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Abstract

Abstract

Three crucial factors in land mobile satellite (LMS) communication systems are the quality of
service (QoS), spectral efficiency and cost. The QoS in a LMS system often suffers due to high link
path loss due to the vast distances covered, signal shadowing-and blockage, and a high link delay.
Spectral efficiency can also be fairly low in LMS systems due to small received signal to noise ratios
disabling the adoption of high order modulation techniques. Setup cost is also a major factor
influencing the business case for LMS communication systems, which often makes single satellite
systems more attractive than multiple satellite constellations. This thesis advances a technique for
increasing QoS and spectral efficiency, without any increase in total transmit power, antenna gain or
bandwidth by using multiple-input multiple-output (MIMO) techniques, which is then investigated

thoroughly by theoretical and experimental means.

To investigate the benefit from satellite-MIMO techniques, work began with the design of a
‘ satellite-MIMO physical-statistical channel model, which enables computer simulation of the LMS-
MIMO channel. Although the single-input single-output (SISO) channel, a subset of the MIMO
channel was validated partially to previously published measurement data, there was no measurement
campaign data or literature that informed about the LMS-MIMO channel. The model was used to carry

out an initial estimation of capacity and diversity gain available from LMS-MIMO systems.

Work moved onto the wideband characterization of the satellite-MIMO channel. A
measurement campaign was carried out in Guildford, UK., where a 'térrestrially based artificial
platform, represénting two low elevation satellites in a cluster communicated with a mobile van,
situated in three environments: tree-lined road, suburban and urban. Each emulated satellite contained
a right and left hand circularly polarized (R/LHCP) directional antenna mounted next to each other.
The vehicle contained four spatially separated omnidirectional antennas: two RHCP and two LHCP. A
complete analysis was performed on the dual polarization single satellite 2x2 MIMO channel data.
The data was characterized in terms of narrowband and wideband first and second order statistics for
both large and small scale channel fading. The large and small scale correlation statistics were also
extracted from the data across the delay and MIMO domains. The data was used to estimate the

capacity and diversity gain that could be achieved from a low elevation LMS-MIMO channel.

This analysis also resulted in the derivation of empirical-statistical narrowband and wideband
satellite-MIMO channel models, which have been validated against the experimental measurement
data. The models can be used by the global research community to help design advanced PHY and
MAC layer techniques, and some interest has already been shown.

Key words: Land Mobile Satellite (LMS), Radio Propagation, MIMO Systems, Channel Modelling,
Channel Characterization '
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Chapter 1 Introduction

Chapter One

1 Introduction

This thesis is submitted for the partial fulfilment of the degree of Doctor of Philosophy, which
has been carried out at the Centre for Communication Systems Research at the University of Surrey,
United Kingdom. The personal research has been performed on “Modelling and Measurement of the

Land Mobile Satellite MIMO Radio Propagation Channel”.
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Chapter 1 Introduction

1.1 Motivations

Personal wireless communications is a tru'é success story and has become part of people’s
everyday lives. Whereas in the early days of mobile communications QoS was often poor, howadays it
1s assumed the service will be ubiquitous, of high speech quality and the ability to watch and share
streaming video for example is driving operators to offer even higher uplink and downlink data-rates,

whilst maintaining appropriate QoS.

Terrestrial mobile communications infrastructure has made deep inroads around the world.
Even rural areas are obtaining good coverage in many countries. However, there are still
geographically remote and isolated areas without good coverage; and some countries do not yet have
coverage in towns and cities. On the other hand, satellite mobile communications offers the benefits of
true global coverage, reaching into remote areas as well as populated areas. This has made them
popular for niche markets like news reporting, marine, military and disaster relief services. However,
until now there has been no wide-ranging adoption of mobile satellite communications to the mass

market.

Current terrestrial mobile communication systems are inefficient in the delivery of multicast
and broadcast traffic, due to network resource duplication (i.e. multiple base stations transmitting the
same traffic). Satellite based mobile communications offers great advantages in delivering multicast
and broadcast traffic because of their intrinsic broadcast nature. The utilization of satellites to
- complement terrestrial mobile communications for bringing this type of traffic to the mass market is

gaining increasing support in the standards groups, as it may well be the cheapest and most efficient

method of doing so.

Current mobile satellite communication systems however often suffer from poorer QoS due to
high path loss, shadowing, blockage, limited satellite power and high link delay. Unfortunately, even
with state of the art high power satellites with narrow spot beams or multiple satellite constellations,
link availability is not always possible when the signal is blocked by buildings, and indoor coverage is
often poor. With future satellites providing subsfantially more radiated power and possibly using
diversity techniques, users may someday.perceive the same QoS from a satellite 6r terrestrial
communication systems. However there is a long way to go before this is achieved. Satellite
communication system operators are always trying to achieve adequate QoS with the minimum fade
margin (and therefore cost). A figure of 16.5dB was used in the Iridium constellation system [EvJ98].
However, signal blockage can easily be 30dB or more, and the link would be dropped. Even with

multiple satellites offering satellite diversity, signal avaifability is not guaranteed.

Some improvements to land mobile satellite communication systems are available by using

the technique of satellite-MIMO between the satellite and mobile in both directions, and this is the

Modelling and Measurement of the Land Mobile Satellite MIMO Radio Propagation Channel Page 14 of 207



Chapter 1 Introduction

subject of this piece of research. Satellite-MIMO, where channels can be sepafated by space‘or
polarization, can offer improvements to QoS by providing diversity gain using spatial/polarization
time block coding techniques, and increases to spectral efficiency by using spatial/polarization
multiplexing or a combination of both. It is assumed that the link between the Earth station and
satellite can be designed with excellent QoS, and that it is the satellite to mobile link that often suffers

poor QoS.

An Earth station could transmit two channels to a repeating down-converting satellite, where
they could be transmitted back to Earth, either by using a single satellite with two orthogonal
polarizations, or by using two satellites with one polarization, or a combination of both. Multiple _
satellites can be placed in a cluster to create an effective ‘antenna array in the sky’, or can be placed

widely apart, which benefits from additional large scale fading diversity gain.

This piece of research was driven to understand the .satellite-MIMO channel, and quantify the

available diversity and capacity gain benefits.

1.2 Aims and objectives

The main aims of this research were to characterize the land mobile satellite-MIMO channel
between a satellite and a mobile, and estimate the available diversity and capacity gains from satellite-
MIMO communication systems. Additionally, in order for PHY layer researchers to take advantage of
the channel characterization, another aim of the research was to produce satellite-MIMO channel

models.
The approach used in this research followed a serial path of objectives, as follows:

¢ Review in detail the literature on land mobile satellite SISO channel modelling and measurements,
gain a good understanding of terrestrial MIMO channel modelling and measurements, and gain an

understanding of diversity and capacity enhancements through multiple antenna systems.

¢ To gain some initial understanding of the LMS-MIMO channel, prior to the arrival of
sophisticated MIMO channel sounding equipment, it was decided to develop a physical-statistical
mobile satellite-MIMO channel model, based in part on terrestrial MIMO channel models, and
SISO land mobile satellite channel models. This was initially coded in Matlab, but required re-

- coding in C++ to accelerate performance. As a key member of the satellite propagation activities
in the EU IST FP6 project SatNEx: Satellite Communications Network of Excellence, a personal
exchange mission to DLR in Munich, Germany was organized, where the analysis and practical
aspects of a well cited LMS measurement campaign was retraced, that led to Prof. Lutz’ two state
Markov LMS channel model. Together with a PhD student colleague at DLR, test runs were taken
down the actual roads used in the campaign. Therefore notes could be made about the

environment. This enabled the physical-statistical model to be more accurately constructed.
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However the MIMO aspects of the LMS model could not be validated necessitating the
requirement for real LMS-MIMO channel data.

¢ The next objective was to characterize the wideband LMS-MIMO channel. After six months of
planning and setting up the experiment, the measurement campaigns were carried out in the
summer of 2005. Around 100GBytes of channel data was generated between a terrestrially based

artificial platform based on a hilltop, to represent the satellite and a vehicle situated in three

environments: tree-lined road, suburban and urban.

¢ This led to the quantification of the narrowband and wideband first and second order statistics as
well as the correlation statistics of the LMS-MIMO channel. From the channel data and their

statistics, the capacity and diversity gain from a LMS-MIMO system was studied.

¢ Finally the development of a valid empirical-statistical LMS-MIMO channel model was explored

which could be used in software simulation or hardware emulation.

1.3 Methodology

The methodology can best be described with the aid ofthe following diagram:

MIMO Lg:i::,;e Focus of PhD
_Ch. 3 -Chs. 4,5,6,7,8
Literature Literature
SISO Review Review
-Ch. 3 -Ch.2
Terrestrial LMS

Fig. 1-1 Methodology

The diagram clearly shows how the research arrived at the focus area. Terrestrial mobile systems are
already well researched for SISO and MIMO channels. Land mobile satellite systems are well covered

by researchers in the SISO case. However MIMO applied to the LMS case is new research and is the
subject of'this thesis.
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1.4 Achievements and contributions

The major achievements and novelty in this work are:
¢ Design and construct a novel physical-statistical land mobile satellite-MIMO channel model.

¢ Design and carry out a LMS-MIMO measurement campaign and provide a thorough analysis of
the captured data. Use this data to predict available diversity and capacity improvements. To the
author’s knowledge, no narrowband or wideband MIMO mobile-satellite channel measurement

campaign had been carried out prior to the present work.

¢ Design and implement a narrowband and a wideband empirical-statistical LMS-MIMO channel

model, which is novel.

The results of this work have been published in learned journals and international conferences.

The work was defended personally at two conferences.
Journals

¢ Kasparis C, King PR, Evans BG, "Doppler spectrum of the multipath fading channel in
mobile satellite systems with directional terminal antennas", IET Communications, in

Press.

¢ Horvath P, Karagiannidis GK, King PR, Stavrou S, Frigyes I, “Investigations in satellite
MIMO channel modeling: accent on polarization”, EURASIP Journal on Wireless

Communications and Networks, in Press.

¢ King PR, Stavrou S, “Low eclevation wideband land mobile satellite MIMO channel

characteristics”, IEEE Transactions on Wireless Communications, in Press.
2

¢ King PR, Stavrou S, “Capacity improvement for a land mobile single satellite MIMO
system”, IEEE Antennas and Wireless Propagation Letters, vol.5, Dec.2006, pp.98-100.

¢ King PR, Stavrou S, “Land mobile-satellite MIMO capacity predictions”, IEE Electronics
Letters, vol. 41, no.13, June 2005, pp.749-751.

Conferences

¢ Kasparis C, King PR, Evans BG, “Doppler spectrum of the multipath fading channel in
mobile satellite systems with directional terminal antennas”, Ka and Broadband

Communications Conference, Sep.2006.

¢ King PR, Stavrou S, “Characteristics of the land mobile satellite MIMO channel”, JEEE
Vehicular Technology Conference, Sep.2006. |
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¢ King PR, Stavrou S, “Tree obscured mobile satellite channel characteristics and

mitigation”, IST Mobile Summit, June 2006.

¢ King PR, Horvath P, Pérez-Fontan F, Frigyes I, Stavrou S, “Satellite channel impairment
mitigation by diversity techniques”, IST Mobile Summit, June 2005. '

¢ King PR, Evans BG, Stavrou S, “Physical-statistical model for the land mobile-satellite
channel applied to satellite/HAP-MIMO”, 11" European Wireless Conference, vol.l,
Apr.2005. '

Book Contribution

¢+ King PR, a co-author in e-book, ‘Influence of the propagation channel on satellite
communications - channel dynamics effects on mobile, fixed and optical multimedia
applications’, written as final deliverable for joint activity group on satellite propagation

during EU IST FP6 SatNEx project: Satellite Communications Network of Excellence.

1.5 Thesis structure

- Chapter 2 provides a review of land mobile satellite systems and SISO channel modelling and
measurements. Key well known empirical, statistical, deterministic, physical-statistical, state and

wideband models are reviewed.

Chapter 3 focuses on the MIMO channel and channel capacity theory, as well as causes of
non-ideal channels for MIMO capacity. An overview of antenna array theory and some important

terrestrial MIMO channel models are presented.

Chapter 4 describes in detail the construction of a physical-stétistical satellite MIMO channel
model and its partial validation against measurement data in the literature. MIMO capacity and

diversity gain are estimated from the model. The need for LMS-MIMO channel data is highlighted.

Chapter 5 provides details about the measurement campaign design and planning, and also

about the operation and theory of the channel sounder.

Chapter 6 provides a thorough analysis of the LMS-MIMO channel data. This included
narrowband and wideband first and second order statistics and correlation properties over the delay
domain and over the MIMO channel domain. The data was also analysed quantitatively for diversity

gain and capacity gain. Measurement limitations are discussed.

Chapter 7 uses the measurement data to derive a narrowband and a wideband empiri.cal-

statistical LMS-MIMO channel model. Model limitations are also discussed.

Finally, the last chapter draws conclusions on the work, and provides scope and direction for

further work.
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Chapter Two

2 Mobile Satellite Systems and Channel Modelling
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2.1 Mobile satellite systems

| 2.1.1 Introduction

Mobile satellite services have been around since the 1980s, in a similar time frame to
terrestrial cellular communications. Improvements to launch capabilities, payload technology,
antenmas and advanced modulation/coding techniques have enabled mobile terminals to become
increasingly smaller with better quality of service (QoS) and much improved roaming capabilities.
(The appropriate QoS required for speech is an uncoded bit error rate (BER) of around 1072 — 10 and
for data is around 10° — 107.) Terrestrial cellular development has also seen major advances in
technology, and offer a more cost-effective, better QoS solution in many situations. However mobile
satellite communication systems offer some key advantages bringing communications to sparsely
populated or barren areas, in addition to maritime and aeronautical services. Satellites also offer key
advantages in multicast and broadcast services to mobile devices due to efficient delivery, and can

well complement terrestrial cellular communications in this area.

There are four main types of satellite orbit: geostationary orbit (GEO — a useful
geosynchronous orbit), highly elliptic orbit (HEO), medium Earth orbit (MEO) and low Earth orbit
(LEO), each with various benefits and drawbacks.

2.1.2 Satellite spectrum

Although most current mobile satellite services operate in the L and S bands (see Appendix
for a description of frequency bands), greater demand for bandwidth has meant some services are now
operating from VHF up to Ka bands. The link between satellite and mobile at higher frequencies poses
many difficulties. For example, the problems associated with noise, path loss, shadowing, Doppler
effect are all more challenging at high millimetre wave frequencies. Smaller wavelengths are also
more likely to be scatterered when reflected by rough surfaces; this wave spreading reduces multipéth

power compared with lower frequencies [PaD92].

Higher frequency channels therefore require more directional mobile (tracking) antennas due
to link budget constraints and therefore tend to provide enhanced distinct ‘on/off’ states, whereas
multipath is more pronounced at the lower L and S band frequencies when using omnidirectional
antennas. For this reason, the benefits of satellite-MIMO are more likely to improve at lower
frequencies, although the benefits of satellite-MIMO at higher frequencies may become possible in the

future with higher radiated power satellites.
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2.1.3 Multiple satellite coverage improvement

Much work was carried out in [Gki02] to simulate the satellite visibility and multiple satellite
diversity probabilities for various constellation orbit architectures and vai'ious mobile terrestrial
environments. The ta'get design aim is to ensure at least one satellite is visible to the mobile for the
highest amount of time. The geographical mobile/population density is also accounted for in that
constellation orbits are often optimized aiound mid-latitudes. When more than one satellite is visible

to a mobile, signals can be combined in a diversity arrangement.

For the case of two satellites, the following diagram [Gki02] shows the correlation coefficient
between satellite visibilities as a function of azimuth sepaiation at various elevations, street widths
(W=12m shown here), mobile position from buildings (d [m]) and building height (Hb=15m shown
here). The optimum azimuth separation is 90°, where a negative cross correlation coefficient occurs
(meaning when one satellite is blocked there is a higher probability that the other satellite is visible).
This is also intuitively conect, as when a mobile is moving along a street, one satellite is more likely
to be visible if the other is blocked when separated in azimuth by 90°. When satellites are close
together, as they would be in a satellite cluster, the shadowing will be highly correlated. Similarly if
satellites aie positioned at either side of the mobile at 180° azimuth, blockage is also likely to be

highly correlated.

Satellites at 25 oeg S 2D deg ht=1cm
Satellites at 25 ceg &35 deg Hb=1cm
Satellites at 53 ceg & '5 deg Hb=1cm
Satellites at 53 ceg & "5 deg. Ht=1cm vV=t2m, J=2T1
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Fig. 2-1 Optimum position of two satellites for maximizing satellite visibility (courtesy of [Gki02])
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2.1.4 Role of terrestrial repeaters and time diversity

When designing a land mobile satellite system, it is found that a large shadowing fade margin
is necessary. For example in [Dav02] it is reported that 29dB fade margin is required in downtown'
Athens for 99% availability with a satellite at 60° elevation operating at 1.8GHz. This would be
uneconomical and technically challenging with current payload and handset technology. Systems such
as a digital audio radio service (DARS) system called Sirius Satellite Radio use many techniques to
overcome large and small scale fading. Firstly, two satellites are used in a HEO, which ensures a high
likelihood of high satellite elevation from at least one satellite, thus improving coverage [Dav02].
However this does not help reception indoors or under bridges for example. To counter this, time
diversity is used, where one satellite broadcasts with 4 second delay. When buffered and coherently
combined using MRC in the receiver, this clearly improves the chance of a non blocked signal.
Whereas these two techniques deal with shadowing fading, small scale fading at speeds of several
fades per second, are dealt with by interleaving, and concatenated convolutional and Reed-Solomon

coding.

However, even with all these forms of diversity, it is found that in order to achieve the target
0f 99% availability in built up areas and in tunnels, inside buildings, shopping malls, etc, further signal
strength is required. In many systems like Sirius Satellite Radio and other satellite digital multimedia
broadcasting systems, like those researched in EU projects such as SATIN and MAESTRO, terrestrial
gap-fillers or repeatérs are used. The requirement is to minimize the system cost whilst maintaining a
required QoS, which usually means optimizing the satellites’ orbit and diversity schemes to minimize

the number of gap-fillers.

In the Sirius Satellite Radio system [Dav02], a separate VSAT receiver system at the
terrestrial gélp-ﬁller is used, where signals are re-broadcast within the operators 12.5MHz of S band
spectrum using COFDM, a modulation/coding scheme that provides resilience to wideband multipath
echoes, and allows each gap-filler to use the same piece of spectrum. The signals from the terrestrial

paths and the two satellite paths are all coherently combined using MRC in the receiver.

Another United States DARS system XM Radio, which uses GEO satellites, has recently

(2007) announced plans to merge with Sirius Satellite Radio.

2.1.5 Geostationary orbit satellite systems

GEO satellites are placed above the equator at an altitude of 35786km and always appear in
the same place (azimuth and elevation) from Earth. One satellite can provide continental size
coverage, and a minimum of three satellites can provide globa.l coverage. Satellite visibility becofnes
increasingly worse at higher latitudes due to reduced elevation angle. Visibility in built up areas is

poor. Unlike terrestrial cell-based architectures or systems based on satellites in lower orbits, no
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handover is required during a connection, which simplifies the network architecture. A single hop

transmission delay is around 250ms to 280ms depending on path length.

The past 20 years of GEO mobile satellite systems has seen a vastly improved satellite
effective isotropic radiated power (EIRP), by means of higher onboard power amplifiers and narrower
spotbeams; mobile terminal antennas are now able to provide a link with much wider antenna

beamwidths, enabling users to be much more mobile whilst in a call.

Land mobile satellite services from GEO satellite systems ‘are offered in Europe, North
America, Australia, the Middle East and South East Asia, by companies such as Inmarsat, Euteltracs,

Emsat, Optus, N-Star, Msat, Aces and Thuraya.

2.1.6 Highly elliptic orbit satellite systems

HEO satellite systems offer many benefits for mobile satellite communications. With an
apogee of 40000 to 50000km and a perigee of 1000 to 20000km, transmission delay is variable.
However orbits can be chosen to provide a high guaranteed satellite elevation angle to mid-latitude
regions with two to four satellites. Handover is required three to four times a day, so may not be

necessary during a call.

Sirius Satellite Radio in the United States offers and Europe’s Ondas Media aims to offer

digital radio services using HEO satellites.

2.1.7 Medium Earth orbit satellite systems

MEQO constellation satellite systems require between 10 and 20 satellites for global coverage
at an altitude of 10000 to 20000km. Transmission delay and path losses are reduced compared to GEO
systems and good visibility can be obtained and satellite diversity techniques used. Handover is

required between satellites more frequently than HEO systems but much less than LEO systems.

Examples of MEO satellite systems are GPS (owned by United States military), Glonass
(Russia) and Galileo (Europe) navigation systems. MEO satellite systems for mobile satellite
communication services are few, with ICO as the best known proposed commercial system for

communications.

2.1.8 Low Earth orbit satellite systems

LEO satellite systems, with an altitude between 750 and 2000km, offer much improved
transmission delay and path loss. Multiple satellite constellations require more than 30 satellites for
global coverage. Multiple satellite diversity can greatly enhance the link availability, where either
selection diversity or maximum ratio combining diversity techniques are often used. In order to

guarantee visibility of at least one satellite above a certain satellite elevation, more satellites are
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required in the constellation. Handover can frequently occur within a call, and adds great complexity

to the network.

Many attempts at providing a mobile satellite voice/data service business from LEO systems
were made during the 1990s. Some examples are Orbcomm, Iridium, Globalstar, Constellation
Communications. However most were unsuccessful financially due to major inroads from tenestrial
mobile communications, which offered a cheaper service of higher quality. LEO systems are still in

use for special applications such as for barren regions and military communications.

2.2 Mobile satellite channel modelling

The land mobile satellite channel can be partitioned into ionospheric effects, tropospheric

effects and local effects [MarOO], [EvB99]:

Ionospheric effects involve the interaction between layers of charged particles around the
Earth and the radio waves. It includes ionospheric refraction, Faraday rotation, group delay, dispersion

and ionospheric scintillation.

Tropospheric effects involve the interaction between the lower layer of the Earth’s atmosphere
(including the air and hydrometeors such as rain) and the radio waves. It includes attenuation, rain
attenuation, gaseous absorption, tropospheric refraction, tropospheric scintillation, depolarisation and

sky noise. Cross-polar discrimination, as defined in [ITU-R618-8], is negligible below 4GHz.

Local effects involve radio wave interaction with the features in the vicinity of the mobile
terminal. The tenain, vegetation, buildings, other structures, and vehicles can all interact with the

radio wave by the mechanisms of reflection, diffraction, transmission and scattering [Sau99], [Kar99].

Ionosphere

Reflection _
Diffraction \ IS ,

Fig. 2-2 Mobile satellite channel mechanisms (courtesy of IGki02])
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The direct component, 7, or line of sight path (LOS) is subjected to all the ionospheric and

tropospheric components listed above, in addition to free space loss (FSL), given by:

FSL = ZOlog[%} ,dB 2-1)

where d is the distance between the satellite and mobile and 1 is the wavelength. At L and S bands,
Faraday rotation in the ionosphere is significant, increasing with lower frequencies. For this reason
circularly polarized antennas are often used. When the LOS path is obstructed by trees, buildings, hills
or other obstacles, large scale fading or shadowing occurs, and causes severe signal attenuation, Whiéh

must be accounted for in the link budget.

The specular component 7, reaches the mobile by reflection from the ground. Its strength
depends on the constitutive parameters and roughness of the ground. Since this ray normally arrives
with a negative elevation, it is not always received by a directional terminal antenna [Kar99]. The
diffuse components (7 and r,) account for the small scale fading in the received signal, which occurs
due to the vector addition of reflections, diffractions and scattering from local objects. All the channel
effects are multiplicative; however additive white Gaussian noise (AWGN) is also present in the

system, as shown.

2.3 Survey of channel models

Signal fading is often separately described by path loss, large scale and small scale fading
effects. Various methods and models have been proposed to model the LMS channel. This section
provides an overview of some of the well cited SISO models in the literature that describe the large
scale and small scale fading effects.

2.3.1 Empirical models

Modified exponential decay (MED) model

In order to compute the mean path loss through vegetation, knowledge of the path length, D,

through vegetation and the frequency, f can be used in the following formulas:
I,=aD, )
The value of a, has been calculated by various research studies. The ITU deﬁﬁe this as [Kar99]:
a,=021%D, " (2-3)

valid for the range 0 < D, < 400m, and 200 <f'< 95000 MHz. Therefore, at 2450MHz, for example the
attenuation through Im of vegetation is 2dB. This model is built around a large database of

measurements with foliage in-leaf and out-of-leaf and in wet and dry conditions.
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Researchers Vogel and Goldhirsh also formulated roadside tree attenuation at different

satellite elevations, based around extensive measurement campaigns [Vog88].
Empirical roadside shadowing (ERS) model

The ERS model, along with its revisions, developed by Vogel and Goldhirsh, enables
calculation of shadowing fades beyond free space loss as a function of pelicentage (P), satellite
elevation (0) and frequency (f). The original model, valid for f = 1.5GHz, 1% < P <20%, and 20° < 0
<60°, is given by [Vog90]. Here, L is the channel attenuation:

L(P, 0) = -Aln(P) + B
where A =3.44 + 0.0975 6 — 0.002 6? (2-4)
and B = -0.443 0 + 34.76

To extend the model percentage range to 20% < P < 80%, the following scaling is used [Vog88]:

L(20%,0 80

To extend the model frequency range, where 0.8GHz < f < 20GHz, the following is used [Gol93]:

L(f,) = L()exp 1‘5[#717} @

In Fig. 2-3, the excess attenuation is given for a range of satellite elevations, at 2.45GHz and
5.25GHz. These frequencies are of interest because they are representative of commercial LMS bands.
Additionally, the channel sounder can operate at these two frequencies and it useful to see the impact
on attenuation; for measurement campaign planning purposes: 2.45GHz was chosen due to lower loss.

Note there is an 80% chance of fading in this model for all satellite elevations.
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Fig. 2-3 Excess attenuation distributions versus elevation at 2.45GHz and 5.25GHz
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2.3.2 Statistical models
First order statistics

First order statistics are described by their probability density function or cumulative

distribution function. However they say nothing about how the signal level changes with time.

Shadowing model
Shadowing probability can be reduced by positioning the satellites at higher elevations (eg.

HEO systems) and using multiple satellite diversity (eg. LEO systems) [Gki02]. However, at all
elevations, shadowing can occur reducing the signal level substantially, which necessitates the

addition of a large scale fade margin to the link budget.’

The change from shadowed to non-shadowed signal conditions is often modelled using a state
approach, which also better accounts for signal temporal variations. Two, three and four state models
have gained popularity. Each state can be separately described by large scale and small scale fading
statistics. The large scale fading is usually modelled using a log-normal approach. This can be justified
if the signal attenuation contributions along the shadowing path act independently. In this case the
total attenuation is the multiplication of signal attenuation power ratios. Expressed in dB, this is the
sum of attenuation contributions in dB. If these contributions are taken as random variables, then the
central limit theorem holds and hence the shadowing follows a log-normal (Gaussian) distribution
[Sau99]. Additionally, many ‘mixture’ models use the Gaussian shadowing model as a component.
The Gaussian shadowing distribution is normal in decibels, and is therefore also known as log-normal.

The normal distribution is defined as follows [Sau99], [Vuc92]:

p(Lg) 1 L (2-7)
p = exp| — . -
- N2 20,° '
where g, is the shadowing standard deviation and L; is the shadowing loss in decibels. Typical values

of o; range from 4dB to 12dB, and is dependent on satellite elevation and environment.

