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Abstract

The growth of satellite communication industry and the need to offer new and better 
services, to compete with optical fiber systems, have driven the satellite industry to search 
for higher bandwidth and improved cost of services. Higher frequency bands, such as Ka 
and V-band, came into play. These frequency bands have the advantage of efficient use of 
spectrum, the ability to transfer data at much higher rates, and the use of smaller antennas 
resulting in lower cost for the user. A major drawback though, is the severity of 
propagation impairments. Scintillation becomes important for low-fade margin systems 
operating at high frequencies and with low elevation angles and therefore must be taken 
into account in the design of satellite communication systems.

The first part of the thesis deals with the analysis of beacon data and presentation of various 
statistics, namely short and long-term distributions of scintillation amplitudes and intensity. 
Their correlations with meteorological parameters are also presented. A dynamic model of 
tropospheric scintillation is developed, which permits the generation of scintillation time 
series based on known scintillation characteristics, such as spectral shape and probability 
density function. The model employs readily obtainable input parameters (antenna 
diameter, path elevation angle, frequency, ground temperature and humidity) and yields 
statistics that compare extremely well with existing prediction models as well as measured 
scintillation data (up to the fourth moment). Important applications of the new model are 
for simulating the performance of scintillation-degraded communication links and 
predicting required scintillation fade margins.

The second part of the thesis investigates the effects of scintillation on digital satellite 
communication systems using simulations implemented in COSSAP. Simulation results 
show that the higher the order of the modulation that is being used, the larger is the effect 
of scintillation on the bit error rate performance of the link.

In the third part of the thesis, fade mitigation techniques to overcome the effects of 
scintillation fading are discussed. Analysis of an adaptive modulation system using three 
modulation techniques is presented and its advantages demonstrated. The adaptive system 
can be used to mitigate scintillation fading and at the same time increase the capacity of the 
system, decreasing system outage time through an efficient utilisation of available 
resources.

In the last part, data transfer scenarios in VSAT systems incorporating adaptive modulation, 
ARQ and adaptive up-link power control are presented. The implementation of the adaptive 
system in a COSSAP simulation platform is discussed and individual adaptive components 
are simulated and presented in detail.
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CHAPTER 1

Introduction



Introduction

l.l.Introduction

The ability to communicate with precision is probably the most important quality that 

characterises human beings and differentiates humans from other known forms of life. 

Starting from the oral and moving to the written communication, information has been 

exchanged and shared throughout the eras of human existence. Methods of 

communication have been developed through the years with the main objectives always 

being speed, accuracy, reliability, volume of information shared and lower costs.

Satellite communication networks are an indispensable part of most major 

communication systems. Satellites have a unique capability for providing coverage over 

large geographical areas. The resulting interconnectivity between communication 

sources provides major advantages in applications such interconnecting large traffic 

nodes, provision of end-to-end connections directly to the users, mobile 

communications, television and sound broadcasts directly to the public.

A basic satellite system consists of a space segment serving a specific ground segment. 

The characteristics of each segment depend on whether the system is for fixed, mobile 

or direct broadcast applications. The main elements of a satellite communication system 

are shown in Figure 1.1 [1].

Ground stations (or Earth stations) in a network transmit radio frequency (RF) signals to 

the operational satellite. The received signals are amplified, translated into another 

frequency and after further amplification, retransmitted between the desired regions on 

Earth. Communications can be established between all Earth stations located within the 

coverage region. The space segment consists of a satellite in a suitable orbit. Satellite 

and orbital characteristics depend on the application needs. The satellite is controlled 

and its performance monitored by the Telemetry, Tracking and Command (TT&C) 

stations.
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Satellite

TT&C Ground station

Figure 1.1. The main elements of a satellite Communication network (Fixed) 

1.2.Evolution of Satellite systems

It wasn't until 1945 that someone envisioned the idea of satellite technology. Arthur C. 

Clarke, who was a RAF electronics officer and member of the British Interplanetary 

Society, wrote a short article in Wireless World. He planned to put a "satellite" with 

microwave technology at roughly 22,000 miles above the Earth so as to orbit the planet 

every 24 hours. His article apparently had little lasting effect.

John R. Pierce of AT&T's Bell Telephone Laboratories perhaps was the first to 

carefully evaluate the various technical options in satellite communications and the 

financial prospects. His 1954 speech and 1955 article elaborated the utility of a



Introduction

communications "mirror" in space, a medium-orbit "repeater" and a 24-hour-orbit 

"repeater".

The first satellite was developed in USSR. Sputnik, as it was named, was finally 

launched in 1957. After this, many considered the benefits, profits, and prestige 

associated with satellite communications. Not only did countries from around the world 

work on satellite technology, but corporations such as AT&T and others from around 

the globe took their shot at advancing their consumer technologies. AT&T was building 

its own medium-orbit satellite (TELSTAR), which NASA would launch. NASA also 

awarded a sole-source contract to Hughes Aircraft Company to build a 24-hour satellite 

(SYNCOM).

By 1964, two TELSTARs, two SYNCOMs and two RELAYs, which were medium 

orbit communication satellites, had operated successfully. In 1962 as a result of the 

Communication Satellite Act, the Communications Satellite Corporation (COMSAT) 

was formed. On April 6, 1965 COMSAT's first satellite, EARLY BIRD, was launched 

from Cape Canaveral. Global satellite communications had begun. By the time EARLY 

BIRD was launched, communications earth stations already existed in the UK, France, 

Italy, Germany, Brazil and Japan.

A new international organisation resulted in 1964. This organisation, International 

Telecommunications Satellite Organisation (INTELSAT) would ultimately assume 

ownership of the satellites and responsibility for the management of the global system. 

In 1971, the first communications satellites with spot beam technology were put into 

space. In 1972 TELES AT CANADA launched the first domestic communications 

satellite, ANIK, to serve the vast Canadian continental area.

The invention of these microwave-based satellites was extraordinary. They made earth- 

to-space transmissions possible rather than having to rely solely on tall towers for line 

of sight transmission. The use of satellite transmission made it possible to transmit



Introduction

signals to thousands of locations simultaneously. A satellite as mentioned, works as a 

"relay system". This system comprises the uplink, which is the corporation's satellite 

dish located on Earth, the satellite, which uses a transponder to receive the uplink 

transmission and send the downlink transmission. The downlink is another 

corporation's satellite dish located on Earth, but operating on a different frequency than 

the uplink.

Much of the technology for communications satellites existed in 1960, but would be 

improved with time. The basic communications component of the satellite was the 

travelling-wave-tube (TWT). The early tubes had power output as low as 1 watt. Higher 

power of 50-300 watts TWTs are available today for standard satellite services and 

direct-broadcast applications. Another improvement is the high-gain antennas. The size 

of the antennas decreased and the antennas that are being used for direct-broadcast are 

only a few feet in diameter and cost much less.

The first satellites were small and provided a low capacity at a relatively high cost. The 

cost resulted from the cost of the launcher and the satellite combined with the short 

lifetime of the satellite, about one and a half years. More reliable launchers that can put 

much heavier satellites in orbit, the increase in expertise in microwave techniques, 

higher power amplifiers and increased satellite capacity have led to a reduced cost of 

satellite services.

The increase of satellite size and power permitted a consequent reduction in the size of 

earth stations and cost, with a consequent increase in number. So now instead of 

transmitting a signal from one station to another, transmission can be from one point to 

a large number of receivers. In this way, multipoint data transmission networks, satellite 

broadcast networks and data collection networks have been developed.
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1.3. Services offered by satellite

The early satellites, like EARLY BIRD, provided mainly telephone services. EARLY 

BIRD provided 150 telephone "half circuits" and 80 hours of television services. 

INTELSAT has grown to its present day capacity providing thousands of telephone 

circuits. It provides services to the entire globe. The interconnectivity between 

communication sources provided by satellite systems gives major advantages in 

applications such as interconnecting large traffic sources.

The big competition to satellite communications posed by optical fibre systems for 

point to point communications between large concentrated traffic sources drove satellite 

communications to develop new techniques and provide various services with unique 

advantages. Such applications include service provision directly to customers using 

small low-cost earth stations, mobile communications to ships, aircrafts and land 

vehicles, direct to home television and sound broadcasts and data distribution/gathering 

from widely distributed terminals.

Very Small Aperture Terminal (VSAT) systems are offering direct connection of the 

user to the terminal. VSATs are equipped with antennas of 0.6 - 1.2 metres in diameter. 

The introduction of higher frequency bands will allow even smaller antennas, to provide 

even larger capacity for data transmission. The frequency bands being used for satellite 

communications and future trends will be discussed in a later section.

Multimedia services are also another area of services offered by satellites. Multimedia 

services aggregate different media, such as text, data, audio, graphics, fixed or low-scan 

pictures and video, in a common digital format, so as to offer excess potential for online 

services, teleworking, distance learning, interactive television, telemedicine etc. All 

these services require an increased bandwidth compared to conventional services such 

as telephony [2].
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Hybrid systems incorporating geostationary and non-geostationary satellites are also 

planned, such as CELESTRI and WEST. These systems incorporate multibeam 

antennas, wideband transponders, typically 125 MHz, on-board processing and 

switching, and a large range of service rates from 16 kb/s to 10 Mb/s.

Hughes network systems (HNS) operates the largest shared hub for VSATs services in 

the world. At the end of 1998 they announced the building of the largest satellite- 

networking shared hub in Michigan, USA, to serve between 10000 and 15000 remote 

VSAT sites. The hub will support all the HNS satellite products, including Direct 

PC/Enterprise Edition, the integrated satellite business network (ISBN), the HNS 

interactive distance learning (DDL) network and the new generation of multimedia 

VSATs. HNS announced also that the Bridge Information Systems would use its 

DirectPC satellite technology to distribute financial news and information at speeds up 

to 6 Mb/s.

A good example of the use of satellite communications for distance learning and 

corporate training is the Fordstar system. It is a system that Ford Motor Company uses 

to connect their dealerships around USA. The network connects thousands of 

dealerships throughout North America, and broadcast some 450 different training 

programs every month using eight channels.

The power of multimedia networks built on satellite broadband has been proven in 

almost every sector of industry. General Motors, to name just one example, can train 

personnel in any office anywhere in the world through its GM University, which uses 

advanced multimedia VSAT technology to deliver multiple megabits of throughput to 

any dish and then disseminate it selectively to different users on the local network. The 

system's high throughput and local caching capabilities mean that a manager and a 

technical person in the same small Central Asia office can take completely different 

courses at once - interactively in real time.
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In [3], the demonstrations of new telecommunication services using STENTOR satellite 

are presented. The first objective of the STENTOR program is to develop, qualify on 

ground and validate in orbit new technologies both for the satellite platform and for the 

payload, which would be integrated in the next generation of telecommunication 

spacecraft. The second objective of the program is to help and promote new 

transmission techniques and new telecommunication services, thanks to experiments 

and demonstrations carried out throughout the life of the satellite.

1.4 Satellite operational frequencies

The early satellite systems used uplink frequency of 6 GHz and downlink frequency of 

4 GHz. The rapid increase in the utilisation of the frequency spectrum in the bands 

below 6 GHz, though, has produced conditions of spectrum crowding and frequent 

sharing of the spectrum. These problems have required the systems designer to look to 

the higher frequency bands to relieve the congestion. The main frequency band and the 

most useable at the present time is the Ku-band. Most operational systems use these 

frequencies.

Higher frequency bands are needed to offer more bandwidth to accommodate the 

information transfer requirements of multimedia services and internet over satellite. As 

the cost of high-frequency components has fallen, millimetre wave bands have become 

more attractive. Low Earth Orbit (LEO) and Medium Earth Orbit (MEO) constellations 

have been proposed for the next generation of multimedia service satellites at Ka-band 

and V-band. Such systems include Skybridge, EuroSkyWay, West, Astrolink, 

Space Way etc.

Millimetre wave bands have the advantage of efficient use of spectrum, the ability to 

transfer data at much higher rates, and the use of smaller antennas.
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The messages produced by a source are converted into a sequence of binary digits. The 

source encoder has the task of representing the source output in an efficient way that 

results in little or no redundancy [4]. The sequence of binary digits from the source 

encoder, which is called the information sequence, is passed to the channel encoder. The 

purpose of the channel encoder is to introduce some redundancy, in a controlled 

manner, in the binary information sequence that can be used at the receiver to overcome 

the effects of noise and interference encountered in the transmission of the signal 

through the channel. Thus, the added redundancy serves to increase the reliability of the 

received data and improves the fidelity of the received signal. Redundancy in the 

information sequence aids the receiver in decoding the desired information sequence.

The Shannon - Hartley theorem states that if the required information transfer is less 

than the Shannon capacity limit, then error-free communication is possible. An error 

control code can be designed so that the probability of error after channel decoding is 

very small.

The binary sequence from the output of the source encoder is passed to the digital 

modulator. Since the channel is capable of transmitting electrical signals, the primary 

purpose of the modulator is to map the binary information sequence into signal 

waveforms. This can be done by using various digital modulation schemes. The choice 

of modulation scheme is dictated by a number of factors including channel type and 

distortion, required information transfer rate, and efficiency of the modulation method.

The communication channel is the physical medium that is used to send the signal from 

the transmitter to the receiver. In the case of wireless transmission, like satellite 

communications the channel is the atmosphere. The channel usually imposes limitations 

and causes distortion of information that is being transmitted. All transmission systems 

designed to operate through a medium (channel) require an accurate assessment of the 

losses inherent in that medium. Transmission line systems have the advantage of a 

stable well-known loss mechanism that is usually invariable with time. On the other
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hand, free space systems, such as satellite communications have to cope with the 

variability of the medium in both time and space that can cause large changes in the 

received signal level. The propagation impairments in satellite communications are 

summarised in the next section.

On the receiving end, rather than attempting to reproduce the transmitted waveform as 

in analogue systems, the goal of the digital demodulator is to determine which one of 

the messages was sent by processing the received signal.

After the demodulator, the channel and source decoders have the task of complementing 

the codes produced by the channel and source encoders in the transmitter, thus 

conveying the message from one end of the system to the other in a recognisable 

format.

A list of the advantages of digital satellite communications over analog satellite 

communications is given below. A more detailed version can be found in [5].

(a) Increased capacity in the multiple-access mode

(b) Immediate and long-term economical advantages

(c) More robust to interference

(d) Compatibility of messages and computers

(e) New facilities, services

(f) Higher degree of flexibility

(g) Direct low-cost interconnect with terrestrial microwave, cable, and optical fiber

systems 

(h) Transmission quality almost independent of distance and network topology.
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1.5.2. Propagation Impairments

A major drawback in the utilisation of high frequencies such as the V-band for satellite 

communications is the severity of propagation impairments. This raises fundamental 

questions regarding the way in which V-band services would be used, and what system 

availability could be achieved.

High capacity digital satellite systems providing direct services to customers aim to do 

so at low costs and necessarily operate with low fade margins. The impact of 

propagation impairments must therefore be taken into account in the design of such 

systems to achieve the desired availability and quality of service.

At these frequencies the propagation impairments are mostly due to the troposphere. 

The parameters mainly influencing the radio wave propagation are path attenuation, 

depolarisation and noise. The factors to be considered are gaseous absorption in the 

atmosphere, absorption and scattering by clouds, fog, precipitation, and atmospheric 

turbulence.

1.6. Objectives of research

Radiowave amplitude scintillation arising from random atmospheric refractive index 

inhomogeneity (in clear air, cloud, and rain) is a major cause of degradation in low 

margin satellite communication systems operating at frequencies above 10 GHz [6], [7]. 

Therefore, accurate estimates of signal degradation due to these effects must be 

included in the design of satellite communication systems. Careful understanding, 

quantification and modelling of scintillation are imperative for the reliable design and 

operation of these increasingly popular telecommunication systems.

This thesis analyses the effects of scintillation of radiowaves in satellite communication 

systems and develops a dynamic model of scintillation. Analysis includes short and long
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term distribution of amplitude scintillation [8], [9], and power spectrum [10]. The 

effects of meteorological conditions on amplitude scintillations are also investigated.

Satellite link experiments can be prohibitively expensive requiring the launch or 

availability of a suitable satellite and a measurement earth station. Some parameters of 

interest such as the path elevation angle may be fixed or expensive to vary. The 

simulation platform provides an inexpensive and flexible option for the study of satellite 

communication systems performance as a function of systems specification, link 

parameters, and atmospheric variables.

The aims of the work reported in this thesis are as follows:

1. To set up a computer simulation platform for application in the design and 

evaluation of a modern digital communication system.

2. To develop a dynamic model of tropospheric scintillation. This model will enable 

the computer simulation of the complex problem of turbulent scattering of 

radiowaves in the atmosphere.

3. To assess the impact of scintillation (due to scattering from turbulence) on high bit- 

rate satellite communication systems operating at frequencies above 10 GHz.

4. To develop digital signal processing schemes to mitigate against scintillation.

1.7. Overview - Contents of the Thesis

Scintillation, as mentioned in section 1.6, is the phenomenon of signal variation, fast 

fluctuations of signal amplitude and phase, due to small-scale refractive index variations 

in the atmosphere. Chapter 2 serves to introduce the cause of atmospheric turbulence, 

which is responsible for tropospheric scintillations. The chapter begins with an 

overview of the atmosphere, followed by a summary of atmospheric turbulence. 

Attention is paid to the amplitude fluctuations of a radiowave travelling through a 

turbulent medium, referred to as amplitude scintillations. A summary of the parameters
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affecting amplitude scintillation and its characteristics is then presented, which helps the 

reader gain a clearer insight into the phenomenon.

Scintillation data analysis from two sites and at three frequencies is presented in 

Chapter 3. Long and short term statistics for amplitude scintillations distributions and 

comparisons are discussed. The dependence of scintillation on meteorological 

conditions is investigated and results are presented. A novel dynamic model of 

tropospheric scintillation is presented in the second part of Chapter 3. The model 

permits the generation of scintillation time series based on known scintillation 

characteristics, such as spectral shape and probability density function of turbulence- 

induced amplitude scintillations. Scintillation data extraction and analysis is also 

presented. The raw propagation data were obtained from monitoring the ITALSAT 

satellite beacon signals at Sparsholt, UK.

In Chapter 4 the above dynamic scintillation model is employed to assess the impact of 

scintillation on the performance of a digital satellite down-link. The model is 

incorporated into a downlink simulation implemented using COSSAP, a software 

platform developed by Synopsys®.

The simulations include three modulation techniques namely, quadrature phase shift 

keying (QPSK), sixteen quadrature amplitude modulation (16-QAM) and 64-QAM. The 

effects of scintillation are observed using link simulations under various intensities of 

scintillations.

The thesis deals with the effects of scintillation on high-capacity digital satellite 

communication systems. One method to achieve high availability and data rate is by 

introducing a large fixed power margin in order to offset any severe fading in the 

propagation path. Scintillation, the fading process under investigation in this thesis, and 

fading in general, are not always present in the propagation path. Therefore a fixed high 

power margin or a low bit rate transmission system makes a poor utilisation of the
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available resources. Since it is not cost efficient to include large power margin, fading 

must be compensated by other means when a high system availability is required. These 

alternatives are known as Fade Mitigation Techniques (FMT) or Fade Counter- 

Measures (FCM).

After the observation and analysis of the results obtained in Chapter 4, fade 

countermeasures are considered in Chapter 5 with particular attention to adaptive 

modulation. Analysis of a system using adaptive modulation with three techniques is 

presented and the advantages and gains of the system are discussed, with comparisons 

to other scintillation mitigation techniques.

In Chapter 6 the development of a system that uses adaptive modulation as a fade 

countermeasure is presented. The data transfer scenario and the operation of such a 

system is presented in detail. Simulation of such a system in COSSAP is carried out and 

the results are compared with systems with fixed power margin and data rates. The 

advantages of the adaptive system are discussed.

Chapter 7 brings together the salient results of previous chapters and in a brief summary 

highlights related issues that would need further investigation.
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CHAPTER 2

Turbulence Theory - Tropospheric Scintillation

Summary - This chapter serves to introduce the cause of atmospheric turbulence, 

which is responsible for tropospheric scintillations. The chapter begins with an 

overview of the atmosphere, followed by a summary of atmospheric turbulence. 

Attention is paid to amplitude scintillations - the amplitude fluctuations of the wave 

travelling through a turbulent medium. A summary of the factors that affect amplitude 

scintillations and its characteristics are also presented.
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determining the likely propagation impairments to be encountered by radiowave signals 

on Earth-space paths.

The atmosphere produces several different effects on the propagation of radiowaves at 

very high frequencies (VHP) and above. These effects are due to the gross changes of 

the refractive index with height, the absorption in the gases of the atmosphere, and the 

attenuation and scattering of the waves due to rain and other climatic conditions. There 

are also the effects due to turbulence and reflection at layers in the atmosphere.

The temperature imbalance leads to two principal mechanisms, horizontal and vertical 

flow [4].

(a) Horizontal flow

Hot air masses are at higher average pressures when compared with cooler air masses 

and there is a consequent flow of air from the high-pressure regions to the low-pressure 

regions. A force known as "Coriolis effect" causes the wind to flow almost parallel to 

the lines of equal pressure.

(b) Vertical flow

The vertical movement of an air mass is accompanied by a pressure and temperature

change within the air mass to compensate for the change in external forces.

The presence of wind, however, causes the atmosphere to become mixed rather than 

stratified, and to cause relatively rapid variations in refractive index to occur over small 

distances, which are referred to as scale sizes.

2.2.1 Structure of the atmosphere

The Earth's atmosphere is divided up into a number of spheres, which are really shells 

of the atmosphere around the Earth with various thickness and regions. The two primary
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categories are the neutral atmosphere and the ionised atmosphere. These categories are 

themselves divided into several regions.

