to the upper limit of narrowband. The reason is
explained in Fig. 6.3. For increased A, with same number of significant multipaths, more replicas
of the transmitted signal arrive within a shorter period of time thus creating more interference
and consequent fluctuation of received signal. In the limiting case, all significant multipaths arrive
within a symbol period and yields LCR values close to that of narrowband. In case of AFD too,
shown in Fig. 6.4, the curves are close to that of narrowband for an increased .

For calculation based on a power-delay-profile, we used the SUI-2 channel model given in [66].
We compared the result calculated using this model and equation (6.4) with the LCR obtained from
equations (6.8), (6.10), and (6.12) in Fig. 6.5. The good match between the two curves prove that

an exponential delay model can represent a propagation scenario well for wideband transmission.
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Figure 6.5: Comparison of LCR calculated from exponential delay model (equations (6.8), (6.10), and
(6.12)) and SUI tap-delay line model.

6.2.2.2 Propagation scenario — non-flat or tree-covered area

Here, we are considering multiplicative lognormal-Rayleigh envelope pdf for all taps. The

expression of LCR, as given in section 5.2 and replicated here, for a particular delay bin,

2
LCR = YV —_—— | d 6.13
Rl 0/ 2moloy Pl 73 2 202 ‘ (6.13)

where o2 in a particular delay bin is the cumulative sum of all 2 up to that particular bin i.e. here,

03 = 02|ar, + 02|ar, 4 02|Ar,. Same is true for 0’7 which denotes variance of the time derivative
of in-phase and quadrature components of a complex Gaussian process in ith bin.

LCR calculated for different multipath arrival rate A are plotted in Fig. 6.6. Unlike Fig. 6.2,
LCR curves does not move up as multipath arrival rate is increased. This is because all the paths
are not devoid of small-scale fading and the first path have comparatively high LCR unlike the case
of Fig. 6.2. The initial LCR is thus not too different from overall LCR. Due to the dominance of

shadow fading for threshold values greater than area mean signal level, LCR of narrowband signal
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6.2 First and Second-Order Statistics in Wideband LMS Channel Model
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Figure 6.6: LCR calculated for different multipath arrival rate and a channel impulse response with
lognormal-Rayleigh distribution for all paths.

is significantly less at Ry, > 0 dB.
6.2.2.3 Propagation scenario — High clustering density with LOS blocked

Here, we are considering Nakagami-q distribution for all taps. The expression of LCR, given

in [59] and replicated here, for a particular delay bin,

27

R2cos%0  RZsin%0

LCRRy,|ar = ﬁfth / VB2 + (B1 — Ba) cos26 exp | — thczs - thSIQD do. (6.14)
(271') 01,02; s 20’11_ 202i

LCR calculated for different multipath arrival rate are plotted in Fig. 6.7. At initial values of
threshold, the curves show exactly opposite nature of Fig. 6.2 for dependence on A. This is due to
large variance of first multipath and consequent high initial LCR. If the variance of initial path is

kept smaller than others, then there will not be any crossover and the curves will be similar to Fig.

6.2.
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Figure 6.7: LCR calculated for different multipath arrival rate and a channel impulse response with
Nakagami-q distribution for all paths.
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Figure 6.8: LCR calculated for different multipath arrival rate and a channel impulse response with
distributions — [constant Rayleigh Rayleigh].

6.2.2.4 Propagation scenario — Open area

Based on the assumption made, the received signal in first delay bin is without any randomness
and fluctuation meaning LCR is zero in first delay bin. Envelope of subsequent paths are considered

Rayleigh distributed. According to equation (6.2), envelope of subsequent delay bins are Rician
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6.3 Calculation of Statistics in a State-based Model
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Figure 6.9: LCR calculated for a 4-state model using narrowband and wideband models of Section 4.1,
6.2.2.1, and 6.2.2.4.

distributed. The expression of LCR, in this condition, for a particular delay bin (other than Oth)

is given by [51]

o' Ry, R?, + A2 R, A
LCR = Wl 0 g €. 6.15
raln = e (-5 ) o (25 (0:49)

LCR calculated for different multipath arrival rate are plotted in Fig. 6.8. As initial LCR is

zero, the nature of the curves are similar to Fig. 6.2.