Rayleigh model
The Rayleigh distribution [Jak74] is a very often used small scale fading narrowband model

for non-line-of-sight (NLOS) channels. It is also commonly used in ‘mixture’ distributions. The
Rayleigh distribution can be seen from the magnitude of complex Gaussian independently and
identically distributed random numbers with zero means. The first order probability density is given as

follows:

r r? v
pr(r)= ;exp[— Py J (2-8)
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where r is the fading magnitude, » = ]a] =yx*+y® ,xandy being the real and imaginary Gaussian

random variables, and a being the complex fading multiplier. The parameter ¢ is the standard

deviation of either the real or imaginary part of the complex fading a and ¢” is the power in a.

Ricean model
The Ricean distribution [Ric48] is a commonly used narrowband model for LOS or partial

- LOS conditions. Whereas in the Rayleigh case the fading is due to reflected, diffracted and scattered
multipath energy, the Ricean case has an additional LOS component. The ratio between the LOS
power and the multipath power is known as the Rice K factor. When K — o, the channel is purely
LOS with no multipath and the signal level does not fluctuate, and when K — 0, the channel is
purely multipath and the fading becomes Rayleigh. Typical K values in a mobile satellite channel
range from -15dB to +15dB. The Ricean distribution is given by:

4 r2+S2 rS
pr(r)= ?exp[— ?JI 0 (_2) (2-9)

(o2

where ¢ is the standard deviation of the real or imaginary components, and s is the magnitude of the
LOS component. The function I, is the modified Bessel function of the first kind and zeroth order. The
Rice K factor is given by:

_ power in constant part _s*/2 s

2

K
power in random part c 20°

(2-10)

Ricean channels can be simulated by adding a real component representing the LOS signal
magnitude to the complex Gaussian random number generator, or alternatively by using a sum of

sinusoids approach [Pat98].

Suzuki model
The Suzuki model [Suz77] is a multiplicative mixture distribution that describes the

distribution of large and small scale fading in terrestrial urban environments. It combines the Rayleigh

small scale and log-normal large scale distributions. His distribution is formulated as follows:

Tr. r? 1 (ino - )
Pe(7) 5[ - exp[ 5 2) = dexp( ¥ o (2-11)

where r is the fading envelope, 2¢” is the average Rayleigh power, d is the standard deviation of the

normal shadowing variable and  is the mean value of the normal shadowing variable.

Loo model
The Loo process [Loo85] is the sum of a log-normal random phasor and a Rayleigh phasor:
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r=zexp(jg,)+wexp(jp) (2-12)

where z is log-normally distributed and w is Rayleigh distributed. The phases ¢, and @ are uniformly

distributed between [0, 2x]. If z is temporarily held constant, then 7 is simply the Ricean vector:

_r _(r2 +z%) rz
p(r|z)= 3 eXP[ “on ]Io( bg) (2-13)

where b, is the multipath power, and /, is the modified Bessel function of zeroth order. Combining this

probability density with that of the log-normal density, the envelope of the Loo density is defined as:

| 1 (lnz—,u)z‘_rz+z2 rz
p(r)—b \/—f exp{ AT I, b dz (2-14)

where +/d,, is the standard deviation and x is the mean of the log-normal process. It can be shown that

r is log-normal for small values of multipath, and Rayleigh for large values of multipath power,/ b, .

Rice-log-normal model
The RLN model, developed by Corazza and Vatalaro [Cor94], [Vat95] can be described by

the multiplication of the log-normal pha'sor and the Ricean phasor:
r=RSexp(jp) : (2-15)

where R is Ricean distributed and § is log-normally distributed. The phase ¢ is uniformly distributed
between [0, 2x]. The PDF of the Ricean phasor is conditioned on the log-normal amplitude:

2

p(rlS)= 2(K+1)§exp[—(K+1)%—K}IO(2—;—JK(K+1)) (2-16)

where K is the Rice K factor. Combining the conditioned Ricean phasor and the log-normal phasor:
PR =2(K +1)——— T exp 1 M (K+1)— K| ( . —JK(K +1 )] 2-17)
! J_ hd, i S* 2( hd,

where = (In 10)/20 and (hd,)” is the variance and x is the mean of the normal distribution associated

with the log-normal fading process. The Rice factor K is defined as rsz /(26* ), where rs2 /2is the

power of the LOS component and ¢’ is the power of the multipath. As K — <o, the PDF of the
Ricean process tends to the Dirac pulse located at R = 1 and the RLN PDF becomes log-normal. As
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K — 0, the Ricean process becomes Rayleigh and the RLN PDF becomes the Suzuki PDF As
K — o and d, — 0, fading is absent. The RLN PDF is defined fully by the parameters K, # and d,,

and lends itself well to software simulators and hardware emulators.
Second order statistics

Second order statistics are a measure of the rate at which the signal level changes with time.
They are important in the choice of bit-rate, frame length and the design of interleavers, channel
estimators, channel coding to name some examples. Common methods to describe the rate of change
of the signal level are by autocorrelation, Doppler spectrum, levels crossings per second and fade

durations in seconds. Usually, we refer to the average level crossing rate (LCR) and the average fade

duration (AFD), as shown in Fig. 2-4.

Level crossings

Reference
level

Signal level, dB

Fade dufations

Distance/time
Fig. 2-4 Level crossings and fade durations

Models have been del_rived for large scale shadow fading, small scale fading and a combination of the

two.

Shadowing model
Work in [Has91] used measured data to describe the CDF of fade and non-fade durations,

measured in metres. Whilst in fade conditions, with a threshold ranging from 2 — 8dB, the best-fit

curve was log-normal. The probability of a fade duration lasting more than x metres is given b;' )

P(d, >x)= %{1 - erf[—l”a—x_jl_’;—aﬂ (2-18)
. |

where a and o were computed from the measurement data. Whilst in non-fade conditions, the CDF

curve followed a power law:
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P(d, >x)=bx" 2-19)

- where b and ¢ are derived from the measurement data.

A study [Taa97], based on measurements with elevations ranging from 60° to 80°, found the

shadow fading to be log-normally distributed, and suggested an autocovariance formulation:
Cs(t) =05 exp(—vlr|/ X, ) (2-20)

where o is the standard deviation of the log-nonnal shadow fading, v is the velocity and X . is the

effective correlation distance, defined as the distance when the correlation falls to e”, and is found to

be 9-17m in wooded areas and 16-20m in suburban areas.

Rayleigh model
For the classical Doppler spectrum, theoretical derivations of LCR and AFD for a Rayleigh

channel are given in [Jak74]. The LCR, Ny in crossings per second is given as:
N, =2z f,7 exp(~72) (2-21)

where f,, is the maximum Doppler frequency and 7 =#/r,__ is the signal level relative to the mean.

rms

The AFD, 7 in seconds is given as:

exp(7?)-1
p=— L 2
Tr }Tfm\/g (2 )

Note that the LCR and AFD are directly related to the Doppler spectrum. However they are much
easier to measure, due to the small shifts in frequency with respect to the carrier frequency in the

Doppler spectrum.

2.3.3 Deterministic (or physical) modelling

Due to the global area coverage of satellites, deterministic modelling is not often used in the
mobile satellite scenario, as the range of environments to cover are vast. However, if a particular
application is required, for example satellite to indoor propagation, then 2D, 2.5D or 3D ray tracing
can be used to estimate the wideband shadowing and small scale fading. Some details of applying ray

tracing to the mobile satellite environment is given in [Dot01].
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2.3.4 Physical-statistical modelling

Whilst physicéll or deterministic models can provide accurate and detailed electrical channél
characteristics, they are impractical for a mega-cell environment. On the other hand purely empirical
channel models, based on measurement data, can provide excellent statistical accuracy. However their
application is limited to similar environments and frequencies. A compromise between these
approaches, known as physical-statistical modelling, was developed in [Sau01]. They combine the
statistical accuracy, ease-of-use and low computational requirements of empirical models, yet with the
physicél insights of deterministic models. The approach uses geometrical optics and the geometrical
theory of diffraction, known as ray-tracing, on statistically accurate environment parameters. Different
environments can be categorized by a set of these environment statistics — for example the sporadic
nature of buildings and their height distributions, and vegetation statistics can be inputted into ray
tracing simulations. Physical-statistical channel modelling also lends itself well to obtaining Markov
state and transition matrices in multiple-state models. Some examples of physical-statistical modelling

are given in [Oes99], [Oes99b], [Sau96}, [Sau01] and [Tza98].

2.3.5 Multiple-State models

Markov multiple-state models have gained popularity for LMS channel modelling as they can
account for the rapid change in signal level between LOS and NLOS conditions. Two well cited

models are now briefly described.
Lutz two state Markov model

Lutz et al [Lut91], [Lut96], [Lut98], [Lut00] conducted a Europe wide measurement campaign
from the MAREC B2 satellite at an elevation of 13° to 43°. They derived a two state model from their
data. When in a ¢ good’ state, a state with no shadowing, the envelope of the fading was modelled as
Ricean with a different Rice K factor for each environment and vehicle antenna. When in a shadowed
‘bad’ state, the envelope was modelled as a Rayleigh process with log-normal mean distribution. They

proposed the following model for simulation, as shown in Fig. 2-5.

Rice fading
1c 1
Complex —* 8 x(®)
Rayleigh
process Good
@_.\!P(f) -
Spectral Bad
shaping . !
6% '
\TJ g y@®

Log-normal fading
M, 0
Fig. 2-5 Lutz two state simulation model

Signal shadowing
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The time share of shadowing 4 is defined by the state transition and probability matrices. The
pérameters ¢, 4, and ¢ were derived from the measured data and presented for various elevations,
environments and vehicle antenna. Parameter ¢ defines the Rice X factor, u is the log-normal process

mean and o is the log-normal process standard deviation.
Three state Markov model

Fontan et al, [Per97], [Per97b], [Per98], [Per01], proposéd a three state Markov model, where:
+ State 1: line of sight (I.LOS) conditions

. Stéte 2: moderate fading conditions

¢ State 3: deep fading conditions

The measured data was low pass filtered into ‘very slow’ fading, which is used to calculate the
Markov state and transition matrices, W and P. Log-normal fading was used to model the ‘slow’
fading within each state, and the small scale fading in each state was dependent on the large scale

fading level using the Loo approach.

Many measurement campaign datasets were used to derive the parameters for their three state
model. 3x1 state and 3x3 transition Markov matrices were derived for each measurement campaign,
and therefore given as a function of elevation and environment. The Loo parameters were also

calculated separately for each state.

Attempts were also made to derive a wideband model addition to this narrowband SISO

model, but were not fully validated due to lack of wideband measurement data.

2.3.6 Wideband models

Most research on LMS channel modelling has created narrowband models as the transmitted
bandwidths are usually small compared with the channel coherence bandwidths. At higher elevations
associated more often with LMS systems, the coherence bandwidths are usually wider than low
elevation terrestrial systenis. However, with future broadband systems like the Inmarsat BGAN
system, wideband channel modelling beéomes increasingly important, to model intersymbol

interference for example.

Mobile-satellite wideband channel modelling usually takes the form of a time-variant impulse
response, which is often modelled as a delay-line with each tap defined by different weights and
distributions. Empirical wideband mddelling, based on extensive measurement campaigns, has been

carried out in [Par96], [Bel00], [Jah96] and [JahO1].
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Chapter Three

3 Terrestrial MIMO Channel Modelling and Capacity
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3.1 Introduction

Multiple-input multiple-output (MIMO) systems, where more than one antenna is available at
~each end of the communication link, has become a highly researched area since ground-breaking work
during the nineties showed that large increases in capacity over the Shannon limit were available

without increase in power or bandwidth [Fos98].

Single-input multiple-output (SIMO) and multiple-input single-output (MISO) systems have
been used in mobile communications for many years in order to offer diversity gain. In addition,
receiving and transmitting from multiple antennas (known as ‘smart antennas’) has been used to
reduce interference in an interference limited cellular environment and for space division multiple
access (SDMA) by providing array gain toward the wanted mobile and array nulling towafd unwanted
emissions. However this required accurate instantaneous channel information, which is not always
available in a scattefed environment with incoming rays arriving with significant delay and spatial

angular spreads. Using multiple mobile antennas in a LMS-SIMO system can also be achieved
[Bea89].

MIMO technology can provide increased diversity and array gain previously associated with
SIMO and MISO systems, but also adds a new dimension of capacity gain by spatial multiplexing,
where a highly scattered. (NLOS) environment is a benefit instead of a hindrance. Here, different data |
ié transmitted simultaneously from each antenna element at the same time and frequency. Advanced
receiver algorithms are able to separate each channel because the scattered environment causes these
channels to be partially orthogonal; this orthogonality is a random Variable as the channel parameters

are fluid and hence capacity is also a random variable.

In future land mobile satellite systems, data-rate improvement may also be possible in
resource limited allocated spectrum by using satellite-MIMO. Whereas using a higher order
modulation scheme can also increase data-rates in the same allocated spectrum, only satellite-MIMO
can achieve this for the same required average receive signal to noise ratio (SNR). For land mobile
satellite systems, the link budget often prohibits the use of higher order modulation schemes, and

satellite-MIMO may be able to offer an improvement.
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3.2 The MIMO channel

To explain the principle of MIMO, we start with a single-user, frequency-flat channel with »

transmit antennas and m receive antennas [Pau03]:

TRANSMITTER

SCATTERED RECEIVER
CHANNEL
B0 C
0

Fig. 3-1 Basic Channel Model

The input-output relation is given by;

y=Hvyv+w P-1)
where the nx | transmit vectoris 5=7{s, S| ... s,J* the mxn channel transfer matrix is:
hy K
Wi,
H (3-2)
ki knl - K

,the mx 1 receive vector is given by y = [yl )/ ..

. ynf and the m x| noise vector is given by w
=[wi W

Wm}*. The available capacity, is highly dependent on the variation of H, the MIMO

channel, in addition to the number of transmit and receive antennas and SNR.

In the time domain, the output from a SISO link can be expressed as the convolution of input

and channel (dropping the noise contribution for clarity):

T max

yi{t) = hC,t)"s{t) = jINi, 1) s{t-T)d\ (3-3)
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In computer simulation, it is convenient to work with a sampled system and this becomes:

NEESYISIEY | (34)

where s[/] (/=0,1,2,...) are the transmitted data and &[] (/=0,1,2,...,L-1) is the channel and L is the

channel length measured in sampling periods. The received signal sample is therefore:

slk—L+1]
k] = [A[L —1]._.A{1]A[0 : 3.5)
vk =[AL-1] ,””] k1] (3-5)
s[k]
In the MIMO case, we represent the channel by an (n by m) matrix H[k] and so:
s,k —L+1]]]
S[k - 1]
hy - h, s,[k]
ylkl=| : : i (3-6)
hml hm,, Sn[k—:L+l]
slk-1]
L skl
where y is the (m by 1) receive vector and the channel vector ié given by:
h, = |r,[L—1]--h,[0]] (3-7)

3.3 Array gain, diversity gain and spatial multiplexing

MIMO channels offer many advantages over SISO channels such as array gain, diversity gain
and spatial multiplexing gain. Whereas SIMO and MISO systems can offer array gain and diversity
gain, only MIMO can offer multiplexing gain with its associated increase in capacity beyond the
Shannon limit. Space-time coding and receiver algorithms can trade-off these gains, maintaining
adequate bit-error-rate at all times in a noise and interference limited system, but maximising
throughput in favourable conditions. Optimising the trade-off between array gain, diversity gain and
multiplexing gain is a highlly active research area and beginning to gain strength in standardization for

cellular, indoor and fixed wireless access environments.
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3.3.1 Array gain

Array gain or beamforming has been heavily researched over the last fifteen years under the
heading ‘smart antennas’ or ‘adaptive antennas’. In a cellular environment, smart antennas offer
increased range, reduced interference and therefore increased capacity, longer mobile battery life due
to reduced transmit power, reduced channel delay spread and reduced average human radio emission
exposure. In spatial filtering for interference reduction (SFIR), weights are applied to each antenna to
direct the beam toward the wanted mobile and null out interference, and results in the one wanted
output. However, with more complex signal processing, each mobile in a cell can be extracted and
interference nulled simultaneously in a system known as space division multiple access (SDMA)

[Sau99].

3.3.2 Diversity gain

A SISO system in a Rayleigh channel can experience —40dB below mean fades with 0.01%
probability increasing to —20dB fades with 1% probability. Time diversity, frequency diversity or
spatial diversity techniques are often used to greatly reduce the chance of a deep fade. 10dB of
diversity gain can be achieved for dual diversity at 1% fade probability increasing the fade depth to —
10dB.

|

In time diversity, data is retransmitted after a delay of at least the channel coherence time
(therefore being an uncorrelated channel). However, this reduces the data rate as copies of the data are

sent.

In frequency diversity, data is transmitted simultaneously at different frequencies at least the
coherence bandwidth apart (therefore ensuring an uncorrelated channel). However, again this is often
undesirable as it wastes valuable bandwidth. Selecting good sub-carriers in OFDM systems is a form

of frequency diversity.

Spatial diversity where two or more antennas are used at the transmitter (MISO), receiver
(SIMO) or both (MIMO) does not use extra bandwidth, but adds complexity. and cost to the base
station, mobile or both. However it is often preferable and base station spatial diversity has been in

general deployment for over a decade.

To combine signals from two or more antennas, a trade-off between complexity, cost and
performance is made [Sau99]. Selection combining merely selects the antenna with highest
instantaneous SNR.. The drawback is that each antenna SNR must be monitored simultaneously.
Switched combining, where a new antenna is switched-in when the SNR falls below a pre-defined
threshold level is a lot simpler, particularly since only one RF transceiver is required. In order to gain
~energy from all antennas, each channel can be co-phased and added and this is known as equal gain

combining. However, a channel with low SNR can affect the other channels and so the ideal
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combining method known as maximum ratio combining, can be used to maximise overall SNR by
weighting each channel in amplitude and phase. Optimum combining refers to maximum ratio

combining that maximises signal to interference plus noise ratio (SINR).

3.3.3 Spatial multiplexing gain

Multiplexing gain increases the bit-rate without using more power or bandwidth, and requires
multiple antennas at both ends of the link. Data is multiplexed over each transmit antenna as shown

below [Ges03], [BeaOl];

TRANSMITTER RECEIVER
SCATTERED
al a2 CHANNEL
bl b2
cl c2
y2
Ta Ra Da
al bl ¢l dl a2 b2 c2 d2 al bl cl X a2 b2 c2
b Rb *° Db .
'
Te Re Dc
Td Dd

Fig. 3-2 MIMO used for Spatial Multiplexing Gain
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3.4 Capacity principles

3.4.1 Capacity of SISO and MIMO channels

The Shannon upper bound limit on capacity is given by the following equation:
C =log2[l + SNR] bps/Hz (3-8)
Or, when including a SISO channel, it can be expressed as:

C =log 2[1 + SNR |h|2J bps/Hz (3-9)

where h is a normalized ( E|h*]= 1) channel power complex scalar. In this case, 3dB more SNR gives

one more bps/Hz capacity.

This capacity can be approached with advanced modulation and channel coding techniques,
however, (3-8) was seen as an upper bound until half a century later, when pioneering work at Bell-
Labs changed the course of communications research. In 1987, J.Winters published the concept of a
new technique using multiple antennas at both the transmitter and receiver [Win87], now known as
"MIMO. In 1995, LE.Teletar published derivations of capacities in Gaussian and fading channels for
MIMO systems [Tel95]. In 1996, G.Foschini presented his derivation for the upper bound capacity for
MIMO channels [Fos96]: | '

SNR
n

C =log: dEf[Im +( j H HH:| bps/Hz (3-10)

where det is the determinant, I,, is the m by m identity matrix, m is the number of receive antenna
elements and # is the number of transmit antenna elements. It is assumed that the receiver but not the
transmitter has knowledge of the channel and that the channel is frequency non-selective (flat fading)
over the signal bandwidth. H is the channel matrix and H” is the complex conjugate transpose or

Hermitian adjoint:

By hy e by, iy Ryt B ¥
T Y M A G-11)
_hml hmZ o hmn_ _hln* th* hmn *__

In [Fos98], graphs of 99 percentile capacities as a function of number of antennas (m=n) and

average receive SNR, I are presented. If, which is often the case in NLOS conditions, each of the
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elements of the matrix H, denoted by 4,,, are independent identically distributed (i.i.d.), complex, zero

mean, unit-variance random variables given by:
h = Normal(0,1//2) +~/—1 Normal(0,1/~2), (3-12)

it was shown that, for a SISO link with I" = 12dB, the maximum capacity achievable is 4.1 bps/Hz.
However, for a 16x16 MIMO system, the same SNR provides approximately 45bps/Hz. This is
gained without increases in total transmit power and ts attributed to the ortho gonality of rich multipath

scattering.

For example, the following plot in Fig. 3-3 shows the cumulative distribution of capacity of a
2x2 MIMO system compared to a SISO system. In the SISO case, a zero mean, unit variance complex
Gaussian channel is used with a received SNR of 10dB. In the MIMO case, four independent instances

of the SISO channel are used with an average receive SNR of 10dB.

SNR = 10dB, Complex Gaussian Channel
1 T, T T T T T T T T

o
©
T

Cumulative distribution
o o o =4 o e .o
N © » o 2 ~ 3
T T T T T T T

o
o
T

6
Capacity, bits/cycle

Fig. 3-3 Example comparison of capacity increase from a 2x2 MIMO system over a SISO system

It can be seen that a significant increase in capacity is possible for the same power and

bandwidth. Capacity units are given in bits/cycle, which is identical to bits/s/Hz.

Modelling and Measurement of the Land Mobile Satellite MIMO Radio Propagation Channel Page 41 of 207



- Chapter 3 Terrestrial MIMO Channel Modelling and Capacity

3.4.2 Eigenanalysis of channel

The MIMO channel can also be interpreted as a set of min(n, m) parallel eigen-channels
[Ker02], where the amplitude of each sub-channel is given by J; , the i eigenmode of HHY. To find

the eigenvalues, either HH" can be diagonalized using eigenvalue decomposition (EVD) to find 4; or H
can be diagonalized using singular value decomposition (SVD) to find o; noting that o, = vA; . When

H is unknown at the fransmitter, equal power is transmitted from each antenna element. Capacity can

be formulated as:

: SNR ‘
C= Zbgz[l +— )\i} bps/Hz (3-13)
=1 n

where £ is the rank of H, which is at most min(m, 7). The rank of a matrix is the number of linearly
independent rows or columns of a matrix. By using signalling feedback or in a TDD system, H is
known at the transmitter as well as the receiver. The transmitter can use this information by increasing

the power to the strongest sub-channels. In this case, the capacity:

k .
C= Zlogz[l + % )\i:lbps/Hz (3-14)

i=l

P,
where p; is the power in the i* sub-channel and ¢° is the noise power and SNR = —L where
j2 p o

& & 1 + ’ .
Py =Z D =Z[V—)\—j . This technique is known as waterfilling and means: start with the

1
strongest sub-channel, allocate power: p, =v — )\— , where v is a fixed threshold level. Then repeat the
i

process for the next strongest sub-channel, and so on.

3.4.3 Capacity of SIMO and MISO channels

In a receive diversity SIMO (single input multiple output) case, when the receiver uses

optimum combining (maximum ratio combining), the capacity can be given by [Fos98]:
C= logz[l +SNR Z|h,.|2} bps/Hz (3-15)
i=1

When using selection diversity, where the strongest channel is selected, the capacity is given by:
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C =max,, logzlll + SNR |hm|2 _|= log, [1 + SNR maxm|hm |2J bps/Hz - (3-16)

For a transmit diversity MISO (multiple input single output) system, if it is assumed that the total

transmit power across all antennas is constant, then the capacity becomes:

C _log{nsﬁ >lh|’ } bps/Hz (3-17)

3.4.4 Frequency selective channel

When the coherence bandwidth << 1 / symbol duration or the coherence time << symbol
duration, the channel can be described as frequency selective. An expression for capacity can be
obtained by channelizing the bandwidth into small bins, working out the capacity in each bin and
adding them together [Mol02]. Frequency flat fading can then be applied to each bin. In the limit as

the bin bandwidth becomes very small, it is the same as integrating over the bandwidth, B:
1 SNR
=E Jlogz det(|+—H(f) HH(f)] df bps/Hz (3-18)

The steepness of a capacity cumulative distribution graph will increase with a more frequency
selective channel thus improving outage performance. In practice this can be realized taking
advantage of the multipath using a diversity technique like a’ Rake receiver [Sau99], or by using
OFDM modulation.

3.4.5 Causes of sub-optimal capacity

In practice, the optimal capacity achieved above is not possible due to a number of factors: no
multipath or limited scatterers, a LOS component (Ricean fading), keyholes,b antenna element
correlation at the Tx, Rx or both due to low angular spread, small element separation and antenna

geometry.

Effect of no multipath

Where there is a single LOS component only, there is the free space loss propagation scenario

with attenuation:

2
FSL = (j—lele (3-19)
T

[Dri99] derives a formula relating the channel coefficients to the antenna element spacing:

Modelling and Measurement of the Land Mobile Satellitt MIMO Radio Propagation Channel Page 43 of 207



Chapter 3 Terrestrial MIMO Channel Modelling and Capacity

(3-20)

[l -R/A
hik=(T1—R1>exp{“”|' 4 )},

7. - R,|

where T, R; are coordinate vectors for the i element of T, R and Ay is normalized between T3, R, so

that 2, = 1 and n=m.

Since there is no rich multipath scattering, capacity is reduced. In the case where the antenna
elements at both ends are spaced less than half a wavelength apart, the phases become nearly equal
therefore the channel coefficients become all equal: HH” =n and H is of rank 1 and the capacity gain
is essentially due to an n-fold array gain and becomes: C =1log,(1+ n SNR) . When the array spacing
is wider, the complex scalars 4 all have magnitude near one but with different phases so that: HH =

nl,. In this case His of rank n and C = n log,(1+ SNR).

Effect of limited scatterers

In [Bur02], [Bur03], capacity derivgtions are given for channels with finite scattering, using
ray tracing methods. In [Bur03] the finite scatterer model shows that for the case when n, m—oo, for

M2 spaced antenna elements:
C =) log, [1 +SNR m |§,.12] bps/Hz (3-21)
i=1

where n; is the number of scatterers and ¢ is the power gain of the i scatterer, where 4;, the "

eigenmode equals m.n.|¢". The rank of H is limited to min(s, m, ny).

In [Bur02], a simple ray tracing approach is used to derive the elements of H as:

Iy = Z[n ex| 2L Lsingg,,) e 22K sin(¢»T,,,)ﬂ 62

P

where p is the multipath index, gg, is the angle of arrival at the receiver and ¢t1p 1s the angle of
departure at the transmitter, / denotes the antenna element spacing and p 1s the complex path
propagation. Capacity simulations are shown for a perfectly conducting corridor and an imperfect

conducting corridor.
‘Effect of Ricean fading

The Ricean MIMO channel can be modelled as the sum of a LOS matrix and a fading matrix:

H=\/ K ﬁ+\/ ! H, (3-23)
1+ K 1+ K _

Modelling and Measurement of the Land Mobile Satellitt MIMO Radio Propagation Channel Page 44 of 207



Chapter 3 Terrestrial MIMO Channel Modelling and Capacity

where H,, are statistically independent unit variance complex Gaussian random variables, while

H= a(@,)a(d,)" , where a(0,) and a(d,) are the specular array responses at the transmitter and

receiver respectively. When K=0, we have Rayleigh fading and when K—o0, we have a non-fading
case. [Dri99] shows capacity results for 0<K<20, with two different specular array geometries and

shows ergodic capacity can increase or decrease depending on K and the geometry.

Effect of keyholes

Keyholes describe a reduced capacity scenario due to a rank deficient yet uncorrelated channel
matrix [Loy02], [Chi02]. Theoretically this situation arises when there is a metal screen between the
Tx and Rx with a small hole through which all the rays pass. In practice this might be caused when

the mobile goes through a tunnel or for an indoor environment, when the rays propagate down a

hallway.