Considering the temperature variations, the neutral atmosphere may be divided into 

several regions [5]. These regions are shown in Figure 2.1.

Figure 2.1. Structure of the atmosphere (not to scale)

The lower region is the troposphere. Above this region, the forces of gravity, and the 

thermal blanketing effect of the ozone layer, force a limit on the effects of the weather 

to any greater height in the atmosphere. This layer above the troposphere is called the 

stratosphere. A narrow region of constant temperature, called the tropopause separates 

these two regions.
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Above the Stratosphere is the stratopause, which separates it from the mesosphere. In 

the mesosphere the temperature decreases with height. The last region is the 

thermosphere, in height above the earth's surface of about 80 km to 3000 km, in which 

the temperature increases. A narrow region separates this region from the mesosphere, 

called the mesopause.

The variation in the moist, turbulent layers of the lower neutral atmosphere (troposphere 

and stratosphere), are part of the science of meteorology. It is important to understand 

the fundamentals of meteorology since, as mentioned above, the weather patterns in the 

lower atmosphere play a major part in determining the likely propagation impairments 

to be encountered by radiowave signals on Earth-space paths.

2.2.2. The Troposphere

The troposphere is the lowest region in the atmosphere and is the densest portion of it. It 

extends from sea level to a height of 16 km near the equator, but only 9 km near the 

poles [6]. Pressure, temperature and water vapour content all decrease, on the average, 

with height in the troposphere. It is the region where the clouds and rain are formed.

It causes the most significant impairments of radiowave propagation. These 

tropospheric effects are:

(a) Gaseous absorption: There are specific frequency bands where the absorption is 

high. The first absorption band, caused by water vapour, is centred on 22.2 GHz, 

while the second band, caused by oxygen, is centred around 60 GHz. Absorption at 

any frequency is a function of temperature, humidity, pressure of the atmosphere 

and the elevation angle to the satellite.

(b) Attenuation due to hydrometeors: Hydrometeor is a general name for condensed 

water vapour existing in the atmosphere. Thus rain, hail, ice, fog, cloud or snow are 

all examples of hydrometeors.
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(c) Tropospheric scintillation: Scintillation is rapid fluctuation in amplitude, phase or 

angle of arrival of radiowaves caused by variations in the refractive index.

(d) Depolarisation: The main sources of depolarisation in an Earth-space link are rain 

and ice.

In the rest of this chapter atmospheric turbulence will be discussed in more detail, with 

emphasis on tropospheric scintillation.

2.3 Atmospheric Turbulence

The description of turbulence and its effects on electromagnetic propagation through 

turbulent media is given by Tatarskii [7] and Ishimaru [8]. Turbulent media has the 

following characteristics:

(a) Turbulence consists of random velocity fluctuations

(b) Turbulence causes rapid mixing at a much greater rate than molecular diffusion

(c) Turbulent flow is characterised by large Reynolds numbers

(d) Turbulence is rotational and three-dimensional

(e) Turbulent flows are dissipative

(f) The smallest scale size is very much greater than molecular scales

(g) The characteristics of the turbulent flow depend very much on the nature of the 

producing environment.

The random medium is characterised by a refractive index n(r, t) which is a stochastic 

function of space and time. Due to turbulent mixing of air masses of different 

temperatures and humidities the refractive index fluctuates randomly in value.

Reynolds deduced a non-dimensional number, Re, based on the flow of a viscous fluid. 

If a viscous fluid is passed through a pipe of dimension / with velocity M, the motion of 

this fluid could be laminar or turbulent. The Reynolds number is the ratio between the
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kinetic energy and the dissipation energy. If that number is smaller than a certain critical 

number Recr, then the flow is laminar; but if it exceeds Recr, the motion is turbulent.

If a turbulence is created into a pipe of dimension /, and the velocity of the eddies in the 

pipe is M, then the characteristic time associated with the eddy is t = llu.

The kinetic energy Ek of the turbulence per unit mass of the fluid per unit time is given 

by:

The energy dissipation Ed per unit mass per unit time is:

(2.2)

so the Reynolds number is given by:

(2.3)

where v is the kinetic viscosity. The critical Reynolds number Recr is not a universal 

constant but depends on the geometry of the structure and how the turbulence is 

introduced.

Kolmogorov advanced an important theory of local structure of turbulence with a very 

large Reynolds number and postulated that energy is introduced into the turbulence as a 

result of variations in average velocity.
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2.3.1. Developed Turbulence

The size at which the energy enters the turbulence is called the outer scale of turbulence 

and is denoted by L0, with typical values ranging between 50 and 100m. Eddies of size 

greater than L0 are generally anisotropic, while eddies of smaller size are isotropic.

The kinetic energy per unit mass per unit time of eddies with size L0 is given by V03 /A>, 

where VQ is the velocity. Since the Reynolds number is very large then the dissipation 

energy per unit mass, vV02 /^o > is negligible, so all the kinetic energy is transferred to 

eddies with smaller sizes. As the size becomes smaller, the dissipation increases. The 

same will continue until the kinetic and dissipation energies are equalised and all the 

energy is dissipated into heat. There is therefore no energy to be transferred to eddies 

with smaller size, as shown in Equation (2.4).

The size of the eddies from where all the energy is dissipated into heat is denoted as 10 

and is called the inner scale of turbulence. Let V;, ¥2, Vj, ... , Vn be the respective 

velocities of eddies with sizes Lj, L2 , L3, ... , Ln , where L0>L]>...>Ln . Using these 

velocities and sizes the following expression can be written:

J^_«Ii_«...«JJ- SB ^-« e (2.4) 
L0 L[ /0 /0

where e is the energy dissipation per unit mass per unit time. It can be seen from 

Equation (2.4) that if the eddy size is between the inner and outer scales of turbulence 

then the velocity fluctuations V depend only on the size L and the energy dissipation 

rate £, i.e. V~(eL) l/3 , so the size of the fluctuational energy belonging to perturbations 

with sizes of the order L is proportional to L 1/3 . If we take r to be large compared with 

the inner scale size and small compared with the outer scale size of the turbulence; then
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the velocity difference at two points r\ and rj = r\ + r is characterised by the energy 

dissipation rate e.

The structure function Du of the velocity fluctuation can be deduced from this and must 

be a function of r and e. The only combination of the quantities r and e with the 

dimensions of velocity squared is (er)m .

for 10 « r « L0 (2.5)

where C is a dimensionless constant and must be found experimentally. Equation (2.5) 

is known as the "two-thirds law". For r « 10, the structure function of the velocity 

fluctuation is given by [7]:

-- 2 forr«/0 (2.6) 15 v

The scattering caused by this wide range of turbulent eddies results in fast variations of 

the signal around the mean signal level which are called clear sky amplitude 

scintillations. Scintillations consist of enhancement above and fades below the clear sky 

signal level. These scintillation effects are non-absorptive and tend to occur "on axis".

2.3.2. Structure function of index of refraction

The refractive index n of the atmosphere is determined by the structure of the 

temperature, humidity and wind velocity fields. In the troposphere n is given by:

-6 (2.7)
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where T is the absolute temperature in Kelvin, P the pressure in millibars and e the 

water vapour pressure in millibars. In turbulent atmospheres, the pressure, temperature, 

and water vapour pressure undergo irregular variations, and in general do not 

necessarily follow the motion of the turbulence [8]. However the potential temperature, 

specific humidity and some other characteristics of the atmosphere can very often be 

regarded approximately as conservative passive additives.

If a quantity, such as a volume of air is characterised by a concentration of additive, 

which is conserved, i.e. the concentration of additive does not change when the volume 

element is shifted in air, then the additive is regarded as a conservative additive. If the 

additive does not exchange energy with turbulence then it is called a conservative 

passive additive.

Regarding the thermodynamic process of turbulence as adiabatic, the potential 

temperature 6 and the specific humidity q can be found to be:

(2.8)

q = 0.622e/P (2.9) 

where aa is called the adiabatic rate of decrease of the temperature and z is the height.

Ishimaru [8], assuming an adiabatic process, showed that the behaviour of these 

additives in turbulence is directly related to the fluctuation characteristics of the index 

of refraction.

Consider now the fluctuation characteristics of the potential temperature 6 in a 

developed turbulence. It can be written as the sum of the average (6) and the fluctuation 

0'.
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0=(6) + 8' (2.10)

By the same argument leading to Equations (2.5) and (2.6), the structure function for the 

fluctuation of the scalar 6 is given by:

"22/3 for/0 «/-«L0 (2.11)

- forr«/0 (2.12)

Since the fluctuation of the index of refraction is directly proportional to the fluctuation 

of the conservative passive additive, the structure function of the index of refraction can 

also be written as:

Dn (r) = C>2/3 for 10 « r « L0 (2. 13)

frY 
1 = CJLl \—\ for r « 10 (2.14)

U

where Cn is the structure constant of the index of refraction. 

2.4. Kolmogorov Spectrum

As mentioned in section 2.3.1 the structure functions of velocity and index of refraction 

fluctuations were deduced for isotropic turbulence. Assuming that the atmosphere is 

locally homogeneous, i.e. whatever condition exist at one point exist also at another 

point in the same region, then the structure function of a locally homogeneous field 

depends only on the difference of the fields at the two points. Thus the structure 

function is given by:
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(2.15) 

Taking the isotropy into account, the structure function is given by:

(r) (2.16)

After lengthy calculations, Tatarskii [7] found that the structure function is in general 

given by:

Df (r) = C 2 rp (Q<p<2) (2.17)

It can be seen that the structure function in Equation (2.17) is the same as the one in 

Equation (2.13) for p = 2/3. If the function/is homogeneous and isotropic, then the 

correlation function is measured along one line, and it is often convenient to define the 

spectrum as the one dimensional Fourier transform of C(r) [9]. The one dimensional 

spectral density corresponding to this function (2.17) is:

(2.18)

where F(») is the gamma function defined by:

rt-'Jr, jc>0 (2.19) 
o

The one-dimensional spectral density is related to the three-dimensional spectral density 

as follows:
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1 dV <D(KT)=       (2.20)
IKK dK

Substituting Equation (2.18) into (2.20),

(2.21)47T 2

For/? = 2/3, (2.21) becomes

$  (K) = 0.033CX1 "3 (2.22)

Equation (2.22) gives the Kolmogorov spectrum. This equation represents the spectrum 

in the range 27t/Lo « K « 2n/lo. In the range K » 27t//o, <&n(K) is expected to have small 

magnitudes. The structure function should therefore reduce to Equation (2.14). The 

spectrum <E>n(K) that corresponds to the structure functions of both Equations (2.13) and 

(2.14) is [7]:

for K> 2n/Lo and Km =5.91//o- Ishimaru [8] obtained a relationship between the structure 

constant C 2 and the variance of index of refraction (d*\ in terms of the outer scale of

turbulence L0. This relation is given by C 2 ~l.9(6^L^13 . The variance of index of 

refraction /<5 2 \ is on the order of 10" 12 .

2.5. Amplitude fluctuations of a wave

In order to estimate the amplitude and phase fluctuations of a wave caused by 

turbulence in the atmosphere the scalar wave equation must be used. There are three
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methods of doing this, namely geometrical optics, Born approximation and Rytov's 

method. Tatarskii [7] solved the scalar wave equation for small perturbations using 

Rytov's method.

The solution of the problem of amplitude and phase fluctuations of a wave using the 

equations of geometrical optics becomes unsuitable for large distances since the 

diffraction of the wave by refractive index inhomogeneities can no longer be neglected. 

To take into account the diffraction effects it is necessary to start from the wave 

equation [7].

Maxwell's equations for a medium with dielectric constant er(r) =n2(r) are given by:

V x E(r) = iO)H0H(r), V x #(/ ) = -i(O£0£r (r)E(r) (2.24) 

Combining these two equations

V x V x E(r) - 0) 2H0£0£r (r)E(r) = 0 (2.25) 

In terms of the index of refraction n, (2.25) can be written as:

V 2E(r) + *0V£(r) - 2vf    E }= 0 (2.26)
(n )

The last term of (2.26) can be neglected as long as the wavelength X, is much smaller 

than the scale size 10 of the medium. Considering a wave propagating along the x axis, 

the y component of the electric field U(r) =Ey(r) satisfies [8]

= 0 (2.27)
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The index of refraction n fluctuates about the average value n . Using the wave number 

for the average k2 = k*n 2 leads to

-) = 0 (2.28) 

where n\ is the fluctuation of the index of refraction.

If the intensity of the turbulence is weaker than a certain level within a given distance, 

then the weak fluctuation approximation can be applied, leading to some mathematical 

simplifications. Under this regime, the solution of Equation (2.28) is obtained for small 

values of n/ using either the Born approximation or the Rytov transformation.

Solutions [7,8] are expressed in terms of £, which represents the fluctuation of the 

logarithm of the amplitude ln(A/Ao) and is called the log-amplitude fluctuation. 

However, for % « 1 , % is approximately equal to (A-Ao)/Ao.

Ishimaru [8] derived an expression for the correlation function of amplitude and phase 

at a plane x = L. This equation has the general form

(2.29)
0 0

where p is the correlation function in two dimensional plane. The function F(T], K, p) 

plays the role of filtering a certain portion of the spectrum <&  to produce the correlation 

function B, and thus is called the filter function [10]. The spectral density of the index of 

refraction fluctuation O«(K) in this expression is evaluated at the location n, and it may 

vary along the path of wave propagation.



Turbulence Theory - Tropospheric Scintillation_____________________________ 32

If <£  does not depend on the location n, the filter function /(v), for the log-amplitude 

fluctuation is given by:

Sm(^ -"/ (2.30) 
K 2Llk

where L is the effective turbulence path. As mentioned in section 2.3, for a 

homogeneous and locally homogeneous turbulence, the general shape of the spectrum 

O«(K) is characterised by the inner (lo) and outer (L0) scales of turbulence (Equation 

(2.23)).

The total spectrum is a product of fx (K) and <!>«(K). This spectrum shows different 

characteristics in the following regions:

,. 2n 2n . . L , . . . .
(a). .  >   i.e. L <   (geometric optical region)

V AL IQ A,

(b). < _ < i.e. _ < L < - (diffraction region)
L0 VAL /0 A A

i.e.
VAL LO A

In the diffraction region, the Kolmogorov spectrum given in Equation (2.22) can be 

used. For all ranges of KTthe variance of the amplitude fluctuations is given by [7]

(2.31)
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Thus in the diffraction region <7* is proportional to & 7/6 and L11/6 . In the geometric 

optical region a 2 is independent of k and is proportional to L3 . The powers of k and L

in the diffraction region is directly related to the Kolmogorov spectrum and are often 

used to verify the validity of its representation.

In order to derive the Kolmogorov spectrum and the variance of amplitude fluctuations, 

it is assumed that the refractive index fluctuation is a random function of position only 

and independent of time. But in reality this is not the case, because the atmospheric 

turbulence is in constant motion and a wave in the turbulence fluctuates with time.

Assuming that the turbulence is "frozen" and that the average velocity of the wind is 

entirely transverse to the direction of wave propagation, Ishimaru [8] derived the 

asymptotic form of the spectrum of amplitude fluctuations of a wave travelling in a 

random medium. The two asymptotic values of the amplitude spectrum are given by

2

W°(co) = 2.765-^ (as co ^ 0) (2.32) 
ft),

a 2 (
(asco->oo) (2.33)

<y, ft),

where <J 2X , given by Equation (2.31), is the variance of the log-amplitude fluctuation. 

Substituting Equation (2.31), the two asymptotes are given by

0(w) = 08506 c2jk7/6Ln/6 (2.34)
ft),

(2.35)
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These two asymptotes meet at the corner frequency a>c = 1.43 ft),. 0), is known as the 

Fresnel frequency and is given by V,Jk/L where Vt is the cross-path wind velocity.

The frequency O)t is important. When CO < cot, W^co) is substantially constant, but when 

CD > co,, W^co) decays as co ~ 8/3 .

2.5.1. Taylor's frozen-in hypothesis

In order to take into account the dependence of turbulence on time it is assumed that the 

random medium, which is characterised by the index of refraction fluctuation n\(r, i), is 

moving with a wind velocity V and that the wind velocity is given by:

V = U+Vf (2.36)

where U is the average wind velocity and V/ the velocity fluctuation. It is assumed that 

the wind velocity is a slowly varying function of time. In turbulence, it is assumed that 

the blobs of certain size / do not appreciably change their shape within the time required 

for the blobs to move the distance /. Thus, the medium is considered "frozen" and is 

transported by the wind without changing its detailed variation. This is called Taylor's 

frozen in hypothesis and is considered valid in most atmospheric turbulence.

2.6. The influence of antenna aperture

The expression for the variance of amplitude fluctuations given by Equation (2.31) was 

derived theoretically for a point receiver. However the effects of the finite aperture of 

the receiver antenna on the standard deviation, i.e. square root of the variance, of the 

amplitude fluctuation can be significant.

An antenna with finite aperture applies a low-pass filtering to the amplitude fluctuations 

of a wave. This low-pass filtering or averaging effect becomes significant when the
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transverse correlation length of the amplitude fluctuations is smaller than the antenna 

diameter. So if the antenna diameter is large enough the incident wave-front fluctuations 

become uncorrelated and the receiver output is a spatial average of the wave-front 

fluctuations over the aperture. The result of this is that the observed fluctuations are 

smaller than those expected for a point antenna. If the effective antenna diameter is less 

than the correlation length, the antenna acts as a point receiver. The effective antenna 

aperture is the product of the physical antenna aperture and the efficiency of the 

antenna.

Haddon and Vilar [11] normalising the scintillation variance for a receiving antenna 

with effective diameter D to the point receiver, for the special case of n=\ 1/3, found that 

a finite antenna aperture reduces the amplitude fluctuations variance from its point 

receiver value by a factor:

 tan-'(-))-7.0835x5/6 =l-7.0835;c5/6 (2.37)
<7,(0) 6 x

for(x«l)

where x = b2D2k/4L and 6 = 0.4832, so that x = 0.0584(D2£/L), which is just the square 

of the ratio between the antenna diameter and the size of the Fresnel zone. L is the 

effective turbulent path given by L=2h/{ V[sin2 #f (2h/Re)]+sm9}, 9 is the elevation angle 

and Re is the effective Earth radius (=8.5xl06 m).

2.7. Summary of Tropospheric scintillation's characteristics

Propagation experiments started as early as the first communication satellites were in 

orbit. Initially operations were at C-band (6/4 GHz) and no significant propagation 

induced outages were observed. That changed in late 1969 with the recording of severe 

amplitude scintillation activity at C-band induced by ionospheric effects [12].



Turbulence Theory - Tropospheric Scintillation_____________________________ 36

The rapid growth in capacity requirements during the 1970s and 1980s led to introduce 

higher frequency bands. At these higher frequencies propagation impairments are more 

severe. The need to improve the skills and knowledge in prediction of such propagation 

effects fostered the realisation of some important propagation experiments like 

OLYMPUS, ACTS, COMETS and ITALSAT. These experiments have been conceived 

with the aim at assessing the effects of atmosphere in radio link at various frequencies, 

elevation angles, antenna diameters and meteorological conditions.

The effects of scintillation on low elevation angle, Ku-band links were measured in two 

long-term experiments by INTELSAT in the United Kingdom [13] and United States 

[14]. The data showed that on links with elevation angles below 10°, not only was 

tropospheric scintillation a significant limitation to performance but also when the link 

approached 5° in elevation angle, it would cause the signal to drop below the 

availability threshold.

Vilar and Larsen [15] analysed and compared the cumulative distribution, variance and 

spectral density of non-skewed amplitude scintillations measured at three sites during 

the four summers 1982-85 and combining elevations e = 5°, 7.2°, 8.9° and 31°. They 

concluded that at low elevation, amplitude scintillations are slow but large in amplitude. 

Their results show that the lower the elevation the higher the amplitude scintillations.

Measurements of tropospheric scintillation on a 14-degree path at 12, 20 and 30 GHz 

are reported in [16]. The observed scintillation spectra were consistent with Tatarskis 

theory showing high frequency slopes between -8/3 and -11/3, with most of the power 

below 1 Hz. Measured probability densities and cumulative distributions of scintillation 

intensity agreed with the Moulsley-Vilar model [17]. It is also shown that as the season 

shifts from winter to summer, there is an increase of the monthly average of scintillation 

intensity. The spring and summer scintillation on the contrary show a strong diurnal 

trend with maximum scintillations occurring in the afternoon between local times 13:00 

and 15:00. Scintillation intensity on a monthly basis is strongly correlated to the ground
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temperature and humidity. The authors reported correlation coefficients at 12, 20 and 30 

GHz of 0.841, 0.835, 0.789 and -0.880, -0.870, -0.827 respectively. According to 

measurements reported in [18] and [19], scintillations show a marked seasonal 

dependence, reaching a maximum in August and minimum in February in northern 

middle latitude regions such as Japan.

In [20] the diurnal and seasonal variations, frequency dependence derived from a 

comparison of the 11 and 14 GHz signals, and elevation angle dependence of the 

scintillation data are presented. A comparison between the propagation data and ground- 

level meteorological measurements indicated a high correlation between the scintillation 

characteristics and the water vapour contribution to the radio refractive index inferred 

from local humidity and temperature data. The authors concluded that this suggests a 

method for predicting the severity of scintillation fading using local measurements of 

meteorological parameters. Their analysis on the distribution of scintillation shows that 

over short periods of about an hour, the probability density function of signal level 

variations in dB due to scintillation follows the normal distribution well. Over longer 

periods, such as one month, the standard deviations calculated every hour can be 

approximated by the gamma distribution.

Banjo and Vilar [21] using experimental results measured on a 7.1° elevation, 11 GHz 

path and certain meteorological parameters measured at ground level, found a strong 

dependence of scintillation intensity on temperature but a weaker correlation with 

relative humidity and wind speed, and no correlation at all with barometric pressure.