6.3 Calculation of Statistics in a State-based Model

In calculation of envelope pdf in a state-based model, the overall pdf is generally expressed as
the linear combination of pdfs in individual channel states with state probabilities as weightages
[9,21,27,28,67]. A simple integration will show that the overall CDF can be expressed in the
same way. For calculation of LCR, the approach demonstrated in Section 6.2 can be extended to
state-based models whether narrowband or wideband. The overall LCR for an M-state channel
model, thus can be expressed as,

M

LCRg,, = »_ P, x LCRg,,; (6.16)
=1
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6.4 Summary

where P; and LCRg,, |; are the state probability and LCR at ith channel state. As each one of
the four propagation scenarios considered earlier can be considered as individual channel states,
the overall statistics (CDF, LCR or AFD) can be calculated using equation like above for a mobile
receiver traveling through different type of areas (urban, suburban, rural, forested). Hereby, we
calculate overall LCR for a 4-state model [67] based on a measurement campaign reported in [56]
and plot it in Fig. 6.9. We use the parameters of shadowing and multipath fading reported in [67].
The state probability matrix is P = [0.169, 0.461, 0.312,0.058]. The first two states are reported to
be in open areas and Rician-like with 14 dB and 18 dB value for Rice K-factor, while other two
are shadowed states represented by additive Rayleigh-lognormal distribution in [67]. Therefore, we,
use channel models already proposed in this thesis for open areas and flat urban/suburban areas

with low clustering density.
6.4 Summary

First and second order statistics of a wideband LMS channel has been formulated. The statistics
has been formulated and calculated for the four different propagation scenarios considered in this
thesis along with various aspects on the results. The relation between the results of narrowband
and wideband statistics have been explained clearly. Finally, results have been shown for LCR,
formulated and calculated for a state-based model with both narrowband and wideband condition,

which concludes our work on various aspects of LMS channel modeling.

76



Capacity Issues for Land Mobile
Satellite Channel

Contents
7.1 Ergodic Capacity with Frequency-Selective Fading . . .. ... ... .. 78
7.2 Capacity versusoutage . . . . . . . . .. i e e e e e 81
7.3 An example of calculating capacity in state-based channel model ... 82
I 3543 - 83

TH-1233_09610205
(e



7.1 Ergodic Capacity with Frequency-Selective Fading

In this chapter, we put our effort into calculating the capacity of the channels proposed in
earlier chapters, both in ergodic and non-ergodic condition. Depending on the signal bandwidth
and channel parameters, the channel can be ergodic or non-ergodic. If the transmission time T
is very large compared to the coherence time (T¢op), the fading effects on received signal can be
considered ergodic because the signal is expected to encounter all possible channel realizations. In
this case, the channel capacity is calculated by taking statistical average over all possible fading
situations. In cellular communications, T' cannot be very large, particularly for delay-sensitive
applications like speech or video transmission. However, in LMS communications, T" has relatively
large value due to very large distance between satellite and earth. Even if T" does not exceed Tcop,
the transmission bandwidth (W) can be large enough (Ku-, K-, Ka-bands) so that WT > 1; thus
the ergodic assumption will still be valid [68] in wideband LMS channel. For lower bands (L, S),
the LMS channel might be non-ergodic when 1" < T, and the capacity-versus-outage performance

have to be determined instead of ergodic capacity.

7.1 Ergodic Capacity with Frequency-Selective Fading

Calculation of ergodic capacity for frequency-selective fading channel usually involves the ran-
dom channel matrix with the fading coefficients of the channel impulse response as its elements.

The discrete-time frequency-selective channel model is

L
yi:ﬁzhlxi—l+zia ’L':].,...,TL (71)
=0

or, in matrix form
y=+7Hx+n (7.2)

Ergodic capacity of this model:
. 1 T
Cerg(7) = lim sup  —F [logdet (I+~+HE,H")] (7.3)
=00 5, >0:tr(y)<n T

To the best of our knowledge, there is no closed-form expression for this equation available in
literature. Simplification has been attempted by researchers mostly by avoiding direct involvement
of the channel matrix. In [69], the channel capacity is expressed as an integral with respect to the
eigenvalues of a matrix dependent upon the channel matrix. A more straightforward and statistical

formulation is given in [70] where the channel matrix H is transformed into a diagonal matrix G as
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7.1 Ergodic Capacity with Frequency-Selective Fading

H = FGFT. Here, H is a circulant matrix formed by the fading coefficients h;, [ = 0,1, ..., L. The
product FG stands for Fourier transform of the diagonal coefficients (G;) in G and Fx denotes the
Fourier transform of the transmitted symbols. So, the elements of G are transformed version of
the exact channel coefficients. In [70], G;s are considered as original fading coefficients represented
by i.i.d. Rayleigh variables. Rayleigh distribution should have been assigned for the elements of
H and then the distribution of G;s have to be determined through matrix transformation. G is
obtained from H by,

G=F'HF"L (7.4)

As F is unitary matrix, F~! = (F*)T. So, G = (F*)THF*.