The electric field incident on the keyhole is:

Sl

E, =[a, a] (3-24)
. S2

, where s, and s, are the transmitted signals and a;, a, are the channel coefficients before the keyhole.

Assuming rich scattering around the transmitter, a;, a, are independent Gaussian random variables.

The field transmitted through the keyhole is: 0.E;,.. Denoting the scattering around the receive array

by, by, also independent Gaussian random variables, the received electric field strength is:

b,
Erec = o Einc (3-25)
b, .
The channel matrix H is therefore:
b ab a)b
H=| 'lola, al=c| " 2 3-26
{b2j| [ 1 2] |:a1b2 a,b, ( )

Writing Y =H X, we have:

liJ’1i| _ |:a1b1 a,b, :| |:x1 :| _ |:O' b, (al X ta; x, )j| |
—o = (3-27)
Y2 ab, a,b, || x, o b, (al Xt a, xz) -

Therefore H is uncorrelated yet has one degree of freedom and capacity is reduced.
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Effect of correlation

In (3-10) the assumption is made that each H matrix element #,, is independent and therefore
any two elements are uncorrelated. However in practice, different environments cause different
" amounts of channel matrix correlation. Channel correlation is the result of small angular spread at the
Tx or Rx or both, small antenna element separation and antenna geometry. The effect of corrélation on
capacity was studied analytically in [Loy0Ola], [Loy01b]. He considered n equal rate and equal power
parallel sub-channels (with n=m), where the correlation coefficient, r is between any two channels.
Capacity as a function of SNR, n and r is given as:

(3-28)

C""(r):”logz(1+%—(l—r)j+_10gz(1+ nSNRr- j
n

n+SNR(1-7)

This shows for example that #=0.7 is equivalent to a 3dB reduction in SNR. When =0, the channel

matrix H becomes equal to | and reduces to:
C,, =nlog, (1 + SN—RJ bps/Hz , (3-29)
n

In cases where r<0.6, (3-28) can be approximated by:

C,~n logz(l + SNR 1- r)) bps/Hz (3-30)
- n

80 | T | T

(=)
<o

SNR=20dB

N
L]
|

3

!\

(=}
capacity [bps/Hz]

...........
-

- - 0
-eanem -y

i # o 0 o e e e e 0 A e e e e e e P

correlation coefficient, r
Fig. 3-4 Channel capacity for n coupled channels versus correlation

In order to maximise capacity, the sub-channels must be kept independent, which is the role of

adaptive space-time coding.

Correlated channels, which imply elements of H are correlated, can be modelled by:
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vec(H) =RY? vec(H,,) (3-31)

where Hy, is the spatially white (ie all ray AoA and AoD equally likely) m x n channel matrix. R is the

covariance matrix of the ¢hannel:
R = E(vec(H) vec(H)") (3-32)

If R is the identity matrix, H is spatially white. .

Alternatively, a simpler and less generalized model is often adequate, which can be expressed

as the product of transmit and receive correlation matrices [Chiz03]:
H=R%*H, RE? - (3-33)

where R, and R, are the transmitting and receiving correlation matrices, which could be the

function of angle of arrival (AoA), power azimuth spectrum (PAS), the antenna spacing and the
radiation pattern of the antenna elements and distance between transmitter and receiver. H, can be

modelled as a matrix of independent zero mean, unit variance, complex Gaussian random variables.
Effect of polarization

For a 2 x 2MIMO channel, the channel matrix H is formulated as [Erc02]:

K 1
H =HLOS +HNLOS =(\/K+1 HF +\/E_1 HVJ
. i ~ (3-39)
B K e]¢11 alef"“_z . 1 X“ a2X12
K +1 alej¢21 ej¢22 V K+1 a2X21 Xzz'

where X ( i" transmitting antenna and 7™ transmitting antenna) are uncorrelated zero-mean, unit

variahce, complex Gaussian random variables as coefficients of the variable (Rayleigh) matrix H, ,
exp(j @y, ) are the elements of fixed matrix H;., K is the Rice K-factor, and «; represents the cross-

polarization discrimination (XPD). If K=0, then

. K e/t alej¢‘2:|+ 1 Xy, a'ZXlz:l _ X a,X,,

. 3-35
K+1 | geltn e K+1 2,X, X» } (3-33)

o, X, 2

and becomes a pure Rayleigh fading channel.
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3.5 Antenna arrays-and correlation

3.5.1 Antenna pattern

Antenna arrays enable more control over the antenna pattern that would not be possible with a
single antenna. By changing the amplitude, phase and alignment to a quantity of antenna elements, it
is possible to create a vast amount of antenna patterns, increasing ;vith a higher quantity of elements.
This has the advantage of increasing directivity and nulling interference in a SDMA system for
example. In this case, the amplitude and phase weights become time-variant, as the antenna pattern

adapts to the changing mobile environment.

For an antenna array, the antenna pattern can be found by pattern multiplication:
Antenna array pattern(9,®) = Antenna element pattern(6,0) x Antenna array factor(0,d) (3-36)

Assuming no mutual coupling between the antenna elements, the Antenna array factor(6,®) is given
by:

AFO.¢)=exp(ik 1,) D A, exp(j a,) exp(~j k 1,(0,4)) (3-37)

where k = 27/A = the wavenumber, r, = phase centre reference point in antenna structure, A, = element
- weighting amplitude, o, = element weighting phase and r,(6,®) = distance to imaginary sphere in the

far field centred on ro in (0,d) direction.

Starting with a uniform linear array consisting of » isotropic radiators, the far field antenna
factor is derived by summing the excitations at each element. As the angle of incidence ® increases,
the phase shift between each element decreases; when the angle of incidence is broadside (®=90°), all

elements are in phase and there is an n-fold array gain.

A

®=90°

to distant point

Fig. 3-5 Uniform Linear Array
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Making the assumption that electric field amplitudes arriving at each antenna element are all

equal to 1, taking the phase centre at element 1, the electric field,

E=1+exp(/ If) texp(/2V)+exp(/3 ")+ eee +exp(/ (n-)) y)

where,
W=kd cos(0)
which is equal to the phase difference between elements

Now, the electric field can be expressed:

exp(/ niff! 2) expony/l2)-exp(-j ny/t2)
exp(/>/2) exp(/ y/12)-exp(-j y/12)

Z-= 1-exp(/ ny/)
l-exp (/™)

If the phase centre is taken at the array centrepoint,

P sminy/!2)
siniy/l 2)

(3-38)

(3-39)
srr.z(fzy/IZ) (3-40)
siniy/l2)

(3-41)

The following graphs show the ULA antenna factor as a function of n, the number of elements

with XJ2 element spacing Fig. 3-6 (left), and as a function of distance between the elements for an n=4

array Fig. 3-6 (right).

Note that 0=0° is the ULA end-fire orientation and 0=90° is the broad-side.

90
120,4 60
Qz? iS50y \ l]L \30 d~4 150
n= d=X12
180 1 13 ]-v\y5 1 180
n= d=A,
210\ T J y 330 210
24 (1"
270

920

330

300

Fig. 3-6 Antenna Factor as a function of number of elements (left) and element separation (right)
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Equation (3-38) can be written as the antenna array steering vector:

exp(j k d cosd)
explj k 2 d cosf
exp(jknd cosf)
Similarly, the weights applied to each antenna element can be written as the weight vector:
Wl
W,
W=/ (3-43)
wn
From the steering vector and the antenna weight vector, the antenna factor is found [Lib99]:
AF(6) = w" a(0) (3-44)
Once the Antenna array pattern is found, the directivity can be found from:
D = 2 4” ~ 360 180 4ﬂ.
1 : ; 3-45)
[[4P(6.p)sinaaaap .Y AP(O,4)sin6 (
00 =1.6=1
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3.5.2 Correlation at antenna elements

It is important to understand and be able to predict the correlation distribution between
waveforms impinging on each antenna element in a variety of environments, since the performance of

diversity, multi-user detection, channel estimation and MIMO capacity for example is dependent on it.

The correlation coefficient between two waveforms at the antenna is given by [Sau99]:

— — 1 )*
P = E[(O‘A Ha )(aB Hp ) ] (3-46)
0408

where E[.] is the expectation, 4,4, are the means and o ,,0, are the standard deviations of a, and

ag. The waveforms arriving from the transmitter via each scatterer will in general have a different
phase and angle of arrival. Using (3-38) and (3-46), assuming uncorrelated amplitudes, the correlation
coefficient due to phase becomes the expected value of the sum of the phases associated with each
scatterer:

i=1

oy = E[Z exp(j k d sin6, )} (3-47)

ng scatterers #

\ Fig. 3-7 Figure showing location of scatterers

If the probability density of the angle of arrival is known, then the expected correlation can be found
from:

360

2z

P, (d) = Ip(@) exp(j k d sin@) dO w.Zp,. exp(Jj k d sin(6,)) (3-48)
8=0 i=1 v

Correlation at the basestation (BS) antenna therefore decreases with increasing angular spread and

with increasing antenna element separation. Increased angular spread also implies that scatterers

around the mobile are more widely spaced increasing the distribution of time of arrival or excess

delay.

To estimate the correlation at the BS antennas, Jakes [Jak74] used a single ring model:
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.......

broadside

Fig. 3-8 Diagram showing single ring model

2 2 2 |
Prd)= J{%%sinﬁ) J{%ﬂ (rTS] .Jl—%cos?‘ 6’} (3-49)

The function Jj is the Bessel function of the first kind and zeroth order. Example plots for rs / r =
0.006 are shown in Fig. 3-9.
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Fig. 3-9 Correlation coefficient at basestation antennas

It should be noted that this is rather pessimistic as it includes no vertical spreading [Sau99].
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For mobile (MS) correlation, if we use a uniform angular distribution PDF over [0, 2x] then

the solution of (3-47) with_ p(#) =1/ 27 becomes:

2nd
p(d)= Jo[——/1 ) L (3-50)
This is shown in Fig. 3-10 below:
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Fig. 3-10 correlation coefficient at mobile antennas
It is observed that the minimum antenna spacing is ~0.4 wavelengths for a zero correlation. However
as the angle of arrival PDF spread is reduced below [0,2n], antenna spacing must be increased slightly

to obtain small correlation. In practice, a reduced spacing may be possible when using spatial, angular

and polarization diversity combined [Bro05].

In a larger antenna array, the correlation between each element can be found from the steering

vector a(@) and the angle of arrival probability density, p (9) yielding:

R, = Ta(e)a(e)” p@) do (3-51)

=0

where ()" is the complex conjugate transpose and Ry is of the form:

Pu Pz = Py
Ry =| 2 P2 [ P (3-52)
Pxi Px2 Pxy
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3.5.3 Angle of arrival

Whereas a mobile experiencing Rayleigh fading often has an angle of arrival described as a
uniform PDF [0,2x], at the basestation with antennas elevated above the scatterers, a narrower PDF is

used. Some of the early work described this PDF as Gaussian:

__¢ _9
p(@P) = ﬂanP( 202] (3-53)

However, [Ped97] showed measurements in urban and rural environments were more accurately
described by a Laplacian PDF:
exp[ |¢I] (3-54)

where ¢ is the angular spread and c is set so the total power is one.

(¢)_ﬁa
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Fig. 3-11 Antenna azimuth plot showing Gaussian and Laplacian distributions

The Laplacian was shown to be a better fit to measurements and also included the peak at 0°. Zero
degrees azimuth denotes the direction towards the transmitter. Typical values of ¢ are 1° for a rural
environment [Ped97] and many tens of degrees in indoor environments. The root-mean-squared value

of angular spread is calculated as shown below [Pau03]. Spatial selective fading is characterized by

the coherence distance, D¢, where D¢ is proportional to (1/ S, aruS )

T i=1

S aruts =\/ ZP 9 (3-55)

where ~=—1—Z P. 6, and LPT => P (3-56)
B & = i=1

R —

Modelling and Measurement of the Land Mobile Satellite MIMO Radio Propagation Channel Page 54 of 207



Chapter 3 Terrestrial MIMO Channel Modelling and Capacity

3.6 Terrestrial MIMO channel models

MIMO system design greatly benefits from the availability of an accurate channel model, as it
allows system components to be optimized without recourse to time consuming and expensive field
testing and refinement. Developing a good model involves capturing all those effects that affect the
particular aspect of the design under test whilst remaining simple enough to use, and offering quick

simulation times.

In addition to modelling SISO channel effects like path loss, shadowing, power delay profile,
time of arrival, wideband small scale fading first and second order statistics, the MIMO channel model
requires additional information that models the amplitude and phase of and correlation between
transmission coefficients, correlation between antennas elements, angle of arrival distribution, angle of
departure distribution, and their inter-dependencies. Terrestrial models can be categorized as

empirical, physical-deterministic, statistical, geometric or physical-statistical:

¢ Empirical models are based on field measurements. A model can then be built around the
measured data to capture most of the observations. These models are often only accurate in

very similar environments and give little insight into the channel phenomena.

» - Physical-Deterministic models are often based on ray tracing, where reflection, transmission
and diffraction at every interface are traced from the transmitter to the receiver. In order to be
accurate, every facet, patch and edge has to carefully described by their constitutive
parameters (permitivity, permeability, conductance, loss tangent and roughness), and detailed
environments need to be described (often by 3D computer aided design software like
Autocad). In order to observe small scale fading, the ray-tracing algorithm requires a
resolution at least one third of a wavelength, and in this case, the simulation time can be very
long. However, a ray-tracing model can give some accurate reéu]ts in the same location and

provides insight into the channel behaviour.

e Statistical models, like empirical models, are also built around extensive measurement results.
The éhannel is described by the statistical behaviour of each channel parameter. For example,
shadowing is often described by a log-normal distribution along with its variance, or time-of-
arrival of paths in an indoor environment is often described by a Poisson distribution.
Statistical models are easier to simulate, and they offer reasonable accuracy in a similar
environment to which the modelled phenomena was observed. However, they offer little
insight into the propagation mechanisms and are dependent on the accuracy of the

measurements.

Modelling and Measurement of the Land Mobile Satellite MIMO Radio Propagation Channel Page 55 of 207



Chapter 3 Terrestrial MIMO Channel Modelling and Capacity

* Geometric models are often cluster-scatterer models that have been positioned geometrically.
Ray-tracing via the scatterers attempts to cépture the essential MIMO channel features like

correlation, angle of arrival, time of arrival and angle of departure.

* Another approach is to combine the features from a geometric rhodel with the ease of
~simulation from a statistical model - these are known as semi-statistical models. The 3GPP

spatial channel model and FLOWS model (see below) are examples.

* Ray-tracing using a statistically correct virtual village is the basis of physical-statistical
modelling, which is often used to model the LMS channel. Physical-statistical models, as
described in Chapter 2, have largely been used in LMS systems as they can describe the
‘on/off’ nature of the channel well. However they are also gaining support in terrestrial

systems where ray-tracing is used around a virtual statistically correct city.

® A correlation approach has also become popular due to its backward-compatibility and
accuracy, where MIMO channel correlation matrices, based around extensive measurements
are added to previously accepted SISO tapped delay line models. Antenna arrays can also be

incorporated into the models. The WiMAX Forum MIMO channel model is an example.

Many channel modelsv have been proposed for the terrestrial MIMO channel, a summary of
which is given in [Sal03c]. Some of the early models include: IST METRA and I-METRA models,
IST SATURN model, One-ring and Two-ring models, Distributed Scattering model, Extended Saleh-
Valenzuela model, COST 259 Directional Channel model, EM Scattering model and the Virtual

Channel model.

‘More recent MIMO channel models are the IST FLOWS model [Deb03], the 3GPP/3GPP2
spatial channel model (SCM) [3GP03] and the WiMAX Forum MIMO channel model [Wim07]. Each
of these were coded in Matlab. Results from the FLOWS channel model and the 3GPP/3GPP2 spatial
channel model are presented here, as they form the starting point for the lan.d mobile satellite MIMO
channel model used in the current research. More recent work for Beyond-3G systems are the IST
WINNER models, which extend the performance of the 3GPP SCM, for example by using inter-tap
clﬁstering and additional taps to extend the model bandwidth validity to 100MHz, instead of the SMHz
used in the 3GPP SCM. |

3.6.1 FLOWS channel model

An output from a three year EU IST FP6 project was the Wideband Double Directional
Channel Model (WDDCM), which is adapted from the Modified Geometrically Based Single Bounce
Elliptical (MGBSBEM) and Circular Models (MGBSBCM); this being a cluster version of the
Geometrically Based Single Bounce Elliptical (GBSBEM) and Circular Models (GBSBCM).
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The GBSBEM places the BS and MS at the foci of an ellipse evenly distributed with
scatterers, since the BS is at low street level, and is therefore used in micro-cell scenarios. The
GBSBCM places the MS in the centre of a circle evenly distributed with scatterers, since the BS is
high and above rooftops, and is therefore used in macro-cell scenarios. The MGBSBEM and
MGBSBCM position the scatterers in clusters as the resulting impulse response better reflects the
measurements where signals arrival in groups. The WDDCM, in addition to modelling the macro-cell
and micro-cell environment, adds the pico-cell scenario with the BS at the centre of a circle and the

MS placed in the circle.

The WDDCM is a 2D, single-bounce, geometrically-based, semi-statistical, cluster-scatterer
model that produces time of arrival (ToA), angle of arrival (AoA), angle of departure (AoD) and
associated magnitude and phase of each MIMO channel. It provides a general wideband directional
model framework that can be tuned to measurement campaign data. The WDDCM can be adapted to

the MIMO case as shown below:

SCATTERED CHANNEL

* # mm
cc
Lli
H-
H
— > s
)
Z
<
a: Ts.1,2
K
8Mscatterer

Fig. 3-12 Contribution of scatterer on channel response h nm(T.,f)

The channel impulse response between transmit antenna #» and receive antenna m at path

delay r and frequency / is given by:

= exp(-72;1/1,,,,)exp(/'(Z(,,,)exp(/'(il,,,, )" (?-1,,,,) (3-57)

where is the attenuation from antenna 7n to antenna m via scatterer 5. rspm is the complex
reflection coefficient between antenna n and antenna m at scatterer .v. Component exp(-7271,,,.,,,,)
adds phase shift due to the multipath delay at frequency/, exp(//*,,) accounts for the phase shift at
antenna n from scatterer angle (=, and similarly, exp(//,,) accounts for the phase shift at antenna

m from scatterer angle whilst 0(7 - J is a Dirac delta at each instance of 7 -
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For the circular based model, the joint PDF between ToA and AoD at the base station ‘is
[Deb03]: ' |

(D* —7*c*)(D*c—2D7c* cosp+17c®) (D —2rc.cosp+72c?)

47R *(Dcosg—7c)’ 7c—Dcosg =2
p(.9)= " (3-58)
‘ 0 otherwise
and at the mobile unit, the joint PDF between ToA and AoA is:
(D* —7*c*)(D*c-2Drc’cosp+1°c®)  (D* —12c?) <R
(5, 4) = 47R *(Dcos¢p—7c)’ Dcosg—-7c " (3-59)
0 otherwise
For the elliptical model, the joint PDF between ToA and AoD or AoA is:
(D* —=7*c*)(D*c-2D1c’ cosg +12c?) BSrSz—m
(e ) = 4ra,b, (Dcosg-1)’ c (3-60)

0 . otherwise

where ay, the major axis: @m = ctw/2, bm, the minor axis: b =+/c’c.’ —d? , ¢ 1s the speed of
J m m p

light, 1, is the maximum delay considered, D is the distance between the base station and mobile

unit and Ry, is the radius of the scatterer circle.

To simulate the model, we place clusters uniformly distributed over the circle in the circle
model case, or over the ellipse in the elliptical model case. Each cluster contains many scatterers,
which are Gaussian distributed at each ch}ster. The scatterers are assumed close enough together such
that they contribute equal delay but different phase. The contribution from each scatterer causes the
small scale fading for each of the taps, whose delay is contributed to by the cluster position. After

placing the clusters and scatterers, the AoA, AoD, ToA and power levels can be found.

So far, this impulse response formula does not describe small scale fading with motion.
However, it can be modelled as follows: After ﬁnding the cluster-scatterer position, recalculate the
AoA, AoD, ToA and power levels for each mobile position. This will create a new set of phases from
each scatterer, which will add constructively and destructively causing small scale fading. After a
fixed distance of travel, a new set of cluster positions will be required as new clusters enter the circle
or ellipse. Note that this is a different way of dealing with small scale fading to the 3GPP/3GPP2

spatial channel model, which has a velocity dependent phasor term that is time continuous.
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3.6.2- 3GPP/3GPP2 spatial channel model

A variety of MIMO channel models were proposed within the 3GPP and 3GPP2 working
groups with likely candidates being the correlation based IST-METRA model and the Bell-Labs
GWSSUS model [3GP03]. The Gaussian Wide Sense Stationary Uncorrelated Scattering (GWSSUS)

- MIMO model was adopted and each interested party added their input to fine-tune the model.

Channel model description

The model is designed to give accurate path loss predictions and representative shadowing and
small scale fading MIMO data for urban macro-cell, suburban macro-éell and urban micro-cell cellular
environments. Further simulation features account for polarization, far scatterer-clusters, line of sight,
urban canyon and intercell interference. Correlation between delay spread, shadowing and azimuth
spread is also modelled. The specification starts with link level paraméters to calibrate individual
simulations and ensure accuracy and then describes in a step-by-step fashion, how to set up the system
level simulation. By way of example, the following section presents an overview of the system level

model in a suburban macro-cell environment by way of simulation.
Power delay profile

Initially, the statistical model randomly chooses 6 paths with corresponding normalized power
and delays. Four example simulated power delay profile plots are shown below. (Note that the power

delay profiles are fixed dﬁring mobile station motion which is one drawback with this model.)
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0 ] \'T 1 1 1 1 1 L 1
0 0.5 1 15 2 25 3 3.5 4 45 5
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Fig. 3-13 Normalised power versus Path delay

The normalised power. of the nth path is denoted P, , normalized such that the total average power

from all paths is 1. The delay of each path with respect to the first path time 7, is denoted 7,. From
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the power delay profile, the root mean squared (RMS) delay spread, frequency response and coherence
bandwidth can be found. The mean delay and RMS delay spread of the power delay profile can be

calculated from the following formulations:

1 n
Tongs = \/,T P -1 (3-61)
T i=1
1 n n
where 7, = ey ZP, 7, and P, =ZR (3-62)
T i=1 i=1

where T, is the RMS delay spread, 7, is the mean delay and P, is the power at delay 7,. The

coherence bandwidth can be estimated as, Bc = 1/ (2 n 7y, ). However, like many delay-tap models,

this model does not account for the changing power delay profile with motion.

Wideband MIMO impulse response channel matrix

Each of these paths is described by the MIMO channel matrik, H, (#) which describes the

channel for the n™ path between BS array element s = 1,...,S and MS array element u = 1,...,U.

h h1,2,n o hl,S,n

1Lln

_ Hn (t) — Z;I,n A 2,:2,n N 2,:S,n (3-63)

_hU,l,n hU,Z,n hU,S,n_

Each of these matrix elements are given by:

P M ‘\' GBS (9n,m,AoD) exd][k dS Sin(gn,m,AoD) + cD”? m])x
hU,S,n (t) = L‘-SF Z '\' GMS (en,m,AoA ] ede k dU Sin(en,m,AoA ))X (3’64)
m=]

M
exp(j k ”V“ Cos(gn,m,AoA - 0\» )t)
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The angular parameters in (3-64) are explained as follows:

Cluster n

n m AoA

‘n.m.AoD

n,m,A0A 1

broadside

\ n,m,AoD ‘M

'BS
broadside

Fig. 3-14 Diagram showing nomenclature used in channel model

Shadowing (slow fading)

Parameter < j is the lognormal shadow fading standard deviation and, based on

measurements, is set to 8dB. This produces the following spread of shadow fading. A fixed random

shadow fading value is applied to all subpaths, and a separate instance is applied to each path.

shadowing power [dB]
Fig. 3-15 Shadow fading distribution

M IS the number of subpaths per path. In this model there are 6 paths each containing 20 subpaths.
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Angle of arrival and angle of departure

“mmAoD  ~hc AoD for the subpath ofthe  path

mmAoA  the AoA for the subpath ofthe  path

The following plots in Fig. 3-16, show histograms of all the subpaths superimposed, at the base station

(upper) and at the mobile station (lower).

Dep [deg]

arture angle
AoA at MS

-400 -300 =200 -100 0 100 200 300 400
Arrival angle [deg)

Fig. 3-16 AoD at BS and AoA at MS distribution over all m subpaths and n paths

The orientation of the antenna arrays (6™ and 6°") at the BS andat the MS are set to 30° in

this simulation run.

Antenna element gain

GBS (p,'mAoD) is the BS antenna gain for each array element.

GMSi"mmAoA) is the MS antenna gain for each array element.

The following plots in Fig. 3-17 show the base station antenna element gain response (upper) and the

mobile station antenna element gain response versus azimuth, as used in the simulation.

azimuth [deg]

Fig. 3-17 BS and MS Array element gain versus azimuth angle
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Further model parameters

k =17J=wavenumber, where Xis the carrier wavelength in metres.

/ = frequency. Set to 2GHz in these simulations

= BS antenna distance from array element 1to s. In this simulation, dg = 101
MS antenna distance from array element 1to U. In this simulation, d* = 0.5 1

|[v| = MS velocity vector magnitude, ie mobile speed. Set to 3km/hr = 0.83 m/s

phase of the m* subpath of the »C path. Set to uniform random distribution over

[0,2tc].
"= angle of MS velocity vector and set to 0° in this case.
Small scale fading

The model provides the rC path channel coefficients #4jj ~"(/) between BS antenna element u

and MS antenna element 5. It is a continuous function oftime z. An example is shown below:

0.2

Amplitude, volts

Fig. 3-18 Example small scale fading and envelope distribution for a MS at 3km/hr

In Fig. 3-18, the wideband simulated data has been converted to narrowband data by summing the
phasors from each path/delay (six in this model) at each instance of time. The PDF of the data was

found to accurately follow the theoretical Rayleigh distribution.
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Spectrum of Signal Envelope

When the mobile is moving or the scatterers are moving, the received signal undergoes a
frequency shift known as Doppler shift. The amount of shift is dependent on the spatial angles of
arrival and the speed of the mobile or scatterers. In the 3GPP spatial channel model, the subpaths lie
on a plane. In this 2D model, the Doppler frequency of each incoming subpath is given by:

' v
v, =—Ccosa (3-65)
If the mobile is moving directly toward the subpath » then 0=0 and the Doppler shift will be positive |
and maximum. Conversely, if the mobile is moving directly away from the subpath n then a=0 and
the Doppler shift will be negative and maximum. All other subpaths have a Doppler shift in the range

tv. If all the subpaths arrive with o uniformly distributed over [0,2n], Clarke showed that the
Doppler spectrum follows a U shape, as given by [Cla68]:

E, 1
{V|SV -
4 _ 2 ”’
A(V) = TV J1-(v/Iv,) (3-66)
elsewhere
0

In practice typical Doppler spectrums vary widely from this model. The RMS Doppler spread
can be found from the Doppler spectrum. If y(v) is the average power at Doppler frequency v, then:

1 n
Vs = \/_ Zl//i Vi2 _Vg (3-67)
Vr i
1 n n
where v, = — ZWi v, and Yy, = Zl//,. : (3-68)
7 =l =

where v, is the RMS Doppler spread, v, is the mean Doppler. The coherence time Tc = (1 /

V aus )-
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Qo 0

Time variant system functions

The wideband channel can be well described by a set of functions known as Bello system
functions [Bel63]. Firstly, the functions are defined and then the 3GPP spatial channel model functions

are presented by way of example.