The influence of antenna aperture was studied theoretically by Von Weert [22] and 

Haddon and Vilar [11]. In [11] an analytical solution to the problem is given. They 

showed that because the scintillation intensity depends on the ratio between the antenna 

diameter and the diameter of the Fresnel zone in the turbulent region, low elevation 

paths counteract the tendency to smoothing by large earth station antennas and the 

scintillations observed remain large.
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In [1] a prediction method for tropospheric scintillation is presented based on the 

measurements in [20]. Several kind of scintillation prediction methods have been 

proposed in the literature [17], [23-27]. Van de Kamp et. al. [28] compare the Karasawa 

and ITU-R model with measurements at 19.8 GHz on a 12.7° elevation path in 

Kirkkonummi, Finland. Both models predict higher scintillation variance than the 

measured.

The general characteristics of tropospheric scintillation are summarised and presented 

here. These characteristics are identified in the turbulence theory and also from world 

wide data base of long-term measurements.

2.7.1. Meteorological dependence

(a) High temperature and humidity give the greatest scintillation amplitudes for a given 

path. Scintillation is about three times more severe in summer than in winter. Thus a 

fairly large seasonal variation exists [4, 20].

(b) Very weak correlation of scintillation intensity with wind reported in [29]. Cross- 

path wind speed is correlated with the spectrum corner frequency.

(c) Presence of rain does not significantly affect the amplitude of the scintillation until 

the path attenuation exceeds about 5 dB. The low frequency end of the spectra is 

modified by rain but the corner frequency roll-off remains essentially unchanged 

[4].

2.7.2. Geographic dependence

As there is a significant correlation of scintillation with temperature and humidity, there 

is therefore a dependence on latitude. The higher the latitude, the colder is the average 

temperature of the atmosphere and so the lower the amplitude of scintillation over a 

given path will be. For a given latitude, there does not appear to be a longitude 

dependence.



J'urbulence Theory - Tropospheric Scintillation_____________________________ 39

2.7.3. Frequency dependence

(a) The frequency dependence of amplitude scintillation is approximately the ratio of 

the frequency raised to the power 7/12. This was derived from Kolmogorov 

spectrum.

(b) The rate of change of amplitude is slower than that for ionospheric scintillation, the 

comer frequency is lower, and the roll-off is less steep. The power spectra rolls-off 

as f873 , generally independent of the elevation angle and frequency. The corner 

frequency and the rate of change of amplitude vary with elevation angle [4].

2.7.4. Systematic dependence

As the elevation angle goes down for a given location [4]:

(a) Scintillation amplitude increases on the average.

(b) Period of the scintillation increases.

(c) Corner frequency of the spectrum decreases.

(d) There is an increasing tendency for non-symmetrical scintillation distribution

As the antenna diameter decreases for a given path

(a) Scintillation amplitude increases, due to the averaging effect of the spatial 

fluctuations of the wave.

(b) Probability of multipath increases.

In Chapter 3 analysis of scintillation data from a beacon is presented and the distribution 

of scintillation amplitude is investigated, along with other statistics to see the effects of 

meteorological and link parameters on scintillation amplitudes.
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2.8. Conclusion

A brief presentation of turbulence theory has been given and it was noted that 

turbulence is well developed only in the inertial sub-range where the Kolmogorov 

spectrum holds. In this region the medium is assumed to be statistically homogeneous 

and isotropic. Tatarski [7] obtained an expression for the variance of amplitude 

fluctuations while Ishimaru [8] expressed the generalised spectrum in asymptotic form 

using the so-called Taylor's frozen-in hypothesis. These two regions of the spectrum 

meet at a corner frequency that depends on the cross-path wind velocity. A brief 

summary of the dependence of scintillation on various link and meteorological 

parameters was also presented.
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CHAPTER 3

Data Analysis and Scintillation Modelling

Summary: A dynamic model of tropospheric scintillation is presented. The model 

permits the generation of scintillation time series based on known scintillation 

characteristics, such as spectral shape and probability density function of turbulence- 

induced amplitude scintillations. It also permits the expression of analytic relations and 

statistics to describe the properties of scintillation. It utilises a low-pass filter at a 

suitable cut-off frequency and a memory-less non-linear device to transform white noise 

into fluctuations whose spectrum and probability density function (PDF) correspond to 

those of experimentally observed scintillations on a satellite link. The model 

performance is illustrated by comparison of the first four moments of the measured 

scintillation data and the model output.

The model utilises readily obtainable input parameters, namely antenna diameter, path 

elevation angle, frequency, ground temperature and humidity. An important application 

of the model is in the simulation of the performance of a communication link under the 

influence of scintillation. Scintillation data extraction and analysis are also presented.



Data Analysis and Scintillation Modelling_________________________________ 45

3.1 Introduction

All transmission systems designed to operate through a medium require an accurate 

assessment of the losses inherent in that medium. Transmission line systems have the 

advantage of a stable well-known loss mechanism that is usually invariant over short 

time intervals. On the other hand, free space systems through the atmosphere have to 

cope with the variability of the medium in both time and space that can cause large 

changes in the received signal level. The lower region of the Earth's atmosphere called 

the troposphere, causes significant impairments on radiowaves at EHF (30 - 300 GHz) 

frequencies. As mentioned in Chapter 2, the presence of wind causes the atmosphere to 

become mixed rather than stratified, which gives rise to rapid variations of the refractive 

index. The result is that radiowaves are subjected to fast fluctuations of signal amplitude 

and phase, a phenomenon referred to as scintillation.

In satellite communications at frequencies above 10 GHz, signal level attenuation by 

rain, together with signal level fluctuations caused by tropospheric scintillation are the 

major problems in radiowave transmission. In general the impact of rain attenuation on 

the communication signal is predominant. Scintillation however becomes important for 

low-fade margin systems operating at high frequencies and with low elevation angles, 

sometimes producing signal fading in excess of 10 dB [1]. So scintillation must be taken 

into account in the design of satellite communication systems, especially in low-fade 

margin and high availability systems. A simulation platform, giving the possibility to 

investigate different configuration scenarios, is a powerful tool for the system designer. 

The model presented here is a step towards this, enabling the generation of a 

scintillation time series whose statistical parameters closely match those from 

measurements.

To develop and validate the dynamic scintillation model, experimental data from the 

ITALSAT satellite measured at two sites and three different frequencies were used. The 

first data set was recorded at Sparsholt (51.0814°N, 1.3947°W), UK, at frequency 49.5
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GHz, elevation angle 29.9°, antenna diameter 0.6 m, and with antenna efficiency 0.65 

for months June and July 1997. From the same site data for a period of one-year 

(September 1999 - August 2000) at 18.7 GHz with the same elevation angle, antenna 

diameter 1.22 m and antenna efficiency 0.65 were used. The data were taken 

continuously 24 hours a day. The beacon data with the meteorological information, 

temperature, relative humidity and rain gauge were stored on a CD, in files with daily 

information.

The measurements have been obtained by the Radio Communications Research Unit 

(RCRU) at Rutherford Appleton Laboratory (RAL). The RCRU at RAL has monitored 

and measured signals from beacons carried on the geostationary Italian satellite, 

ITALSAT Fl, for more than 3.5 consecutive years. ITALSAT Fl was in geostationary 

orbit at 13 degrees East. The ground station was equipped with a 51 GHz radiometer 

that pointed towards ITALSAT Fl, and a variety of meteorological instruments to 

measure air temperature, humidity, pressure and rainfall rate. All of the data from the 

receivers and meteorological instruments were sampled and stored once a second. 

Further experimental details can be found in [2].

Experimental data also came from Italy, recorded at Spino d'Adda (45.5°N, 9.5°E), in 

the form of seasonal and yearly cumulative distribution functions (cdfs) for 1996, at 

frequencies 39.6 and 49.5 GHz, path elevation angle 37.7° and antenna diameter 3.5 m.

Table 3.1 provides a summary of the link and system parameters for the above datasets, 

which are labelled B3S1, BOS1, B2S2 and B3S2 respectively.
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Table 3.1. Link and system parameters of datasets used

Dataset

Site

Beacon freq. 

(GHz)

Elevation Angle

Antenna 

Diameter (m)

Data Period

B3S1 BOS1 B2S2 B3S2

ITALSAT

Sparsholt, 

UK

49.5

29.9

0.6

Jun-Jul 1997

Sparsholt, 

UK

18.7

29.9

1.22

Sep 99-Aug 00

Spino d'Adda, 

Italy

39.6

37.7

3.5

1996

Spino d'Adda, 

Italy

49.5

37.7

3.5

1996

3.2 Scintillation Extraction

Raw satellite beacon propagation data must be pre-processed in order to isolate 

variations caused by the phenomenon under study (scintillation) from the jumble of 

fluctuations in the raw data. Figure 3.1 shows the raw beacon data in dB plotted versus 

time in hours over one day.
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Figure 3.1. Raw beacon data of the 1 st of June 1997

To eliminate variations in the amplitude of the signal caused by spacecraft manoeuvre 

or inadvertent system alteration at Earth station during data acquisition each day's data 

was inspected to exclude any spurious samples.

To extract scintillation amplitude samples from the inspected data, it should be noted 

that variations due to:

(a) long term change in the performance specifications of the spacecraft or earth station 

equipment,

(b) satellite induced diurnal effects such as effective isotropic radiated power (EIRP) 

variations and the proper motion of the spacecraft platform in its geostationary orbit,

(c) clear-air effects which impose an attenuation having a slowly varying component 

that depends on local weather, and

(d) attenuation due to hydrometers such as rain

are slower than scintillation induced fluctuations [3].



Data Analysis and Scintillation Modelling_______________________________ 49

Thus, passing the raw beacon data through a high-pass filter with a suitable cut-off 
frequency will exclude the above effects and yield the required scintillation amplitudes. 

Many researchers have worked on this subject in order to find this cut-off frequency. A 
quick overview of papers from the literature on this subject is following.

3.2.1 High-pass niters' cut-off frequency

In order to find in what frequencies the effects of scintillation appear, the power spectra 

of the raw signal level must be plotted. Plotting together the spectra of two signals with 
different frequencies it can be seen the difference of the two spectra. Scintillation has 
very small frequency dependence, so the difference is due to rain, because of the larger 
frequency dependence of rain attenuation.

Karasawa and Matsudo [4] comparing the spectra of two signals, during rain at 11 and 

14 GHz at an elevation angle 6.5° found that the difference between the two spectra 

gradually increases with decreasing spectra frequency from about 0.004 Hz. On the 
other hand at higher frequencies from 0.004 Hz the two spectra have almost no 
difference. They came to the conclusion that the faster fluctuation of the signal above 
that frequency must be due to scintillation and below that frequency the effects of rain 

are present.

Following the same procedure Otung et al. [5], using signals at frequencies 29.65 and 

19.77 GHz measured at an elevation angle 27.53°, found the frequency that the two 

spectra of the signals differ is 37 mHz. This is an order of magnitude greater than the 

results in [4]. The reason is that at low elevation angles the rate of fluctuations 

introduced by propagation factors are slowed down by the larger bulk effect of the 

atmosphere.

Because the data was obtained at an elevation angle of 29.9°, the cut-off frequency of 

the high-pass filter to extract scintillation from the raw data was 37 mHz. The filter that
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was used, is a digital high-pass, sixth order Butterworth. The transfer function of the 

filter is

T(z) =
0.799-4.7925z-1 +11.98U-2 -15.975z-3 +11.981z"> -4.7925z-5 +0.799z-6 
l-5.5509z-' +12.8544z-2 -15.8944z-3 + 11.0674z-4 -4.1144Z'5 +0.658z'6

Comparing the Butterworth with the Chebychev filter it can be seen that in the pass- 

band region the Butterworth is maximally flat while the Chebychev has ripples. Ripples 

in the pass-band cause distortion and attenuation of the signal. Butterworth has also a 

reasonable overshoot. These are the reasons for selecting a Butterworth filter.

3.2.2 Scintillation

Theoretically the output of the high-pass filter is the scintillation amplitude. But due to 

the start-up effect of the filter, some irregularities are presented in the first few samples 

of the filtered signal. In order to avoid the start-up effects of the filter the first three 

minutes of the data, i.e. 180 samples were excluded.
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Figure. 3.2. (a) Raw beacon data, (b) Scintillation amplitude time series



Data Analysis and Scintillation Modelling________________________________ 51

Figure 3.2 shows the raw data for one day (upper graph) and also the filtered data after 

excluding the first three minutes to avoid the filters' start-up effect. The same has been 

done for all the available experimental data. The scintillation data were then analysed. 

In the following section some interesting statistics are presented.

3.3 Scintillation Statistics

The scintillation statistics include short and long-term amplitude and standard deviation 

distributions. These pdfs have been compared with theoretical pdfs in order to see if one 

can describe them. The statistics are divided to short and long-term because for short 

time periods some assumptions can be made, such as, that the meteorological conditions 

can be regarded as constant, which leads to results that are different from those of the 

long-term statistics.

3.3.1 Short-term scintillation amplitude pdf

As mentioned before for short-term distribution the time period is taken that the 

meteorological variables are regarded as constant. Studies on short-term distributions of 

scintillation amplitudes shows that this period must be well below one hour [6]. The 

period here for short-term is taken to be 34.13 minutes. Because of the sampling 

frequency of 1 Hz i.e. one sample per second, in this time period (34.13 min.) there are 

2048 samples of the data.

These 2048 samples are distributed in bins according to their amplitude. The bin size 

was chosen to be 0.03 dB. Bin sizes of 0.02, 0.04 and 0.05 dB were also used and 

histograms with these bin sizes were plotted but because of the better representation, 

give the underlying frequency pattern inherent in the raw data, the bin size of 0.03 was 

chosen.
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There are arguments for the short-term pdf of scintillation amplitude, being of either 

gaussian or Nakagami-m form. Otung and Evans [7], after the extensive study of 

experimentally observed short-term probability distributions found that weak 

scintillation amplitude fluctuations are normal, but intense fluctuations do not follow 

normal distribution. The threshold between weak and intense amplitude fluctuations 

was given to be a scintillation intensity of -0.5 dB. If turbulence is confined to a thin 

slab located far from the receiver, the amplitude of the received wave obeys a 

Nakagami-Rice distribution [8], which in the limiting case of a strongly scattering slab 

reduces to a Rayleigh distribution [9]. Banjo [10] have done the following observations:

(a). The gaussian pdf is a closer fit to the large enhancements while the Nakagami-m is 

a closer fit to the large fades.

(b). For small to moderate fluctuations, there is little difference between the gaussian 

and Nakagami-m pdfs.

Asymmetry of the short-term scintillation amplitude pdf is found elsewhere [11].

More than five thousand 30 minute blocks were taken and the their pdf was plotted. A 

goodness-of-fit test for Gaussian behaviour was performed on all of them. Seventy six 

percent (76%) of the 30 minutes blocks passed the test at 5% significance level. This 

high percentage shows that the scintillation amplitudes for a period short enough for the 

meteorological parameters to be constant follows a Gaussian pdf.
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Figure 3.3. Experimental short-term pdf with Gaussian pdf

Figure 3.3 shows a pdf of scintillation amplitude for period 34.13 minutes plotted 

together with the Gaussian pdf with the same mean and standard deviation. It can be 

seen that the two pdfs are almost the same.
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3.3.2 Long-term scintillation amplitude pdf

In the long-term the amplitude scintillation process is non-stationary due to the 

changing meteorological conditions. The correlation of scintillation amplitudes x and 

scintillation intensity Gx with meteorological conditions will be presented in section 

3.3.4. In this section the long-term scintillation amplitude pdf is investigated.

The same procedure has been followed, as the short-term data, to calculate the 

histograms and the pdfs for long-term. Here daily and monthly pdfs and cdfs are 

presented. One day according to the sampling frequency (1 Hz) must have 86400 

samples, if there were no periods where the system was down. But this is not always the 

case because the first 3 minutes of each day were excluded due to the start-up effects of 

the high-pass filter. Also in some days other spurious samples were present and had to 

be excluded.

The goodness-of-fit for Gaussian behaviour was tested for the 61 daily blocks of the 

available data. None of these daily pdfs passed the test at 5% significance level. So the 

daily probability density function of scintillation amplitudes does not follow the 

Gaussian distribution. Figure 3.4 shows the pdf of scintillation amplitudes for one day 

plotted together with the Gaussian pdf for comparison.

From this figure it can be seen that the two pdfs are not the same. They differ mostly at 

the tails of the distribution where the measured pdf exceeds the theoretical Gaussian 

curve.
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Figure 3.4. Experimental daily pdf with Gaussian pdf

Monthly amplitude pdfs are also presented here for the two months, June and July of 

1997. The scintillation intensity of each one was calculated to be 0.1647 and 0.1994 

respectively. In Figures 3.5 and 3.6, these pdfs are plotted together with a Gaussian pdf 

of the same standard deviation for comparison.
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Figure 3.5. Measured monthly (June 1997) pdf of B3S1 scintillation amplitudes

compared with Gaussian pdf
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Figure 3.6. Measured monthly (July 1997) pdf of B3S1 scintillation amplitudes

compared with Gaussian pdf
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It can be seen also here that the two monthly pdfs do not follow a Gaussian distribution. 

Large deviations at the tails of the distributions are clearly apparent.

Similar conclusions have been found in the literature. Moulsley and Vilar [12] assuming 

that the short-term pdf of amplitude scintillations is gaussian derived an expression to 

characterise the long-term pdf and fit the long-term measurements. Work on that has 

also been done by Ortgies [13].

Cumulative distribution of scintillation fades and enhancement, is a useful tool in the 

hands of the system designer. It provides the system designer with information on the 

probability that a certain level of fading is exceeded in terms of the percentage of the 

time in a monthly or annual period that this level is exceeded. In Figures 3.7 and 3.8, the 

cdfs of scintillation fades for June and July are presented respectively.

0.5 1 1.5 2 
Scintillation Fades, dB

2.5

Figure 3.7. cdf of B3S1 scintillation fades (June 1997)
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Figure 3.8. cdf of B3S1 scintillation fades (July 1997)

As it can be seen from Figure 3.8, for 0.01% of the time the fades will be greater than 

1.9 dB and for 0.001% of the time the 2.8 dB fades will be exceeded. This means that 

for availability of 99.9% the system designer has to provide a fade margin of at least 1.9 

dB and for availability of 99.99% a fade margin of 2.8 dB is needed for this particular 

example.

3.3.3 Scintillation intensity pdf

For long-term distribution where the meteorological parameters are not constant, the 

scintillation intensity a is inherently variable due to the varying turbulent conditions on 

the propagation path [14].
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Table. 3.2. Daily Scintillation intensity

DAY

01.06.1997

02.06.1997

03.06.1997

04.06.1997

05.06.1997

06.06.1997

07.06.1997

08.06.1997

09.06.1997

10.06.1997

11.06.1997

12.06.1997

13.06.1997

14.06.1997

15.06.1997

16.06.1997

17.06.1997

18.06.1997

19.06.1997

20.06.1997

21.06.1997

22.06.1997

23.06.1997

24.06.1997

25.06.1997

26.06.1997

27.06.1997

28.06.1997

29.06.1997

30.06.1997

STD

0.1188

0.1543

0.1563

0.1908

0.1396

0.1849

0.1801

0.1937

0.1670

0.1831

0.1859

0.1204

0.1652

0.1504

0.1595

0.1745

0.1771

0.1770

0.1676

0.2048

0.1631

0.1977

0.1546

0.1686

0.1989

0.1989

0.1263

0.1161

0.1432

0.1389

DAY

01.07.1997

02.07.1997

03.07.1997

04.07.1997

05.07.1997

06.07.1997

07.07.1997

08.07.1997

09.07.1997

10.07.1997

11.07.1997

12.07.1997

13.07.1997

14.07.1997

15.07.1997

16.07.1997

17.07.1997

18.07.1997

19.07.1997

20.07.1997

21.07.1997

22.07.1997

23.07.1997

24.07.1997

25.07.1997

26.07.1997

27.07.1997

28.07.1997

29.07.1997

30.07.1997

31.07.1997

STD

0.1741

0.1693

0.1345

0.1762

0.1811

0.2067

0.2232

0.2214

0.2252

0.1591

0.2070

0.1963

0.1700

0.1960

0.2177

0.1607

0.1956

0.1340

0.1780

0.2028

0.2575

0.2642

0.2703

0.2237

0.1954

0.1934

0.2030

0.1619

0.1648

0.2499

0.1784

Moulsley and Vilar [12], investigated the variations of the scintillation intensity 

(standard deviation), which is a parameter of normal distribution and varies with the 

change of local weather. They calculated it over ten minutes' intervals, and found that
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its pdf over a long period has a log-normal distribution. The authors in [14], found that 

the scintillation intensity for a monthly period, calculated every hour can be 

approximated by the gamma pdf.

The standard deviation of the scintillation data of each day has been calculated and is 

presented in the Table 3.2.

In Figure 3.9 the pdf of the daily scintillation intensities of the Table 3.2 was plotted 

together with the log-normal and Gamma distribution.

Experimental scintillation std 
Log-normal pdf 
Gamma pdf

0.15 0.2 0.25 
Daily Scintillation intensity, dB

0.35

Figure. 3.9. pdf of daily Scintillation intensity with Log-normal & Gamma pdf

The goodness of fit was tested using a Chi-square test. The experimental scintillation 

intensities passed the test at a significance level of 5% for both log-normal and gamma
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pdfs but with better agreement with gamma. The same test has been performed on 

hourly-calculated scintillation intensity. It passed the test at 5% significance level only 

for the log-normal pdf. The hourly calculated scintillation intensities failed to pass the 

test for gamma pdf. Figure 3.10 shows the pdf of the scintillation intensity calculated 

every hour (384 hours) together with log-normal and gamma pdf.