With the assumption of unavailability of LOS or any other dominant path and shadow fading, if
the fading envelope of the multipaths or the elements of H are represented with complex Gaussian
distribution with equal variance (i.e. the absolute values are Rayleigh), then G; is a sequence of
complex Gaussian variables too. This can be shown easily by matrix multiplication as elements of F
are complex with unit magnitude. But it would be different for other scenario with the presence of
dominant LOS component and/or shadow fading. In these cases, the complex G;s have a dominant
part both in in-phase and quadrature component along with a Gaussian part. The dominant part
is deterministic if the original one is unfaded LOS and then both the in-phase and quadrature
components turn out to be Gaussian with non-zero mean. So, |G;|? is a sequence of non-central

chi-square random variable with two degrees of freedom and the pdf is

1
p(?") _ 726_(524_7")/271—0—2]0 <\/7ji2> ) r>0 (75)
20 o

where o is the standard deviation of the complex Gaussian variable and s is the non-centrality
parameter related to the non-zero means m; and ms as s> = m% + m%

In case of LOS path under lognormal shadow fading, the dominant part in G; is lognormal. If
the non-dominant paths are considered Rayleigh faded (i.e. complex Gaussian with equal variance),
then the pdf of |G|? is

1 (242 2 sy 1 (Iny — pg)?
- - (s*y“+r)/2m0= I < y) - S Sl A -V >0 7.6
r e T ex I .
p(r) o 0/ 0 \TUQ  exp - y (7.6)

and if the fading envelope of the non-dominant paths are considered Nakagami-q (Hoyt) distributed
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7.1 Ergodic Capacity with Frequency-Selective Fading
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Figure 7.1: Capacity for different channel impulse response for same multipath power = 0.0862 (-10.645
dB) with respect to LOS. Also shown is Monte Carlo simulation of the finite-dimensional mutual information

formula %E [log det (I + WFGGTFT)} for n = 64.

(i.e. complex Gaussian with unequal variance), then the pdf of |G|? is

2 _[(\/Fcose — mqy)? N (Vrsind —may)?]  (Iny — pe)?

1 1
r)y= —e—— — [ex — dfdy, r >0
p(r) 2V 2mo10904 /0 y/o P 20% 20% 2052 4

(7.7)
where o1 and o9 are the standard deviation of the inphase and quadrature components of Nakagami-
q process.

Thus, the expression for channel capacity is given by (with the assumption that the channel

TH-1233_09610205
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7.2 Capacity versus outage

state information or knowledge of G is only available at the receiver)

Cors(7) = Ellog(1 +~|GP)] = /0 " log(1 + yr)p(r)dr (7.8)

where + is the signal-to-noise ratio (SNR) defined as the ratio of signal power to noise power.
Cerg(7) is calculated for different CIRs mentioned in Section 6.2.1 and compared in Fig. 7.1
for same multipath power (202 or o2 + 03). The ratio of s? and total multipath power 202 or
the ratio of m? and 0%, and m3 and 03 are set to a value (here, 10) and this ratio is equivalent
to the Rician K-factor. Here, we name the distributions of the channel impulse response h; as
Rayleigh, LOS-Rayleigh (first path - unfaded LOS), lognormal-Rayleigh (first path lognormal) and
lognormal-Hoyt. For different values of SNR, the curves go up in the order — Rayleigh, lognormal-
Hoyt, lognormal-Rayleigh, LOS-Rayleigh, as the fading severity becomes less or channel conditions

get better.

7.2 Capacity versus outage

If transmission bandwidth is not very high and delay constraints are imposed, the ergodicity
assumption is not satisfied in LMS channels with fading effects. The idea of classical Shannon
capacity cannot be applied in this situation as the channel variation is negligible during the trans-
mission interval. The probability of transmission rate being greater than the instantaneous mutual
information may not be negligible in this case. The capacities for all possible channel realizations
cannot be averaged out as is done when calculating ergodic capacity and the channel capacity is
considered a random quantity [33]. The evaluation of the capacity-versus-outage performance is
done by determining the probability that reliable communication is not possible at a given rate or
in other words, an outage probability is associated to any given rate. In mathematical form, the

outage probability for a given rate R is given by

Pout(R) = P[Cout < R] (7.9)
where Cyy is the random channel capacity dependent upon the fading gain as

Cout = log(1 + p x SNR) (7.10)

where p is the square of the absolute of the complex fading gain.
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7.3 An example of calculating capacity in state-based channel model

One very important metric related to outage is the outage e-capacity which is defined as the
maximum transmission rate that can be supported by the channel for a given outage probability e
ie.

Ce =max{R: Pyy(R) < €} (7.11)

We have calculated C, for ¢ = 0.1 and ¢ = 0.01 for different distributions used in narrowband

models and the curves are shown in Fig. 7.2 for different values of SNR.

— AWGN

..... C0 or additive Hoyt-lognormal

6r [---Cop additive Hoyt-lognormal E
c0.01’ Nakagami-lognormal

— % — C0 . Nakagami-lognormal

Capacity (bits/channel use)

10 15 20

5
SNR (dB)

Figure 7.2: Outage Capacity for ¢ = 0.1 and € = 0.01.