Input Delay Spread Function
The wideband channel can be described by a linear time-varying filter as shown below:

s(t)

h(t. AT)

YO

summing bus

Fig. 3-19 Time domain tapped delay line model of a multipath channel

Denoting the output complex envelope by y(:) and the input complex envelope by s(:), the

input delay spread function, 4 (r;¢) is given by:

yi{t)= "s{t- 1) W{T\t) dr = hit- r,t) dr (3-69)

where : is the delay variable and : is the time variable. #(:i) describes the channel impulse

response at time .
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Time Variant Transfer Function

The time variant transfer function describes the complex frequency response of the channel at

time ¢ It is found be taking the Fourier transform the A(7;¢) with respect to r. The baseband complex

frequency response T7(f;¢) is given by:

r(/;0= dr (3-70)

Denoting the Fourier transform (complex frequency response) of the input signal s(z) by

S(f;t) and the Fourier transform ofthe output signal y(¢) by Y(f;t) the transfer function is related by:

(3-71)

Delay-Doppler Spread Function
Taking the Fourier transform of A(7;¢#) with respect to the time variable ¢ produces the delay-

Doppler spread function:

S5'(r;v)= "hir\t)e dt (3-72)

S(1;¥) shows the Doppler spectrum for each delay bin, and provides information about direction of

rays arriving at the vehicle for different path lengths.

Output Doppler Spread Function

Analogous to the time domain tapped delay line model, a frequency domain tapped Doppler

line model can be used as shown below:

S(f) distribution bus

H(f; nAv)Av H(f; (n-1)Av)Av

AVO
Fig. 3-20 Frequency domain tapped Doppler-shift model of a multipath channel
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The output frequency spectrum Y(f) is related to the input frequency spectrum S(f) by:
Y(f)=Av Y S(f —mAv) H(f —mAv,mAv) (3-73)
m=1

where H(f; v) is the output Doppler spread function, H(f} nAv).Av represents a bank of filters and Av
are Doppler-shifting frequency converters. H(f;v) is found by taking a Fourier transform of the time
variant transfer function T (t) with respect to ¢ or by taking a Fourier transform of the delay-

Doppler spread function S(7;v) withrespectto 7.
H(f;v)= jT( [y e de = [S(zyv) e rdr (3-74)

The output Doppler-spread function H(f,v) relates the output spectrum to the input spectrum at each
Doppler frequency, and provides information about the transfer function for paths arriving at the

vehicle coming from different directions.

The Bello system functions are related by Fourier transforms as shown in Fig. 3-21.

Fig. 3-21 Relationship between system functions
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Bello system functions

The following plots, obtained from Matlab simulations, show example Bello system functions

obtained from the 3GPP spatial channel model.

Input Delay Spread Function

20 |

pathi
o 30 path2 £ -40

—  paths
—  path4 I
—  paths
paths X10

delay [sec]

Fig. 3-22 Example of 3GPP spatial channel model Input Delay Spread Function

Time Variant Transfer Function

pdpt
pdp2
pdp3
20 10

frequency [MHz] fre

Fig. 3-23 Examples of 3GPP spatial channel model Time Variant Transfer Function
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Delay-Doppler Spread Function

Nommalized Doppler, Excess delay, ns Normalized Doppler

Fig. 3-24 Example of 3GPP spatial channel model Delay-Doppler Spread Function
Output Doppler Spread Function

An example of the output doppler spread function for the 3GPP spatial channel model

shown below:

«

=20 -2
Frequency, MHz Normalized Doppler, f/f*

Fig. 3-25 Example of 3GPP spatial channel model Output Doppler Spread Function
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Time variant correlation functions

To characterize a practical time variant linear channel requires statistical knowledge of the
system functions and their correlation functions. A full explanation of these functions is given in
[Bel63] and [PaD92]. Here, the auto-correlation functions are reviewed in (3-74) and their relation

ship is shown in Fig. 3-26.
E[h(t,T)h*(s,1)] = R, (1,5;7,1)
E[T(f,t)T*(m,s)] =R.(f,mt,s)
(3-75)
E[fS(z,0)S*(n,pu)] =Rg(t,m;v, 1)

E[H(fv)H*(mp)] =Ry (f,mv,u)

Where ¢ and s are time variables, T and 1) are time-delay variables, fand m are frequency variables and
v and u are Doppler frequency variables. E[.] is the ensemble average and * is the complex conjugate.

In the following, DF refers to a double Fourier transform.

R, (t,s;T,m)

RS(T’T] ;V: H) RT(fym;ta S)

Fig. 3-26 Relationship between channel correlation functions

Wide-sense stationafy channels

If we make the assumption that the correlation functions are invariant over short periods of
time or over small distances, then the channel is described as wide-sense stationary (WSS). It is a
useful approximation that is observed by measurement. These channels have the property that the
correlation functions are invariant under a translation in time. This means that the auto-correlation

functions depend on the short time interval At, where At = ¢ — s and not the absolute values of 7 and s.
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The uncorrelated scattering channel

~ If the contributions from each scatterer with different path.lengths are uncorrelated, then the
channel is said to be an uncorrelated scattering (US) channel. In [PaD92], it is shown that for a
channel composed of many scatterers each producing different delays and Doppler shifts, then the
complex ainplitudes from each scatterer are uncorrelated if the scatterers produce different time

delays.
The WSSUS channel

Many practical channels can be described as wide sense stationary uncorrelated channels
(WSSUS), meaning they exhibit wide sense stationarity in the time variable and uncorrelated
scattering in the time-delay variable. Parsons [PaD92] describes the following picture of the WSSUS

channel:

¢ In the input delay spread function, each tap in a densely tapped delay line exhibits US.
¢ In the input delay spread function, each tap has WSS statistics.

¢ In the time variant transfer function, the time variable autocorrelation is WSS.

4 In the time variant transfer function, the frequency variable autocorrelation is WSS.

¢ In the delay Doppler spread function, US is observed in the time delay

¢ In the delay Doppler spread function, US is observed at each Doppler shift

¢ In the output Doppler spread function, the autocorrelation over frequency is WSS.

¢ In the output Doppler spread function, each Doppler shift exhibits US

3.7 Interim conclusions

The previous two chapters, which formed the literature review, has shown separately: (a)
satellite systems and models for the SISO LMS channel, and (b) MIMO channels, capacity and
antenna arrays applied to the terrestrial case. The question now becomes apparent: “What are the
properties of the LMS-MIMO channel, and how much increase in capacity and diversity can be

obtained from such a channel”.

The rest of this thesis aims to answer these questions by theoretical and experimental means.
Initially a physical-statistical LMS-MIMO channel model was developed in order to answer these
questions, but the need for real channelldata was soon realized. Therefore, the LMS-MIMO channel
was characterized using a terrestrial platform acting as a low elevation satellite, which uncovered
many of this channel’s properties. Empirical-statistical channel models were also developed from the

campaign data. Capacity and diversity gain from the LMS-MIMO channel are also derived.
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Chapter Four

4 Physical-Statistical Model of the LMS-MIMO Channel

Modelling and Measurement of the Land Mobile Satellite MIMO Radio Propagation Channel Page 72 of 207



Chapter 4 Physical-Statistical Model ofthe LMS-MIMO Channel

4.1 Multiple satellite MIMO channel model

Physical-statistical modelling [Sau99], where ray-tracing is used in a statistically accurate
virtual city is perhaps the best method for LMS systems as they can predict the large scale ‘on/ofT
nature of the channel very well, they can model the small scale effects very well, and can cover large
areas applicable to satellite systems. They can also give an indication of the channel even without
measurement data, although having data allows tuning of the model and validation. For these reasons,
physical-statistical modelling was chosen for the LMS-MIMO model construction, prior to
experimental data becoming available. In this model, a simplified ray-tracing algorithm is used that
focuses on the main effects, like blockage, shadowing, rooftop diffraction and valid multipath
reflections that are found in LMS systems. This simplification addresses the main channel effects and

is much quicker to simulate than a full ray-tracing algorithm.

4.1.1 Model derivation

This section presents the derivation of a MIMO land mobile satellite channel model, which is
a variation of similar channel models that trace rays via clusters of scatterers, [Mol03], [Mol04],
[Deb03], [CorrOl]. Once the scatterers are carefully positioned, the model can predict high-resolution
time series data and power-spatial-delay profile data between any satellite or high altitude platform
(HAP) antenna and any mobile antenna. The model can also predict the correlation between these
channels. Positioning the scatterers in each environment is key to the accuracy of the model. To
produce enough high-resolution data and a much reduced simulation time, the model has been coded
in C++ with the data post-processed in Matlab. The parameters used in the model are representative of
urban and highway environments in Munich, Germany, since published measurement data was

available for comparison.

In this model, the clusters of scatterers represent buildings or trees. The cluster centre is
randomly positioned above a plane representing the area at halfthe building or tree height as shown in

Fig. 4-1.

diffraction

f reflection
*blocked path

/ cluster

cerntre
/!

blocked refection
Fig. 4-1 Cluster environment around mobile
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Building heights follow a log-normal statistical distribution with a mean and standard deviation
derived from best-fit parameters for the city/town [Sau96]. Twenty scatterers were randomly
positioned around the cluster centre with each dimension following a Laplacian distribution [Corr01],
[Toe02]. Typical densities were estimated to be one building or tree in each 1000m’ and 10000m® in
urban and highway environments respectively. In the urban environment, clusters were defined as
buildings 90% of the time, whereas in the highway environment clusters were defined as trees 90% of
the time. 3D point-line distance vector algebra to be used to establish which scatterers contribute to the
overall received electric field. When local clusters, representing buildings, block reflected

contributions from distant clusters, the distant clusters are rejected.

Fig. 4-2 3D Point-line geometry

For example, in Fig. 4-2, x; represents a mobile antenna, and X, and x, represent cluster
centres, whereas d is half the building or tree width. When the building obscures the path x;-x,,
scatterer X, is rejected as it is assumed that the building will totally block the signal, and when a tree

obscures the path x;-x,, scatterer x, remains but signal attenuation is applied.

The geometry in Fig. 4-2 is also used for the LOS path. In this case, x, represents the mobile
antenna and X, represents the satellite antenna. When the path x;-x, is blocked by a building or
partially blocked by a tree, diffraction loss or tree signal attenuation is applied respectively. For
diffraction loss, single knife-edge rooftop diffraction has been adopted as this is the main cause of
diffraction at high elevations [Lee85], [Rap96]. For tree loss, the signal reduction is calculated by
finding the chord length along path x,-x, and applying 1.3dB/m, an average measured vegetation
attenuation [Vog88], [Vog90], [Cav94].

In 3D space, Xo = (x9,Y0,20), X1 = (X1,¥1,2;) and X, = (x2,y2,2;). After some manipulation, the
distance d can be found by [Wei04]:

dzl(XZ_xl)x(xl—xO)l (4-1)
[x, - x)] )

where | | is the magnitude and x is the cross product.

Rays are traced from the satellite or HAP antennas to the mobile antennas via the valid

clusters of scatterers. The reflection coefficients are made equal for every scatterer in each cluster and
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. are randomly assigned from a uniform magnitude distribution between 0 and 1 with uniform phase

distribution between 0 and 2z. [Deb03].

As the mobile roams, the model switches between three states: a clear LOS path, a blocked

LOS path and an attenuated by trees LOS path. The high-resolution time series data between each

satellite or HAP antenna M/ and each moving mobile antenna N, a,, ,, can be defined as follows:

-

n .
Py y+bY. TT, P, , e i clear
i=1
n . )
Gy =V Dyy Baw +0 Z LT By, € s blocked (4-2)

i=1

LynByy+b Z LT, By ys g’ huw trees
i=1

where P, , is the LOS path loss between satellite antenna M and moving mobile antenna N, & is the

wavenumber, 7 is the total number of valid scatterers, 7, is the tree attenuation applied to a reflected

H

contribution from scatterer 7, Iis the complex reflection coefficient at scatterer i, Py, y; is the path

loss from satellite or HAP antenna M to moving mobile antenna N via scatterer i, dyrn i 1s the distance

between satellite or HAP antenna M and moving mobile antenna N via scatterer i, D,,  is the LOS

diffraction loss and T, , is the LOS tree loss. The term b is a clutter factor parameter derived from
measurements in each environment.

The model output is high-resolution instantaneous path loss time series data, as shown in Fig.
4-3 and power-spatial-delay profile data between each mobile antenna and satellite or HAP. From
these, the small scale fading statistics can be found as a function of shadowing depth, angle of arrival
and arrival distribution, and wideband parameters like RMS delay spread or coherence bandwidth can

be estimated in each environment.
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Fig. 4-3 Time series data of model

4.1.2 Model validation

The first order statistics of the high-resolution time series data were also compared with
measurements performed by DLR (German Aerospace Centre) [Lut91], and this comparison is shown

in Fig. 4-4.
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Fig. 4-4 First order statistics of model
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In this previous work, the MARECS geostationary satellite at 26°W, transmitting at L-band (1.54
GHz) at an elevation of 24° was used. The urban environment was located in the narrow streets in the
old city of Munich, whereas the highway environment was located away from buildings close to
Munich. In the urban case, deep shadowing was observed for most of the time. However, for the
highway case, only occasional shallow shadowing was observed, caused by trees and rare deep
shadowing caused by bridges. The probability levels at each fade-depth and the data trends from the
model are in agreement with the measurement data and therefore the model can be further used to

investigate the satellite or HAP channel.

The RMS delay spread in the non-shadowed state was calculated from the model to be around

50ns for the urban case; a similar value has been suggested in [BelOO].

4.1.3 Position of satellites

Two potential means of providing service to a land-based mobile device use either (a) two

satellites or (b) one HAP containing widely spaced-apart antennas.

The model has been used to investigate MIMO channel matrix decorrelation as a function of
satellite separation ds and HAP antenna separation dn, as depicted in Fig. 4-5. The model was used to
generate small scale fading channel data between two satellites or a single HAP (or multiple HAPs)

and a mobile using the valid clusters of scatterers for each environment.

. m
a' b

Fig. 4-5 Antenna separation nomenclature

Denoting the small scale fading from each satellite as and as, the correlation can be defined as

[PeeOl]:

4-
PAaB CT o, ( 3)
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where E[.] is the expectation, g ,,u, are the means and o 4»0 are the standard deviations of the

small scale fading data from satellite or HAP antennas 4 and B respectively. Using this approach, the

correlation coefficient as a function of satellite separation was estimated, which is shown in Fig. 4-6.
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Fig. 4-6 Required antenna separation at satellite

The graph shows that in an urban environment, two geostationary satellites must have a separation of
at least 1.5x10° wavelengths or 30km at 1.54GHz (a possible LMS L band frequency) to ensure low
correlation between each channel matrix coefficient. Since suburban and highway environments have
more widely spaced valid clusters, requiring a smaller satellite angular separation, the urban

environment can be seen as a worst-case requirement.

As the angle ¢ between the satellites is only 2.9 minutes and therefore approximately parallel
rays arrive at the mobile, the model has been compared with conventional base station spatial diversity
‘Jakes’ theory. The theory assumes a ring of scatterers around the mobile; nethertheless it provides a
useful comparison case for the model. In this case, correlation as a function of antenna separation can

be calculated as in [Jak74]:

2
p=J§[kd(r—S)sin0jJ§ k_d(r_sj 1}1—200329 (4-4)
r 2 \r 4 ‘

where & is the wavenumber, d is the antenna separation, & is the satellite antenna array orientation
angle, 90° in this case, s is the scattering radius and r is the average distance between the mobile
and satellites. Results generated by this formula are presented in Fig. 4-6 and Fig. 4-7 and compared

with the outcome of the proposed model.

Orbital slots are traditionally allocated in arcs of 2°. However, using multiple satellite clusters

in each slot is becoming more common. With future precision placement, it might be possible to
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position many satellites in a slot all separated by 1.5x10° wavelengths, forming an ‘antenna array in
the sky’. When used in conjuncﬁon with a multi-antenna mobile, a large uncorrelated MIMO channel

matrix can be created enabling large potential gains in capacity or diversity.

For the HAP case, the model is used to find out if enough channel matrix decorrelation is
possible from a single HAP at an altitude of 22km (a proposed HAP altitude in the literature), or
whether two distinct HAPs are required. '
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Fig. 4-7 Required antenna separation at HAP

Again, the model is compared with theory, also making the assumption that rays arriving from the
HAP are approximately parallel. At 1.54GHz, the antennas require a separation of around 18 metres,

which suggests that utilizing a single HAP is a viable solution.
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4.2 Single satellite MIMO channel model

The following dual polarised physical-statistical LMS-MIMO channel model is an extension
to the multiple-satellite LMS-MIMO model presented above. In this case, a single satellite containing
right- (RHCP) and left hand circular polarisation (LHCP) antennas communicates with a mobile
vehicle, also containing RHCP and LHCP antennas, although multiple-satellite dual polarized MEMO
channels can also be accommodated by the model. The model, based on tracing rays via statistically

positioned scatterers, can be fine-tuned around measurement campaign data.

4.2.1 Model derivation

The dual polarized physical-statistical LMS-MIMO channel model scenario is shown in Fig.

4-8.

diffraction RHCP/LHCP
antennas
reflection
/ blocked path
/
/ ] cluster
/ RHCP/LHCP centre

gntennas

Fig. 4-8 Cluster environment around mobile vehicle

Channel model construction is described above. Additional insertion of polarization properties
is achieved as follows. When the LOS path is unobstructed (clear), simple path loss is applied to the
co-polar channels and cross-polar channels are discarded. When the LOS path is blocked by a building
(block), rooftop diffraction is applied to both the co- and cross-polar channels; the cross-polar
component is scaled below the co-polar component as observed from measured data. When the LOS
path is shadowed by vegetation (tree), attenuation is applied to this path based on the distance
traversed through the tree and using a typical attenuation factor of 1.3dB per metre. Similarly the

cross-polar component is scaled below the co-polar component.

It is assumed in this model that the LOS paths are fully correlated between co- and cross-polar
channels, and that the diffuse multipath components are fully uncorrelated between co- and cross-polar
channels. This simplification is representative of many, but not all real practical channels; a full

presentation of measured satellite MIMO channel correlation is provided in chapter 6.
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The high-resolution time series data «,, , between each satellite antenna M and each moving

mobile antenna N, can be defined as follows:

-

] :
jkd jkd
Pyne " +bY T, T, P, e ™~ clear co- polar
i=1
n
Jkdy .,
bZTi L Py oy, e clear cross— polar

i=1

jkd C jkd

DyyPyne ™" +bY T.T, P, e'* ™ block co~ polar
i=1
Ay = jkd - kdyg s 4-5
MM S, Dy Py @ ™" b T,T, Py e e block cross— polar (4-5)
i=1
jkd S jkd
Tyw Bune " +bY T, T, Py, e’ tree co- polar
-
jkd e jkd
S, Tyn Pyye’ ™ +bY T.T; P, & tree cross— polar
i=1 -

where Py, v is the LOS path loss between satellite antenna M and mo;/ing mobile antenna N, & is the
wavenumber, 7 is the total number of valid scatterers, 7} is the tree attenuation applied to a reflected
contribution from scatterer i, I'; is the complex reflection coefficient at séaﬁerer 1, Py y,; 1s the path
loss from satellite antenna M to moving mobile antenna N via scatterer i, dy, ; is the distance between
satellite antenna M and moving mobile antenna N via scatterer i, D, y is the LOS diffraction loss
and T MN 1s the LOS tree loss. The terms S, and S, account for the attenuation of the cross-polar terms

for blocked and tree-shadowed conditions respectively and are derived from measured data. The term

b is a clutter factor parameter also derived from measurements in each environment.

Model fitting to measured data has been carried out. It was found that with fine-tuning of the
parameters in (4-5), the CDF of the modelled data can be made to closely resemble the CDF of the

measured data. A presentation of these results is given in [Hor07].
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4.3 Multiple satellite capacity predictions

4.3.1 Method

Satellite-MIMO capacity is demonstrated by applying narrowband uncorrelated Ricean
channel data, obtained from the model in section 4.1, to the MIMO capacity equation shown below,
using SNR and Rice K factor data obtained fr(;m the multiple satellite model defined above. Repeated
here for clarity, when each transmitter has no knowledge of the channel, the available MIMO capacity
is:

C =log> de{lm + (%) H H”} bps/Hz (4-6)

where |, is the identity matrix of size m, m and n are the number of receive and transmit antennas

respectively and H is the complex transpose of the MIMO channel matrix, H.

The time series high-resolution path loss MIMO channel matrix data was split into blocks,
short enough to capture the shadowing around buildings but long enough to obtain enough samples to
estimate the Rice K factor [Lee74]. Instantaneous SNR is obtained by setting the LOS SNR to 20dB
and calculating the resulting SNR during a fade from the mean signal level in each block. The Rice K
factor used denotes the ratio of shadowed LOS path power to the multipath components power. Each
block with its associated mean SNR and Rice X factor is used to generate normalized channel matrix
small scale fading data, which is entered into the capacity equation, resulting in capacity data for each
block. The resultant cumulative distribution functions over all samples from each block for the urban

and highway SISO and 2x2 MIMO channels are obtained.

4.3.2 Results

Since SNR can drop well below 0dB for some of the time, all curves begin at the zero capacity
point. In both the SISO and MIMO cases, more time is spent at higher capacities in the highway
environment since more time is spent at higher SNR levels, with the curves rising much more steeply
in the highway case than the urban case. The SISO median and 10% outage capacity for the urban
environment is 3.5bps/Hz and 0.1bps/Hz respectively, whereas for the 2x2 MIMO case, they are
7.6bps/Hz and 1.9bps/Hz. For the highway environment, the SISO median and 10% outage capacity is
6.5bps/Hz and 3.9bps/Hz respectively, which increases to 8.2bps/Hz and 7.2bps/Hz for the 2x2 MIMO

case.
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Fig. 4-9 Contrasting cumulative distribution functions of capacity for SISO and 2x2 MIMO systems in
urban and highway environments with 20dB average receive SNR

4.3.3 Observations

Although these capacity curves are based on modelled data only, they provide some general
trends from an expected satellite-MIMO channel. The first observation is that capacity is highly
dependent on the environment surrounding the mobile. This is partially due to the amount of multipath
received but mainly because of the time share of receiving strong signal to noise levels. Higher median
capacity is available from the highway environment for this latter reason. However, maximum

capacity is higher for the urban case as the multipath is greater in LOS channels.

It should be noted that these curves are when the satellites are positioned in a cluster and
therefore the large scale fading is correlated between satellites. Positioning the satellites widely spaced
apart would improve capacity as the probability of both satellites becoming shadowed would be much
reduced. It should also be noted that this model is based around measurements carried out at an
elevation of 24°, whereas the measurement campaign that follows in chapters 5-7, is for a lower

elevation.
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4.4 Multiple satellite diversity predictions

Although capacity predictions show possible capacity that can be achieved with optimum
adaptive modulation and coding, they say nothing about how to achieve it. One way of improving

capacity, especially at lower signal levels, is to use transmit and/or receive diversity.

Whereas a dual satellite to single antenna terminal link provides shadowing and some
multipath diversity gaih, a dual antenna terminal provides additional multipath diversity gain. This
gain is demonstrated by simulating high resolution time series channel data for urban and highway
environments, for SISO, MISO and MIMO systems, and with uncorrelated and correlated shadowing,
and applying it to a bit error rate system simulator using Alamouti space-time coding [Ala98]. Bit
error rate curves for each case are provided showing the benefit of 2x2 MIMO over 2x1 MISO. It is
shown that 2x1 MISO diversity gain over shadowing (shadow correlation dependent) and multipath
diversity gain is of order two (N=2), whereas in the 2x2 MIMO case, diversity gain over shadowing is

still of order two but diversity gain over multipath is now of order four (N=4).

4.41 Method

Monte-Carlo simulations were performed on the channel data supplied by the model shown
above by colleagues at BUTE, Hungai‘y. An Alamouti space time block code was used with coherent
QPSK modulation, a flat channel response and quasi-static fading. The Alamouti scheme can be

summarized as follows. We transmit 2 symbols over the time and space domains:

timet timet+1
antenna 0 s, -5 * 4-7)

antennal s, Sy *

Where * is the complex conjugate, 75 is the symbol duration and s, s5; are the symbols to be
- transmitted. For a 2x1 transmit diversity system, where /o, h; are the channels between the 2 TX

antennas and 1 RX antenna, the received symbols at ¢ and ¢ + T are:

vy = hys, + s, +n, at time t 48)
no=—=hys, *+hs, *+n, at timet+Ts @
Combine the signals as follows using estimated channel information at the receiver:
~ 2 2
So =hy* ry,+hn*= (|h0| +|h]| )So +hy *ny +hn *
4-9)

S =h % 1y k¥ = (| +|1[*)s, = hon, * 4k, %0,

These combined signals for s, and s, are then sent to a maximum likelihood detector. And so diversity

for each symbol now depends on the sum of each channel.
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The performance from this 2x1 transmit diversity is the same as for a 1x2 maximum ratio
receive diversity scheme. However if the total transmit power is equal in both cases, the transmit case

1s 3dB impaired.

A 2x2 transmit and receive diversity system lises similar techniques to provide 4™ order
diversity. The same performance as a 1x4 MRC system is obtained only 3dB impaired since the total

transmit power is made constant between the single transmit case and dual transmit case.

4.4.2 Results

Results are produced from channel data generated from the physical statistical model above,
for the urban and highway case. In each of the dual satellite systems, curves are given for both

correlated and uncorrelated shadowing cases.
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Fig. 4-10 Bit error rate curves showing the effect of large and small scale diversity improvements for the
urban environment
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Fig. 4-11 Bit error rate curves showing the effect of large and small scale diversity improvements for the
highway environment
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4.4.3 Observations

These bit error rate curves were simulated from channel model data that was built around a
measurement campaign with a satellite elevation of 24°. They show the gains to be made from MISO
and MIMO over SISO channels in an urban and a highway environment. Two cases are presented: (a)
when the shadowing between each mobile-satellite path is correlated and (b) when the mobile-satellite

paths are uncorrelated.

In the case of correlated shadowing, it is only the small scale fading that is improved by
diversity. However it can be observed that 3-4dB reduction in E,/N, for a BER of 107 (suitable for

voice or streaming data) is possible with MIMO techniques with correlated shadowing.

However when the shadowing is uncorrelated a much greater improvement is possible from
diversity. Around 10-15dB reduction in Ey/N, is possible by combining signals from two satellites
with uncorrelated shadowing.v However an additional 3-4dB improvement is possible by using two

receive antennas from two widely spatially separated satellites in a 2x2 Alamouti diversity system.

4.5 Limitations of models

These models can be fine-tuned around measurement data and produce statistically accurate
results. The accuracy of the large and small scale fading first and second order statistics and power-
spatial-delay profile is dependent on the reflection coefficient, size, shape and positioning of the
scatterers. In this model the shape of the clusters has been defined to be spherical to simplify the
simulation computational complexity. It would be better to define a set of representative building
cuboids and position these in a more statistically accurate way. For example, cuboids could be
positioned along either side of a road ihstead of randomly. Defining trees as spheres could be
maintained. However, useful insight and estimations of capacity and diversity gain can be achieved

with this simplified model.

Regarding small scale correlation, as has been discovered in the measurement campaign,
detailed in Chapter 6, some MIMO channels are weakly correlated and some are more correlated,
which changes with vehicle location. This can be explained by the co-location or non co-location of
valid scatterers for each MIMO channel. For the single satellite dual polarized model, it would be
better to define the polarization reflection properties statistically accurately in order to reflect the

changing small scale fading MIMO channel correlation with motion. This is left for future work.

Perhaps the main limitation of this model is that it requires measurement data to fine-tune the

model in addition to the validation of the model.