— Experimental Scintillation std
-»• Log-normal 

Gamma

0.15 0.2 0.25 0.3 
Hourly Scintillation intensity, dB

Figure. 3.10. pdf of hourly Scintillation intensity with Log-normal & Gamma pdf

It can be seen also from the graph that the log-normal pdf characterises well the 

scintillation intensity pdf.

Tests have been performed also to one-minute scintillation intensities over the period of 

a day. The results show that their pdf follows the log-normal one.
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3.3.4 Correlation with meteorological parameters

Both literature and theory show that the scintillation strength has a marked seasonal 

dependence. In this section some analysis that has been done in order to validate these 

statements, is presented.

The intensity of scintillations, o* is directly related to the refractive index structure 

constant C 2n which is a measure of the energy in the fluctuations of the normalised 

refractive index. This is in turn directly related to the energy of the turbulence.

The two main mechanisms responsible for the introduction of energy into the turbulence 

in the troposphere, are the wind shear and buoyancy, which is related to the vertical 

temperature gradient [15]. Any process that results in an increase in wind shear or 

buoyancy would be expected to cause an increase in scintillation intensity. In addition to 

examining meteorological parameters directly, one can use them to derive dependent 

parameter such as wet term of refractivity (Nwet).

The scintillation data that were analysed for this purpose covers a period of twelve 

months (September 1999 - August 2000). The dataset is denoted as BOS1 (see Table 

3.1). Meteorological data for the same period is recorded at the receiver site at ground 

level. The meteorological data, which include temperature and relative humidity, is 

recorded in the same way as the raw beacon data, i.e. every one second.

The analysis includes correlations of scintillation standard deviation (o*) with 

temperature, relative humidity and wet term of tropospheric refractivity (Nwet). The 

expression for Nwet is given later in the chapter in Equation 3.8

The standard deviation of scintillation amplitude is calculated every one-minute for the 

whole period of the twelve months. The same is done with temperature and relative 

humidity, i.e. averages every 60 samples of data. Samples that were incorrect and
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periods where the system was not recording were excluded, for all the three parameters 

that are in the analysis. The one-minute data for the three parameters are then averaged 

over periods of one hour, six hours, twelve hours, daily and monthly, and their 

correlations have been found. For these periods the averages of temperature and 

humidity have been used to calculate Nwet, and its correlation with scintillation 

intensity is also investigated. So from now on when hourly, six-hour, twelve-hour, daily 

and monthly data is mentioned will mean the one-minute value averages for that 

particular period.

Figures 3.11-3.13 shows the scatter diagrams of the monthly correlations. Table 3.3 

summarises the correlation between scintillation intensity and the various parameters. 

All the other graphs are included in the Appendix Al.
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Figure 3.11. Correlation of Monthly scintillation intensity with Temperature
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Figure 3.12. Correlation of Monthly scintillation intensity with Rel. Humidity
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Table 3.3. Summary of correlation results

Parameter

Temperature (°C)

Rel. Humidity (%)

Nwet (ppm)

Temperature (°C)

Rel. Humidity (%)

Nwet (ppm)

Temperature (°C)

Rel. Humidity (%)

Nwet (ppm)

Temperature (°C)

Rel. Humidity (%)

Nwet (ppm)

Temperature (°C)

Rel. Humidity (%)

Nwet (ppm)

Temperature (°C)

Rel. Humidity (%)

Nwet (ppm)

No. Of Samples

398486

398486

398486

6981

6981

6981

1208

1208

1208

609

609

609

305

305

305

12

12

12

Duration of each

1 minute

1 minute

1 minute

1 hour

1 hour

1 hour

6 hours

6 hours

6 hours

12 hours

12 hours

12 hours

1 Day

1 Day

1 Day

1 month

1 month

1 month

Correlation 

coefficient

0.4085

-0.1851

0.3083

0.5348

-0.2424

0.4049

0.6360

-0.2773

0.5064

0.6497

-0.1830

0.5822

0.7088

-0.0744

0.6912

0.9507

-0.5284

0.9530

Figure 3.11 shows the scatter diagram of monthly averaged one-minute scintillation 

intensity with temperature. It can be seen that the correlation between them is very high, 

nearly one. By observing the correlation of scintillation intensity and temperature for 

the various periods, from Table 3.3, it can be seen that the correlation increases as the 

time period increases. For one-minute period the correlation is low, actually the lowest 

for the periods investigated. Thus, it follows from Figure 3.11 that the average monthly
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scintillation intensity can be predicted from the average monthly temperature with an 

error not exceeding 10%.

The correlation of monthly scintillation intensity with relative humidity is shown in 

Figure 3.12. The correlation is found to be -0.5284. By observing the correlation for the 

other time periods it can be seen that these correlations are very low and negative. For 

one-day averages the correlation is nearly zero.

These correlations do not a follow a similar pattern as those observed for the 

temperature. So it can not be said that an increase of the time period that the data was 

averaged plays any significant role. In [15], negative correlation of relative humidity 

and scintillation intensity was also reported for one-hour duration averages. They found 

also a nearly zero correlation for daily averages. The results observed here agree with 

those. Monthly averages were not reported, so a comparison can not be made. But the 

medium negative correlation observed here is very interesting.

As mentioned earlier, there is high correlation between the monthly averaged 

scintillation intensity and temperature. So increase in temperature means direct increase 

of scintillation intensity. But an increase in temperature which results in warmer air, 

means that there will be a decrease in relative humidity due to the fact that warmer air 

being able to hold more moisture. This opposite behaviour can be seen in Figure 3.14. 

The highest temperatures occur during mid-day, where relative humidity is at its lowest 

value. The highest values of relative humidity occur during the nights. In terms of a 

diurnal cycle of period 24 hours, a phase difference of 180° (12-hours) between 

temperature and relative humidity is observed.

The correlation of monthly averaged one-minute scintillation intensity with wet term of 

tropospheric refractivity is found to be 0.9530, which is even higher than that observed 

with temperature. It can be seen from Table 3.3 that the same trend as the one followed 

by temperature is followed also by Nwet. As the period of observation increases so does
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the correlation, with the highest one observed in monthly averages and the lowest in 

minute averages.
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Figure 3.14. Variations of Temperature and Rel. Humidity

Table 3.4. Correlation of scintillation intensity with Nwet"

06

0.5

0.8

1.0

1.1

1.2

1.5

2.0

3.0

Correlation coefficient

0.9529

0.9528

0.9530

0.9530

0.9529

0.9526

0.9511

0.9455
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Correlation for monthly averages of scintillation intensity with Nwet", where a has 

different value is investigated. The results are shown in Table 3.4. The highest 

correlation is at a equal to 1.0 and 1.1.

The above analysis of the dependence of scintillations with meteorological parameters, 

namely ground temperature and relative humidity and Nwet which is a direct parameter 

of both of them, show that scintillation is strongly correlated with temperature and wet 

term of tropospheric refractivity. Weak negative correlation is observed with relative 

humidity.

3.4. Scintillation Spectrum

Theoretically, the power spectra of amplitude scintillations has a shape similar to that of 

a low-pass filter, with a well defined flat region followed by a single-slope high 

frequency roll-off off8/3, as discussed in Chapter 2. Analysis of scintillation spectra was 

carried out. The power spectral density (psd), dB2/Hz, of each signal was computed on a 

block of 4096 samples by breaking the block into seven half-overlapping segments of 

1024 samples, removing the mean from each segment before multiplying by a Banning 

window and finally averaging the periodograms of the modified segments. The power 

spectral density was then smoothed using a third-order median filtering.

Not all the spectra that have been analysed follow the shape of Kolmogorov spectrum, 

with the slope sometimes lower and sometimes higher. An experimental spectrum is 

shown in Figure 3.15.

In [16], the effects of cross-path wind on the corner frequency of scintillation spectrum 

are presented. The results show some correlation between corner frequency and 

transverse wind speed and a weaker correlation with overall wind speed.
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Figure 3.15. Scintillation power spectral density

3.5. Italy Data

Data from Italy obtained at Spino d' Ada, for 1996, were available in the form of yearly 

and seasonal cumulative distributions of amplitude scintillations and scintillation 

intensity. The data from Italy have been taken for frequencies 40 and 50 GHz, at an 

elevation angle 37.7° and with antenna diameter 3.6m. These data have been used in 

order to validate the dynamic scintillation model, which is presented in section 3.8 in 

this chapter.
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3.6. Overview of data analysis

From the experimental results that were presented in this chapter it can be concluded 

that scintillation amplitudes follow the gaussian pdf during time intervals which are 

short enough for meteorological variables to remain approximately constant. This time 

period must be well below one hour. Over longer time periods, when the scattering 

process is no longer stationary because of changing meteorological conditions, 

scintillation amplitudes pdf deviates from the gaussian especially in the tails of the 

distribution. The scintillation intensity pdfs for distributions over hourly time periods 

have been found to follow the log-normal distribution. The gamma distribution 

characterises it better only for daily distributions.

Scintillation is dependent on meteorological parameters. The results show that the most 

influential factor is the temperature. Correlation of 0.9507 has been found between 

monthly averages of scintillation standard deviation and temperature. As temperature 

increases so do the scintillation amplitudes. The strongest correlation is between the 

monthly averages of scintillation intensity and Nwet. Scintillation amplitudes and 

relative humidity are negatively correlated. Correlation has been found between the 

scintillation corner frequency and transverse wind speed.

3.7. Scintillation Model

The model developed and presented here utilises a low-pass filter at a suitable cut-off 

frequency and a memory-less non-linear device to transform white noise into 

fluctuations whose spectrum and probability density function (pdf) corresponds to those 

of experimentally observed amplitude scintillation on a satellite link. The block diagram 

of the model is shown in Figure 3.16.
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Figure 3.16. Model diagram for generation of scintillation time series

The model presented here takes into account the system and meteorological parameters 

that affect scintillation, making it applicable to different sites with different system 

parameters.

The randomness of white noise makes it a good starting point for the generation of a 

scintillation time series, which is well known to be random. However, white noise has a 

uniform spectrum unlike scintillation, which has a well-defined flat region followed by 

a roll-off region. To achieve this roll-off of the spectrum a low-pass filter was used as 

indicated in Figure 3.16. The filter is a second order recursive filter, with coefficients 

chosen to obtain a frequency response that matches the scintillation spectrum having 

two asymptotic regions. The implementation of the filter [17] followed the modified 

Yule-Walker method [18]. The transfer function of the filter is given by:

.0791 Z - 1 +0.0371 Z -2 ,, ,.
(3.1)

l-0.4574z"1 +0.1990z"2

The signal from the output of the filter, x(t), is then passed through a memory-less non 

linear device which transforms the pdf of x(t) into one that matches measured 

scintillation amplitudes. Link and meteorological parameters that affect scintillation are 

incorporated in the device as discussed below.

The non-linear device is realised as a polynomial of power seven, which is adequate to 

modify the input x(t) that has a Gaussian pdf to yield an output y(t) with a scintillation 

pdf. The closeness of the two pdfs, with significant deviation confined to the tails, 

allows the use of low-order non-linearity. Even polynomial powers do not make a
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significant contribution to the desired modification and were omitted. The mathematical 

expression used for the non-linear device has the following form:

y(t) = «, x(t) + a3x*(t) + asx5 (0 - a6x6 (t) + a,*7 (t) (3.2)

where x(t) is the input of the non-linear device, y(t) the output and a\ to cc7 are the 

coefficients of the series. As it can be seen y(t) is a power series of the output of the 

filter, x(t), but with only odd powers similar to the series that gives the hyper-geometric 

sinusoid function. The 6th power is used to achieve negative skewness of the resulting 

distribution of y(t) in line with the observation reported by Van de Kamp [11] that 

tropospheric scintillation exhibits an asymmetric distribution, with stronger signal fades 

than enhancements. An indication of the departure of the pdf of a random variable from 

symmetry about the mean is given by its skewness S = /J,3 /nf , where Hi is the first 

moment about the mean (also called standard deviation) and u,3 is the third moment 

about the mean. All measured results reported to date show a negative skewness of 

long-term scintillation amplitude distribution.

Tables 3.5 and 3.6 provide a brief summary of the experimental results for B3S1 and 

BOS1 respectively. In these Tables the kurtosis is the fourth moment about the mean 

divided by the first moment to the power of four ( K = /n4 /'//?).

Table 3.5. Experimental results (B3S1)

June 97

July 97

Mean

Temperature
°C

14.2

16.9

Relative

Humidity

%

77.7

71.8

Mean

0.0

0.0

Std

(dB)

0.1647

0.1994

Skewness

-0.0245

-0.0647

Kurtosis

8.5373

11.7804
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Table 3.6. Experimental results (BOS1)

JAN 00

FEE 00

MAR 00

APR 00

MAY 00

AUGOO

SEP 99

OCT99

NOV99

DEC 99

Mean 

Temperature 
°C

4.4

6.2

6.9

7.1

11.6

16.4

15.3

9.5

7.5

4.8

Relative 

Humidity

%

89.1

84.2

79.0

82.9

82.1

77.5

83.1

83.6

86.2

86.0

Mean

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Std 

(dB)

0.0866

0.0903

0.0917

0.0981

0.1086

0.1218

0.1163

0.1003

0.0925

0.0926

Skewness

-0.0096

-0.023

-0.0072

-0.0062

-0.0216

-0.0325

-0.0228

-0.0026

-0.0089

-0.134

Kurtosis

3.8988

4.0819

3.9679

4.4595

6.2548

6.8984

6.9512

5.3177

4.1164

4.0068

It can be seen from the Tables 3.5 and 3.6 that for all the average monthly statistics the 

skewness is negative. These results agree with those reported in [11].

Each of the coefficients in Equation (3.2) was modelled as a function of various link 

parameters optimised to fit experimental results, some of which are shown in Figures 

3.17 and 3.18.
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Figure 3.17. Seasonal (Summer) cdfs of scintillation enhancements of B2S2 and B3S2
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Figure 3.18. Seasonal (Summer) cdfs of scintillation fades of B2S2 and B3S2
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The dependence of scintillation on frequency is evident in Figures 3.17 and 3.18. 

Clearly the cdf of 50 GHz scintillation enhancements lies above that of the 40 GHz 

scintillation enhancements and nearly has an identical shape. Similarly, scintillation 

fades at 50 GHz exceed those at 40 GHz for a given time percentage, but there is a 

significant departure in shape for low percentages. Taking data sets with the same 

frequency but at different seasons, the effects of average temperature and humidity, and 

hence of the wet-term of tropospheric refractivity (Nwet), can be observed. The same 

procedure was followed for the other link and meteorological parameters that 

significantly affect scintillation. Measurements from the same site at different elevation 

angles [19] were used to incorporate the effects of path elevation angle on the generated 

amplitude scintillation time series.

With the above observations in mind, and after extensive trial implementation of 

Equation (3.2) to see the effects of each coefficient on the resulting cdf of y(t), the 

coefficients «i to a? were chosen to be functions of the link and meteorological 

parameters as follows:

ai =a,(f,e,gD ,Nwet ) (3.3)

a3 =a 3 (f,9,gD ,Nwet ) (3.4)

a5 =a5 (8,NwJ (3.5)

a6 =a6 (e,gD ,Nwet ) (3.6)

ai =a 7 (0,N wet ) (3.7)

where/is the frequency of the carrier, Nwe, is the wet term of tropospheric refractivity, 

gD is the aperture averaging factor from Haddon and Vilar [20], and 0 is the elevation 

angle. Nwe, is given by:

3730//W, (3 . 8)
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where H is the relative humidity in percentage, Ws is the saturated water vapour pressure 

in millibars and t the temperature in degrees Celsius. Ws is given by [22]:

5854xlO(2°-2950/(273+' ))
———————-——— millibars (3.9)

(273+0 5

In order to obtain empirical solutions for Equations (3.3) - (3.7), experimental and 

simulated cdfs were compared and fitted by trial and error. Note that the aim of the 

model is not to generate amplitude fluctuations that match observed experimental 

scintillations sample by sample, but to produce fluctuations whose statistics closely 

match those of experimental measurements on a given satellite link.

Having now all the experimental cdfs and pdfs fitted with the simulated ones and 

knowing that each coefficient must be a function of the link and meteorological 

parameters as in Equations (3.3) - (3.7), we took the difference that each coefficient 

gives to the simulated distribution, and the difference of the measured distribution that a 

different link and meteorological parameters give. These differences were correlated to 

give the following equations:

I f f V 1/24 ^ 
U- (o.02 + 0.39Nwet 015 \0.56mn(g D ) + 0.999)05 +0.7434

(3.10)

4.226
ff , \17/24x x3 V-"u

fl 3 =3.37*l(T8 U- —f^- (0.56181n(£ D ) + 0.999) <, (3-H)

V 2 - 188
a= 0.0003 ^r- Nl, (3.12) 

( sin 6
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a6 = (2.93661n(sin 45 0)+10.199f0.1138A^5 expfo.98485 V0.21271 (3.13)

«7 =f-7384.91nf——I——1+343.64 V +fl W—^rr 1-3.3304 V +

°-0043f . .747-1-0-1134 (3.14)

5=41.3891n flnf —— \D 12'9 1+187.15 (3.17)

3.8. Validation of the Model

The model has been tested with experimental results for the first four moments, mean, 

standard deviation, skewness and kurtosis. Experimental cdfs and pdfs are also plotted 

together with those of the simulated scintillation time series for the corresponding 

periods and are presented below.

Figure 3.19 shows the output y(t) of the model and also the measured scintillation time 

series during the same period.
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Figure 3.19. Measured and simulated scintillation time series

It is clear from this figure that the simulated time series of the fluctuations is not 
sample-by-sample identical to the measured scintillation fluctuations. Such a match is 
not required of a process that is well known to be random. However, as is shown below, 
the spectral and statistical properties of the measured and simulated fluctuations have an 
acceptably close match.

The diurnal variation that appears in the measured data does not appear in the simulated 
because the meteorological parameters that have been used as input in the model are the 
daily averages. This has as a result the dissapearing of diurnal variations in the 
temperature and humidity. It can be seen from the measured data that higher amplitudes 
appear between 10:00 and 17:00 hours. This is not the case in the simulated though. To 
have this diurnal variation, smaller sections of time periods must be simulated. Diurnal 
variations of scintillation are presented in [23].
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As previously mentioned scintillation spectrum theoretically has a well-defined flat 
region followed by a roll-off region, unlike the spectrum of the white noise, which is 
always flat. Figure 3.20 shows the spectrum of the model output y(t).

Frequency.Hz

Figure 3.20. Power Spectral Density of simulated scintillation

The model therefore produces scintillation having the expected spectral shape. The two 
lines on the graph define the theoretical spectrum in asymptotic form, given by 
Equations (2.33) and (2.34) of Chapter 2. The roll-off region has slope f'8/3 .

Figures 3.21 - 3.24 and Figures 3.25-3.26 show respectively the measured cumulative 
distributions (cdfs) together with the cdfs of the scintillation time series, and probability 
density functions (pdfs) together with the pdfs of the scintillation time series, generated 
by the model for the same link and meteorological parameters for the two sites 
(Sparsholt and Spino d'Adda) tested.
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Figure 3.21. Yearly cumulative distributions of scintillation amplitude of B2S2
(enhancements)
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Figure 3.22. Yearly cumulative distributions of scintillation amplitude of B2S2 (fades)
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Figure 3.23. Seasonal (Spring) cdf of scintillation amplitude of B2S2 (enhancements)
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Figure 3.24. Seasonal (Spring) cdf of scintillation amplitude of B2S2 (fades)
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Figure 3.25. Monthly (June) pdf of scintillation amplitude of B3S1

10'

10"

10"

03
Q

f,o-
ttt 
.a 
p

10

10"
-2

- Simulated
. Measured (BOS1)

-1.5 -1 -0.5 0 
Amplitude, dB

0.5 1.5

Figure 3.26. Monthly (January) pdf of scintillation amplitude of BOS 1



Data Analysis and Scintillation Modelling 83

The fit between measured and simulated cdfs and pdfs is very good, especially for the 
distribution of scintillation fades. A comparison between measured moments and the 
moments of the simulated series is provided in Table 3.7.

Table 3.7. Comparison of simulated and measured moments

JAN 00
FEE 00
MAR 00
APR 00
MAY 00
AUGOO
SEP 99
OCX 99
NOV99
DEC 99
JUN97
JUL97

Standard deviation

Meas.

0.0866
0.0903
0.0917
0.0981
0.1086
0.1218
0.1163
0.1003
0.0925
0.0926
0.1647
0.1994

Sim.

0.0819
0.0849
0.0839
0.0873
0.1057
0.1262
0.1270
0.0973
0.0914
0.0810
0.1702
0.1946

Error
(%)
-5.4
-5.9
-8.5

-11.0
-2.6

+3.5
+8.4
-3.0
-1.2

-12.5
+3.2
-2.4

Skewness

Meas.

-0.0096
-0.0023
-0.0072
-0.0062
-0.0216
-0.0325
-0.0228
-0.0026
-0.0089
-0.0134
-0.0245
-0.0647

Sim.

-0.0029
-0.056

-0.0047
-0.0078
-0.0271
-0.0263
-0.0253
-0.0178
-0.0117
-0.0021
-0.0638
-0.0648

Error
(%)

-69.8
+58.9
-34.7
+20.0
+20.2
-19.0
+9.8

+85.3
+23.9
-84.4
+61.5

0.0

Kurtosis

Meas.

3.8988
4.0819
3.9679
4.4595
6.2548
6.8984
6.9512
5.3177
4.1164
4.0068
8.5373
11.780

Sim.