7.3 An example of calculating capacity in state-based channel
model

Let’s consider a three-state model with the states representing open, shadowed and blocked
areas. Suppose from a measurement campaign, we get the state duration probabilities of these

states, respectively, as: p_ ., = 0.6, p = 0.1, and p,,_ ., = 0.3. As the channel conditions in

shadowed

these states are independent to each other, the overall capacity is the weighted average of capacity
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7.4 Summary

of individual channel states, in light of the theory in [33]. In [33], this theory was developed for
independent block transmissions.

So, the overall capacity of the three-state model considered here is C' = p_ .. C\ og pavieign T

pshadowed Clognormal—Hoyt + pblocked CRayleigh *

From Fig. 7.1, at 10 dB SNR, C

LOS-Rayleigh

=3.282, C =2, and C, = 0.7769.

lognormal-Hoyt Rayleigh

So, the overall capacity at 10 dB SNR is C' = 1.92 bits/channel use.

7.4 Summary

The channel capacity for the narrowband and wideband channels considered in earlier chapters
has been computed and compared along with simulation results which match well with the analytical
ones. Examples has also been given to compute the overall channel capacity for the Markov/semi-
Markov chain used in combining the channels respective to specific propagation scenario, so that

cut-offs for transmission rate in different satellite bands can be recommended.
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8.1 Summary of Contributions

In this thesis, we propose several narrowband and wideband channel models based on some
newly identified complex envelope process and a modified 3D scattering model for LMS commu-
nications. We also combine these models into state-based model to calculate the overall statistics
for signal received by an LMS receiver traveling through a wide variety of propagation scenarios.
In this chapter, we summarize the contributions made in this thesis work and also provide some

future directions extending this research.
8.1 Summary of Contributions

In this section, we briefly summarize and discuss our contributions and findings during this

thesis work.

A. Identification of proper envelope process for different propagation scenarios

We choose different propagation scenarios and analyzed the underlying propagation mechanism
involved. More specifically, we investigated that, in which sequence, the different propagation
phenomena (diffraction, scattering, reflection, random attenuation etc.) affected the signal
waves. After finding out the proper sequence of phenomena specific to a propagation scenario,
we were able to give the justification for the use of additive or multiplicative interaction of
the small-scale fading and shadow fading process. Then we proposed mathematical expressions
for the complex envelope which should be able to give an insight into the effect of the actual

propagation phenomena in a particular propagation scenario.

B. Investigation and inclusion of antenna effects in a 3D scattering model

We formulated the effect of circular polarization on the received electric field and found out that
it has no extra effect on received signal attributes in a LMS system. Finally, we included the
effect of directivity of LMS antenna systems, in general, in the 3D scattering models available
in literature and formulated the autocovariance function. This can be useful for calculation
of second order moments and statistics for channel modeling in any wireless communication

system including LMSC.

C. Narrowband models based on additive and multiplicative envelope process

We proposed two narrowband models using both additive and multiplicative complex envelope

process with a Doppler PSD generated from the 3D scattering model introduced in previous
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8.2 Suggestions for Future Work

chapter. The expressions for the first and second order statistics are derived for these models.
By comparing with measurement results of LCR and AFD available in literature, it has been
shown that the additive model can be used to depict a wide variety of fading situations for
flat urban and suburban areas while the model based on multiplicative process is applicable to

areas shadowed by irregular terrain and trees.

D. New mathematical framework for calculation of statistics in wideband models

In this part of work, a new technique to derive statistics in a wideband wireless communication
channel is proposed. The analytical formulation of CDF, LCR, and AFD is based upon the
channel impulse response. As the statistics of the received multipath signal changes from one
delay bin to another, statistical quantities like CDF and LCR are calculated separately at each
delay bin and then they are combined by proper weights to obtain the overall LCR and AFD of
the signal. It has been also shown, that LCR for a state-based model can be calculated using

similar approach.

E. Computation of channel capacity

We computed capacity of the LMS narrowband and wideband channels considered in earlier
chapters. We also gave example to compute the overall channel capacity for a state-based

model.

8.2 Suggestions for Future Work

Some possible directions in which the present work can be extended are outlined below:

i) A simulation set-up can be designed following the analytical framework in the wideband model

to calculate CDF and LCR.

ii) It has been shown that, by changing the elevation angle of the antenna system, LCR of received
signal can be controlled. This can have an impact on crosscorrelation between two antenna
elements and thus in the diversity techniques used. Investigation on diversity improvement,

controlled by antenna elevation plane pattern, can be carried out in future.

iii) Improvement of channel capacity for aforementioned effect of antenna directivity on diversity

schemes can be investigated.
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