Modelling and Measurement of the Land Mobile Satellite MIMO Radio Propagation Channel Page 86 of 207



Chapter 4 Physical-Statistical Model of the LMS-MIMO Channel

4.6 Interim conclusions

This chapter has detailed the methods of constructing two physical-statistical land mobile
satellitt MIMO channel models. The multiple satellite MIMO model has been partially validated
against published measured data, although only its first order SISO statistics. The single satellite dual

polarized model construction has been described and partially validated in [Hor07].

The capacity and diversity gains have been estimated from the multiple satellite channel data,
and it became clear that MIMO techniques could provide a benefit to LMS systems. However, it was
clear that an experiment was required to measure the dual circularly polarized and multiple satellite
MIMO channel. The focus of the research thus moved onto planning and carrying out this

measurement campaign.
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Chapter Five

5 Measuring the LMS-MIMO Channel

Modelling and Measurement of the Land Mobile Satellite MIMO Radio Propagation Channel Page 88 of 207



Chapter 5 Measuring the LMS-MIMO Channel

3.1 Measurement campaign planning

5.1.1 Introduction

Extensive measurements were carried out in Guildford, U.K., a city representative of many in
central and northern Europe, during the summer of 2005 (with trees in full foliage), where an artificial
terrestrially based platform (acting as two satellites), each containing directional RHCP and LHCP
antennas, spaced just under one wavelength apart, communicated with a mobile van. The van was
fitted with two omnidirectional RHCP and two LHCP antennas spaced four wavelengths apart. The
satellite elevation angles, measured using a theodolite, ranged from 7° — 18°, 5° — 10°, and 5° — 15°, for
the tree-lined road, suburban and urban environments respectively. Although many operational
satellite elevations exceed these, some geostationary and low Earth orbiting mobile satellite services,
are required to work at low elevations. The present experiment therefore represents these as worst case
system scenarios in terms of extreme large scale fading. Small scale fading variations at higher

elevations, which will also affect MIMO capacity, is work still to be investigated.

5.1.2 Equipment

An Elektrobit Propsound wideband MIMO channel sounder was configured for a carrier
frequency of 2.45GHz. It transmitted a direct-sequence spread spectrum signal, produced from binary-
phase-shift-keyed modulated pseudo-noise codes. The chip duration, sampled at 2 samples per chip,
was 10ns and the null-to-null bandwidth was 200MHz. Each MIMO channel is obtained sequentially
by using fast switching time division multiplex (TDM) techniques, where three MIMO channel
matrices, are captured in each wavelength, and well within the channel coherence time. The received
complex samples are written in real time to a fixed disk, where they are post-processed for the power
delay profile in each MIMO channel, using a sampled sliding correlation technique. Each of the 16
MIMO channel captures produced 2048 chips of complex data in the delay domain. Synchronization
of baseband processing and antenna TDM switching between the fransmitting and receiving units is
obtained from high stability rubidium clocks, which are synchronized before the start of the
measurement campaign. A photograph of the channel sounder is given overleaf. Fig. 5-1 shows the

transmitting unit and Fig. 5-2 shows the receiving unit and hard drive. Each unit is a two-man lift.
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Fig. 5-1 Propsound transmitter

Fig. 5-2 Propsound receiver and disk drive

The van shown below, owned by the University, was carefully modified to enable cabling to
be connected between the inside of the van (containing the channel sounder receiver) and the bespoke
roof-mounted antenna rack (designed and built personally). Four antennas were mounted: 2 LHCP and
2 RHCP. The control software was installed on a laptop which was placed on the passenger seat in the

cabin, allowing real-time visual feedback of the measured power delay profile.

Fig. 5-3 Measurement vehicle showing roof-mounted antenna rack
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The artificial platform (acting as the satellite) is shown in Fig. 5-4. It comprised a scaffolding
tower and two antenna masts. Each mast contained a LHCP and RHCP antenna mounted adjacently.

The photo also shows the channel sounder transmitting unit, antenna switch box and DC supply

batteries.

Fig. 5-4 Hill-mounted artificial platform showing antenna mast and sounder

Although the campaign captured a 4x4 dual polarized MIMO channel, only a 2x2 subset of
these channels have been processed and analyzed in the thesis in depth. The purpose of the spatially
separated antennas on the artificial platform was to estimate the capacity from a single polarized
multiple satellite system scenario. Some results are presented in [Kin06¢c]. However, as a single

satellite dual polarized system is a more viable business solution, most data processing was carried out

for this case.
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5.1.3 Antenna characterization

Each antenna was characterized in an anechoic chamber for E and H field gam and axial ratio
at each angle and over the measurement frequency bandwidth. The patch antenna, used at the artificial
platform had a boresight gain of 12dBi, a 3dB beamwidth of 30°, and an average axial ratio of —1.2.
The omnidirectional antenna, used at the vehicle had an azimuthal gain of 0+2dBi over 360°, a 3dB
elevation beamwidth of 70° (from datasheet), and an average axial ratio o f—.4. The axial ratios used
in this experiment are representative of practical antenna performance obtainable in a real system
implementation. Limitations of the campaign data when using these antennas is discussed in section

6.3.

Cross polar discrimination and axial ratio » are related by the following formulation:

r+1
XPD - 20log ,dB (5-1)
r-1

Directional antennas

Fig. 5-5 Clockwise Irom top left: front view of patch antenna; antenna on turntable; reference antenna
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The following example plots show the co-polarized and cross-polarized radiation patterns for
a patch antenna in the anechoic chamber. The upper plot shows the elevation (vertical) patterns, and

the lower plot shows the azimuth (horizontal) patterns. All antennas used in the campaign were

characterized.
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Fig. 5-6 Patch antenna pattern in vertical axis
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Fig. 5-7 Patch antenna in horizontal axis
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Omnidirectional antennas

The following photograph shows an omnidirectional circularly polarized antenna positioned

on the turntable during antenna characterization.

Fig. 5-8 Omnidirectional mobile antenna during characterization
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The following example plot shows the co-polarized and cross-polarized radiation patterns for

an omnidirectional antenna obtained in the anechoic chamber.
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Fig. 5-9 Omnidirectional azimuth radiation pattern

Measurement of elevation for the omnidirectional antenna was difficult to achieve in the
available size of anechoic chamber. It was canied out by modifying the elevation of the antenna under

test; in practice only £10° could be achieved. However the datasheet states the elevation beamwidth to

be 70°.

LHCPno4 -I0deg to +10deg elevation (2.45GHz)

2

"-180 -150 -120  -90 -60 -30 120 150 180
Azimuth [degrees]

Fig. 5-10 Omnidirectional elevation radiation pattern
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5.1.4 Environment

Three environments were identified: (a) a tree-lined road (a major road in the UK narrower
than a motorway/highway with a single lane of traffic in each direction), characterized by a high
likelihood of dense tree matter at either side of the road with occasional clearings and occasional two
storey houses beyond the vegetation; (b) a suburb, characterized by densely placed two storey houses
positioned either side of the road and occasional tree matter; and (c) urban, characterized by densely
placed two to four storey buildings and sporadic tree matter. Vehicle speeds were 8.9m/s in the tree-
lined road environment, and 5.6m/s in the suburban and urban environments. These were chosen as
they are representative of typical traffic flow speeds in each environment. The locations of transmitter

and each environment superimposed on a map of Guildford are shown below in Fig. 5-11.

A
Measurement route M m

sasf

TRANSMITTER

Fig. 5-11 Map of Guildford showing measurement routes in each environment

Cellular planning software and 3D map data was used to check Fresnel clearance at each
mobile position. Worst case Fresnel clearance ranged between 0.7 - 4.3, 0.7 - 2.1, and 0.7 - 3.2 in the
tree-lined road, suburban and urban environments respectively. A geographical cross-section, showing
Fresnel clearance, satellite elevation and local satellite scatterers, is shown in Fig. 5-12. In order to
reduce scattering local to the artificial platform, antennas were mounted ~6 metres above ground, at a
point of increasingly steep gradient. The antenna main lobe was clear of the local terrain; however, the
first sidelobe, at -12dB, faced the grass-covered hilltop verge, around 100m from the platform. Both
the mobile and artificial platform antennas were mounted in such a way that no object was within their

near fields.
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artificial
platform

elevation range 11\

mobile
vehicle

-100m
nearest scatterer

400m - 1300m

Fig. 5-12 Cross-section of environment showing elevation and Fresnel clearance

5.1.5 Link budget and calibration

The distance between the artificial platform and the mobile was less than 1.3km, in order to

enable sufficient dynamic range: 52dB with respect to free space loss (FSL) was available at

maximum distance. Whilst additional dynamic range would capture small scale fading in heavily

shadowed areas, this was found difficult to achieve, due to regulatory constraints of radiated power,

maximum practical code domain processing gain, low gain receive antennas, receiver noise figure and

the wide noise bandwidth. The receiver dynamic range is now explained with reference to Fig. 5-13.

-30dBm/200MHz Max input with AGC
91dB total (slow) dynamic range

v -42dBm/200MHz ADC full-scale
10dB

-52dBm/200MHz ADC max mean pwr

83dB
69dB instantaneous dynamic range

-121dBm/200MHz Sensitivity
-125dBm/Hz ADC full-scale

60dB
83dB

-171dBm/Hz Radio noise floor

-185dBm/Hz ADC noise floor
33dB

" -204dBm/Hz Min detect signal
Fig. 5-13 Levels plan referred to antenna connector

Modelling and Measurement ofthe Land Mobile Satellite MIMO Radio Propagation Channel Page 97 of 207



Chapter 5 Measuring the LMS-MIMO Channel

Sensitivity

Sensitivity is an important parameter that defines the minimum power level that can be
detected by the sounder. Lower sensitivity is fundamental to extending the measurement dynamic

range. Sensitivity is expressed as follows:
Sensitivity [dBm] = 10log(k T/ 10°) [dBm/Hz] + 10logB [dB] + NF [dB] - PG [dB]
where 10log(k T/ 107) = -174‘dBm/Hz
where k = Boltzmann’s constant = 1.3807 x 102 J K™, and T = Temperature = 290K
10logB = 83dB, where B = Noise bandwidth = 200MHz
NF = Receiver noise figure = 3.1dB
PG = m-sequence correlating Processing Gain = 10log(2048) = 33.1dB
Therefore, sensitivity =-174+83+3.1-33.1=-121dBm

This is the minimum detectable signal or noise floor. In a practical measurement campaign,
the mean power level should be much higher than this, to allow for signal fluctuations due to
shadowing and small scale fading. The experiment should be planned so that the minimum expected
signal at high excess delays, path loss, shadowing, and small scale fading fluctuations should remain

just above the sensitivity level.
Dynamic range

At a range of 1500m, the FSL is 104dB (using (2-1)). With a transmit power of 23dBm, and

an antenna gain of 12dBi (EIRP = 35dBm), the dynamic range at maximum distance is:
Maximum range dynamic range = EIRP [dBm] -FSL [dB] — Sensitivity [dBm]
=35-104 + 121 = 52dB.

Therefore, at maximum distance, approximately 52dB is available for shadowing and small
scale fading. As the receiver is moved closer to the transmitter, the AGC is activated, reducing the
levél seen by the data converters. The AGC follows the shadowing attenuation path and the data
conveﬁer captures the small scale fading. The actual instantaneous dynamic range captured by the data
converters depends on their effective bits. With a radio noise floor of -171dBm/Hz, and an ADC
quantization noise floor of -185dBm/Hz, a 10 bit converter sampling 200MSPS would give a full-scale
input referred signal of -42dBm. However for a signal with 200MHz bandwidth, assuming a signal
crest factor of 10dB, .a processing gain of 33.1dB and a radio noise floor of -171dBm/Hz, the

instantaneous dynamic range can be estimated as follows. The maximum instantaneous signal level is
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-185+60-10 = -135dBm/Hz. The minimum instantaneous signal level is -171-33.1 = -204dBm/Hz.
Therefore the instantaneous dynamic range can be estimated to be -135 — (-204) = 69dB

Maximum signal level

Elektrobit have stated that the receiver is overloaded when the IF reaches 7dBm. Although
they have not supplied their detailed levels plan, using conventional receiver design, it can be
estimated that the maximum linear point at the antenna connector (before the antenna switching unit)
is -30dBm. Slow fading (AGC) dynamic range can therefore be estimated as follows. The maximum
input with 2 200MHz bandwidth is -30-83 = -113dBm/Hz. Therefore the total dynamic range can be
estimated to be -113-(-204) = 91dB. ’

With an EIRP of 35dBm/200MHz and a maximum input level of -30dBm/200MHz, the

minimum path loss before receiver overload is 65dB, corresponding to a minimum distance of 17m.
Signal level calibration

As the distance between the emulated satellite and vehicle varies, the path loss, antenna gain
and delay changes. Since the objective is to normalize the received power to free space loss, a
correction factor must be applied for each vehicle position. The channel sounder power delay profile
display is merely calibrated in relative decibels. The automatic level control holds the transmit output
at 23dBm. To calibrate the system, a lab-based back-back measurement was made. With 82dB loss
(from cables and added attenuators) between the TX and RX switch units, the display gave
-40.5dB. Therefore 0dB loss between TX — RX would give +41.5dB hypothetically. So the cofrection

factor that needs subtracting from the power delay profile display reading is:

47r|d|

power offset =41.5dB ~ L. + Gy (¢ ,0,, ) —2010g + Gy By»0ny)  (5-2)

where L (= 5dB )is the additional cable loss used in the campaign (2dB at the RX side and 3dB at
the TX side), Gpx(@,0; ) [dB] is the TX antenna gain in the direction of the LOS path,

Gry( @y Ory) [dB] is the RX antenna gain in the direction of the LOS path.

|d| = \/dlz +d,” +d,", where d, [metres] is the distance between the TX and RX in Cartesian

dimension n. The wavelength A at the chosen carrier frequency of 2.45GHz is 0.122m. Using this

calibration factor, the displayed power level can be read relative to FSL.

The power delay profile (PDP) also requires calibration because the measured delay varies as

the TX — RX distance changes. The delay is found from the following:
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d
delay offset = l secs : (5-3)
T |

It is necessary to use this method instead of detecting the LOS path and time-aligning to it, because the
LOS path is not always present.

Interference

Since the channel sounder carrier frequency was centred on 2.45GHz and is of 200MHz
bandwidth, it covers the whole of the ISM WLAN 802.11b/g bands. It was therefore necessary to
design an algorithm that detects a rise in noise floor in each power delay profile. If the noise floor (just
prior to the LOS path) rises above a threshold (given by the reQuired impulse response dynamic range,
but higher than the correlator noise floor), the PDP is discarded. Linear interpolation is then used
between the adjacent PDPs to estimate the corrupted profile. In some cases, for example in the urban
environment, when passing offices, many\seconds of data was continuously corrupted, and in this
case, the data had to be discarded and replaced by linearly interpolated estimated PDPs using the
uncorrupted PDP before and after the corrupted block.
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5.2 The Wideband MIMO channel sounder

5.2.1 Introduction

The wideband MIMO channel sounder, supplied by Elekrobit, is a sophisticated piece of
equipment that can capture up to 32x56 MIMO channels of 200MHz null-to-null bandwidth,
corresponding to a chip resolution of 10ns (or I0OMchip/s). In this experiment the supplied antennas

were not used.

5.2.2 Principles of operation
System architecture

The following diagrams show the RE transmitter architecture (Fig. 5-14) and the RE receiver
architecture (Fig. 5-15). The transmitter is a dual conversion with a real-IF DAC configuration. The
output is maintained at a fixed level (23dBm maximum at antenna connector) using an automatic level

control (ALC).

AUTOMATIC
LEVEL CONTROL

TX IF UNIT (TIU)

POWER
DETECTOR
CODE
GENERATOR

OUTPUT POW ER
ATTENUATOR

ANTENNA

IF LOCAL RF LOCAL SWITCH
OSCILLATOR OSCILLATOR TX RF UNITS (TRU) UNIT (ASU)

CONTROL TIMING

MASTER TX SYSTEM
GPS INTEGRATION

UNIT(TSIU)

REAL-TIME
CONTROL
UNIT
(RTCU)

Fig. 5-14 Elektrobit wideband MIMO channel sounder transmitter architecture
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The receiver is a dual conversion double superheterodyne architecture with ADC sampling at
IQ baseband. Automatic gain control (AGC) is used to keep small scale fading within the ADC
dynamic range. A low noise amplifier (LNA) is positioned inside the antenna switch unit enclosure to

minimize receiver noise figure.

RX RF UNITS (RRU) AUTOMATIC
GAIN CONTROL
TX FILTER
BANK
lout
IF LOCAL
OSCILLATOR
Qout
ANTENNA
SWITCH RF LOCAL
IT (A OSCILLATOR
" 450 RX IF UNIT (RIU)
TIMING CONTROL
MASTER

RX SYSTEM INTEGRATION UNIT (RSIU)

REAL-TIME
CONTROL
UNIT
(RTCU)

Fig. 5-15 Elektrobit wideband MIMO channel sounder receiver architecture

Receiver baseband processing uses the AGC level combined with the IQ data to produce a
wide dynamic range to capture large and small scale fading. Power delay profiles for each MIMO

channel are obtained by a sequential sliding correlator approach.
Synchronization and Timing

Frequency offsets between the transmitter and receiver can lead to the power delay profile
exiting the display window during a measurement campaign. Even small frequency offsets can lead to
phase rotation, exhibiting itself as Doppler. Receiver synchronization cannot be locked to the
transmitter as the signal can be shadowed or completely blocked. In the Propsound, a rubidium
frequency reference is contained within the transmitter and in the receiver. During operation, after
stabilizing, a rubidium frequency reference based phase locked loop is adjusted to minimise the
frequency difference between the two units. Frequency calibration is further enhanced by calibrating
for minimum phase offset. The inevitable small phase offset is kept negative so that the power delay
profile increments up the excess delay window, remaining on the window during the measurement

campaign.
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Timing, on the other hand, is concerned with matching the code and antenna switching at both
the transmitter and receiver. This operation is shown in Fig. 5-16. The sounder was set for 2048 chips
per code. This was chosen to capture a time window of 20.48us; although this is higher than the
expected excess delay, it allows for absolute delay due to TX-RX range and the movement of power
delay profile with time (due to slightly different TX and RX synchronization). Additionally, a higher
chip per code setting provides increased code domain processing gain, but has the drawback of
reduced MIMO matrix sampling rate (limiting the maximum speed at which the campaign can be
carried out). Since there were four antennas at each end of the link, 16 codes + 4 guard codes, are
transmitted in each acquisition cycle. Antenna sequencing, as shown in the diagram, switches all four
RX antennas in turn for each TX antenna position. The 4x4 MIMO matrix is therefore captured in
0.4096ms. The coherence time can be estimated from 9/(167c¢/d) = 2.5ms (where fa = v/1 =
8.9[m/s]/0.122[m] = 73Hz). Therefore the channel can be considered constant whilst a MIMO channel

is captured.

The maximum Doppler frequency was 73Hz for the tree-lined road environment and 46Hz for
the suburban and urban environments. In this campaign, the MIMO sampling rate was 152.7 matrices
per second, which is at least twice the maximum Doppler frequency. (Sampling must be greater than

twice the/d according to Nyquist for accurate sampling.)

Delay
domain

-10ns

" 20.48US

Codes

Transmitted

codes

TX switch  (f RHCP(1) 'Yf RHCP(2) LHCP(3) LHCP(4) A
position

RX switch
position

Acquisition
cycle

Cycles A 1 ~~"AQ-»RAI" FAVHHDA———— C 2 *Q-»RaARAM-»HDA—— " 3 AAQ"RAMRAMAHDA

Fig. 5-16 Timing diagram
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Sliding correlation post processing

Although a clean maximal length pseudo random bit stream is transmitted, the channel tends
to spread the data. Multiple copies of the transmitted bit stream, or code arrive superimposed and with
different weights at the receiver. Since codes with near perfect autocorrelation properties are used, a
sliding window cross-correlator, can differentiate between each arriving version of the spread code in
each 10ns chip bin. The cross-correlator therefore measures the amplitude and phase of code arriving
1n each chip bin, revealing the impulse response, here with a 10ns resolution. Aé mentioned, the codes
are chosen to have good autocorrelation properties; an example autocorrelation function of a maximal -

length pseudo random bit stream is shown below:

+ R (1)
+m
7,= chip period = 10ns
1 = time delay m — (m+1)l|
/ '[0
- T
o ) T
— 27, —

Fig. 5-17 Principles of sliding cross-correlation

5.3 Campaign procedure and data capture

Prior to the satellite-MIMO experiment being carried out, four measurement campaigns were
carried out with MSc students for their projects to gain familiarization with the equipmeht and
procedure. (Incidentally the MSc projects included campus based macrocell, microcell, indoor and
outdoor-to-indoor environments.) This provided much valuable experience in operating the equipment
and carrying out measurement campaigns. The MSc students returned the favour by .helping with the
satellite-MIMO experiments.

Well in advance of the measﬁrement campaigns, a test and measurement licence was applied
for from OFCOM. The form required details of the type of transmission, frequency, bandwidth, duty
cycle and effective radiated power. A processing fee of £50 was required and the whole licence
procedure took about two months to secure. From this useful insight into the U.K. regulatory and

licensing regime for spectrum was gained.

The satellite-MIMO campaigns were carried out twice in each environment on two separate

days. In each case the whole campaign lasted non-stop from 8am to 11pm. The morning largely
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consisted of transporting and setting up the artificial platform on the ‘Hog’s Back’- a hilly part of
Guildford, and preparing the vehicle with the antenna rack and measurement equipment. The whole of
the afternoon was occupied with capturing data in each environment, and the evening was used to

backup the data. Fortunately the weather was a hot sunny summer’s day on both occasions.

The receiving unit writes the raw 1Q data to a fast fixed disk. Around four hours of continuous
data could be stored each day, which coincidentally is the time that the batteries lasted. A laptop,
positioned on the passenger seat enabled visual checks that a signal was being received, at a refresh

rate every few seconds. The laptop required no operation whilst the vehicle was moving.

After the measurement campaigns, the data was transferred from the fixed disk to the
Microsoft Windows environment. Visual checks could be made on every power delay profile from
each other the sixteen channels at each MIMO matrix sample. The data was then saved in Matlab

format with one ‘mat’ file for each MIMO matrix power delay profile contained in a ‘struct’ file.

Processing the data before any analysis could be carried out was a very time consuming task
taking a few weeks, as interference had to be identified and removed, and calibration of the data with

respect to FSL and delay had to be carried out as explained earlier in this chapter.

Once the data had been pre-processed, around 80 Matlab files were written to analyse the data.

The results of this analysis are presented in the next chapter.

Modelling and Measurement of the Land Mobile Satellite MIMO Radio Propagation Chanmel Page 105 of 207



Chapter 6 Characteristics of the LMS-MIMO Channel

Chapter Six

6 Characteristics of the LMS-MIMO Channel

Modelling and Measurement of the Land Mobile Satellite MIMO Radio Propagation Channel Page 106 of 207



q/"ZMS'-MTM O C/zazz/zeZ

6.1 Narrowband LMS-MIMO characteristics

6.1.1 Initial observations

Prior to a full analysis of the channel data, an initial qualitative investigation was carried out
on the narrowband data, to form some general ideas about the dual circularly polarized 2x2 MEMO
channel. In each environment, the time series data was compared with the scatterers (eg. buildings and
vegetation) close to the vehicle. Local and aerial photography and available information regarding the
vehicle motion and location allowed the matching of the data to the environment. For example, the
time series data in Fig. 6-1 shows the received signal strength along the tree-lined road, with the LOS
component obstructed by trees between 0 and 5 metres, and clear between 6 and 10 metres. It can be
observed that between 0 and 5 metres, the large scale components are attenuated substantially, the
small scale fading contains many deep fades, and the cross-polarized component powers appear to be
of similar strength to the co-polarized components. However, between 6 and 10 metres, there are

strong co-polarized components, and a higher ratio exists between co-polarized and cross-polarized

components.
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Fig. 6-1 Example narrowband received powers relative to FSL in the tree-lined road environment for dual

polarization single satellite case.

For comparison a narrowband plot of the 2x2 multiple satellite case, where satellites are in the

same cluster with a single polarization is shown in Fig. 6-2.
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Fig. 6-2 Example narrowband received powers relative to FSL in the tree-lined road environment for
dual satellite cluster case

The measurement campaign actually captured data from 2 satellites in a cluster, each with dual
circular polarization, to a vehicle with 2 RHCP and 2 LHCP antennas. Analysis of this 4x4 satellite-
MIMO channel data is left for future work. Since a single satellite system is a more viable business

solution, the analysis was carried out in depth on the 2x2 dual polarized MIMO channel data.

6.1.2 Large scale characteristics

In this section, narrowband large scale fading properties are'repoxted. Fading distribution,

temporal variations and correlation over the MIMO channel domains are addressed.
Distribution

The time series narrowband measured data was averaged by a sliding window time technique,
" adhering to the Rayleigh criteria (120 data points over 40 wavelengths) [Lee74] and a probability
density histogram of the large scale fading level was obtained. Initial observations showed that in the
tree-lined road environment, the probability densities appeared as two adjacent and overlapping log-
normally distributed segments. An example is shown in Fig. 6-3 for the co-polar channel. The
suburban and urban environment exhibited probability densities that appeared as a single log-normal -
distribution. A model based on these observations was then tested. Each cumulative distribution
- segment was tested in tum for goodness-of-fit to the theoretical log-normal or two adjacent and

overlapping log-normally distributed segments using the Kolmogorav — Smirnoff (K-S) test [Mas51].
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In the case of adjacent and overlapping log-normal distributions, the K-S test was applied as follows.
Initially the cross-over point was identified at the local minima between the two distributions and then
each segment on either side of the cross-over point was tested in turn. Each segment of the
experimental data was matched to the equivalent theoretical log-normal segment. Since the two

distributions were overlapping, the K-S test could only be applied to the visible part of the distribution.

0.07 T T T T I
= lower log-normal fit
»= upper log-normal fit
—— measured data
0.06 - 4
0.05F 4
lower log-normal
mean = -20.5dB

2z stdev =6.5dB
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E- upper log-nomal
= mean = -1.5dB
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8 | stdev = 4.0dB J
< 0.03 prob =0.13
o

0.02f i

0.01 J
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Large scale fading relative to FSL, dB

Fig. 6-3 ‘Large scale fading co-polar distribution and model fit for tree-lined road environment

In the suburban and urban cases, the single distributions were found to be log-normal at the
1% statistical significance level. For the two overlapping distributions, they were also both found to be
log-normal at the 1% statistical significance level for the visible part of the distribution. The
probability density function of the two overlapping log-normal distribution model can be formulated

as follows:

( ]
Lexp _Lfs=a 1—l 1+erf YA , §>x
‘[27[0'1‘ 2 o, -2 O'u\/i

p(s) =1 (6-1)
2
B Hs—u 1 X— N
exp| —— —|1+erf| —= , §<x
,/27[0'1 P 2( O", 2|: f[O'I\/E

where s is the large scale fading level (dB), x is the cross-over point (dB), o, and o, are the

standard deviations (dB) for the upper and lower log-normal components respectively. The means

(dB) for the upper and lower log-normallcomponents are -, and y, respectively. The probability of
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the large scale signal level residing in the upper log-normal component is given by P, . The probability

of the large scale signal level residing in the lower log-normal component or at the cross-over point is

given by P, . The term erf is the error function defined as:

B
enf ()= Joxp(-1") | ©2)

“Table 1 shows the statistics for the log-normal or dual log-normal model in each environment.