3.9856
4.1027
4.0585
4.2229
6.2797
6.8040
6.5996
5.0782
4.4977
3.9580
8.7170
10.788

Error
(%)
+2.1
+0.5
+2.2
-5.0

+0.4
-1.3
-5.0
-4.5

+7.6
-1.2

+2.0
-8.4

It can be seen that the standard deviation or scintillation intensity values produced by 
the model are very close to the measured values with a maximum deviation of-11% for 
the BOS1 data in April 2000. Very good agreement can also be observed for the kurtosis 
with a maximum deviation of -8.4% for the B3S1 data in July 1997. The agreement 
between measured and predicted skewness is rather poor and this is due to the disparity 
between the tails of the measured and simulated enhancement cdfs (Figure 3.21 and 

3.23).

Note however that each simulated skewness is negative and the extent of skew is 
usually not an important factor in system design where the predominant degradation 
comes from fades rather than enhancements. Note also (Figures 3.22 and 3.24) that the
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model gives a very good prediction of scintillation fades. Figure 3.27 shows the 
measured and predicted skewness plotted against the standard deviation.

0.07 -| 

0.06 -

1 °-05 -
c 
1 0.04

H 0.03 -
o w
£ 0.02 -

0.01 -

0 - 

0.

• measured — • 
-simulated

•
___ ^

i*.
05 0.1 0.15 0.2 0.25

Std (dB)

Figure 3.27. Absolute skewness Vs std

It can be seen that despite the difference of the simulated and the experimental skewness 

they both follow the same trend. Months with higher scintillation intensity have higher 

absolute skewness. The proposed scintillation model makes a similar prediction. In 

general it can be seen that the model performance is very good and accurate. Note that 

the simulated and measured mean values are in all cases zero.

The performance of the dynamic model was also compared with the results of the 

prediction models in the literature, the comparison being limited to the second moment 

since higher order moments are usually not reported in the literature. Table 3.8 shows 

the comparison of the monthly scintillation intensity predicted by two other models [3, 

21] with the proposed dynamic model. It can be seen that the new model compares
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favourably with the ITU-R model and actually performs better in the prediction of 
scintillation intensity at 50 GHz (June and July 1997).

Furthermore, the model generally gives a better agreement with the reported 
measurements than the Otung model.

Table 3.8. Comparison of three models

Jun97

Jul97

Sep99

Oct99

Nov99

Dec 99

Jan 00

FebOO

Mar 00

Apr 00

May 00

AugOO

Measured

Std 

dB

0.1647

0.1994

0.1163

0.1003

0.0925

0.0926

0.0866

0.0903

0.0917

0.0981

0.1086

0.1218

ITU-R model [21]

Std 

dB

0.2056

0.2162

0.1257

0.1023

0.0974

0.0889

0.0896

0.0920

0.0912

0.0940

0.1090

0.1250

Error %

+19.9

+7.8

+7.5

+1.9

+5.0
-4.0

+3.3

+1.8
-0.5

-4.2

+0.4

+2.6

Otung model [3]

Std 

dB

0.1688

0.1775

0.1033

0.0840

0.0800

0.0730

0.0735

0.0755

0.0749

0.0772

0.0895

0.1026

Error

%

+2.4

-11.0

-11.2

-16.2

-13.5

-21.1

-15.1

-16.4

-18.3

-21.3

-17.6

-15.7

Dynamic Model 

(Equation 4)

Std 

dB

0.1702

0.1946

0.1270

0.0973

0.0914

0.0810

0.0819

0.0849

0.0839

0.0873

0.1057

0.1262

Error %

+3.2
-2.4

+8.4
-3.0

-1.2

-12.5
-5.4

-5.9

-8.5

-11.0
-2.6

+3.5

Vanhoenacker and Vasseur [24] also developed a model that yields the time series of 

scintillation amplitude. This model enacts turbulence using dielectric cells blown across 
the propagation path. The model presented in this paper is computationally much less 

complex and yields scintillation time series whose statistics agree very well with 
measurements. A direct comparison between this model and the model in [24] is not
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possible since the latter was reported only in terms of a plotted time series of 
scintillation generated by an undisclosed software routine, with the authors asserting 
good agreement of the first two moments with measurements.

The model performance was also tested using low-elevation measurements recorded in 
the US [25]. Table 3.9 lists the parameters of the link as stated by the authors.

Table 3.9. Parameters for data of [25]
Frequency

12.5 GHz

Elevation Ang.
14°

Antenna Diam.

4.0m
Temperature

21°C
Rel. Humidity

70%

Figure 3.28 shows the simulated cdf for this link. For comparison, the measured fade 
exceedances read directly from cdf plots in [25] are indicated.

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Scintillation Amplitude, dB

Figure 3.28. Simulated and measured fade cdf for [24]
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As it can be seen from Figure 3.28 the agreement of measured and simulated cdf is very 
good.

Another interesting result is the correlation that is found between the simulated standard 
deviation and frequency raised to the power of 7/12. To find this correlation, 
frequencies from 10 - 100 GHz were used keeping all other parameters the same. The 
result is shown in Figure 3.29.

Interestingly the correlation coefficient is found to be 0.9983, indicating that the 
frequency dependence of the simulated scintillations agrees very well with the

7/72theoretical prediction off

0.2 r

0.18 -

0.16-

0.14 -
CD
13
•3
in

0.12-

0.08-

0.06

Frequency f7'12 , GHz'

Figure 3.29. Correlation of simulated std with f•7/12
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3.9. Conclusions

A novel dynamic model of tropospheric scintillation on Earth-Space paths was 

developed and has been presented. The results obtained from the model show good 

agreement with theoretical predictions and with the relevant experimental results from 

three sites at four beacon frequencies.

Analysis of the experimental data shows the strong dependence of scintillation intensity 

on ground temperature and on the wet term of tropospheric refractivity Nwet. This is the 

reason that Nwet is included in the modelling of scintillation amplitudes. It has been 

found that short-term amplitude scintillations follow Gaussian pdf whereas the long- 

term distributions do not.

Comparisons between simulated and experimentally observed scintillation time series 

were made in terms of the first four moments of the distributions, and all showed good 

agreement, with the exception of the skewness which nevertheless was negative (as 

expected) and followed a similar trend of increasing absolute value with higher 

scintillation intensity. Needless to say, there were good agreements between measured 

and simulated scintillation amplitude cdfs and pdfs. A comparison of the proposed 

model with the ITU-R and Otung models yielded very satisfactory results.

Satellite link experiments can be prohibitively expensive requiring the launch or 

availability of a suitable satellite, and a measurement earth station. Some parameters of 

interest such as the path elevation angle may be fixed or expensive to vary. A simulation 

platform provides an inexpensive and flexible option for the study of satellite 

communication systems performance as a function of systems specification, link 

parameters and atmospheric variables. The model presented in this Chapter, can be used 

for simulation of propagation through a satellite link subject to scintillation, and can 

also be employed to predict the required scintillation fade margin on a specified link.
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Apart from this versatility, another important advantage of the new model is its 
simplicity, employing readily specified input parameters and non-intensive 
computations to generate a scintillation time series whose spectral and statistical 
properties match theoretical predictions as well as experimental observations.
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CHAPTER 4

Effects of Scintillation on High-Capacity

Digital Satellite Link

Summary: Tropospheric scintillation can seriously affect the performance of satellite 

links operating at high frequencies. The performance of a communications satellite and 

of an overall link is measured mainly in a link budget. The system designer uses this link 

budget to account for all the propagation impairments on the link and with various 

techniques attempts to alleviate these degradations.

This Chapter presents a simulation of a scintillation-degraded satellite link using the 

scintillation model developed in Chapter 3. The link budgets for Sparsholt-ITALSAT 

link are calculated for three different modulation schemes.



Effects of Scintillation on High-Capacity Digital Satellite Link_____________________ 94

4.1. Introduction

The purpose of a satellite communication system is to deliver a message of the desired 
quality to the destination. This could be a large central earth station with large aperture 
antenna or customers with very small aperture antennas (VSATs). By the judicious 
choice of various link parameters this can be achieved.

To measure the signal quality at the receiver (demodulator input) the signal-to-noise 
ratio (S/N) is used for analog transmission and the bit energy per noise spectral density 
(Eb/No) for digital transmission. These two ratios enable the magnitude of the received 
carrier to be specified with respect to the noise present at the receiver input. In digital 
satellite systems the phase/amplitude identification errors under the influence of noise 
lead to errors in identification of the received symbols, hence the received bits. Bit- 
error-rate (BER) measures the performance of the system by counting the number of 
bits in error, in a stream of received bits. The bits received in error could be due to 
propagation conditions or system noise.

The performance of a communications satellite and of an overall link is measured 
mainly in a link budget. To satisfy the requirements placed on the communications link, 
the communications engineer prepares a link budget. This budget allocates the available 
satellite resources to accommodate the parameters of the transmitting and the receiving 
earth stations. The link budget helps in designing the best link. It is a tool for adjusting 
the earth station and satellite parameters to satisfy the requirements in the most 
economical manner. In the following section (4.2) an example of a downlink budget is 
given. The downlink includes the satellite transmitter and the earth station receiver. The 
power margins are calculated based on three modulation techniques (QPSK, 16-QAM 
and 64-QAM). In section 4.3 the modulation techniques usually employed in satellite 
communications are discussed, giving more attention to the three modulation techniques 
mentioned above. In section 4.4 a detailed description of the system that has been built 

for simulation is introduced.
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The simulation platform is COSSAP from Synopsis. General characteristics of this 
software package are also given in order clarify its design philosophy. In sections 4.5 
and 4.6 the system is simulated and results of the simulations are presented. An additive 
white Gaussian noise (AWON) channel is employed as well as a scintillating channel 
based on the simulation model explained in Chapter 3. A discussion of the simulation 
results is presented in section 4.7.

4.2. General definitions 

4.2.1. BER

Bit error rate is the primary performance criterion for digital data communication 
systems. In practice, the transmitted symbol is corrupted by noise before it reaches the 
detection point at the receiver. At the receiver a bank of correlators is used to extract the 
received vector. Then using this received data vector, the receiver has to make a 
decision on which message point in the signal constellation is most likely to have been 
transmitted. On the assumption that all M message points are transmitted with equal 
probability, the maximum likelihood detector will decide which message point has been 
transmitted in favour of the message point that is closest to the received signal point.

If the noise that the signal encountered is higher than half the distance between two 
neighbouring message points, the received symbol will be mistaken for the one next to 
it. Thus a symbol error will occur whenever noise effects shift the received point across 
the decision boundary between two points in the symbol space. As the space between 
the signal points decreases, the likelihood of error increases. A probability of symbol 
error equal to 0.001 means that, on average, there is one symbol error per 1000 received 
symbols. This is referred to as the symbol error rate (SER).

For a binary system, bit and symbol errors are identical as each symbol error 
corresponds to a single bit error. For M-ary systems (M > 2), however, this does not
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hold true. For example, a 64-ary scheme conveying six bits per symbol may incur 
anything from one bit error to six bit errors for each incorrectly decoded symbol, 
depending on which symbol was mistakenly identified. So BER depends on the 
modulation method and of course the SER.

In practice, some symbols are more likely to be detected in error than others. It is more 
likely for one symbol to be mistaken to its neighbour and to minimise the number of bit 
errors occurring for every symbol error, it would be good to use Gray encoding. Gray 
coding is explained in section 4.2.3.

4.2.2. Shannon's Capacity expression

By increasing the level of modulation, i.e. the number of symbol states, the bit rate of a 
system can be increased. But the ability of the receiver to distinguish between the 
symbol states in the presence of noise becomes more difficult resulting in an increase in 
error rate. The Shannon capacity limit for error-free communication is given by:

( S = 51og 2 1 + —| bits/second (4.1)

where C is the channel capacity, B the channel bandwidth in Hz and S/N is the signal to 
noise ratio in the channel. It is theoretically possible to transmit at the above rate with 
the error rate made to approach zero as closely as desired. Note however that Shannon 
failed to specify a method to achieve this rate, showing only that complex coding and 
large delays in transmission would be needed.

A good overview of Shannon's theorem can be found in [1] [2].
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4.2.3. Gray coding

Gray coding is the name given to a bit assignment where the bit patterns in adjacent 
message points only differ by one bit. If an assumption is made that the detection 
process will only mistake symbols for those adjacent to the correct symbol, then the bit 
error probability will be given approximately by the symbol error probability divided by 
the number of bits in each symbol. Thus for an M-ary modulation scheme,

„„_, Symbol Error Rate BER = ———————————
log 2 M

An example of a two dimensional symbol space using Gray coding for QPSK is given 
in Figure 4.1.

ti II

to

Figure 4.1. QPSK signal space diagram with Gray coding

4.3. Satellite down - link budget

The transmission equation is the basis for the derivation of the received carrier level, in 
terms of the effective radiated power (EIRP), path loss and the received antenna gain. In 
the path loss all losses and link degradations must be included. Transmitting additional 
power, termed link margin, can compensate for such degradations.
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The main components considered in obtaining the downlink margins are:
(a) Antenna tracking loss
(b) Atmospheric absorption
(c) Statistical loss parameters due to hydrometeors
(d) Statistical loss parameters associated with scintillation
(e) Intra and inter-system interference

An addition of the above components in dB gives a pessimistic fading ratio.

The scintillation data analysed and presented in Chapter 3 were measured on the 
ITALSAT-Sparsholt downlink. ITALSAT is a geostationary satellite positioned at 
13.2°E. The link budget example that follows employs ITALSAT as the transmitting 
satellite, with the earth station receiver located at Sparsholt (51.0814°N, 1.3947°W) in 
the UK.

4.3.1. Path Loss

The total received signal power using the transmission equation is given by: 

Pr = EIRP + Gr -Lp -La dBW (4.2)

where EIRP is the effective isotropically radiated power of the satellite transmitter, Gr is 
the receiving antenna gain, Lp is the path loss and La is the propagation losses due to 
attenuation in the atmosphere.

The propagation loss is a function of distance and is an important factor in the link 
budget design. It is not attributed only to the loss of received power due to the distance 
between the transmitter and the receiver but also accounts for the way the energy 
spreads out as an electromagnetic wave travels away from the transmitting source. It is 
an inevitable loss in unguided radio transmission, and is given by:
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dB (4.3)

Equation (4.3) can be expressed as follows, using the relation / = 0.37A, where A is 
the wavelength in meters and/the frequency in GHz:

L = 92.44 + 20 Iog10 R + 20 log, 0 / dB (4.4)

The frequency/in Equation (4.4) is in GHz and the distance R in km. Distance is the 
propagation path length i.e. from the transmitting satellite to the earth station receiver.

Using the table of geometric relationships between an earth station and a geostationary 
satellite [3], the path length R is found to be -36612 km. Substituting R = 36612 and/= 
49.5 into Equation (4.4) gives a path loss of 217.6 dB.

The propagation loss due to attenuation in the atmosphere, L«, is the sum of different 
contributions. These are as follow:

(a) Attenuation by atmospheric gases (Aag)
(b) Attenuation by rain and other precipitation (Ar)
(c) Scintillation and multipath effects (As)

4.3.2. Gaseous Absorption

The specific attenuations at ground level for dry air J0 and water vapour yw , assuming 
ground air temperature of 15°C and pressure 1013 mbar are given by [4]:

7 =to 7.19xlO~3 6.09 4.81
f 2 +0.227

2 v * i r\—3x/ z xlO dB/km (4.5)
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v =I w 0.05 + 0.002 \pw 3.6 10.6
(/ - 22.2)2 + 8.5 (/ -183.3)2 + 9.0

8.9
(/-325.4)2 +26.3_

x/2 xpw xlO- dB/km (4.6)

where / is the frequency in GHz and pw is the water vapour concentration in g/m3 

measured at ground level. pw exceeded for 0.1% of the time for the location of interest is 

approximately 16.5 g/m3 .

To calculate the total dry air and water vapour attenuation through the atmosphere along 

a satellite path, the specific attenuation values should be integrated along the given path 
taking into account the variations in the pressure and water vapour densities with height. 

Outside the absorption bands, we define an equivalent height beyond which the 
contributions due to dry air and water vapour are assumed zero. This height is given for 

oxygen and water vapour respectively by [4]:

/z =6km for f< 57 GHz

1 + 3.0 5.0
(/-22.2)2 +5.0 (/-183.3)2 +6.0

2.5 forf<
-325.4)2 +4.0

350GHz (4.7)

where, hwo is the water vapour equivalent height in the window regions, assumed to be 

1.6 km in clear weather and 2.1 km in rain. The zenith attenuation values A0 and Aw for 

dry air and water vapour absorption are given by:

and Aw = hw (4.8)
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The total slant path attenuation due to gaseous absorption in the atmosphere for 

elevation angles between 10° and 90° is given by:

sin0
dB (4.9)

where 0 is the path elevation angle. The calculated values for all the above are tabulated 

in Table 4.1.

Table 4.1. Calculated slant path attenuation

Clear air

Rain

%
0.227

0.227

7w
0.364

0.364

h 0 (km)

6

6

h w (km)

1.607

2.109

A 0 (dB)

1.363

1.363

A w (dB)

0.585

0.768

A«(dB)

3.9

4.3

4.3.3. Rain Attenuation

The impact of rain on the communication signals is predominant. To calculate the losses 
due to rain attenuation the ITU-R rain model [5] will be used. Figure 4.1 shows a basic 

profile of an Earth-Space slant path.
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SatelliteA: Frozen precipitation 
B: Rain height 
C: Liquid precipitation 
D: Earth-Space path

B___Me Kin g j.ay erx^\X__ _ _ _ _ _ __

Earth Station

Figure 4.2. Earth-Space path schematic representation

Figure 4.2 shows a melting layer that separates a higher region of frozen precipitation 

from a lower region of liquid precipitation, i.e. rain. The effective rain height hr is given 

by:

hr = 4.0 - 0.075((? - 36) <p > 36C (4.10)

where (pis the latitude of the earth station. In our case (p= 51.0814°, and hr is calculated 

to be 2.8311 km. It follows from Figure 4.2 that the slant path length for an elevation 

angle 6 = 29.9° and an earth altitude hs ~ 0 (assumed zero) is

= i km 
sin0

Ls = 5.6794 km

(4.11)

The horizontal component Lg of the slant path is given by:
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Lg =LS cos6 = 4.9235 km

According to the ITU-R rainfall climatic zones, Sparsholt is in climatic zone F. For this 

climatic zone the ITU-R gives the data tabulated in Table 4.2.

Table 4.2. ITU-R model for rain climatic zone F - rainfall intensity exceeded (mm/h)

Percentage of

time, (%)

Rain intensity, 

R, (mm/h)

1.0

1.7

0.3

4.5

0.1

8.0

0.03

15.0

0.01

28.0

0.003

54.0

0.001

78.0

The reduction factor, ro.oi, for 0.01% of the time, connecting point rainfall rate to path 

average rainfall rate is:

1ro.oi ~~" (4.12)

where L0 =35exp(-0.015/?001 )

From Table 4.2, RO.OI = 28 and therefore r0.oi = 0.8237 

The specific attenuation, yR , is equal to [6]:

(4.13)

where k and a are given by:

k = - [kh + kv + (kh - kv )cos 2 6 cos 2r (4.14)
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— (kh ah + kvav + (kh ah - kvav )cos 2 6 cos 2r) (4.15)

Here T is the polarisation tilt angle relative to the horizontal (45°), kh and a/, are the 
regression coefficients for horizontal polarisation, and kv and av are the regression 
estimates for vertical polarisation. These coefficients can be found using the frequency 
dependent coefficients given in ITU-R Recommendations [7]. In this case, for 
frequency 50 GHz

kh = 0.536 kv =0.479 =0.873 av =0.868

Thus, k = 0.5075 and a = 0.8706. The specific attenuation for 0.01% of the year is JR = 
9.2340 dB/km. The attenuation exceeded for 0.01% of an average year is obtained from 
[6]:

4>.oi=y*Vo.oi=43.198dB (4.16)

To find the attenuation exceeded for other percentages of an average year, the value 
found for the 0.01% must be used in the following expression:

P_ - cx -(0.546+0.0431ogp) (4.17)

where c is a coefficient that takes the values 0.12, 0.38, 1, 2.14 for 1%, 0.1%, 0.01% 
and 0.001% respectively. The attenuation exceeded for these percentages is tabulated in 
Table 4.3.

Table 4.3. Rain attenuation exceeded for various percentages of an average year. 

Frequency = 50 GHz, path elevation = 29.9°

Percentage, p, (%)

Attenuation, (dB)

1

5.184

0.1

16.415

0.01

43.198

0.001

93.308
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4.3.4. Received signal power

The gain of the receiving antenna, Gr, is included in the transmission equation. The gain 
of an antenna is the ratio between the maximum power flux density radiated by the 
antenna and the maximum power flux density radiated by a reference antenna that is fed 
with the same input power. The reference is usually a fictitious antenna known as an 
isotropic antenna, which radiates uniformly in all directions in free space. Therefore, the 
antenna gain is often expressed in dBi. For a parabolic antenna the gain is given by:

dBi (4.18)

where D is the antenna diameter, / is the frequency of the signal and r\ is the antenna 

efficiency. In this case D,/and 77 are equal to 0.61 m, 50 GHz and 0.65 respectively. 
The receiving antenna gain is then calculated to be 48. 1261 dBi.

The EIRP of the 50 GHz ITALSAT beacon is equal to 56.8 dBW. Substituting in the 
transmission equation (4.2) the received power can be found.