Lower log-normal Upper log-normal

mean stdev mean stdev

Road, co-polar -20.5dB 6.5dB -1.5dB 4.0dB

Road, x-polar -21.5dB 6.0dB -4.5dB 3.0dB
Suburb, co-polar -25.0dB 9.5dB modelled by single log-normal
Suburb, x-polar -28.0dB _7.0dB modelled by single log-normal
Urban, co-polar -23.5dB 6.5dB modelled by single log-normal
Urban, x-polar -23.0dB 6.5dB modelled by single log-normal

Table 1 Large scale fading log-normal model parameters

Temporal variations

To describe the temporal variations, the large scale autocorrelation functions were obtained for
co- and cross-polarized channels in each environment and the coherence distance at the 1/e point was

found. The normalized autocorrelation function, repeated here for clarity can be defined [Pee01] as:

o )= Elo(t )a*(t2+ 7))
E(ja(t )| )

- (6-3)

where E[.] is the expectation, (¢)is the complex fading signal and 7 is the delay separation. The

shadowing autocorrelation function was found to follow accurately a dvecaying exponential as
suggested in [Mar90], [Gud91]. The exponential autocorrelation decay model was matched to the
measured data autocorrelation empirically. The 1/e autocorrelation distance was found for co-/cross-
polarized channels to be 23/29m, 120/128m and 128/129m in the tree-lined road, suburban and urban
environments respectively. An example of shadowing autocorrelation decay curve for the urban

environment is shown in Fig. 6-4.
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Fig. 6-4 Large scale fading autocorrelation model fit to measured data for urban environment

MIMO channel correlation

In the combined spatial/polarization domain, the large-scale fading correlation coefficient
between MIMO channels was found, in each envirénment. The analysis revealed a strong correlation
coefficient between each pair of large scale fading MIMO channels. This correlation coefficient of the
narrowband data, is shown in Table 2 for each environment. In this table, ‘R/L’ for example refers to a-

transmitting RHCP antenna (artificial platform) to a LHCP receiving antenna (vehicle).

Main Road Suburban Urban
RIR LIL RL LIR|RR LIL RIL LIR|RR LL R/IL LR
Large R/R}1.00 1.00 1.00
Scale L/LJ0.86 1.00 0.76 1.00 0.86 1.00
Fading R/LJ0.85 0.91 1.00 0.76 0.83 1.00 0.86 0.89 1.00
L/R§0.90 0.87 0.88 1.00/0.83 0.75 0.78 1.00/0.92 0.85 0.93 1.00

Table 2 Average large scale correlation coefficients between MIMO channels

It can be seen therefore that there is a strong correlation between MIMO channel large scale
fading, which is as expected as both antennas were co-located at one satellite and similarly co-located

at one vehicle.
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6.1.3 Small scale characteristiés

In this section, the small scale fading properties are reported from the narrowband data.
Fading distribution, with its conditioning on large scale fading, temporal variations, and correlation

over the MIMO channel domain are addressed.
Distribution

The narrowband large scale fading was split into temporal windows of 180 samples over
around 60 wavelengths. The average power in each window was subtracted from the measured data
revealing the small scale fading. The cumulative distribution of the experimental small scale fading in
each temporal window was tested against the theoretical Ricean cumulative distribution. The

probability density of the Ricean distribution can be formulated [Cor94] as:

pR(r)=2r(K+1)exp[—rz(K+1)—K]vIO(2rW/K(K+1)) (r=>0) (6-4)

where X is the Rice factor defined as the ratio of direct path power to diffuse multipath power. The
function I, is the modified Bessel function of the first kind and zeroth order. Every time window for
co- and cross-polarized channels in each environment was checked against the theoretical Ricean
distribution. The Kolmogorav — Smirnoff test [Mas51] was used to check the validity of the Ricean fit
and it was found that every window was Ricean distributed at the 1% statistical significance level. By
optimizing the theoretical distribution to the measured distribution also revealed the Rice K factor that

best described the data in each window.

Rice K conditioning on large scale fading
A scattergram was obtained of Rice K factor versus shadowing level, and their correlation

coefficients were found. Moderate correlations were found for the tree-lined road and suburban
environments only; only ‘a weak correlation was found for the urban environment. Correlation
coefficients for co-/cross-polarized channels were 0.42/0.44 for the tree-lined road, and 0.58/0.61 for

the suburban environment.

Since a moderate correlation was found for the tree-lined road and suburban cases, a
polynomial fitting was carried out. A scattergram for the tree-lined road case and suburban case along
with polynomial fitting for each polarization is shown in Fig. 6-5 and Fig. 6-6. The urban case is also

shown for interest in Fig. 6-7.

In the urban environment the lack of polynomial to describe the Rice X factor dependency on
large scale fading is as expected, as the received signal is predominantly made from local multiple

reflections and is therefore much harder to model in a generic fashion.
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Rice K factor, dB

Fig. 6-5 Rice K factor conditioning on large scale fading level for road environment

15

10

O co-polar
% x-polar
= co-polar fit
+e+= x-polar fit

1 !

-356 -30

-25 -20

|
-15

-10

-5

Large scale fading relative to FSL, dB

10

20 T T T T T 500 T
O co-polar @© o .
x  x-polar o,
~— co-polar fit x ° b o
15 ---- x-polar fit N L% o L 4
: o

. 4
-
8
[+

8 i
X
1]
©
©

<
[
X
-15 [ A
x
.20 ! L I L 1 L !
-40 -35 -30 -25 -20 -15 -10 -5 0

Large scale fading relative to FSL, dB

Fig. 6-6 Rice K factor conditioning on large scale fading level for suburban environment
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Fig. 6-7 Rice K factor conditioning on large scale fading level for urban environment

Polynomial fitting interpolation was carried out using the following formula:

Kip(Sap)=Ho + 14,5 +/12Sd132 +/‘3Sd33 : _ (6-5)

Coefficients for co- and cross-polarized channels for road and suburban environments are given in
Table 3. The root-mean-squared errors (RMSE) were obtained between the measured data and fitted
curves for linear, quadratic and cubic polynomials. The cubic polynomial incurred the minimum
RMSE and closely resembled the high X factors found at lower levels of shadowing for the tree-lined
road case. The linear fitting incurred minimum RMSE and closely resembled the K factor trends for
the suburban case. Using higher order polynomials did not suggest a benefit in RMSE. The RMSE in
co-/cross-polarized channels was 4.1/5.1 and 5.1/5.3 in the tree-lined road and suburban environments

respectively. The polynomial can be used in the modelling process.

Ho  Hy M2 H3 Valid range
Road Co-polar] 3.8 0.51 0.027 0.0005| -45<Sw<0
X-polar 4.1 0.74 0.035 0.0006 | -45<Ss<0
Suburb Co-polar 22 0.75 0 0 -40<S<-5
X-polar 19 0.64 0 0 -40<8p<-5
Urban Co-polar Weak correlation only
X-polar Weak correlation only

Table 3 Rice K factor polynomial parameters for narrowband data
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Rice K factor analysis
Each time window of measurement data was analysed for Rice K factor, by fitting the

measured data cumulative distribution to the theoretical distribution. The K factor cumulative
distributions in each environment are given in Fig. 6-8 (road), Fig. 6-9 (suburban) and Fig. 6-10 -
(urban). The mean, median and standard deviation of the K factor is also given in Table 4 (road),
Table 5 (suburban) and Table 6 (urban).

In the tree-lined road and urban cases, the cumulative distributions of both the co- and cross-
polarized K factors follow a similar curve. However, in the suburban case, the spread of X factors is

greater for the co-polarized channels.

The range of K factors is around -15dB to +15dB for all channels in all environments. A K
factor of +15dB has a high constant part, whereas K factors of under 0dB are approaching a Rayleigh
distribution, where the LOS part is blocked, revealing mostly a random multipath part.

Tree-lined road Environment

T T T

T
O co-polar measured data
x  cross-polar measured data
0.9 = log-normal fit 4

Cumulative distribution

0
Ricean K-factor [dB]

Fig. 6-8 Cumulative distribution of Rice K factor in road environment (normalized to median)

component mean median sigma
co-polar 2.9dB -0.1dB 4.9dB

cross-polar 1.5dB -0.9dB 4.5dB

Table 4 Rice K factor statistics in road environment
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Suburban Environment
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Fig. 6-9 Cumulative distribution of Rice K factor in suburban environment (normalized to median)

Urban Environment

Cumulative distribution

component mean median sigma
co-polar 4.2dB 3.4dB 7.4dB
cross-polar 1.2dB 1.5dB . 4,7dB

Table 5 Rice K factor statistics in suburban environment
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Fig. 6-10 Cumulative distribution of Rice K factor in urban environment (normalized to median)

component mean median sigma
co-polar -1.2dB -1.5dB 4.1dB
cross-polar -1.3dB -1.6dB 4.3dB

Table 6 Rice K factor statistics in urban environment
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Temporal variations

The small scale data was split into temporal windows. The normalized autocorrelation was.
found in each window. The mean 1/42 correlation point was found for co-/ cross—poiarized channels to
be 0.55/0.50, 0.50/0.60 and 0.45/0.40 for the tree-lined road, suburban and urban environments
respectively. The estimated coherence time can be found by de-nonnaliziﬁg to the maximum Dopplér
frequency: Tc=1t/fs=1/(v/k)=0.55/(8.94/0.122) = 0.0075s. So the tree-lined co-polar channel
can be assumed undistorted by the effects of Doppler spread for 7.5ms.

Another representation of the temporal variations is the Doppler spectrum. An example of the

Doppler spectrum for a tree-lined road case is shown in Fig. 6-11.
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Fig. 6-11 Tree-lined road small scale fading multipath Doppler spectrum

It is interesting to compare Fig. 6-11 with the classical U-shape Doppler spectrum in (3-66) as
proposed by Clarke. It can be observed that not all small scale fading channels are U-shaped; however
some stronger Doppler components can be observed at higher Doppler frequencies, which is in

accordance with the classical Clarke Doppler spectrum.
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MIMO channel correlation

Small scale tap correlations between MIMO channels are of prlmary importance for capamty
ana1y31s with regards to MIMO spatial multiplexing as shown in Chapter 3. The small scale fading
was obtained by subtracting the large scale fading from the data, and then the correlation coefficient
was obtained for blocks of channel data of length 40 wavelengths. The correlation coefficient between
two signals, a4 and ag 1s defined as [Pee01], repeated here for clarity:

E[(“A —Ha )(0‘3 —Hp )*]

= 6-6
Pas g \ (6-6)

where E[.] is the expectation, u,, 1, are the means and o ,,0, are the standard deviations of a4 and

ap. Table 7 shows the average correlation coefficient in the MIMO matrix for road, suburban and
urban environments respectively, from the narrowband channel. The correlation is a function of the
vehicle position in each environment. Cross-correlation cumulative distributions of the four MIMO
channels not' emanating from the same mobile antenna showed that the 10/90% distribution points of
correlation coefficients were -0.35 and +0.2 for the tree-lined road, -0.35 and +0.2 for suburban, and -
0.3 and +0.3 for the urban environments. However, the cross-correlations between channels emanating
from the same mobile antenna, showed increased correlations for some channels. In this case, the
10/90% distribution points of correlation coefficients were -0.15 and +0.55 for tree-lined road, -0.3
and +0.3 for suburban, and -0.2 and +0.35 for urban environments. These distributions are shown in

Fig. 6-12 (road), Fig. 6-13 (suburban) and Fig. 6-14 (urban).

The temporal variation of MIMO channel correlation coefficient requires further exploration,
and requires an examination of the scattering process. Due to the constructive/destructive vector
addition small scale fading process, it is evident that identically located scatterers will cause highly
correlated fading, and separately located scatterers will provide weakly correlated féding. An example
of an identically located scatterer is one which reflects a RHCP incident wave into both RHCP and
LHCP component waves, towards the satellite. An example of separately located scatterers is where
one scatterer reflects the incident RHCP wave predominantly into a LHCP wave, and another reflects

it primarily into a RHCP wave, which is dependent on the angle of incidence.

Main Road Suburban Urban
R/R L/L RL L/R|RR LL R/L LUR|RR L/IL RL LR
Small R/RJ1.00 . 1.00 1.00
Scale L/LJ0.03 1.00 0.01 1.00 0.05 1.00
Fading R/LJ0.02 0.12 1.00 0.09 0.10 1.00 0.01 0.07 1.00
L/R]0.09 0.01 0.01 1.00{0.05 0.06 0.06 1.00]|0.21 0.02 0.04 1.00
Table 7 Average small scale correlation coefficients between MIMO channels

In this table, ‘R/L’ for example refers to a transmitting RHCP antenna (artificial platform) toa

LHCP receiving antenna (vehicle).
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Tree-lined road environment B

T
—&- LL/RR
-~ LR/RR
09H — LR/LL
—%— RL/RR
~©- RL/LL
08H —+ RL/LR

06~

051

0.4

P{(correlation coefficient < abscissa)

021

01

e el & 1 1 1
-0.6 -0.4 02 . 0 0.2 04 0.6 0.8 1
Correlation Coefficient

- Fig. 6-12 Cumulative distributions of MIMO channel correlation coefficients in tree-lined road environment
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Fig. 6-13 Cumulative distributions of MIMO channel correlation coefficients in suburban environment
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Urban Environment
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Fig. 6-14 Cumulative distributions of MIMO channel correlation coefficients in urban environment

In these figures, the terminology LR/RL for example refers to the correlation between the
LHCP(TX)-RHCP(RX) channel and the RHCP(TX)-LHCP(RX) channel. |
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6.1.4 Combined large and small scale characteristics

Some analysis is best performed on the measured data direct, as this includes both the large
scale and small scale fading components combined. This section presents details of the distribution,

cross-polar discrimination, and second order statistics of the narrowband measured data.

Distribution
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Fig. 6-15 Cumulative distributions of co-polarized and cross-polarized components in each environment

The cumulative distribution of co-polarized and cross-polarized components in each
environment is shown in Fig.-6-15. The sub-plot on the left shows the top tail of the distribution at
high received power levels, whereas the sub-plot on the right shows the distribution at low power
levels. It can be observed that some tree-lined road channels are higher than free space loss, and that
all the channels in the suburban and urban environments are less than free space loss. In the tree-lined
road case, both co- and cross-polarized channels are of similar strengths except around free space loss,
where co-polarized channels are higher power. For the suburban environment, co-polarized channels
are always a few decibels higher than the cross-polarized channels for all signal strengths. Co- and

- cross-polarized channels are of similar strengths for all power levels, in the urban case.
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Cross polar discrimination and cross polar isolation

Cross polar discrimination (XPD) is a measure of how much of a signal in a given polarization
is scattered into the opposite .polarization by the medium alone. Cross polar isolation (XPI) shows how
much two signals of opposite polarizations transmitted simultaneously will interfere with each other at

the receiver.
They can be expressed in terms of the time aVeraged electric field E terms:

2 2

E E
XPD =10log =% XPI =10log= (6-7)
. E: E} :

where the E terms are defined in Fig. 6-16.

E? | E E, bx

Fig. 6-16 Definitions of XPD and XPI

The dual polarized 2x2 MIMO channel was split into blocks of 40 wavelengths. Each block
was tested for XPD and XPI. The cumulative distributions of XPD and XPI are shown in Fig. 6-17
(road), Fig. 6-18 (suburban) and Fig. 6-19 (urban). The distributions are centred on their median
values. Table 8 (road), Table 9 (suburban) and Table 10 (urban) show the‘ mean, median and standard

deviations of the data.
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Tree-lined road environment
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Fig. 6-17 Cumulative distributions of XPD and XPI for road environment (normalized to median)

component mean median sigma
XPD 0.74dB 0.83dB 8.0dB
XPI 0.70dB 0.80dB 7.8dB

Table 8 XPD and XPI statistics for road environment

Suburban environment
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- Fig. 6-18 Cumulative distributions of XPD and XPI for suburban environment (normalized to median)

component mean median sigma
XPD 2.2dB 2.4dB 7.3dB
XPI 2.2dB 2.0dB 7.9dB

Table 9 XPD and XPI statistics for suburban environment
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Urban environment
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Fig. 6-19 Cumulative distributions of XPD and XPI for urban environment (normalized to median)

component mean median sigma

XPD -0.1dB -0.2dB 7.9dB

XPI -0.4dB -0.4dB 7.8dB
Table 10 XPD and XPI statistics for urban environment

These findings suggest only around 10% of channels have a cross-polar discrimination greater
than +10dB. A high cross-polar discrimination channel lends itself well to independent dual
polarization coding with interference cancellation. The channel would beneﬁt' from polarization time
coding in the remaining 90% of channels. Establishing the optimum channel coding for each channel

would be a useful area of future work.
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Second order statistics

Theoretical derivations of LCR and AFD for a Rayleigh channel were given in chapter 2. In
general the LCR, N, the number of crossings per second, for a wide sense stationary random process

is given as:

N (R) = [ #p(R,7)di (6-8)

where the dot indicates the time derivative and p(R,7 )is the joint probability density function of

Fand r at ¥ = R. The AFD is the average length of a fade below a specified level R, and is given by:

Pr[r <R]

LR(R) = N.(R)

(6-9)
where Pr[r < R] is the cumulative distribution function (CDF) probability atr =R, and N, (R) is the

LCR. The following section presents the normalized LCR and AFD of the measurement campaign

data for co- and cross-polarized channels in each environment.
Level crossing rate

The following graphs present the level crossing rate which was extracted from the measured
narrowband data. In each case, the data is normalized to the maximum Doppler frequency, fi. As
described earlier in this chapter, this was (8.941/0.122) = 73Hz for the trec-lined road case and
(5.6/0.122) = 46Hz for the suburban and urban environments.
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Tree-lined road environment
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Fig. 6-20 Normalized level crossing rate in tree-lined road environment
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Fig. 6-21 Normalized level crossing rate in suburban environment
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Urban environment
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Fig. 6-22 Normalized level crossing rate in urban environment

Observations

Level crossing rates are shown in Fig. 6-20 (road), Fig. 6-21 (suburban) and Fig. 6-22 (urban).
The maximum Doppler frequency,/,! in the measurement campaign was 73Hz, 46Hz and 46Hz in the
tree-lined road, suburban and urban environments respectively. The maximum level crossing rate of

co- and cross-polarized channels is shown in Table 11

LCR maximum LCR, N/fm Crossings/sec

co-polar x-polar co-polar x-polar co-polar x-polar
road -22dB -24dB 0.22 0.23 16.1 16.8
suburb  -28dB -26dB 0.22 0.30 10.1 13.8
urban -21dB -21dB 0.30 0.30 13.8 13.8

Table 11 Maximum level crossing rate

At the other extreme of level crossing rate, it is also of interest to quantify the LCR at the

maximum signal level, and this is shown in Table 12

Maximum level LCR, N/fm Crossings/min

co-polar x-polar co-polar x-polar co-polar x-polar
road 9dB 6dB 0.00060 0.00120 2 63 5.26
suburb  -3dB -9dB 0.00013  0.00013 036 0.36
urban 3dB 3dB 0.00070  0.00013 1.93 0.36

Table 12 Level crossing rate at maximum signal level

It is also worth noting that these normalized LCR curves are comparable with those presented by

[Loo85], except the present campaign had far greater dynamic range.
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Average fade duration
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Fig. 6-23 Normalized average fade duration in tree-lined road environment
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Fig. 6-24 Normalized fade duration cumulative distributions in tree-lined road environment
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Suburban environment
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Fig. 6-25 Normalized average fade duration in suburban environment
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Fig. 6-26 Normalized fade duration cumulative distributions in suburban environment
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Urban environment
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Fig. 6-27 Normalized average fade duration in urban environment
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Fig. 6-28 Normalized fade duration cumulative distributions in urban environment
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Observations

Normalized average fade durations are shown in Fig. 6-23 (road), Fig. 6-25 (suburban) and
Fig. 6-27 (urban). Normalized fade duration cumulative distributions are shown in Fig. 6-24 (road),
Fig. 6-26 (suburban) and Fig. 6-28 (urban). The maximum Doppler frequency, fm in the measurement

_campaign was 73Hz, 46Hz and 46Hz in the tree-lined road, suburban and urban.environments

respectively.

AFD maximum AFD, t* fim AFD, 1 [secs]
co-polar  x-polar | co-polar  x-polar | co-polar  x-polar
road 9dB 6dB 2000 400 27 5.5
suburb] -3dB -9dB 3000 6000 65 130
urban 3dB 3dB 800 800 17 17
Table 13 Maximum average fade duration
AFD at -20dB AFD, t* fm AFD, 1 [ms]
co-polar  x-polar | co-polar  x-polar | co-polar  x-polar
road] -20dB° -20dB 2 2 27 27
suburb} -20dB -20dB 5 4 109 87
urban] -20dB -20dB 1.3 1.3 28 28

Table 14 Average fade duration at -20dB level

Table 13 shows the maximum average fade duration in normalized and un-normalized form
using the actual Doppler frequencies in the measurement campaign (for interest). This gives the

system designer the ability to estimate the length of a maximum fade, which is useful when designing

fade mitigation techniques.

Table 14 shows the average fade duration at -20dB, which is a possible level towards the
lower end of the link budget range. It informs the system designer about the likely fade durations at

small levels of link budget margin.
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6.2 Wideband LMS-MIMO characteristics

6.2.1 Large scale characteristics

In this section, wideband large scale fading properties are reported. Fading distribution,

temporal variations and correlation over the delay and MIMO channel domains are addressed.

Distribution

The following wideband analysis follows a similar approach to that used for the narrowband
data and the approach is repeated here for clarity. Tﬁe time series wideband measured data was
averaged by a sliding window time technique in each delay bin, adhering to the Rayleigh criteria (120
data points over 40 wavelengths) [Lee74].. A probability density histogram of the large scale fading
level was obtained in each delay bin. Initial observations showed that in general, earlier delay bins ;:1nd
always the first delay bin exhibited probability densities appearing as two adjacent and overlapping
log-normally distributed segments, an example of which is shown in Fig. 6-29. This is intuitive as the

carlier delay bins will have a higher proportion of LOS components in addition to the NLOS

components.
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Fig. 6-29 Large scale fading cross-polar distribution and model fit for tree-lined road environment

Whereas, later delay bins exhibited probability densities that appeared as a single log-normal
distribution. A model based on these observations was then tested. Each cumulative distribution
segment was tested in turn for goodness-of-fit to the theoretical log-normal or two adjacent and

overlapping log-normally distributed segments using the Kolmogorav — Smirnoff test [Mas51]. In the
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case of adjacent and overlapping log-normal distributions, the K-S test was applied as follows.
Initially the cross-over point was identified at the local minima between the two distributions and then
each segment on either side of the cross-over point was tested in turn. Each segment of the
experimental data was matched to the equivalent theoretical log-normal segment.k Since the two

distributions were overlapping, the K-S test could only be applied to the visible part of the distribution.

In all cases, the single distributions were found to be log-normal at the 1% statistical
significance level. For the two overlapping distributions, they were also both found to be log-normal at
the 1% statistical significance level for the visible part of the distribution. The probability density

function of the two overlapping log-normal distribution model can be formulated as follows (repeated

[ P (s 2] - '
f A STHA 1 XA
Tﬂ'au eXPl: 2[ o, j J/[l Z{Herf[o_uﬁ]ﬂ , S>x
pis)=4 (6-10)

2
f exp _Lfs=a 1 1+erf A , §<x
N27 o, 2\ o 2 o2

where s is the large scale fading level (dB), x is the cross-over point (dB), o, and o, are the

here for clarity):

standard deviations (dB) for the upper and lower log-normal components respectively. The means

(dB) for the upper and lower log-normal components are M, and p, respectively. The probability of

the large scale signal level residing in the upper log-normal component is given by P, . The probability

of the large scale signal level residing in the lower log-normal component or at the cross-over point is

given by P, . The term erfis the error function. :

The results are shown in Fig. 6-30 (tree-lined road), Fig. 6-31 (suburban) and Fig. 6-32
(urban). Each figure shows the mean and plus-and-minus one standard deviation of the co- and cross-
polarized log-normal distributions in each 10ns delay bin. The same presentation is used for the dual
log-normal case, which also shows the cross-over points between the two log-normal distributions by
the dashed line. Beneath the lower of each dual log-normal delay bin is stated the probability of

samples residing in the lower log-normal segment for co-/cross-polarized channels.
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Fig. 6-30 Mean power versus excess delay profile and standard deviation for large scale fading in tree-lined road

environment
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Fig. 6-31 Mean power versus excess delay profile and standard deviation for large scale fading in suburban

environment
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Fig. 6-32 Mean power versus excess delay profile and standard deviation for large scale fading in urban environment

Temporal variations

To describe the temporal variations, the large scale autocorrelation functions were obtained for
every delay bin for co- and cross-polarized channels in each environment and the coherence distance

at the 1/e point was found. The normalized autocorrelation function, repeated here for clarity can be
defined [Pee01] as:

Ela(t)a’ (1 7 ))
Eet))

p(t)= (6-11)

where E[.] is the expectation, &(#) is the complex fading signal and 7 is the delay separation. The

shadowing autocorrelation function was found to follow accurately a decaying exponential as

suggested in [Mar90], [Gud91].

The coherence distance for the first delay bin for co-/cross-polarized channels was 29/31m for
tree-lined road, 132/160m for subufban and 204/291m for the urban environment. This was found to
increase with excess delay. For example for the tree-lined road case, the coherence distance for co-
/cross-polarized channels was 56/75m at 50ns excess delay, 92/104m at 100ns excess delay and
198/240m at 200ns excess delay.
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Delay domain correlation

The correlation coefficient between two signals, a,4(#) and a(?) is defined as [Pee01] (repeated
here for clarity):

_ El(er (t)-p Ners (1) 15)*]

0,0,

Pas (6'12)
where E[.] is the expectation, u,, up are the means and o, o3 are the standard deviations of o4(t) and
ap(1). Large scale fading correlation coefficients were obtained between each pair of bins in the delay

domain.

In Fig. 6-33, the average correlation coefficient plus and minus one standard deviation
between all pairs with the same delay separation is shown for co- and cross-polarized components in
cach environment. As expected, increased delay separations have a lower correlation coefficient, since

this implies a longer and different shadowing path.

1.0

051

-
(=]

o
[¢,]
T

Suburb T

Correlation coefficient

-
o

- 05F

+Gte
+3}e
“O:T‘B
+Go
1S
+cH
e

| 1
0 20 40 60 80 100 120 140 160 180 200
Delay separation, ns

Fig. 6-33 Large scale fading correlation versus delay separation
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MIMO channel correlation

The large scale fading correlation coefficient was also found between MIMO channels as a
function of excess delay, and is shown in Fig. 6-34 for the tree-lined road, suburban and urban
environments. In the figure, the terminology LR/RL for example refers to the correlation between the

LHCP(TX)-RHCP(RX) channel and the RHCP(TX)-LHCP(RX) channel.

A strong correlation was found between MIMO channels for lower excess delays implying
that the channels follow a similar shadowing path. However, in general, higher excess delays exhibited
lower correlation between MIMO channels, implying that the channels follow an increasingly

different shadowing path.
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Fig. 6-34 Large scale MIMO channel correlation coefficient over delay domain
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6.2.2 Small scale characteristics

In this section, the wideband small scale fading properties are reported. Fading distribution,
with its conditioning on large scale fading, power delay profile, temporal variations, and correlation

over the delay and MIMO channel domain are addressed.
Distribution

The large scale fading was split into temporal windows of 180 samples over 60 wavelengths.
The average power in each window was subtracted from the measured data revealing the small scale
fading. The cumulativg distribution of the experimental small scale fading in each temporal window
and each 10ns delay bin was tested ‘against the theoretical Ricean cumulative distribution. The

probability density of the Ricean distribution can be formulated [Cor94] as (repeated here for clarity):

pa(r)=2r(K+1) exp|-r* (K +1)~K] 1,2 rw/K(K+1)) (r>0) (6-13)

where X is the Rice factor defined as the ratio of direct path power to diffuse multipath power. The
function 7, is the modified Bessel function of the first kind and zeroth order. Every time window iﬁ
each delay bin for co- and cross-polarized channels in each environment was checked against the
theoretical Ricean distribution. The Kolmogorav — Smirnoff test was used to check the validity of the
Ricean fit and it was found that every bin was Ricean distributed at the 1% statistical significance
level. By optimizing the theoretical distribution to the measured distribution also revealed the Rice K

factor that best described the data in each window and delay bin.

A scattergram was obtained of Rice K factor versus shadowing level for each delay biq, and
the correlation coefficients were found. Moderate correlations were found in the first delay,bin for the
tree-lined road and suburban environments only; no significant correlation was found in the first delay
bin for the urban environment. In all environments, no significant correlation was found in any delay
bin from 10ns and above. Direct path correlation coefficients for co-/cross-polarized channels were

0.66/0.72 for the tree-lined road, and 0.38/0.42 fdr the suburban environment.

Since a moderate correlation was found for the tree-lined road and suburban cases, a
polynomial fitting was carried out. A scattergram of the direct path for the tree-lined road and

suburban cases along with polynomial fitting for each polarization is shown in Fig. 6-35 and Fig. 6-36.
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Fig. 6-35 Rice K factor conditioning on large scale fading for direct path in tree-lined road environment
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Fig. 6-36 Rice K factor conditioning on large scale fading for direct path in suburban environment
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Polynomial fitting interpolation was carried out using the following formula:

Ki(Sap)=po + 11, '*‘,qude +/‘3Sd33 (6-14)

Coefficients for co- and crosé-polarized channels for road and suburban environments are
given in Table 15. The root-mean-squared errors (RMSE) were obtained between the measured data
and fitted curves for linear, quadratic and cubic polynomials. The cubic polynomial incurred the
minimum RMSE and closely resembled the high X factors found at lower levels of shadowing for the
tree-lined road case. The linear fitting incurred minimal RMSE and closely resembled the K factor
trends for the suburban case. Using higher order polynomials did not suggest a benefit in RMSE. The
RMSE in co-/cross-polarized channels was 3.6/3.6 and 5.2/4.5 in the tree-lined road and suburban

environments respectively. The polynomial can be used in the modelling process.

Ho M1 H2 H3 Valid range
Road Co-polar 15.7 1.7 0.062 0.0008 -45<S53<0
X-polar 18.7 1.83 0.06 0.0007 -45<8,5<0
Suburb Co-polar 31 0.86 0 0 -40<S 5<-15
X-polar 29 0.7 0 0 -40<S5<-15
Urban Co-polar Weak correlation only
X-polar Weak correlation only

Table 15 Rice K factor polynomial parameters

The Rice K factor was also analysed in the delay domain. The distribution remained Ricean in
each 10ns delay bin, with varying K factor in each temporal window. Insufficient temporal data
inhibited accurate calculation of the K factor distribution in each delay bin, although the narrowband
channel X factor was shown by the authors in [Kin06b] to be log-normally distributed. The mean of
the mean X factor for channels between 10ns and 200ns in all environments was found to be -1.0dB,

and the mean of the standard deviation was 3.3dB, which can be used during a modelling procedure.

With these values it is therefore now possible to model the Rice K factor in many key
environments, namely tree-lined road, suburban and urban. In the urban environment the lack of
polynomial to describe the Rice K factor dependency on large scale fading is as expected, as the
received signal is predominantly made from local multiple reflections and is therefore much harder to

model in a generic fashion.
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Temporal variations

The small scale autocorrelation functions were found from each temporal window
(representing 10m of distance) in each delay bin, for co- and cross-polarized channels in each
environment. Cumulative distributions of coherence time (at the 1/V2 correlation point) were then
obtained in each delay bin. It was found that coherence time reduced with increasing delay, i.e. the

small scale fading is more rapid at higher excess delays. For example, the median normalized

coherence time (7 f*, where f is the maximum Doppler frequency), for co-polarized tree-lined road

channels, was 0.86 at Ons, decreasing to 0.44 at 10ns, 0.28 at 20ns and 0.18 at 30ns. Higher excess
delays had similar coherence times to the 30ns delay point. Cross-polarized channels also had similar

median coherence times and decay versus excess delay curves.

The same effect can be represented by the Doppler spectrum. The small scale Doppler
spectrum was found for each temporal window in each delay bin for co- and cross-polarized channels
in each environment. An example plot of four delay bins (Ons, 50ns, 100ns and 150ns) for the tree-
lined road case is shown in Fig. 6-37. Each subplot shows the normalized Doppler spectrum variation
in the temporal domain. Power is presented relative to the peak level in the Ons delay bin. It can be
observed for the direct path (Ons delay bin) that the vehicle is moving towards the artificial platform at
the start and moving away from the platform at the end of the run. Since the vehicle was traversing
along a straight road, this shows a limitation in the measurements, which is discussed in section 6-3.
The Doppler spectrum at higher relative delays showed that the direction of arrival of rays were more

random in nature.

O -50
Dist., m 400 -1 Doppler, f/(j Dist., m 400 -l Doppler, fl|j
100ns 150ns
5 -50 o -50
Dist., m 400 -1 Doppler, f/|j Dist., m 400 -1 Doppler, f/A

Fig. 6-37 Example Doppler spectrums in temporal domain in tree-lined road environment
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Delay domain correlation

The often used hypothesis of uncorrelated scattering can also be applied to the bins in the
delay domain. This is intuitive as rays arriving in each 10ns delay bin will have independent phase
angles and any constructive/destructive vector addition will be uncorrelated. The average correlation
coefficient for different delay separations, for co- and cross-polarized components in each
environment is shown in Fig. 6-38, which suggests a weak correlation in all the small scale fading
separations, except the adjacent delay bins which are loosely correlated. This result suggests

uncorrelated small scale fading simulators in each delay bin may be utilized in a channel simulator

implementation.
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Fig. 6-38 Small scale fading average correlation coefficient over delay separation

MIMO channel correlation

Small scale correlation between MIMO channels is of primary importance for capacity
analysis in MIMO systems as shown in Chapter 3. An investigation of the correlation between MIMO
channels in a LMS dual polarization system and across the delay domain was also carried out. The
small scale data was split into temporal windows of 10m and delay bins of 10ns. Cumulative
distributions of correlation coefficients between all four channels were obtained in each window and
delay bin, showing how the MIMO channel correlation coefficient varied through vehicle motion at

different excess delays.
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As explained earlier, repeated here for clarity, it was found that cumulative distribution
correlation coefficients were allied to two distinct categories: those channels emanating from the same
vehicle antenna and those not emanating from the same vehicle antenna. The results from a different
vehicle antenna were in general less correlated, possibly due to the multiplicative de-correlation effect

from polarization and spatial separation [Vau03].

For example, in the tree-lined road, for the Ons delay bin, the 10/50/90% distribution points
were -0.12/0.11/0.45 for different vehicle antennas increasing to 0.02/0.47/0.72 for the same vehicle
antenna. Furthermore, MIMO channel correlation reduced with increasing delays. For the 50ns delay
bin, the 10/50/90% distribution points were -0.1/0.03/0.22 from different vehicle antennas increasing
to -0.6/0.18/0.4 for the same vehicle antenna, and -0.12/0.03/0.17 and -0.2/0.15/0.3 for the 100ns delay

bin respectively.

The 10/50/90% cumulative distribution points are presented‘ below at each delay bin, for
channels emanating from the same vehicle antenna and different vehicle antenna, marked on the
graphs below as ‘Same’ and ‘Diff’ respectively. These are shown in Fig. 6-39 (road), Fig. 6-40
(suburb) and Fig. 6-41 (urban).
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Fig. 6-39 Small scale correlation coefficient 10/50/90% distribution points versus excess delay for
channels emanating from the same and different vehicle antennas in the tree-lined road environment
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Fig. 6-40 Small scale correlation coefficient 10/50/90% distribution points versus excess delay for
channels emanating from the same and different vehicle antennas in the suburban environment
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Fig. 6-41 Small scale correlation coefficient 10/50/90% distribution points versus excess delay for
channels emanating from the same and different vehicle antennas in the urban environment
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6.2.3 Combined large and small scale characteristics
Power delay profile

As stated in Chapter 3, the power delay profile provides fhe system engineer with the impulse
résponse of the channel and its frequency response (a Fourier transform pair). This knowledge is
useful as it is possible to estimate for example the maximum symbol. rate without the signal being
degraded beyond acceptable limits by intersymbol interference. The root mean squared (RMS) delay

spread is often used in these calculations.

The mean delay and RMS delay spread of the impulse response can be calculated from the

following formulations (repeated here for clarity):

1 ¢ |
T ongs = \/F Y P’ -1} (6-15)
T i=1
1 n n
where 7, = N ZR 7, and P, = ZP, (6-16)
T i=1 i=1

where 7 is the RMS delay spread, 7, is the mean delay and P, is the power at delay 7;. The

power delay profile in each sample was analyzed for RMS delay spread and the cumulative
distributions obtained. It was found that at the 1% point the co-/cross-polarized RMS delay spreads
were Sns/6ns, 3ns/7ns, and Sns/6ns for the tree-lined road, suburban and urban environments
respectively. At tHe 99% point the co-/cross-polarized RMS delay spreads were 126ns/125ns,
167ns/169ns, and 167ns/168ns for the tree-lined road, suburban and urban environments respectively.
The median RMS delay spreads for the co-/cross-polarized power delay profiles were 54ns/58ns,

29ns/44ns, and 63ns/58ns for the tree-lined road, suburban and urban environments respectively.

The average power delay profile for the tree-lined road, suburban and urban environments are _
shown in Fig. 6-42, Fig. 6-44 and Fig. 6-46 respectively. The RMS delay spread cumulative
distributions for the tree-lined road, suburban and urban environments are shown in Fig. 6-43, Fig. 6-

45 and Fig. 6-47 respectively.
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Fig. 6-42 Average power delay profile in road environment
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Fig. 6-43 Cumulative distribution of RMS delay spread in road environment
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Fig. 6-44 Average power delay profile in suburban environment
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Fig. 6-45 Cumulative distribution of RMS delay spread in suburban environment
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Fig. 6-46 Average power delay profile in urban environment
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Fig. 6-47 Cumulative distribution of RMS delay spread in urban environment
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Bello system functions

Bello functions were described in chapter 3. Here they are presented from the campaign data.
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Fig. 6-48 Input delay-spread function of co-polarized channel in tree-lined road environment
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Fig. 6-49 Input delay-spread function of cross-polarized channel in tree-lined road environment
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Fig. 6-50 Input delay-spread function of co-polarized channel in suburban environment
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Fig. 6-51 Input delay-spread function of cross-polarized channel in suburban environment

Modelling and Measurement of the Land Mobile Satellite MIMO Radio Propagation Channel Page 150 of 207



Chapter 6 Characteristics ofthe LMS-MIMO Channel

(O200]

Excess delay, ns 200 0 Distance, m

Fig. 6-52 Input delay-spread function of co-polarized channel in urban environment
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Fig. 6-53 Input delay-spread function of cross-polarized channel in urban environment
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Observations
The graphs show the input delay-spread function of co-polarized and cross-polarized channels

for the tree-lined road, suburban and urban environments.

It can be observed for the tree-lined road case that at earlier excess delays, the data
experiences rapid fluctuations in level — showing an ‘on/off’ channel response, whereas at higher
excess delays the data fluctuates less. This is intuitive as the earlier delay components are more
associated with the LOS or near-LOS paths, which follow a single direct path and so are more prone to
rapid ‘on/off” fading. At later delays, the received signal is contributed by many paths from different
directions so the likelihood of ‘on/off” fading is less. At around 150ns delay, ‘on/off* fading is also
present, which could occur due to a single specular reflection path. The tree-lined road data also shows
a change between the first 200m of the data and the second 200m. This is likely to be attributable to
the fact that the distance between TX-RX was higher for the second 200m as the vehicle moved
further away from the transmitter. In this case the artificial platform elevation was lower and therefore

and path through vegetation was considerably higher creating higher tree-path losses.

For the suburban case, the earlier delays also follow ‘on/off’ channel conditions but the
distance in each state is longer due to the fact that the obstructions were buildings or rows or house
located blosely together. The powers, at higher excess delays are much less than the tree-lined road
case. Perhaps the main cause of specular reflection is from buildings the other side of the road. Taking
a value of 20m for this additional path length, suggests specular reflections would occur at an excess

delay of (d/c) = 20/3e8 = 66ns, which is indeed the case observed from the data.

The graphs in the urban case show that the data is heavily attenuated for the first 200m and of
higher powers during the second 200m. This was because the ﬁrsf 200m was carried out in the centre
of town where the environment consisted of many four storey buildings, whereas the second 200m of
data was obtained as the vehicle was moving away from the town centre. In this second part, the
environment was densely covered with two storey buildings and much clutter, which éccounts for high

signal power overall, and higher signal powers at higher excess delays.
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Delay Doppler-spreadfunctions
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Fig. 6-54 Delay Doppler-spread function of co-polarized channel in tree-lined road environment
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Fig. 6-55 Delay Doppler-spread function of cross-polarized channel in tree-lined road environment

The power axes in both the co- and cross-polarized graphs are relative to the co-polarized peak.
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Fig. 6-56 Delay Doppler-spread function of co-polarized channel in suburban environment
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Fig. 6-57 Delay Doppler-spread function of cross-polarized channel in suburban environment

The power axes in both the co- and cross-polarized graphs are relative to the co-polarized peak.
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400 A
Excess delay, ns Doppler, f/L

Fig. 6-58 Delay Doppler-spread function of co-polarized channel in urban environment
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Fig. 6-59 Delay Doppler-spread function of cross-polarized channel in urban environment

The power axes in both the co- and cross-polarized graphs are relative to the co-polarized peak.
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Observations »
These graphs show the co-polarized and cross-polarized delay Doppler-spread functions for

the tree-lined road, suburban and urban environments. The Doppler-spread function was calculated on
400m of channel data, and so averages of the Doppler spread through distance. An example of how the

small scale Doppler spectrum changes with distance was shown in Fig. 6-37.

In the tree-lined road case, there is a strong confined Doppler component at small excess
delays, which suggests a direct path at slightly positive Doppler frequencies and therefore during the
motion towards the artificial platform. There are some components at negative Doppler frequencies
which depict the LOS path when the vehicle is moving away from the transmitter. For the cross-
polarized channel, there are some stronger Doppler components around 120ns representing specular

reflections from buildings beyond the vegetation.

For the suburban case, there is a strong Doppler component for the direct paths spread around
+23Hz. The direction of arrival can be estimated from f; = (v/A) cos a. So for 23Hz Doppler, the
contributing rays arrive at the vehicle at £60° with respect to the direction of motion. Apart from this
dominant component there are other lower level components at low excess delays arriving at the

vehicle from all directions during the vehicle motion.

The urban delay Doppler spread function also agre.es with the measurement data. During the
second part of the urban experiment, the vehicle was moving away from the transmitter and the
environment was more open. This fact is found in the Doppler spectrum, which shows a strong
negative Doppler at around -40Hz, corresponding to the arrival of rays from behind the direction of
forward motion, which was indeed the case. There are also many additional Doppler components
arriving at the vehicle from all directions which correspond to the large amount of clutter in the urban

environment.
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Time-variant transferfunction
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Fig. 6-60 Time-variant transfer function of co-polarized channel in tree-lined road environment
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Fig. 6-61 Time-variant transfer function of cross-polarized channel in tree-lined road environment
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Fig. 6-62 Time-variant transfer function of co-polarized channel in suburban environment
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Fig. 6-63 Time-variant transfer function of cross-polarized channel in suburban environment
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Fig. 6-64 Time-variant transfer function of co-polarized channel in urban environment
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Fig. 6-65 Time-variant transfer function of cross-polarized channel in urban environment
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Observations ,
These graphs present the co-polarized and cross-polarized transfer function as a function of

distance for the tree-lined road, suburban and urban environments.

The first point to note is that the spectrum covers the range Fc £ 100MHz. This is due to the
fact BPSK modulation was utilized in the sounder operating at 100Mchips/s. This is in effect the
spectrum of the modulation scheme used. However, the data can be used to model a wideband channel

over modulation bandwidths of 100MHz or less more accurately.

The next point to note is that the transfer function attenuation follows the same power delay
profile power through distance. However, whereas the input delay-spread function informs about the
changing power delay profile through vehicle location, the transfer function informs about the

frequency response and coherence bandwidth through vehicle location.

An example of the transfer function for three co-polarized channels in the tree-lined road case

is shown in Fig. 6-66.
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Fig. 6-66 Example frequency response of co-polarized tree-lined road channel

Channel 1 shows an attenuated case where multiple rays with different excess delays are
creating high frequency selective fading. Channel 2 is a less attenuated channel with fewer frequency
fluctuations. Channel 3 becomes more frequency flat and has gain slightly above FSL. This could be
due to more than one ray arriving at similar excess delay, which could be caused by some channel

waveguide effect. The coherence bandwidth was found to vary over 1 — 40MHz.
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Output Doppler-spreadfunction

-100 -1
Frequency, MHz Doppler, f/f*

Fig. 6-67 Output Doppler-spread function of co-polarized channel in tree-lined road environment

-100 -1
Frequency, MHz Doppler, f/f*

Fig. 6-68 Output Doppler-spread function of cross-polarized channel in tree-lined road environment

The power axes in both the co- and cross-polarized graphs are relative to the co-polarized peak.
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100 -1
Frequency, MHz Doppler, f/f,

Fig. 6-69 Output Doppler-spread function of co-polarized channel in suburban environment

cZEii

Frequency, MHz 100 -1 Doppler, f/f.

Fig. 6-70 Output Doppler-spread function of cross-polarized channel in suburban environment

The power axes in both the co- and cross-polarized graphs are relative to the co-polarized peak.
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Fig. 6-71 Output Doppler-spread function of co-polarized channel in urban environment

Frequency, MHz 50 0 Doppler, f/f,

100 -1

Fig. 6-72 Output Doppler-spread function of cross-polarized channel in urban environment

The power axes in both the co- and cross-polarized graphs are relative to the co-polarized peak.
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Observations
These graphs present the co-polarized and cross-polarized transfer function as a function of

Doppler frequency for the tree-lined road, suburban and urban environments.

It can be observed that the dominating Doppler frequencies are the same as the dominant
Doppler frequencies in the delay Doppler-spread functions. However in this function the transfer

functions are given at these Doppler frequencies.

These functions provide information about the frequency response obtained from rays coming

from certain angular directions, which can be estimated from the Doppler spectrum.

6.3 Measurement data limitations

Since this campaign emulated the LMS channel, it is important to make an assessment of
potential sources of error between the data set and LMS channels using a real satellite and perfect

antennas.

Firstly, the data’included in this campaign was obtained under low elevation conditions, It is
therefore useful for the further development of a model that could test the performance of, for
example, polarization time coding signal processing under similar conditions. Note that at least 70% of

the first Fresnel zone was unblocked by terrain during all measurement runs.
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Fig. 6-73 Channel dynamic range validity
Another limitation is the dynamic range validity of the channel data. Since the satellite

antennas had a mean cross polar discrimination of 20dB and the mobile antennas had a mean cross

polar discrimination of 15dB, the channel data represents the channel alone for the top 15dB signal
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level range only. The signal level fading beyond 15dB represents a combination of the channel and
antenna system. However, in a practical system, 15dB mobile antenna cross polar discrimination is a
typical cost-effective requirement on a vehicle. Data analysis and results are therefore valid for the
design of a practical system. A schematic of the scenario is shown Fig. 6-73, which shows the effect in
a LOS and NLOS situation assuming zero path loss. 20dB XPD TX, 15dB XPD RX and 0dBi
antennas are used for explanation purposes. When in LOS, the co-polar received signal is 0dB and the
cross-polar signal is -15dB. When in NLOS, example 1 shows that system XPD is -3dB at LHCP and
RHCP RX antennas and XPD is primarily due to the channel. In example 2, the scatterer is an ideal
reflection and the cross-polar signal is 0dB, and the co-polar signal is -15dB due to the antenna XPD.

Any terrestrially based mobile-satellite measurement campaign, may be affected by the close
proximity of scatterers to the artificial platform, which would not be present in the real satellite case,
as discussed in section 5.1.4. Due to the soil reflection coefficient loss [Lan96] in addition to the

antenna first sidelobe loss, and rough scattering effect, these scatterers are considered negligible.

Additionally, due to the geometry of the rays at short mobile-satellite distances, characteristics
at higher excess delays may not fully represent the characteristics that would be obtained from real
LMS channels. At large distances, as in a real satellite system, rays tend to arrive at each scatterer
parallel to each other. In contrast, at relatively shorter distances, angles of incidence will be different
at each scatterer compared to the real satellite case. An estimation of a scatterer reflection coefficient
amplitude error due to incident angle error was obtained by modelling using a spherical scatterer
perpendicular to the mobile-platform path forming a right-angled triangle, such that the mobile-
scatterer-satellite path incident angle was 45°. At the minimum mobile-platform distance, the mobile-
scatterer-platform incident angle ranged from 45°, at zero excess delay, to 38° at 400ns excess delay.
Typical building reflection coefficients [Lan96] suggest a reflected power error over this incident
angle change, of around 3dB. In the case where scatterers are modelled as cuboids, the location of
significant reflecting scatterers may differ between the real satellite and the artificial platform case.

However, with cuboids rotated randomly, channel error is expected to be statistically low.

Observations of the small scale Doppler spectrum temporal variations were consistent with the
artificial measurement scenario. For example, in the tree-lined road case, the vehicle motion was along
a straight road oriented oblique to the direct path. Since the artificial platform was stationary, the
Doppler spectrum for the direct path changed from positive to negative frequencies during the
measurement run, and therefore was not consistent with a real satellite scenario, where the rays would

be parallel at each vehicle position, producing more static direct path Doppler frequency components.
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6.4 Capacity predictions

In this section, the benefit in terms of available capacity from the 2x2 MIMO matrix

measurement data is presented. The whole measurement dataset was used in these calculations.

6.4.1 Method

A realistic fade margin of 10dB was added to the narrowband normalized channel data to
combat channel fluctuations [EvJ98]. A practical representative mobile satellite reference FSL SNR of
15dB was chosen, since a typical required SNR for QPSK with channel coding is 5dB. This

normalizing procedure produced an average received SNR® value for each channel matrix at sample

(K.

The channel matrices were then normalized, such that H*/ = 4*H*’ | where H® and H®

represent the observed and normalized matrices respectively at sample (k), to unity power transfer
[Wal03]:

2

, 1 2 R —(1/2)
=1, and therefore 4* = (Z Z Z'H ;’;) ) _ 6-17)
m=1 n=l .

1 2 2 "
LYt

m=1 n=1

At each sample point (k), SNR® and the normalized channel matrix H® was used to find the
capacity. When the transmitter has no knowledge of the channel, the available MIMO capacity can be
obtained from [Fos96]: ‘

SNR )
2

Cc™® =log, det[lz +( )H"" H""H} bits/cycle (6-18)

where |, isthe 2x2 identity matrix, and H® i the complex transpose of the MIMO channel matrix,

H% at sample (k). The resultant capacity complementary cumulative distribution functions of SISO

and 2x2 MIMO channels are obtained for tree-lined road, suburban and urban environments.

6.4.2 Results

Obtained results suggest a doubling of median capacity in a dual polarized 2x2 satellite
MIMO system compared with a single polarized SISO system. Capacity complementary cumulative
distribution functions curves of SISO and 2x2 MIMO channels, as shown in Fig. 6-74, suggest that
50% of channels are greater than 0.39, 0.80, 0.27 bits/cycle for SISO, and 0.96, 1.35, 0.67 bits/cycle
for MIMO in the tree-lined road, suburban and urban environments respectively. Significant

improvements to outage capacity are also suggested by the data, with a 10% outage capacity of 0.02,
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0.09, 0.03 bits/cycle»for SISO, and 0.14, 0.37, 0.26 bits/cycle for MIMO in the tree-lined road,
suburban and urban environments respectively. Capacity units are given in standard units of bits per

cycle, which is identical to bits per second per Hz.
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'Fig. 6-74 Contrasting complementary cumulative distribution functions of capacity for SISO and 2x2
dual polarization MIMO systems in the tree-lined road, suburban and urban environments with 15dB
FSL SNR

6.4.3 Observations

It was shown in [McNOO], that at higher SNR 1ev¢ls,'the capacity gain from MIMO channel
effects is reduced, yet at lower SNR, the channel is more scattered and MIMO capacity gain is
increased. This is also the case observed in this present campaign data. At higher signal to noise ratios,
an approximate doubling in capacity is available due to the two polarizations. However, at lower
signal to noise ratios, the channel around the vehicle is more scattered and spatial multiplexing can be
use to obtain far greater ratio increases in channel capacity, although capacity is still lower due to

reduced SNR.

Although capacity predictions show possible capacity that can be achieved with optimum
adz;lptive modulation and coding, they say nqthing about how to achieve it. In a LMS system, adaptive
modulation and coding is difficult to achieve effectively because of the significant delay. It is therefore
more appropriate to find the optimum fixed modulation and coding strategy. One way of improving

capacity, especially at lower signal levels, is to use transmit and/or receive diversity.
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6.5 Diversity predictions

In this section, the improvement to bit error rate (BER) is shown for QPSK modulation. The
BER curves from the uncoded SISO channel are compared with maximum ratio receive combining,
transmit diversity polarization time 2x1 coding, and transmit and receive diversity polarization 2x2

coding.

6.5.1 Method

“The bit error rate of a coherent QPSK modulated system is given by:

P(e) = % erfc \/]l\i—i” : (6-19)

where P(e) is the probability of error or BER, erfc is the complementary error function, E, is the

energy per bit and &, is the noise power spectral density.
For a SISO channel the above equation can be combined with the channel response to provide

the instantaneous BER at each E;/N, and channel condition:

1 E 2
Ple)=—=erfc |=21|h 6-20
(@)= erfe Noll (6-20)

where 4 1s the channel relative to FSL.

For the case of maximum ratio receive combining, the SNR from each channel is effectively

added. In this case the BER expression becomes:

1 E 2 2
P(e)=—erfc —LQh + |k ) 6-21
@3t [o (] + 1) 62
where £, and 4, correspond to two channels from one satellite antenna to dual polarized mobile station

receive antennas.

The case on 2x1 polarization time coded transmit diversity also produces a summing of SNR;
however in this case the transmit power from each antenna is halved so that the total transmit power

identical. In this case the formulation becomes: -

2 2
P(e) = % erfc \/ % (I—hJ;—M (6-22)
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Polarization time coding with 2 transmit antennas and 2 receive antennas provides fourth
order diversity gain. Again we find the SNR from each channel is added and the transmitter power is

halved. In this case we find the following formulation:

E, |h1|2 +|hz|2 +|h3|2 +|h4|2
N, 2

P(e) = % erfc . (6-23)

The results using the narrowband channe] data in the above formulas are now presented for the

tree-lined road, suburban and urban cases.

It should be noted that additional diversity can be obtained by using the frequency diversity
properties of modulation schemes such as OFDM-MIMO. In this case, higher order modulation can be

applied to sub-carriers with high transfer function power. An investigation of LMS-OFDM-MIMO is
left for future work.

6.5.2 Results

Tree-lined road

=0~ no diversity 3

=0~ MRRC (1 Tx, 2 Rx) |{

| -8= PTBC(2Tx, 1Rx) {]
=0~ PTBC (2Tx, 2 Rx}

Bit error rate (BER)

EbiNo [dB]

Fig. 6-75 Bit error rate curves for road environment
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Fig. 6-76 Bit error rate curves for suburban environment
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Fig. 6-77 Bit error rate curves for urban environment
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6.5.3 Observations

The results present coherent QPSK bit error rate curves, derived from the 2x2 dual circularly
polarized measured data, in the tree-lined road, suburban and urban environments. Bit error rate for the
SISO case, labelled ‘no diversity’, obtained from the RHCP-RHCP channel, is given for reference.
This is compared to three forms of diversity: .(a) maximum ratio receive combining, (b) transmit

diversity, and (c) transmit and receive diversity combined.