Pr =EIRP + Gr -Lp -La =56.8 + 48. 1261 -217.605 -3.9086 = -116.59 dBW

This is the received signal power for clear air. Adding the rain attenuation for 0.01% of 
an average year the received power is calculated as:

Pr =EIRP + Gr -Lp -La = 56.8 + 48. 1261 -217.605 -(4.2755 + 43. 198) = -160. 15 

dBW

It is worth noting here that the losses due to tracking are assumed to be negligible.
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4.3.5. Noise Temperature

Noise introduces a fundamental limit on the capacity and performance of any 

communication system. Satellite communication systems are particularly susceptible to 

noise because of their inherent low received power. The absolute received carrier power 

is important only when compared to the noise present in the system. Several sources 

introduce noise into a satellite communication link. Actually each of the several links 

involved in a satellite service adds noise. The overall end-to-end or system carrier to 

noise ratio (C/N) is the composite of each of these links. Noise is often quantified using 

an equivalent noise temperature, 7^. The system noise temperature Ts is a combination 

of antenna noise, low-noise amplifier (LNA) noise and noise from any loss elements 

between the antenna and the LNA.

The two important parameters for the receiving system are the receive antenna gain, Gr, 

and the receiving system noise temperature 7^. Their ratio (GrJTs) is called the figure of 

merit that gives some indication of a receiving system's ability to handle the weak 

signals. The noise and gain of the first device on the antenna output will largely 

determine the system noise temperature. The succeeding stages of the receiver 

contribute less and less noise as the gain from each stage is added in, and their 

contribution is negligible.

For a fixed link line of sight transmission system, such as satellite communications, the 

received signal power at the reference point can be calculated using Equation (4.2). The 

noise power Pn at this point is given by:

Pn =kTs B = -228.6 + 101og 10 (7;) + 101og 10 (5) dBW (4.19)

where k = 1.38xlO"23 J/K or -228.6 dBW/K/Hz is Boltzmann's constant, Ts is the 

system noise temperature in Kelvin and B is the bandwidth in Hz. Subtracting Equation 

(4.19) from (4.2) yields the carrier to noise ratio, C/N:
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C/N = EIRP - L - La + 228.6 +10 log — -10 log B

(r 
C/NQ = EIRP -Lp -La + 228.6 +10 log ^

(4.20)

is the ratio between received signal power and the noise power density.

Figure 4.3 shows a block diagram of an earth station receiver.

Receiving 
antenna

Receiver, Te

eed run

To 
demodulator

Figure 4.3. Earth station receiver

The overall noise figure of the receiving system is the sum of the noise contribution of 

each element shown in Figure 4.3 and is given by:

T i 1 = ^- + 7; + 290 1 —— K (4.21)
v

where TA is the antenna noise temperature, Lf is the feed loss assumed to be 3 dB = 2 

and Te is the noise temperature of the cascade connection. Te is given by:

T = r + 7-.+-^£2- = 864 +170 + —— = 1035.7 K 
' m fll G, 100

(4.22)
'a\
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where,

Tm = 864 K (29.4 dBK), the mixer noise temperature 

Tai = 170 K (22.3 dBK), the LNA noise temperature 

Gai = 20 dB (100), the LNA gain 

Tg2 = 170 K (22.3 dBK), the IF amplifier noise temperature

4.3.6. Antenna noise temperature

Antenna characteristics play a vital role in the design of satellite communication 

systems. In satellite communications, the noise caused by the thermal radiation of the 

ground and the atmosphere is received via the sidelobes of the antenna and degrades the 

overall receive-band performance of the antenna. The usual noise temperature seen by a 

perfect earth station antenna is that of the sky, which includes the contribution from the 

troposphere, the galaxy and the space beyond. Above frequencies of 10 GHz the 

galactic noise can be neglected. The clear sky noise temperature is frequency dependent 

and is given by [6]:

K (4.23)

where Aa is the total attenuation due to absorption in the atmosphere in dB and Tmam is 

the mean radiating temperature which is equal to:

K (4.24)

By substituting Tsurf = 290 K and using the values of Aa tabulated in Table 4.1 the 

antenna noise temperature can be found. The clear sky noise temperature is 163 K, or 

22.124 dBK. The rain attenuation causes an increase in the sky temperature and noise 

temperature now is calculated (using the values from the second row of Aa in Table 4.1) 

to be 172.1 K or 22.4 dBK. For sky noise temperatures in rain for 0.01% of an average
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year and rainfall of 28 mm/hr the sky noise temperature is equal to 274.3 K or 24.4 

dBK.

4.3.7. Carrier to noise spectral density ratio (C/N0)

Substituting the values of TA and Te in Equation (4.21) the system noise temperature, Ts, 

is found to be 1262.2 K or 31 dBK for clear sky and 1317.8 K or 31.2 dBK in rain.

The noise power spectral density No is:

W0 = kTs (WI Hz) = k(dBW IKIHz) + Ts (dBK) (4.25)

For clear air N0 is found to be -197.6 dB/Hz and in rain -197.4 dB/Hz. 

The carrier to noise spectral density ratio C/No is equal to:

C/N0 = 81dB for clear air 

C/N0 = 37.25 dB in rain for 0.01% of time

ITU regulations specify the bit error rate (BER) for data transmission in a system to be 

10"7 . The maximum transmission rate that is allowable in such a system will be 

calculated based on various modulation techniques. The modulation techniques in 

general and also those that satellite communications systems use will be discussed in 

detail in the following section.

Figure 4.4 shows the BER of various modulation techniques plotted against the bit 

energy per noise spectral density ratio (Eb/No).
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Figure 4.4. BER VS Eb/N0 for M-ary QAM and M-ary PSK

The Eb/No values for BER = 10"7, for the modulation techniques shown in Figure 4.4, 

are tabulated in Table 4.4.

Table 4.4. Eb/N0 for BER 10'7 for M-QAM and M-PSK

Eb/No (dB)

Eb/No

QPSK

11.3

13.49

16-QAM

15.18

32.96

64-QAM

19.56

90.365

8-PSK

14.73

29.716

16-PSK

19.24

83.946

64-PSK

29.33

857.04

The equation that relates C/N0 with Eb/N0 is:

= C/N0 4.26
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where Rb is the bit rate in bits per second. The calculated maximum bit rates in clear air 

and in rain for 0.01 % of the time are tabulated in Table 4.5.

Table 4.5. Maximum bit rate for M-QAM and M-PSK (BER=10~7 , C/N0=81 (clear air), 

37.25 dB (rain))

C/No (dB)

81

37.2486

QPSK

9332286

393

16-QAM

3819555

161

64-QAM

1393155

58

8-PSK

4236523

178

16-PSK

1499684

63

64-PSK

146892

6

The values for the maximum bit-rates in Table 4.5 shows dramatic effect of rain 

attenuation on the performance of the satellite communication system. The maximum 

bit rates, calculated based on Equation 4.27, are significantly lower in rainy conditions.

Table 4.6 gives the signal to noise ratio (S/N) for various bandwidths assumed. The 

calculations have been made assuming that the available C/No is the one for clear air i.e. 

81 dB.

Table 4.6. S/N for various Bandwidths

BW

S/N (dB)

10 kHz

41

100 kHz

31

1MHz

21

5.625 MHz

13.5

10 MHz

11

Based on the value of the available signal to noise ratio for a specific bandwidth, the 

system designer can choose the modulation method that is more suited to the system 

and the service.

For data transmission, the BER has to be 10"7 . Table 4.4 shows the required Eb/N0 for 

various modulation techniques, to give that value of BER. This Eb/N0 has to be 

transformed into S/N. Equations 4.27 and 4.28 give the relation of S/N with Eb/N0 .
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s_
N

S_
N dB

4.27

4.28

where 7] is the bandwidth efficiency (rj =Rb/B) and B is the bandwidth. It has been 

assumed that the symbol rate is equal to bandwidth. The bandwidth efficiency is 

dependent on the modulation method that is used, i.e. how many bits are packed into a 

symbol.

In Table 4.7 the available link margin is tabulated for various bandwidths for the 

modulation techniques mentioned earlier. These values are calculated using Table 4.6 

and the corresponding S/N ratios for BER = 10"7 of the various modulation methods. It 

would be good here also to show the BER of various modulation techniques plotted 

against the signal to noise ratio. The Eb/No is transformed into S/N using Equation 4.28.

10 15 20 25 30 
S/N, dB

35 40 45

Figure 4.5. BER VS S/N for M-ary QAM and M-ary PSK
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Table 4.7. Available S/N ratio margins

^^^^^^^^^^^^^^^^^^#M

10 kHz

100 kHz
1MHz

5.625 MHz
10 MHz

QPSK 16-QAM 64-QAM 8-PSK 16-PSK 64-PSK

Available Margin (dB) "^

26.69
16.69

6.69
-0.81
-3.31

19.8
9.8
-0.2
-7.7

-10.2

13.66
3.66
-6.34
-13.84
-16.34

21.5
11.5
1.5

-6.0
-8.5

15.74
5.74
-4.26
-11.76
-14.26

3.89
-6.11

-16.11
-23.61
-26.11

It can be seen that for modulation bandwidth of 10 kHz all modulation techniques that 
are listed can be used and perform within the acceptable BER margin of 10~7 . For 100 
kHz BW, 64-PSK can not be used and for BW of 1 MHz only QPSK and 8-PSK can be 
used satisfactory. In the case of 5.625 and 10 MHz all the modulation techniques will

fail to deliver a BER of 10-7

4.4. Modulation techniques in satellite communications

A number of digital modulation techniques have found applications in the 
communications satellite systems. Because of their power efficiency, binary phase shift 

keying (BPSK) and quadrature phase shift keying (QPSK) are the more frequently 
employed modulation techniques. The spectral efficiency of such systems, employing 
BPSK and QPSK, is less than 2 b/s/Hz. But the use of these modulation techniques was 
the most appropriate, considering that the most of the operational satellites are power 

limited i.e. the available ratio of energy per bit to noise density, Eb/No, is insufficient to 
enable the utilisation of modems which have a spectral efficiency of more than 2 b/s/Hz 

and require a higher Eb/No ratio.

The spectral or bandwidth efficiency of a communications link is a measure of how well 

a particular modulation format makes use of the available bandwidth. It is equal to the
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ratio between transmission bit rate and the system bandwidth, and is measured in units 

of bits per second per hertz (b/s/Hz).

Spectral efficiency, required power, antenna size, and overall performance are 

significantly influenced by the performance of the modem (modulator - demodulator) in 

both linear and non-linear channel environments.

With the recent developments in more powerful microwave high power amplifier 

designs and the discovery of new nonlinearly amplified modulation techniques, it is 

possible that satellite systems will have a sufficiently high Eb/No ratio to enable the use 

of highly spectral efficient modulation techniques.

Satellite communication industry now faces fierce competition from terrestrial 

telecommunication industries, e.g. fibre optic cables networks and ISDN and must work 

to maintain its position. Services provided by satellites must be cost effective in order to 

compete with those offered by other communication industries and must be of 

comparable quality of service. Fast data transfer is also an important feature in some 

communication services.

One way of achieving these goals is the use of bandwidth efficient digital modulation 

combined as appropriate with coding as well as onboard demodulation and 

remodulation to separate uplink and downlink signal degradation [8].

Amplitude, phase and frequency modulation are all applicable to digital modulation. 

The digital equivalents of these modulation schemes are known as Amplitude Shift 

Keying (ASK), Frequency Shift Keying (FSK), and Phase Shift Keying (PSK). 

Additionally, some modulation schemes have been developed specifically to optimise 

digital modulation. These are hybrid phase/amplitude schemes called Quadrature 

Amplitude Modulation (QAM). All these schemes are discussed below, with more 

attention to power and bandwidth efficiency.
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4.4.1. ASK

The simplest form of bandpass data modulation is Amplitude Shift Keying (ASK). The 

symbols are represented as various discrete amplitudes of a fixed frequency carrier 

oscillator. In the binary case the modulated carrier is represented with two amplitude 

levels, where 1 is represented with a pulse of height +V and duration spanning the entire 

bit interval Tb, and binary 0 by the absence of a pulse in the bit interval:

,(0, Binary 1

0, Binary 0

(4.29)

4cos(27rjfcr), 0<t<Tb

0, elsewhere 

fc =n/Tb =nRb , /i = 1,2,3,...

(4.30)

(4.31)

The frequency/c of the sinusoidal symbol is an integer multiple of the bit rate Rb, and 

the amplitude Ac has a value that gives the required average energy per bit Eb .

The spectrum of ASK is sometimes referred to as a double sideband spectrum, with an 

upper and lower sideband with respect to the carrier. It is immediately evident that the 

bandwidth occupied by the ASK modulation is twice that occupied by the source stream 

with a maximum bandwidth efficiency of 1 bit/second/Hz. Extending binary ASK to 

multilevel ASK (M-ASK), is simple. But the bit error rate, BER, of M-ASK is very 

poor caused by the use of strongly correlated sinusoidal pulses. There is no opportunity 

to exploit orthogonality with M-ASK and this is an immediate penalty in BER 

performance. The bit error rate for ASK is given by [1]:
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M Iog2 M
(4.32)

and has bandwidth efficiency 77 = Iog2 M bits/s/Hz. erfc(x) is the complementary error 

function defined by:

erfc(x) = -p= exp(-Xy (4.33)

Its poor BER performance means that there are very few practical applications of ASK 

other than its binary form, despite its excellent bandwidth efficiency. Poor BER and its 

inherent characteristic of a non-constant envelop makes ASK unsuitable for applications 

in satellite communications.

4.4.2. FSK

M-ary FSK gives us the ability to trade bandwidth for an improved noise performance 

in a way that is not possible with M-ary ASK and M-ary PSK. An M-ary FSK signal 

consists of one of the following M orthogonal sinusoidal pulses in each symbol interval 

of duration Ts . The pulses differ only in frequency, which are spaced at half the symbol 

rate to achieve mutual orthogonality of the transmitted symbols with minimum required 

bandwidth [1].

S,.(0 = Ac cos[2;r(/0 +zA/)], i = 0,1,2,.. .,M-1 (4.34) 

R2 (4.35)

The frequency fo is chosen to place the transmission in the desired or allocated 

frequency band.



Effects of Scintillation on High-Capacity Digital Satellite Link

As the number of symbol states employed increases, the symbol averaging time 

becomes very large, reducing the effect of noise. So M-ary FSK can be used in systems 

where noise immunity is the primary aim. On the other hand increasing the number of 

symbol states causes a rapid reduction in bandwidth efficiency. This low bandwidth 

efficiency of FSK schemes makes it inappropriate for satellite applications.

4.4.3. PSK

In a phase shift keying (PSK) system the phase of the carrier is changed in accordance 

with the baseband digital stream. A general form of expression of a PSK scheme is

(4-36)

where (j)m is the phase angle varied in accordance with the information signal. The signal 

space diagram of M-ary PSK consists of message points uniformly spaced, with 

constant phase shift, along a circle that is centred at the origin. In the simplest form of 

phase modulation, the binary phase shift keying, BPSK, the data is taken one bit at a 

time and the carrier phase is changed by 0 or n radians, according to whether the data is 

1 or 0. The orthogonality property of sine and cosine imply that if BPSK was to be used 

to transmit on the cosine of a carrier, and simultaneously send a second PSK signal 

using the sine of a carrier, then it would be possible to detect each one independently of 

the other. This is called quadrature phase shift keying, QPSK. By applying Gray 

encoding to the symbols the BER of BPSK and the Gray encoded QPSK is the same. 

The advantage of using QPSK though is that it has the double bandwidth efficiency of 

BPSK. The bandwidth efficiency of QPSK = 2 b/s/Hz.

Increasing the number of symbol states for M-ary PSK beyond four allows further 

improvements in bandwidth efficiency. The bandwidth efficiency for M-ary PSK is 

equal to log2M b/s/Hz. The additional symbol states, though, are no longer orthogonal, 

they do not lie on the sine or cosine axis of the constellation diagram. The result is that
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the performance in noise for M > 4 degrades rapidly as M increases. The BER 

performance for M-ary PSK for M > 2 is given by [ 1 ]:

log,M '

PSK, because of its constant envelope, is generally preferred for satellite 

communications, which employs non-linear amplification in the travelling wave tube 

amplifier (TWTA).

4.4.4. QAM

Quadrature amplitude modulation is a combination of amplitude and phase signalling. 

BER performance improvement can be achieved, compared to that of PSK, if the 

message states are spaced more freely and widely in the two-dimensional signal space. 

This requires combining two quadrature (sine and cosine) carriers that are modulated in 

both amplitude and phase. This combination gives us the quadrature amplitude 

modulation. There are different implementations of QAM, such as square QAM, 

circular QAM and star QAM.

Considering a square QAM that carries equal number of bits in the quadrature and in- 

phase channels, the BER is given by [1]:

(4.38)

The bandwidth efficiency for M-ary QAM is the same as that of M-ary PSK and is 

equal to logiM b/s/Hz, but M-ary QAM yields a better BER performance. This is an 

important advantage of the M-ary QAM. QAM however has a non-constant envelope 

and has therefore not been widely implemented in satellite communication systems.
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However, their excellent bandwidth efficiency and their good BER performance make 

them considerable for satellite communications. Even high M-arity QAM could be 

considered for satellite applications where extremely high bandwidth efficiency is 

required [8]. In this case, however, back-off in TWTA's input and output power must be 

provided to ensure the linearity of the power amplifier.

The main drawback of using QAM techniques is their non-constant envelope. Such a 

modulation format greatly increases throughput and hence the revenue produced by a 

transponder. However, the non-linear characteristics of the high power TWTA result in 

significant impairments of these digital signals, especially QAM. This degradation is to 

the point where without significant TWTA output power back-off (OPBO), the bit error 

rate will exceed the threshold for quality error-free transmission.

A back-off in the TWTAs input and output power must be made to ensure the linearity 

of the power amplifier. Power back-off on a high power amplifier (HPA) reduces 

efficiency as well as capacity. It results in increased size and weight of the satellite 

payload. This can limit the number of transponders and ultimately reduce potential 

revenue [9]. There are several options for correcting these impairments and thereby 

minimising the amount of OPBO required. These techniques include: correction at the 

ground transmitter, correction at the ground receiver, and correction at the satellite.

Correction at the satellite is a compelling solution because the correction is applied 

nearest to source of the problem. In a satellite link, the greatest non-linearity occurs at 

the satellite since power on board the satellite is expensive and hence the satellite has to 

be operated in a mode that is most power efficient. In such a mode, the TWTAs on 

board the satellite are operated close to their saturation level, which means it has highly 

non-linear transfer characteristics. The correction of this non-linearity at the satellite is 

usually done by placing a pre distortion linearization circuit (linearizer) prior the 

TWTA. Modern satellite linearizers work over a wide dynamic range and signal 

bandwidth and they offer the most practical solution [10]. The authors of [10]
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investigate the use of linearized TWTAs for the transmission of high rate bandwidth 

efficient traffic. In [11] a novel wide band lineariser is designed and presented to meet 

the new system requirements of high data rate.

4.5. Implementation of satellite system in COSSAP

In this section, the implementation of a system for satellite transmission and reception at 

the ground station is presented. The system will be the tool to investigate the effects of 

scintillation on satellite communication systems. The system has been built using the 

simulation package COSSAP® from Synopsys®. The implementation aspects of 

designing a system in COSSAP® will also be discussed to highlight the functions of 

each block. The general diagram of the system is shown in Figure 4.6.
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Figure 4.6. General block diagram of the satellite down-link

It consists of the satellite transmitter, an additive white gaussian noise channel and the 

earth station receiver. The BER analyser compares the transmitted and received data 

streams and gives the BER.

4.5.1. Satellite transmitter

The data to be transmitted is packed first into symbols, mapped into a symbol space, 

depending on the modulation technique that is used. The signal then at an intermediate



Effects of Scintillation on High-Capacity Digital Satellite Link 121

frequency is passed to the up-converter and then is transmitted. The block diagram of 
the transmitter is given in Figure 4.7.
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Figure 4.7. The satellite transmitter as developed in COSSAP®

The "Binary Source" is a pseudo random binary source implemented as a maximal- 

length 31 -bit shift register. This is used as a data source and the bit rate again is 

dependent on the modulation technique that has been used. Three systems have been 

designed and simulated using QPSK, 16-QAM and 64-QAM modulation techniques 

with respective data rates 1 1.25, 22.5 and 33.75 Mb/s.

The data bits are then converted to symbols using the "Gray Encoder" module. This is 

actually a binary-to-symbol converter. It generates an integer output in the range M = 0, 

1, 2,..., 2n-l, where n is the number of bits to be packed in a symbol. The output symbol 

alphabet is then mapped onto a two dimensional complex symbol space using the 

"Modulator" module. The two outputs of the "Modulator" represent the real and 

imaginary parts of the modulated data. The sampling rate at the output of the modulator 

is not the same as the data rate. It depends on the modulation technique that is used and 

is called the symbol rate. The symbol rate (measured in baud = symbols/s) is kept 

constant for the three modulation techniques that have been investigated and is equal to 

5.625 Mbaud. The output of the modulator is connected to the "MPMOD" model of 

COSSAP. In Figure 4.7 this is shown as the "Sampling x4" block. This model 

represents an impulse modulator, followed by an ideal low-pass filter and a sampling 

device. This model is used for up-conversion of the sampling rate by a factor of 4. The
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model simply multiplies each input signal element by l/Sampling_Time, where 

SamplingJTime establishes the sampling time of the output signal, and inserts 

"Rate_Factor - 1" zeros after each result. The Rate_Factor establishes the factor 

between the sampling rate of the input and the sampling rate of the output signal, i.e. of 

the impulse. The sampling rate that has been used is 4, i.e. the input symbols to the 

"IMPMOD" were multiplied by 1/4, i.e. their width have been reduced by 4 and three 

zeroes inserted in order to keep the period of the signal the same.

The width of the pulse, i.e. of the symbol determines the signal bandwidth. Reducing 

the width of the pulse but keeping the period of the signal constant results in an increase 

in the level of the higher harmonics at the expense of the lower harmonic levels. 

Overall, the energy content in the signal has gone down and so the combined power of 

the harmonics must also be reduced [2].

After the modulator and the mapping of the symbols to the two dimensional signal 

space, there is only one sample per symbol. The signal must be band limited before 

transmission. A practical band-limiting filter has a roll-off factor a. Denoting the 

symbol rate by R, the one sided bandwidth of the filter will be (1+00R/2. With this 

bandwidth, the mapped symbols must be sampled at a rate fs > (l+a)R in order to 

satisfy Nyquist's sampling rate criterion. Therefore the sampling rate of the symbols 

must be increased by a factor of at least two before being band limited. The process of 

digitally up converting the sampling frequency is called interpolation since samples of 

the original physical process are created from a reduced set of samples [12]. Similarly, 

the opposite process of digitally down-converting the sampling frequency is called 

decimation. By down conversion, some of the samples are discarded.

The output of the "IMPMOD" block with sampling frequency 22.5 Msps, is passed 

through the baseband pulse shaping block. This model performs baseband pulse shaping 

to reduce inter-symbol-interference (ISI). This is a root-raised cosine filter with a roll- 

off factor ot= 0.35.
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The sampling rate of the signal is increased again by a factor of three. This block is an 

ideal truncated interpolator. It inserts zeros into the input signal sequence and filters the 

extended sequence using a low pass filter. The quality of the interpolation depends on 

the quality of approximation of the ideal low pass filter.

The Intermediate Frequency (IF) is 16.875 MHz with sampling frequency 67.5 MHz. In 

order to multiply the two signals, IF and modulated, the sampling rate must be the same 

at the input of the multiplier. COSSAP is a stream driven simulator so in order for each 

block to operate the two signals at the input of the multiplier must have the same 

sampling frequency. This is the reason for increasing the sampling frequency of the 

modulated signal by a factor of three. The multiplier computes the complex conjugate of 

the carrier with IF frequency before the complex multiplication with the modulated data 

is performed. So the real output of the multiplier is the modulated signal with IF 

frequency.

4.5.2. Earth station receiver

The most challenging part of a wireless communication system is the receiver. The 

receiver structure and choice of modulation technique depends on system performance 

requirements such as continuous transmission, burst transmission, link quality and 

channel characteristics. If the channel is power limited as in satellite communications 

and system requirements are quite stringent with respect to noise performance, then 

coherent demodulation becomes an obvious choice. When the transmission is 

continuous, BER performance of the demodulator is more critical than the acquisition 

time, whereas in the case of burst transmission, acquisition time is of prime concern. 

Because most satellite applications are continuous, coherent demodulation can occur at 

the ground equipment receivers.
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The receiver must be able to demodulate the incoming signal and detect the transmitted 

data. As mentioned earlier the modulation techniques that will be used are QPSK, 16- 

QAM and 64-QAM. So three receiver systems have been developed.

In all the systems, an automatic gain control (AGC) at the front end of the demodulator 

(carrier recovery) to eliminate channel gain variations, which would affect the 

amplitude detector, is assumed. The AGC has a relatively long time constant, so that it 

does not respond to the signal amplitude variations that occur on a symbol-to-symbol 

basis [14]. Instead, the AGC maintains a fixed average (signal plus noise) power at its 

output.

4.5.2.1. QPSK Receiver

The QPSK signal is given by:

+ 0) (4.39)

where A is the amplitude fc the carrier frequency and 9 the phase. The four Gray-coded 

signalling states may be specified as follow:

(4.40)

In the above equations the subscripts represent the corresponding Gray-coded signal

states.
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The detection of QPSK is accomplished using two matched filters. The task is to detect 
the two bits bibo transmitted during each symbol interval Ts . Costas loop is used for the 
coherent demodulation of the QPSK signal. The block diagram of the Costas loop is 
shown in Figure 4.8 [13].

"II 
IF

Figure 4.8. Block diagram of Costas loop

The incoming modulated signal Xc(t), is represented as:

Xc (t) = ak -t- bk si (4.41)

where ak and bk are assumed to have values +1 or -1, and/c is the carrier frequency. 

Xc(t) is multiplied by carrier signals generated by the VCO, cos(27rfc ? + y) and 

sin(27Z/"c ? + y), where y represents the phase difference between the transmitted carrier 

and the locally generated carrier. The two products are:
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= cos(27tfct + r)xXc (t) (4.42) 

= — [ak cos(y)-bk sin(7)] + double-frequency terms

» (4.43) 

= — [ak sin(y)+ bk cos(y)]+ double-frequency terms

The double-frequency terms are eliminated by the low-pass filters following the 

multiplication, resulting in 12 and Q2 the same as II and 12 of Equations (4.42) and 

(4.43) respectively, without the double frequency terms. 13 and Q3 are given by:

13 = bk \2 = - [akbk cos(/) - bk sin(y)] (4.44)

Q3 = ak Q2 = - [ak sin(7) + akbk cos(r)] (4.45)

The addition of 13 and Q3 gives -sin(y) because a\=b^-\. This is smoothed by the

lopp-filter, which controls the dynamics of the loop. The error voltage at the input of the 

VCO is proportional to -y (when y is small, sin(y) = y) and this moves the VCO phase in 

the proper direction and amounts so that the loop attains and remain in lock.

It is interesting to note that the optimum low-pass filter for rejecting the double- 

frequency terms in the Costas loop is a filter matched to the signal pulse in the 

information bearing signal [14]. If matched filters are employed for the low-pass filters, 

their outputs could be sampled at the bit-rate, at the end of each signal interval, and the 

discrete-time signal samples could be used to drive the loop. The use of the matched 

filter results in a smaller noise into the loop.
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The Costas loop as implemented in COSSAP is shown in Figure 4.9. A similar design 

can be found in [13].
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Figure 4.9. Block diagram of Costas loop as implemented in COSSAP

The received IF signal is multiplied by the locally generated in phase and quadrature 

carrier components, I and Q arm. Concentrating on the I-arm, the product signal is 

passed through the "FIRDS_SRC" model. This model implements an FIR filter. It also 

does sample rate conversion. The sampling frequency at the input of the model is 67.5 

Msps. Sample rate decimation by three is performed and at the output of the model the 

sampling rate is equal to 22.5 Msps. The second filter is a matched filter with the same 

specifications as the matched filter at the transmitter. At the output of this matched filter 

the sampling rate is one sample per symbol. These symbols are passed through the 

threshold. The threshold level is set to zero. The I-arm and Q-arm data are then
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combined to form the received symbols. These symbols are passed through the data 

recovery circuit. Figure 4.10 shows the data recovery circuit.
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Figure 4.10. Data recovery block diagram (COSSAP)

The symbols are passed through the QPSK_Dem model for demodulation and then 

through the S2B_gray model to convert them to bit stream.

4.5.2.2. 16-QAM Receiver

The signal waveform for QAM is given by:

= Amc g(t)cos27tfct-Ams g(t)sm27tfct (4.46)

where Amc and Ams are the information bearing signal amplitudes of the quadrature 

carriers and g(t) is the signal pulse. Alternatively, the QAM signal waveforms may be 

expressed as:

(4.47)

where Vm =^A2mc +A2ms and 6m = i^~l (Ams / Amc ).

It can be seen that QAM can be represented in the same form as QPSK. QPSK is 

actually 4-QAM. So the Costas loop can be used also for the coherent demodulation of
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16-QAM. There will be some modifications though because each arm of the Costas 

loop will now have to detect four levels. The receiver is designed for square 16-QAM. 

The two dimensional signal space of this square 16-QAM is given in Figure 4.11.
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Figure 4.11. The two dimensional symbol space for 16-QAM

One of the main differences of the carrier recovery circuit for 16-QAM compared with 

the QPSK is that instead of having a threshold after the matched filter in the I and Q 

arms it will have a four-level quantiser. And of course at the data recovery circuit a 16- 

QAM demodulator and a four-bits Gray decoder will be required to convert the 

demodulated signal to bit stream.

The four-level quantiser must make the decision of which symbol is received. Figure 

4.12 shows the decision regions of the four-level quantiser for the I-arm. A similar 

diagram applies to the Q-arm quantiser.
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Figure 4.12. 16-QAM one-dimensional signal constellation and decision regions

It can be seen from Figures 4.11 and 4.12 that the net amplitude modulation is 

symmetric about the zero level. If the spacing between signal points is defined as 2a, 

the signal constellation points are located at ±oc, +3oc. The energy levels of the various
•y iy

signals are a , 9oc . The simplest optimal receiver is to use the I-arm of the Costas loop 

with the four level quantiser to compare the incoming symbol with a set of thresholds, 0 

and ±2a to decide the index of the data symbol according to Equation (4.47). The 

optimal receiver must know the scale factor for the received signal, otherwise, decision 

thresholds can not be properly set.

Figure 4.13, shows the structure of the carrier recovery loop that has been used for 16- 

QAM. In [15], it has been shown that the error signal that drives the VCO does avoid 

some of the drawbacks of classical QAM carrier recovery loops such as data aided loop 

[16] and partial remodulation loop. It is given the name of Universal carrier recovery 

loop. A simulation of such a loop can be found in [17].

The block diagram of the carrier recovery for 16-QAM as implemented in COS SAP is 

shown in Figure 4.14.
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Figure 4.14. Carrier recovery block diagram as implemented in COSSAP
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The only difference of the loop from the Costas loop that has been used for QPSK is the 

quantiser after the integrated and dump filters at each arm of the loop.

The I-arm and Q-arm data are then combined to form the received symbols. These 

symbols are passed through the data recovery circuit. Figure 4.15, shows the data 

recovery circuit.
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Figure 4.15. Data recovery block diagram (COSSAP)

The symbols are passed through the 16-QAM_Dem model for demodulation and then 

through the S2B_gray model to convert them to bit stream. Each symbol contains four 

bits.

4.5.2.3.64-QAM Receiver

For the 64-QAM receiver the only difference comparing it with the 16-QAM receiver is 

the quantiser. Now instead of having four-levels, the quantiser will have eight levels. 

The one dimensional signal constellation for 64-QAM is shown in Figure 4.16.
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Figure 4.16. 64-QAM one-dimensional signal constellation and decision regions

So the threshold levels have to change. This is the only difference with the carrier 
recovery loop used for 16-QAM.

The I-arm and Q-arm data from the carrier recovery loop are then combined to form the 
received symbols. These symbols are passed through the data recovery circuit for the 
64-QAM.

4.6. Simulation of the system with White noise

In this section the results of simulations of the three systems that have been developed 
are presented. Graphs for the BER performance of each system are presented. Additive 
white gaussian noise is used as channel. The results of the simulations are compared 
with theoretical plots of BER. This will help us to compare the accuracy of the 
implemented systems in COSSAP, and their BER performance with the theoretical 

BER.



Effects of Scintillation on High-Capacity Digital Satellite Link 134

10'

cc
LU 
CD

Theoretical BER 
Simulated BER

4 6
Eb/NO (dB)

10 12

Figure 4.17. Simulated and BER performances for QPSK
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Figure 4.18. Simulated and BER performances for 16-QAM
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Figure 4.19. Simulated and BER performances for 64-QAM

It can be seen from Figures 4.17 - 4.19 that the implemented designs compare very well 

with the theoretical BER performance. A small deviation appeared for the 16-QAM and 

64-QAM systems at low Eb/No values. As Eb/No increases the deviation between the 

simulated and theoretical BER curves reduces.

A reason for that may be the RF filter. The most likely reason must be the assumption 

that errors involve only adjacent symbols of the signal space. This assumption is used in 

the derivation of the theoretical BER. The BER derivation for M-ary QAM can be 

found in [1]. But in real time of course this is not always the case. When the Eb/N0 is 

low it is more likely to have symbols that are mistaken with neighbour symbols and also 

with symbols that are further apart. As the Eb/N0 increases the errors are more likely to 

occur only with neighbour symbols because the higher average symbol energy means 

that a deeper fade is needed in order for the symbol to be mistaken with a symbol
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further apart in the signal space. That makes the theoretical assumption to hold at high 

Eb/No and it is the reason why the simulated BER closes more and more to the 

theoretical curve as Eb/No increases. It can be seen that at BER of 10~7 , theoretical and 

simulated BER curves are almost the same.

4.7. Effects of scintillation

In this section the simulations of the systems that have been developed in COSSAP will 

be presented incorporating a scintillation channel in order to assess the effects of 

scintillation on the system.

4.7.1. Simulation of the system with scintillation

To investigate the effects of scintillation on the system performance, the scintillation 

model, that gives the scintillation time series for various link and meteorological 

parameters is added to the system. The block diagram of the system that is simulated is 

given in Figure 4.20.
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Figure 4.20. Block diagram of the simulated downlink with the scintillation model

Fluctuations in the received signal amplitude cause the change in the BER performance 

of the system. When amplitude scintillation increases BER will increase. On average 

the BER performance of the link will be slightly worse than under AWGN-only 

propagation conditions.
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Figure 4.21. BER performance of downlink with and without scintillation (QPSK)
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Figure 4.22. BER performance of downlink with and without scintillation (16-QAM)
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Figure 4.23. BER performance of downlink with and without scintillation (64-QAM)

It can be seen from Figure 4.21 that the effect of scintillation on a system with QPSK is 

not much. To achieve BER of 10'7 , an increase in Eb/No of just 0.2 dB is required in the 

case of scintillation with standard deviation (STD) 0.2326 dB is present, and an increase 

of just 0.27 dB in the case of scintillation with standard deviation of 0.4163 dB. At 

Eb/No = 11 dB where the unfaded BER of the simulated system is 10"7 , the BER for 

scintillation with STD 0.2326 dB is 1.9xlO"7 and 3.0xlO'7 for scintillation of 0.4163 dB. 

For scintillation amplitudes with higher STD of 0.9735 the effects are greater. For Eb/N0 

11 dB the BER is 3xlO"6 , and for BER of 10"7 1 dB more of signal power is needed.

In the case of 16-QAM it can be seen also that for the first two cases, scintillation with 

STDs of 0.2326 and 0.4163 dB, the effects on the BER performance of the link are 

almost the same as those of QPSK. But there is a bigger effect with scintillation of STD
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of 0.9735 dB. At Eb/N0 of 15.2 dB, where the unfaded BER is 10'7, the BER with 

scintillation of 0.9735 dB is 7.0xlO'5 .

The effects of scintillation on a system that uses 64-QAM are much different. It can be 

seen from Figure 4.23 that even in the case of scintillation with STD of 0.2326 dB the 

BER performance of the system is much worse than those of QPSK and 16-QAM 

systems. At Eb/N0 of 19.68 dB where the unfaded BER is 10"7 the BER of the system 

that encounter scintillation of STD of 0.2326 dB is 8.7xlO"5 . For scintillation with STD 

of 0.1416 dB the BER at Eb/N0 19.68 is 5.5xlO"7 . The system BER performance is 

greatly affected when scintillation with STD of 0.4163 dB is used. At Et/N0 = 19.68 dB 

the BER is nearly four magnitudes higher.

4.7.2. Discussion on Impact of scintillation

It appears from the results of the simulations that were presented in the previous section 

that the impact of scintillation is greater as the order of modulation increases. So if a 

system is to be designed to operate with high bit-rates, meaning that has to operate 

using high-order modulation, then scintillation impairments have to be included in the 

design procedure. It has been seen that for scintillation of 0.2326 dB standard deviation, 

an additional signal power of 4.3 and 6.85 dB is required in 16-QAM and 64-QAM 

systems respectively to achieve the standard BER of 10" .

The effects of scintillation are greater on systems that use higher order modulation 

because the distance between two neighbouring states reduces as the number of signal 

states increases. A fade with a certain depth affects greater a system with higher order 

modulation. For example, a fade that will cause a symbol to be mistaken in the case of 

64-QAM may not affect QPSK. A deeper fade is needed, to cause a symbol error in the 

case of QPSK. In 64-QAM one symbol carries six bits. If a fade cause a symbol to be 

mistaken for a symbol other than a neighbour, up to six bits can be detected in error. 

This is of course is not the case in QPSK, where each symbol carries only two bits. In
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this case if one symbol is mistaken the maximum bits in error will be two. Figures A2.1 

- A2.3 in Appendix 2, shows the scintillation time series that have been simulated to 
obtain the BER graphs of Figures 4.21 - 4.23.

Scintillation phase noise was not taken into consideration in the simulations to assess 

the impact of scintillation on the link. To use high order QAM schemes, it is essential to 

have a good carrier acquisition. This means that the phase error between the arriving 

carrier and the phase of the locally generated carrier must be as small as possible, or, be 

within specified boundaries i.e. does not exceed the currently estimated propagation 

maximum. Most of the time the scintillation phase will be small and the loop bandwidth 

will be able to be kept down to about lOHz or even less giving a very low phase error in 

the recovered carrier [18]. It is assumed here that the carrier acquisition at the receiver is 

able to track down this phase noise.

4.8. Discussion

The purpose of any communication system is to deliver a message of a desired quality 

and speed of transmission to the destination. The performance of the communication 

link is measured mainly in a link budget. In section 4.2 the link budget of the ITALSAT 

satellite beacon downlink is presented. Then a brief review of various modulation 

techniques is given. The rest of the chapter is focused in the implementation of a 

satellite downlink in COSSAP in order to be able to simulate various systems and see 

the effects of scintillation on these systems. The model that has been presented in 

Chapter 3 has been used in the simulation to generate the scintillation time series that 

has been used.

First the performance of the link without scintillation is presented and it is shown that 

the systems have been implemented with high accuracy.
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Simulations of a satellite communication downlink subject to scintillation fading have 

been undertaken. The simulation results with the scintillation channel showed that 

scintillation affects the performance of the link. The higher the order of modulation that 

is being used, the larger is the effect of scintillation. But even in the case of a QPSK 

system where the effects are small, there is an increase in link BER. The results that 

have been presented do not take into account the fact that for percentages of time much 

less than 50% the BER can be much higher than the median value. It was noted that in 

the case of scintillation with STD of 0.2326 dB the BER at Eb/N0 of 10'7 is 1.9xlO'7, 

nearly two times the unfaded one. Figure 3.18 shows the seasonal (summer) CDFs of 

scintillation fades at 49.5 and 39.6 GHz. The scintillation fade exceeded at 49.5 GHz for 

time percentages 0.1, 0.01 and 0.001% is 0.8, 1.2 and 1.7dB respectively. It follows 

from Figure 3.18 that a reduction in Eb/No by these amounts would degrade the BER to 

respective values 2.3xlO"6 , 6.8xlO"6 and 2.0xlO"5 . These BER values are clearly larger 

than 1.9xlO"7 obtained in the simulations. The same argument applies to all the 

simulated systems.

Scintillation fading must therefore be considered in the design of satellite 

communication links operating at high frequencies. The signal suffers not only from 

attenuation due to rain, but affected by scintillation as well. Depending on system 

parameters, the extent of these effects is lower or greater, but it may well drive the 

system to undesirable values, outside the specifications.

Mitigation techniques have to be used to minimise the effects of scintillation fading. 

These techniques need to take into consideration the cost of the link. Transmission with 

higher order modulation will provide better utilisation of the link capacity but has the 

disadvantage of higher BER. On the other hand sending the information data with lower 

bit-rates and lower order modulation causes fewer data bits to be affected by fading, 

improving the BER performance. This is a drawback though in the sense that the cost of 

the information bit will be higher. Also available resources will be wasted for most of 

the time because scintillation fading is not always present.
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A method to overcome the effects of fading without inappropriate use of power 
resources is to use adaptive techniques. Chapter 5 reviews these techniques and 
proposes a remarkable solution.
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CHAPTER 5

Fade Countermeasures - 

Adaptive Modulation

Summary: The best way to handle the large effects of scintillation at high frequencies is 

to use adaptive techniques in order to utilise the available resources of the link in the 

best possible way. In this Chapter a review of such adaptive fade Countermeasures 

(FCM) techniques is presented. Analysis of adaptive modulation as a fade 

countermeasure in a satellite system is then presented followed by comparisons with 

other FCM techniques.
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5.1. Introduction

As already mentioned in section 4.3 satellite communication industry faces fierce 

competition from terrestrial communication industries. One method of providing high 

data rate, high bandwidth capacity, is to use high order modulation techniques. But on 

the other hand this imposes other problems.

The customers may want high data rate services but the quality of the service is a major 

factor. Using high order modulation where the symbol spacing is less than that of binary 

or low order modulation schemes, the effect of noise will be greater, meaning more 

errors in the received data. This has been shown in Chapter 4, with simulations of a 

satellite downlink subject to scintillation fading on three different modulation 

techniques.

Higher frequency bands have the advantage of large bandwidths and give the 

opportunity for higher transmission rates and for satellite communications to open up to 

new services. At these frequencies the effects of propagation impairments are high. But 

because of the considerable advantages of operating a satellite communication system in 

the higher frequency ranges, mitigating techniques have been developed to overcome 

the impairments associated with these frequency bands. These techniques improve the 

communication performance by enabling the transmitted signal to withstand the effects 

of various channel impairments. Most of these mitigation techniques are associated with 

rain attenuation. But as shown in Chapter 4 the effects of scintillation also has to be 

considered.

Most of the satellite communication systems that are in operation at the lower frequency 

band introduce a fixed power margin to overcome the effects of such fading. This can 

be achieved by increasing the antenna size or the RF power of the transmitter. But at 

higher frequency bands where the effects of fading due to propagation conditions are 

much higher, this fixed power margin must be high. Bearing in mind that propagation
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conditions that cause fading, in our case scintillation, are not always present, that fixed 

link power margin for counteracting these effects needs to be used very infrequently. 

Higher link margin means higher cost. So by introducing a large fixed link margin that 

is not always needed, it is not cost efficient.