The first observation is a high link margin is required at low elevations. It was\previously
observed that shadowing occupied a high channel time-share, and LOS conditions were quite rare in
these environments at low satellite elevations. For example, in an AWGN channel, an Ey/N, of 5dB is
enough for a BER of 10?. However in these harsh shadowed channels, around 37dB is required,
requiring a link fade margin of around 32dB. This fade margin is a combined large scale and small

scale fade margin.

Since in this case shadowing is highly correlated as the antennas are co-located at each end of
the link, diversity gain in this case is mostly small scale diversity gain. Further large scale diversity
gain can be achieved from widely separated satellites. Nevertheless, a substantial diversity gain over

small scale fading is very worthwhile.

From the results, it can be observed that around 7dB improvement can be achieved using
maximum ratio receive diversity. This means 7dB can be subtracted from the required link budget fade
margin in LMS systems. This result is important as it may be more easily obtained from current
orbiting satellites. At higher satellite elevations, where the time-share of LOS channels is much
greater, it is expected that small scale diversity gain to be reduced as the effects of multipath fading

would be less (ie. the Rice K factor is higher for LOS channels).

For satellites with dual circularly polarized antennas along with polarization time coding,
~ approximately 4dB improvement in link budget is available from transmit diversity, with the total

satellite transmit power equal in single antenna and dual antenna cases.

Combining two transmit antennas with two receive diversity can offer a four-fold diversity

gain increase. In this case 10dB can be removed from the link budget fade margin at a BER of 10?2,

The gains available from diversity are worthwhile for low elevation satellite systems. For
example LMS systems using a single GEO satellite could benefit from 2x2 MIMO diversity coding.
Whereas HEO systems are less likely to benefit as much from 2x2 MIMO diversity coding as they
would experience a high likelihood of LOS channels.

Diversity coding is merely one option for a LMS-MIMO system. Optimization of the

modulation and coding strategy is a useful area for future research.
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7.1 Introduction

This chapter provides a step-by-step construction guide for a narrowband and a wideband
statistical channel model based around the measurement campaign statistics that were presented in

chapter 6.

It is expected that the target audience has a good grasp of channel modelling and are familiar
with basic modelling techniques like generating Ricean fading. For these parts of the model, the

details are omitted and a reference to a key paper on the subject is given.

The approach provides a framework to build a 2x2 dual polarized LMS-MIMO channel model
based around measured statistical parameters. However the generated model will represent the same
low elevation conditions as the measurement campaign. The procedure is generic to most LMS-MIMO
system scenarios though, and can be used with them once statistical parameters become available from

future measurement campaigns.

Both models use a Markov chain approach to account for the ‘on/off’ nature of the observed
data. In the narrowband model, single or dual log-normal fading is applied across each Markov state
and is correlated over the MIMO domains. In the wideband case, log-normal fading is further applied
and correlated over the delay domains. Ricean fading is added to the large scale amplitude in such a
way that the Rice X factor is dependent on the large scale fading level. Ricean samples are generated
using a sum-of-sinusoids approach. This small scale fading is correlated over the MIMO domain but

uncorrelated over the delay domain.

The model output has been validated against the measurement data, and can be made

statistically accurate in terms of first order, second order and their correlation statistics.
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7.2 Narrowband model

In cases where the signal bandwidth is less than the channel coherence bandwidth, a
narrowband model will often suffice, and is easier to implement and uses less computing resources.
The following step-by-step procedure shows how to generate statistically accurate data based around

the data obtained in the measurement campaign.
Stepl — Generate large scale fading simulators:

Firstly, log-normal fading (normal in dB) is generated using a Gaussian random number
generator with zero mean and unity standard deviation. One sample is generated for each frame length
of the Markov chain, 1 metre in this case. Separate log-normal data is generated for each of the four

channels in each Markov state.

These data samples represent memoryless data streams; it is therefore necessary to filter the
samples in order to achieve the correct temporal fading. This is achieved using a first order recursive
linear time-invariant digital filter, as detailed in [Gud91], [Man90], with the following difference

equation:
yn = xn + ayn—l (7'1)

Where a = exp(-vI/r;). The parameters v, T and . are the speed (m/s), sampling time (s) and
coherence distance (m) respectively. The samples are then scaled by o, (l —a’ )+ m, , where oy is the
shadowing standard deviation and m;, is the shadowing mean. The mean and the standard deviation to

be used are obtained from the measurement data.

Cross correlation is then applied between each large scale fading channel using their

correlation properties. Correlation is applied to the data as follows:
vec(Y) = CY? yec(Y) (7-2)

where C is the correlation matrix; for the tree-lined road case:

1 086 0.85 0.90
086 1 091 0.87

C= (7-3)
0.85 091 1 088

090 0.87 088 1

Since the large scale probability density is defined by a dual log-normal, we define two large

scale time series vectors, for each state. This produces 8 time series correlated vectors with correct
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large scale autocorrelation properties: 4 vectors for each MIMO channel, for each Markov state, L;

and Lz.
Step2 — Define Markov chain for dual log-normal and generate random walk:

Markov chains are characterized by their state frame length, transition matrix P and state
vector W. The 4x4 transition P matrices and 4-state W vectors were derived from the narrowband
data, and are shown in Table 16 (road), Table 17 (suburban) and Table 18 (urban). A minimum state
frame of 1 metre was found adequate to capture the rapid changes in level by observation. For each
element in matrix P, P; represents the probability of changing from state-i to state-j, where each state
Si represents the state of both [co-polar; cross-polar] states: S;=[Sc;;Sx,], S:=[Sc;;Sx2], S=[Sc2Sx,],

S=[Sc2;5%;]. Py is calculated from:

P, =N;/N, , (7-4)

where Nj is the number of transitions from state-i to state-f and N; is the number of state frames

corresponding to state-i. The state probability matrix W is found from:
W,=N,/N, (7-5)

~ where W, is probability corresponding to state-i, NV; is the number of frames in state-i and &, is the total

number of frames.

P w
0.6822 0.1579 0.0561 0.1037 0.0764
0.2887 0.2474 0.0447 0.4192 0.0416
0.1682 0.0966 0.1745 0.5607 0.0229
0.0098 0.0199 0.015 0.9554 0.8591

Table 16 Markov state and transition matrices for tree-lined road environment

P W
1.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.6487 0.0000 0.3513 0.0221
0.0000 0.0000 1.0000 0.0000 0.0000
0.0000 0.0079 0.0000 0.9921 0.9779

Table 17 Markov state and transition matrices for suburban environment

P W
0.0294 0.0588 0.2059 0.7059 0.0024
0.0052 0.1937 0.0838 0.7173 0.0136
0.0521 0.0625 0.1875 0.6979 0.0206
0.0013 0.0099 0.0156 0.9732 0.9634

Table 18 Markov state and transition matrices for urban environment
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Using the Metropolis-Hastings algorithm [Chib95] — a Markov chain Monte Carlo method,
create a random walk through the states for co- and cross-polar channels. For a current state X,

generate the next state X;., based on the probability entries a; in the transition matlix P[ij], as follows:
(i) Given X, = i, generate a state from the ith row of P[i,j] namely sample from P[i,:].
Let the simulated value be j‘. (This is the candidate value.)
(i1) Generate U ~ Uniform(0,1). If U< a;, then set X.,=j, else set Xy = i.
New states are generated every 1 metre, upon which the state and transition matrices were derived.
Step3: - Associate Markov states with log-normal fading generators

For each of the 4 MIMO channels (2 co-polar and 2 cross-polar), 2 channels were generated
for each state. The next step is to associate each of these channels with the appropriate Markov state.
This results in 4 channels for each MIMO channel with preserved first and second order statistics and

correctly correlated.
Step4 — Resample:

Re-sample the data with at least 3 samples per wavelength, from the 1 sample per metre

obtained above.
StepS — Generate Ricean samples:

Now generate unit mean Ricean random samples with X as an input parameter. Define K using
the polynomial approach, which conditions it on the large scale fading level. Ricean sample generation
can be achieved with Rice’s sum of sinusoids method [Pat98]. This method lends itself well to
simulating Ricean data with correct probability density, autocorrelation, level crossing rate and
average fade duration. Use the autocorrelation derived from the measurement data. This results in the

correlated Ricean random sample matrix R.

Trr TR |
R :[ } 06
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Step6 — Create for each MIMO channel:

Using the small scale MIMO channel correlation measurement data, the modelling can be

simplified by using the average correlation coefficient value.
vec(R) =DY? yec(R) (7-7)

where D is the small scale correlation matrix; for the tree-lined road case:

1 0.03 0.02 0.09
003 1 012 001

D= (7-8)
002 012 1 001

0.09 0.01 0.01 1

As a further refinement, cross-correlations could be varying through time and environment. The

second order statistics of the MIMO channel cross-correlation will be reported in future work.
Step7: Combine large and small scale fading

Combine the large scale and small scale fading time series data for each MIMO channel. This

can be achieved by simply adding (dB) the signals in each MIMO channel at each time sample.

The model has been constructed in Matlab. The narrowband channel time series data,
cumulative distributions, level crossing rate and average fade durations have been validated and are
shown in Fig. 7-1, Fig. 7-2 and Fig. 7-3. The cor;elations over the MIMO domain have also been
validated. '

The model outline presented here is merely a guide. Additional features can be added as more
measurement data becomes available, for example at different satellite elevations using real satellites.
The model can be made as accurate as required, based on the measurement data. The simulation

generated 10km of statistically accurate wideband LMS-MIMO channel data in under five minutes.
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7.3 Narrowband model output

An example of the model output from the tree-lined road environment is shown in Fig. 7-1,

where co- and cross-polar channels are presented.

—  co-polar
500 1000 1500 2000 2500 3000 3500 4000
Distance, m
x-poiar
500 1000 1500 2000 2500 3000 3500 4000
Distance, m

Fig. 7-1 Example of simulated co- and cross-polar channels

Note the rapid change in signal level between LOS and NLOS conditions as the Markov chain

switches. This is an inaccuracy in the simulator which is discussed in section 7.4.

A cumulative distribution of this time series data signal is shown in Fig. 7-2, which shows a

close match in distribution and trend.

A validation ofthe second order statistics is presented in Fig. 7-3, which shows a comparison
of level crossing rate and average fade duration between the measured narrowband data and the

modelled narrowband data.
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Fig. 7-2 Tree-lined road cumulative distribution comparison between modelled and measured data

10 210
—8— Model, co-polar
—— Model, x-polar X,
++@--+ Measured, co-polar ",é""O""‘w 110t
107" || *+X--- Measured, x-polar !
£ E
g e
= 10 5
® ®
e 10t 3
o [ o
i @
2 3
o 410° o
T &
K 2
3 10¢ ]
& 8
g 410' 3
§ E
= z
10% L .
+410
10° ! 1 1 ] L ) 1 ) ] 10"
-80 -70 -60 -50 ~40 -30 -20 10 0 10 20

Power relative to FSL, dB

Fig. 7-3 Level crossing rate and average fade duration model validation
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7.4 Limitations of narrowband model

This model provides narrowband channel generation with well preserved first order statistics,
second order statistics and MIMO channel cross-correlation. Since the parameters used to generate the
data are based around a’ specific mea_sufement campaign, the generated data can only be used for
similar conditions. In particular the satellite was emulated by a low elevation artificial platform which
has some limitations, as discussed in section 6.3. In addition the antennas héd their own imperfections
and were placed at specific separations, which are also discussed. Additionally all measurements were

carried out at S band frequencies, so the model may not be as accurate at other frequencies.

Another limitation is that a Markov chain was used to sWitch between LOS and NLOS
conditions. This generated transitions that were much more rapid than that observed in the measured
data. In practice, due to diffraction around building edges, the transition between LOS and NLOS
occurs over around 1-10m as observed from the data. This can be simulated by low pass filtering the

large scale fading data [Per01].

In this model a fixed correlation coefficient was used to describe the MIMO channel
correlation. However in practice the correlation coefficient varies within each environment as well as

~ between each environment. This can be incorporated during the model fine-tuning procedure.
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7.5 Wideband model

A guide to constructing a wideband MIMO channel model based around the measurement

data shall now be described. Reference will be made to the channel model depicted in Fig. 7-4.

RHH
HRET>
LHCP/ % JJL _It. LHCP
FHIED) 43 43 o
Fading Module ; Feding Module E MWule

'R

2 8
S & Small scale

Fig. 7-4 LMS-MIMO channel model outline

The lowpass complex 2x2 LMS-MIMO channel matrix can be expressed as:

Y«,i = "R L (7-9)
Kt;T)u.

where YRL is the received vector, XRL is the transmitted vector and is the noise vector. Subscripts
R and L denote the RHCP and LHCP antennas at each end of the link. The lowpass complex impulse

response of each multipath channel can be expressed [PaD92], [Pro95] as:
(7-10)
where A- is the amplitude of the i"” resolvable path, r. is its propagation delay of each tap, ¢m its

phase and A(.) is the Dirac delta function. As a result of satellite and vehicle motion, each of these
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parameters is a randomly time-varying function. The phases of each path ¢; are universally assumed

a priori [Bel63], [Tur72] to be mutually independent random variables uniformly distributed over the ‘
range [0, 2n]. To maintain delay and frequency domain resolution, it was decided to include all taps,
spaced at 10ns, in the simulation up to the maximum resolvable delay. This was 400ns for the tree-line

- road and urban environments and 200ns for the suburban environment. The remainder of the model is

to define A, for each MIMO channel and each delay tap. A step-by-step outline guide of the approach

follows with particular attention paid to the areas not defined for the narrowband model:
Stepl - Generate log-normal fading for each tap:

Log-normal samples with correct autocorrelation and MIMO cross-correlation properties are
generated using the same method as the narrowband case. However in this case, single or dual log-
normal samples are generated for each tap, using the measurement data parameters. In the wideband

case, the large scale fading is also correlated across the delay domain
Step2 — Generate Markov chain:

To simplify the model, we use the narrowband Markov transition and state matrices for all
taps in the wideband case. In this case, all taps will be in state 1 or in state 2 simultaneously. This
simplification resembles but is not identical to observations in the real data. For more accuracy a
separate Markov chain would be required for each tap and then the transitions would require to be
correlated across the delay domain. This was found too computer intensive to implement and requires
further investigation: each of the 40 taps would require a 4x4 transition matrix and a 40x40 Markov

correlation matrix would be required for each MIMO channel.
Step3 — Associate Markov states with log-normal fading generators:

Each state in the Markov chain for co- and cross-polar channels was associated with the set of

log-normal fading generators obtained from Step 1:

L 46D ll(i;r)m}
RGO E for Statel
(7-11)
L, =_lz(i;r)RR lz(i;f)u}, for State2
LG, LED),

where / is the log-normal sample at time index i, and 7 refers to the delay index. Note a separate matrix

of MIMO channels is generated for each Markov state.
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Step4 - Resample:

Each of the large scale fading samples at each delay tap was re-sampled as outlined for the

narrowband model.
Step5S: - Generate Ricean samples:

Ricean samples were generated as performed in the narrowband case. The first tap of the delay
line model was correlated with the large scale fading level using the polynomial fit. The remaining
taps had a X value that was independent of large scale fading level as derived from the measurement
data. The value of X for these remaining taps were given a log-normally distributed K value with the
correct mean and standard deviation. Each small scale fading generator was uncorrelated between

taps, due to the uncorrelated scattering effect, as shown from the data.

For each delay tap, the small scale MIMO matrix samples were found to be partially
correlated. To simplify the model, the median value was used; however the model can be improved by

adding the variation of MIMO channel correlation and their temporal variations.
Step6 — Combine large and small scale fading generators:

The large scale fading generators and small scale fading generators are now combined and the

outputs of each tap summed to form an impulse response time series generator.
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7.6 Wideband model output

The model has again been constructed in Matlab. The wideband performance of the model has
been tested against the measured data by comparing the Bello system functions [Bel63] using
quantitative and qualitative means. The wideband model impulse response has been converted to a
narrowband channel and the signal level cumulative distributions, level crossing rate and average fade
durations have been validated. The correlations over the delay and MIMO domains have also been

validated.

The model outline presented here is merely a guide. Additional features can be added as more
measurement data becomes available, for example at different satellite elevations using real satellites.
The model can be made as accurate as required, based on the measurement data. The simulation

generated 200m of statistically accurate wideband LMS-MIMO channel data in under five minutes.

An example input delay-spread function plot for the co-polar tree-lined road channel is shown

in Fig. 7-5.

200

Excess delay, ns 400 0 Distance, m

Fig. 7-5 Example input delay-spread function
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7.7 Limitations of wideband model

This model provides wideband channel generation with well preserved ﬁrst order statistics,
second order statistics and MIMO channel cross-correlation. As for the narrowband case, since the
parameters used to generate the data are based around a specific measurement campaign, the generated
data can only be used for similar conditions. In particular the satellite was emulated by an low
elevation artificial platform which has some limitations, as discussed iﬁ section 6.3. In addition the
antennas had their own imperfections and were placed at specific separations. Additionally all
measurements were carried out at S band frequencies, so the model may not be as accurate at other

frequencies.

As in the narrowband case, another limitation is that a Markov chain was used to switch
between LOS and NLOS conditions. This generated transitions that were much more rapid than that

observed in the measured data.

Additionally, this wideband model makes the simplification that Markov transitions occur for
all delay bins simultaneously. This simplification greatly eases the modelling procedure, but may not
be true for all cases in the measured data. To improve the model Markov state and transition matrices
would be separately generated for each delay bin and a much more complex method of switching

between states in a correlated fashion would be required. This is left for future work.

In this model a fixed correlation coefficient was used to describe the MIMO channel
correlation. However in practice the correlation coefficient varies within each environment as well as

between each environment. This can be incorporated during the model fine-tuning procedure.

7.8 Using the models

These models can reproduce statistically accurate large scale and small scale fading for the
dual polarized LMS-MIMO channel. First and second order statistics as well as MIMO and delay
domain correlations are addressed. The parameters are derived from a low elevation scenario but can

be adjusted for other satellite elevations as measurement data becomes available.

A good example for using the model is to optimize modulation and coding strategies in a
satellite OFDM-MIMO system. Alternatively, the large scale and small scale properties of the model

can be separated to address various PHY and cross-layer MAC layer design requirements.

A presentation of the models, along with their validation, is future work to be published.
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8.1 Introduction

The aim of this research thesis was to quantify the benefit (if any) of using multiple-input
multiple-output (MIMO) technology for land mobile satellite (LMS) systems. Since it is the channel
which principally dictates any benefit, the primary focus of the research work was to discover the
nature of the land mobile satellite MIMO radio propagation channel, and develop accurate channel

models that can be used by the research community.

At the beginning of this research, no channel model or measurement data was in existence for
the LMS-MIMO channel to the author’s knowledge. However throughout the course of the research,
other research establishments have begun similar research. For example Budapest University of
Technology and Economics are carrying out theoretical studies on LMS-MIMO capacity and LMS-
MIMO now appears in the European Space Agency’s vision and strategic research agenda [ESA07].

8.2 Review of literature survey

The methodology used for the literature survey and the identification of the PhD research

topic can best be described with the aid ofthe following diagram (repeated from Chapter 1 for clarity):

Literature

MIMO . Focus of PhD
Review
Ch. 3 -Chs. 4,5,6,7,8
Literature Literature
SISO Review Review
-Ch. 3 -Ch.2
Terrestrial LMS

Fig. 8-1 Methodology

The survey began (lower-right box in Fig. 8-1) looking at some of the technical difficulties in
a viable mobile satellite system business, highlighting the problems of poor QoS (due to harsh
propagation channel and latency) and limited spectral efficiency. Many of the key existing LMS-SISO

models were then reviewed, with perhaps the physical-statistical optimum for further development

into a LMS-MIMO channel model.

Capacity was then studied (upper-left box in Fig. 8-1) with the aim of identifying its effect
from the MIMO channel. It was found that the instantaneous SNR and MIMO channel matrix play key

roles in LMS-MIMO capacity. Terrestrial channel models were then studied (upper-left and lower-left
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box in Fig. 8-1) as these were much more advanced than LMS-MIMO models, and much could be
learnt from them. Models that traced rays via clusters of scatterers formed a useful input to the LMS-
MIMO physical-statistical model development. Additionally an overview of antenna arrays (upper-left
box in Fig. 8-1) as used in MIMO systems and methods of ensuring weak correlation between signals

impinging on each array element were also reviewed.

8.3 Review of physical-statistical channel model

A physipal-statistical LMS-MIMO channel model was derived, which can simulate multiple
satellite and/or dual nolarization channels under different environments and satellite elevations. The
model was used to estimate performance gains from the MIMO channel compared with a SISO
channel. Improvements in capacity and diversity were investigated from a dual satellite with a single

polarization.

The model was partially validated using published experimental data. However, only the SISO

subset of the channel could be validated, as no LMS-MIMO channel data or literature was available.

The main findings from the physical-statistical LMS-MIMO channel model data analysis
were: (a) methods of creating uncorrelated channels by spatial and polarization separation, and (b) the
fact that a doubling of capacity could be achieved from the dual satellite or dual polarization LMS-
MIMO channel.

8.4 Review of experimental findings

The highlights of the LMS-MIMO dual circularly polarized measurement campaign analysis
is a strong understanding of the behaviour of this channel. Under LOS conditions, the multipath
effects are reduced and a 2x2 dual circularly polén'zed channel is observed with.a high degree of
isolation between each polarization. However, as the LOS path becomes obstructed, the multipath
effects are much more pronounced relative to the LOS component, and the small scale fading Rice K
factor reduces towards a Rayleigh channel. Under fully NLOS conditions the 2x2 L.MS-MIMO

channel comprises four Rayleigh fading weakly correlated channels.

From the capacity analysis on the data, it was revealed that a doubling in capacity between the
SISO and 2x2 MIMO cases is available at high signal to noise ratios, due to separable dual
polarizations. At lower signal to noise ratios, a much greater capacity ratio increase is available due to

the four fold diversity increase in a more Rayleigh like fading channel.

A study on the diversity gain from the 2x2 MIMO channel data was also carried out. At a bit
error rate of 107 (worst case limit for voice or streaming data), around 10dB reduction in E,/N, was

possible for 2x2 polarization time coding. Transmit diversity (2x1 channel) provided a 4dB
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improvement in E,/N,, whilst 7dB improvement in Ey/N, was available from 1x2 maximum ratio

receive diversity.

8.5 Review of resultant empirical-statistical channel model

A second LMS-MIMO channel modelling approach was an empirical-statistical model, which

“was formed from the measurement campaign data.

The model uses Markov chains for the very slow fading effects, log-normal distributions for
the large scale fading and conditioned Ricean distributions for the small scale fading. A narrowband

- and a wideband model were preéented.

The model, which will be expanded for a future publication, can be used by the global
research community to gain a good understanding of the dual polarized LMS-MIMO channel.

8.6 Implications of the research

The primary implication from this thesis is that increased throughput (around a doubling at
higher SNR and over a ten-fold increase at lower SNR values) is available from mobile satellite
communication systems using multiple antenna techniques. This is achieved with identical spectrum
utilization in the satellite downlink. However for a dual antenna satellite system, a non-regenerative

satellite would require two Earth station uplink channels.

The same 2x2 channel can be coded to improve QoS by providing a fourfold diversity gain,
thus reducing the probability of a small scale deep fade. Furthermore, two widely spaced satellites

each with dual circular polarization can be used to provide diversity over large and small scale fading.

One important point about taking advantage of high capacity ratio increases in the LMS-
MIMO channel is that increased link margin should be provided from the link budget, so that a link
can still be established in a partially or highly shadowed region, where the channel is predominantly
Rayleigh and better for MIMO capacity increase. Future satellites may offer this iﬁcreased radiated
power, and then many advantages of terrestrial communications will also be available for mobile

- satellite communications, instead of the ‘on/off” channel nature that currently exists.

It is envisaged that LMS-MIMO systems will form a key part in future mobile satellite
communication systems, and LMS-MIMO research is now gaining much interest from global research

centres.
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8.7 Further investigation

8.7.1 Further processing of measurement campaign data

The measurement campaign carried out in this thesis captured a 4x4 channel with two dual
polarized satellites in a cluster communicating with a vehicle with 2 RHCP and 2 LHCP antennas.
Since the data is already available it would be sensible to process this 4x4 channel further and

calculate the capacity and diversity gain from such a system.

8.7.2 Combined LMS and repeater MIMO channel modelling'

Many current LMS-SISO systems use terrestrial gapfillers to overcome adverse channel
conditions. In this way the benefits of satellite communications are retained and repeaters are used to

improve coverage in a few hard-to-reach areas.

One possibility in LMS-MIMO systems is to transmit dual polarizations from the satellite and
use a gapfiller that re-transmits both polarizations into shadowed areas. This creates a channel that

combines rays arriving from the satellite with signals from the repeater.

The benefit (if any) of the LMS-MIMO channel with repeaters is a new line of research that

could be investigated, in the case of co-channel repeater spectrum usage.

8.7.3 LMS-MIMO channel modelling with shadowing diversity

In this thesis both antennas were attached to a single satellite or forming a satellite cluster. In
these channels, diversity was gained over small scale fading but little gain was obtained over large
scale fading. This line of future research would include a study of the MIMO channel from satellites
that are widely spaced apart. MIMO channel coding for distributed systems is also another field of
research that is in its infancy when applied to multiple satellites. Investigations using two Inmarsat

satellites could be used for example.

8.7.4 Effect of satellite elevation on the LMS-MIMO channel

One of the primary parameters in measuring the LMS-MIMO channel is the satellite elevation.
It is well known that high elevations lend themselves to a lower probability of blocked channels, but

the effect on the MIMO channel has not been characterized before (to our knowledge).

It could be expected that high elevation channels would be less blocked and be represented as
Ricean with a higher X factor. In this case, it is more likely that a doubling in capacity from isolated

dual polarizations is attained, with a greater time-share.
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A further experiment to characterize the 2x2 MIMO dual circularly polarized channel as a
function of a range of elevations and environment using a helicopter as an artificial satellite platform

communicating with a mobile vehicle is a useful area of future research.

8.7.5 Characterizing the HAP-MIMO channel

As was touched upon in the chapter on the physical-statistical satellite-MIMO channel model,
MIMO techniques may be possible by using spatial diversity and polarization diversity from a single
HAP. Whether the size of a single HAP can support spatial diversity requires further research. Again,
this could be emulatéd by use of a helicopter containing spatially separated dual polarized antennas. It
may be possible to install 4 spatially separated dual polarized antennas underneath the helicopter.
Access to a real HAP would be even more ideal. However at high elevations, it can be expected that
gains from spatially separated antennas will be small. However, dual polarizations can be expected to

work well.

Combining satellites and HAPs to form a LMS-HAP-MIMO channel is andther area of

research that could be investigated for future system scenarios.
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Appendix

10 Appendix

Satellite frequency band terminology

The following frequency terminology originated during World War II as military radar bands,
to keep the actual operating frequencies secret. After declassification, they were eventually adopted by
the Institute of Electrical and Electronics Engineers (IEEE), and are widely used today in radar,

satellite and terrestrial communications systems, both military and commercial.

- Band Frequency Range [MHZz]

HF 3-30

VHF 30 - 300

UHF 300 - 1000
L 1000 - 2000
S 12000 - 4000
C 4000 - 8000
X 8000 - 12000
Ku 12000 - 18000
K 18000 - 27000
Ka 27000 - 40000

mm 40000 - 300000

Table 19 Frequency band terminology
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