Adaptive techniques have been developed in order to counteract the effects of 

propagation impairments that satellite communication systems experience. These 

techniques are known as fade countermeasures.

This chapter begins with an overview of such fade countermeasures and a brief review 

of the literature on this. In section 5.4 a review of such fade countermeasures that can be 

applied to mitigate scintillation fading is presented, followed by analysis of a system 

that uses adaptive modulation as a fade countermeasure. This is followed by a 

comparison of the performance of this adaptive modulation system with a system that 

uses adaptive rate transmission as fade countermeasure.

5.2. Fade Countermeasures

The major problem of V-band is that it is subjected to severe fading, rain and 

scintillation. To achieve a system with high availability and high data rate a large fixed 

power margin has to be introduced. But because the fading processes do not always 

present, this power margin, or sending the information at lower bit rates, makes the 

utilisation of the available resources very poor. So as it is not cost efficient to include 

large power margin, link power fading must be compensated by other means when high 

system availability is required. These alternatives are known as Fade Mitigation 

Techniques (FMT) or Fade Counter-Measures (FCM).

Various methods exists to counteract propagation effects but the choice of the most 

relevant ones should take into account operating frequency, performance objectives, 

kind of fading and available resources. Not all FCM techniques are applicable for
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mitigation of scintillation fading in satellite communication systems. A review of the 

various FCM techniques follows and their applicability for the problem at hand is 

investigated in section 5.3.

5.2.1. Power Control as Fade Countermeasure

Power control as fade countermeasure is the most direct fade countermeasure and 

mitigates the fading effects by adapting the transmitted power to the attenuation of the 

affected link. Power control can be carried out in two places, first on the ground 

segment where the output power of a transmitting Earth station is adapted to up-link 

(Up-Link Power Control, ULPC), and secondly on-board the satellite for down-link 

adaptation, DLPC.

In the case of a transparent repeater, the adaptation of the carrier power level by the 

transmitting Earth station aims to control both up-link and downlink budgets [1]. It can 

be implemented relatively easy provided that there is enough power available. This can, 

however, not always be the case due to the required dynamic range of fades. Power 

control on an earth station attempts to maintain a constant power flux density at the 

satellite irrespective of fading conditions along the path, by either decreasing the power 

in clear sky conditions or by increasing the power to compensate fades under fading 

conditions. There are three types of up-link power control. These are:

• Open loop

• Closed loop

• Feedback loop

Open loop is the easiest to implement and does not require system-wide considerations. 

It requires estimation of fading or enhancement on the up-link. This can be achieved by 

radiometry, by beacon measurement or by BER measurement. In general beacon 

measurement is the one that provides a higher accuracy at a modest cost.
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Most satellites carry beacon sources in the downlink frequency band. When using a 

downlink beacon for power control, the estimated downlink fade must be frequency 

scaled to the up-link frequency.

A disadvantage of up-link power control is that, under unfaded conditions, the quality of 

the up-link will be worse than that of the fixed power scheme for the same maximum 

power output required by the dynamic range of the power control scheme. The 

downlink is unaffected as a new transponder operating point may be chosen to 

compensate for reduced up-link power. The reduction in up-link quality in turn reduces 

the total link quality, and thereby decreases the systems tolerance to downlink fading 

[2].

Down-link power control aims to allocate a relatively weak extra power on-board, in 

order to compensate a possible degradation in terms of down-link C/No due to 

propagation conditions in the particular region [3]. It is necessary to verify that the 

ground power flux density specification is not exceeded, in order to abide by radio 

regulations and to avoid interference problems, and on the other hand that no service 

outage occurs during changes in power level.

5.2.2. Diversity as Fade Countermeasure

There are two diversity FCMs. These are the site diversity and the frequency diversity. 

Site diversity is based on the concept of switching the earth-space communication from 

the station affected by fading to another connected ground terminal located at a distant 

site, far enough, to get a low probability of joint fade occurrence at the two sites. The 

concept of this is shown in Figure 5.1.



Fade Countermeasures - Adaptive Modulation 150

Satellite

I I II I I/IIIII

Earth Station A1 — c Diversity 
Processor

£jg

D —— '
The Rest of System

Figure 5.1. Site Diversity example

Site diversity is one of the fade mitigation methods that take advantage of the finite size 

of rain cells. The stronger the rainstorm the smaller the rain cell is, so if two ground 

stations are separated by a distance greater than that covered by each rain cell, they will 

experience statistically independent fading. So this technique is usually suited for rain 

fading.

It is one of the most powerful fade countermeasures, because is able to counteract deep 

rain fading occurring at high frequencies. It is a fade countermeasure specifically suited 

to high availability communication systems.

This method also has its drawbacks. Firstly, a suitably located additional site has to be 

available and the cost of it must be met. Earth station hardware has to be almost 

duplicated, a dedicated high reliability terrestrial link of a suitable capacity provided 

and a monitoring synchronisation and switching system implemented.
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Site or space diversity can generally be implemented on a large scale, as the case 

discussed above, sometimes referred to as macrodiversity, and conversely, on a smaller 

scale called microdiversity. Macrodiversity is usually applied with the intent to mitigate 

large-scale fading (rain). In contrast, the aim of applying microdiversity is to mitigate 

small-scale fading, which involves fades on the order of signal wavelengths. Site 

diversity could also prove effective for mitigating the degrading effects of scintillation 

over baseline distances much shorter than that for rain fade mitigation.

In the case of satellites operating in two frequencies bands, for example a high 

frequency band such as V-band and a lower frequency band such as Ku or C band, 

cross-band frequency diversity is possible. Most of the traffic is routed through the high 

frequency band, where a large bandwidth is available, and some capacity at the lower 

frequency band, that is less affected by rain acts as a back up. If the power margin 

available to the higher frequency band is not sufficient to overcome the attenuation then 

the system switches to the lower frequency band [4, 5].

5.2.3. Signal processing techniques as Fade Countermeasure

These techniques are adaptive, meaning that they can adapt to the channel 

characteristics in order to compensate deep fading when it is needed. Three kinds of 

adaptive methods can be distinguished, adaptive transmission rate, adaptive coding and 

adaptive modulation. Fading degrades the quality of the link by reducing the signal to 

noise ratio at the input of the receiver. This signal to noise ratio is related to the bit 

energy to noise spectral density in digital communications. By keeping the Eb/N0 

constant at the value that is required for a service, it means that the link quality is 

assured to be at a certain level. Unlike up-link power control, which aims to restore the 

carrier to noise ratio (C/N0) through an increase of the earth station transmitted power, 

the signal processing techniques allows a decrease in the required C/N0 while 

maintaining the link performance in terms of the BER. By these three adaptive methods
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this can be achieved in digital communications. In the following sections these methods 
are presented.

5.2.3.1 Adaptive rate transmission

In an adaptive transmission rate system, the rate at which data are transmitted is varied 

according to propagation conditions. High data rates are used under unfaded conditions 

when the signal to noise ratio is high and the data progressively reduced as fading 

occurs. The receiver must know the data rate at all times, of course. To obtain a 

protection margin of 3 dB, the data rate of the system must be reduced by a factor of 

two. To obtain greater margin the data rate must be reduced further. So to compensate a 

fade of 10 dB, it means that the data rate must be reduced by a factor of 10. This of 

course can not be accepted in most practical applications.

If the transmission rate is reduced, it will be necessary to reduce the bandwidth of the 

receiver to that of the data signal to obtain maximum gain by rejecting out-of-band 

noise. A major disadvantage of this system is the requirement for a variable bandwidth 

filter in the receiver, which in addition to a variable rate demodulator will increase the 

system's cost.

5.2.3.2 Adaptive Modulation

Higher system capacity for a specified bandwidth can be achieved by using modulation 

schemes with high spectral efficiency. Adaptive modulation is a powerful technique to 

improve the energy efficiency and increase the data rate over a fading channel. An 

adaptive modulation system would attempt to restore a certain level of transmission 

quality by choosing modulation scheme whose required energy per bit to noise spectral 

density matches current propagation conditions on the satellite link for the acceptable 

error transmission rate. For instance, if very efficient modulation techniques such as 16- 

PSK, 16-QAM, 64-QAM, 64-PSK or 256-QAM can be used in clear air conditions, in
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bad propagation conditions the adaptive modulation system makes use of more robust 
modulations such as QPSK or BPSK.

The idea of this technique is to keep the bandwidth of transmission constant and it is an 
advantage. The symbol rate is kept constant and depending on the modulation technique 
used each time the symbols contain 2, 4, 6 bits for the cases of QPSK, 16-QAM, 64- 
QAM respectively. So actually the bit energy and duration changes but not those of the 
symbol. That is why the bandwidth is constant and there is no need for use of adaptive 
filters. Adaptive modulation is proposed in this thesis for compensating scintillation 
fading and will be discussed in more detail in section 5.5.

5.2.3.3 Adaptive Coding

Adaptive coding consists in implementing variable coding rate in order to match 
impairments due to propagation conditions. Forward error correction encoding is a 
powerful technique used in many communication systems to counteract noisy channels. 
The introduction of coding allows adding redundant bits to the information bits in order 
to detect and correct errors caused by propagation impairments and leads to a reduction 
of the required energy per information bit. Each code is characterised by its rate. Code 
rate is the ratio between information bit rate and the channel bit rate as a result of the 
encoding, and its gain which is the reduction in the required energy per channel bit to 
noise density ratio for the same information bit error rate. If adaptive coding is used in a 
communication link it is important that both ends of the link are aware of the code rate 
in use. Before switching code rate the transmitter must notify the receiver.

Systems that employ encoding utilise better the channel, but complex decoding 
algorithms have to be implemented in the receiver in order to decode the signal and 
extract the information. The bandwidth of an adaptive coded system is kept the same all 
the time and there is no need for use of adaptive filtering at the receiver, similar to the 
adaptive modulation case discussed earlier. Data is transmitted with no encoding during
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unfaded conditions, which is for the vast majority of the time. During fades, the system 

introduces a level of forward error correction keeping channel rate the same. This is 

achieved by reducing the information rate and adding redundant coding bits.

5.2.4. Reserve Capacity FCM (Adaptive TDMA - FDMA)

A reserve capacity can be made available at the network level to be shared among the 

stations that at a certain time need protection against fades. This back-up capacity may 

be typically, in a time division multiple access system, a fraction of the frame interval, 

assigned on demand, as an additional transmission interval, to the links affected by 

fading [5]. The total frame time interval is utilised in such a way that the stations which 

are not affected by excessive attenuation transmit short bursts of data at high data rate 

whilst those affected by fading transmit long bursts of data at considerably lower 

speeds.

A good management can ensure a certain amount of data transmitted by each station 

during the duration of a single frame regardless of the fading conditions. End users thus 

can be offered a transparent service at a fixed data rate. In long bursts the data rate can 

be lowered more and coding can be added to ensure error free transmission of the data.

Otherwise, in a frequency division multiple access environment, the back-up capacity 

could be a fraction of the bandwidth of the satellite transponder, so that links affected by 

heavy attenuation can use a large bandwidth for coded transmission, or for increased 

chip rate in the case of spread spectrum systems.

These techniques can be extremely effective but are suited more to services such as 

trunk telephony rather than data applications.
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5.3. Developments in adaptive Fade countermeasures

Adaptive power control is a useful fade countermeasure when used in combination with 

another form of adaptive countermeasure such as adaptive coding or adaptive 

modulation. The authors of [6] present a fade countermeasure using combined coding 

and up-link power control for a VSAT network operating in the 20/30 GHz satellite 

band. They placed a particular emphasis on the operation of the fade countermeasure 

control scheme. In [7], a variable rate and variable power MQAM modulation scheme 

for high-speed data transmission over fading channels is presented. The adaptive system 

provides a 5-10 dB power gain over variable power fixed-rate modulation and up to 20 

dB of power gain over non-adaptive modulation. It is also pointed out that their 

technique is sensitive to channel estimation errors and to estimation and feedback path 

delay, and that this must be taken into account in any practical implementations.

Alamouti and Kallel [8] describe an adaptive scheme for trellis-coded modulation of 

MPSK signals for slowly Rayleigh fading channels. The adaptive scheme employs a 

slightly modified rate 1/2 convolutional encoder and the corresponding Viterbi decoder 

to realise a family of codes of different rates, which are employed according to channel 

conditions. During poor channel conditions, trellis-coded QPSK together with repetition 

schemes are employed, and as channel conditions improve, higher rate schemes such as 

trellis coded 16-PSK are used. It is shown that their technique is extremely effective in 

combating fading and is pragmatic in terms of its design and implementation, and 

results in 3-20 dB gain when compared to fixed rate trellis codes.

A combined adaptive modulation and coding scheme is presented in [9]. The authors 

combined coset codes with a general class of adaptive modulation techniques. 

Simulation results show an effective coding gain of 3 dB relative to uncoded adaptive 

MQAM for a simple four-state trellis code, and an effective 3.6 dB coding gain for an 

eight-state trellis code. A comparison of the performance of the trellis-coded adaptive 

MQAM with that of non-adaptive trellis codes designed for Rayleigh fading channels
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has been made. It shows that for moderate complexity codes at low BER's, the adaptive 

technique has up to 20 dB of power savings.

In [10] the hardware implementation and performance of an adaptive modulation 

system in which a suitable level of quadrature amplitude modulation is selected for each 

slot are reported for land mobile communications. The authors confirm that the system 

provides a twofold improvement in spectral efficiency compared to a non-adaptive 

modulation system.

Another adaptive modulation system using multipath fading compensation is presented 

in [11]. The authors using computer simulation shows that their proposed system 

achieves higher quality and higher bit-rate transmission than the conventional adaptive 

modulation/TDMA/TDD system presented in [12], using pilot symbol assisted fading 

compensation in a frequency selective environment.

Frequency diversity is discussed in [13] both theoretically and experimentally by 

evidencing some problems common to all adaptive methods using shared resources. 

From the past Sirio experience, the authors present the design of the frequency diversity 

experiment to be carried with Olympus at 20-30 GHz, with 12-14 GHz as back-up band, 

shared resource.

Another adaptive modulation technique in slow Reyleigh fading channel is presented in 

[14]. The authors propose an uneven protection phase shift keying technique for the 

encoding of the required modulation scheme in an adaptive modem arrangement. The 

investigation of adaptive modulation, along with time slot scheduling, in a scenario 

involving several mobiles and one base station is presented in [15].

A complete fade countermeasure system designed for thin route user-oriented and fully 

meshed satellite networks is presented in [16]. Varying the FEC coding and bit-rates of
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the data compensates for the signal degradation due to the residual up-link attenuation 
after up-power control intervention and also the downlink attenuation.

The authors in [17] describe an adaptive forward error correction (AFEC) protocol in 
which the information symbols are sent first and subsequently more and more 
redundancy symbols are added until the receiver has enough symbols to correct the 
detected errors. Thus, the required redundancy is automatically adapted to the actual 
channel state. The AFEC works best with minimum distance separable codes, such as 
Reed-Solomon codes. They discuss the throughput and residual-error-rate performance 
of this method to facilitate a comparison with existing protocols. When AFEC is used in 
connection with a fixed-rate data source or communication network, buffers can be used 
to level out channel fluctuations. Two applications are presented verifying the efficiency 
of the proposed transmission method.

As in [17] the design and testing of multirate coding scheme for mobile 
communications link is presented in [18]. The results of the tests have shown that 
reducing the speech rate to accommodate more channel coding when channel conditions 
deteriorate indeed produces better quality than operating with fixed-rate speech coder.

5.4. Fade Countermeasures that can be applied to scintillation fading

In the previous sections, an overview of fade Countermeasures is given. Most of these 
techniques and most of the cases in the literature are concerned with rain attenuation. 

Not all of these techniques can be applied to mitigate scintillation.

Power control as a fade countermeasure is relatively easy to implement. It is a good 
method to counteract fading and can be used to mitigate scintillation, if not on its own, 

combined with other methods. Such an example can be found in [6].



Fade Countermeasures - Adaptive Modulation_____________________________158

Site diversity as fade countermeasure, usually applies to rain attenuation. As mentioned 

earlier, it is a method that takes advantage of the finite size of rain cells. It can not be 

applied to mitigate scintillation fading because scintillation and rain do not have the 

same characteristics. Scintillation can be present in clear sky as well as cloud and is a 

fast fading process unlike rain attenuation. The time needed to switch from one station 

to another will often be greater than the duration of the scintillation on the 

communication link. Furthermore, there is no guarantee that the other earth station will 

not encounter scintillation fading at the same time. The level of scintillation fades, as it 

can be seen for the data analysis in Chapter 3, does not justify the high cost of site 

diversity. So site diversity is excluded as fade countermeasure for mitigating 

scintillation.

Microdiversity or microscale diversity though is a good technique to mitigate 

scintillation. Work on fade countermeasure [20 - 22], showed that scintillation effects 

can be alleviated by the use of two antennas separated laterally by several hundreds of 

meters or vertically by about 150 meters. In the Goonhilly experiment [23], it was 

shown that substantial improvement could be obtained with antennas separated 

vertically by an order of magnitude less - a much more practical spacing. In the 

experiment [23] the authors used an antenna spacing of 16.5 m. Their results show no 

correlation between the two signals.

Since the signal from the two antennas appear to be totally uncorrelated, it is unlikely 

that an increased separation would be of additional benefit. This would suggest that 

only a small vertical stratification of the atmosphere exists [24].

In [25] results form an investigation into a microscale diversity scheme for the purpose 

of mitigating scintillation are presented. It is shown that the optimum spacing of the two 

antennas at an elevation angle of 14° is about 48m horizontally. At this spacing the two 

signals are completely decorelated.
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A microscale system could be applied in situations where scintillations contribute 

significantly to propagation impairments such as in very low elevation angle terminals 

or in climates where scintillation events are frequent. Low-power-margin VSAT 

systems are a good example where microscale diversity could be useful.

All signal-processing techniques can be applicable for mitigating scintillation. The need 

for adaptive filters makes adaptive rate transmission less attractive. Adaptive 

modulation schemes, like adaptive PSK or adaptive QAM allow the design of a link to 

maximise the information rate over a channel while maintaining a specified Eb/No value. 

This technique assumes that sufficient resources like power are provided during clear air 

conditions. A review of adaptive modulation and coding has already been presented. So 

actually which one of these two techniques will be more appropriate in satellite 

communication to counteract scintillation?

Adaptive modulation assumes that sufficient resources are available in order to use the 

various modulation methods with the required Eb/No for a specific BER. It is therefore 

appropriate for medium to high power applications, while adaptive coding or adaptive 

forward error correction (AFEC) countermeasure is more appropriate for more power- 

limited links. For the same power characteristics, AFEC would have a better availability 

than adaptive modulation, but the latter would have a greater throughput. For a system 

with severely limited power resources where high order modulation methods can not be 

supported, AFEC is a better solution.

These two approaches are in contention, and the basic selection can be made by asking 

which constraint, throughput or availability, is paramount to the system design and thus 

should be maximised. Consider the analysis of an adaptive modulation system to 

increase both capacity and availability using three modulation methods, QPSK, 16- 

QAM and 64-QAM.
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5.5. Adaptive Modulation analysis

As mentioned previously, an adaptive modulation system would transmit at its most 

complex modulation during fine propagation conditions and would reduce the 

complexity of the modulation scheme when fades occur. In this section the illustration 

of the philosophy and the gain of using this technique, are presented.

Adaptive modulation as a fade countermeasure is based on the fact that higher order 

signal constellations, such as high order PSK or QAM schemes, require higher bit 

energy to noise density ratio than lower-order schemes. If the channel symbol rate is 

kept constant, varying the complexity of modulation technique would not change the 

total bandwidth of the RF signal, although some change in the shape of the spectrum is 

expected. However, every change in the complexity, or M-arity, of the scheme would 

change the effective channel bit-rate, as there are log2M bits per symbol. A change of 

modulation scheme to a lower, introduces a fade protection margin equal to the 

difference between the required signal to noise ratios for a given equivalent BER. An 

adaptive modulation system contributes to increasing both overall system availability 

and the total gross data throughput.

It was shown in Chapter 4 that for BER of 10"7 , 64-QAM needs a S/N ratio of 27.34 dB, 

16-QAM 21.2 dB and QPSK needs a S/N of 14.31 dB. So if the system transmits using 

the 64-QAM, when it changes to a 16-QAM transmission there will be an extra 

available margin of 6.14 dB; and when it switches from 16-QAM down to QPSK, there 

will be an extra available margin of 6.89 dB.

Most of the fade countermeasure techniques in literature are concerned with rain 

attenuation. But in real life the radio signal that passes through the atmosphere 

encounter also attenuation and fading from scintillation. A most effective fade 

countermeasure has to take into consideration also the effects of scintillation. It will be 

shown that scintillation has to be included into the design process of a high capacity
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digital satellite link. Assumptions will be made in order to separate rain attenuation and 

to show that scintillation is an important factor and that can drive the system outside the 

required availability, when it is designed without the scintillation process in mind. It 

would be good to mention here that if protection has been made for rain, then it will be 

more than adequate for the small levels of scintillation occurring during cloud and clear 

weather. In low-elevation tropical links though this is not the case. In systems with such 

characteristics, even clear-air scintillation can affect its performance. Figure 5.2 shows 

the simulated cumulative distribution function of scintillation fades of such a system.

5.5.1. Adaptive QAM

Data traffic in satellite systems is likely to increase, similar to the trend in terrestrial 

systems. In particular, demand for high-speed data services will increase. Future 

systems have to be designed with this point in mind. The adaptive modulation system 

that is presented in this thesis uses QAM modulation techniques. An overview of 

modulation techniques was presented in section 4.3.

The reasons for using QAM techniques are the power and bandwidth efficiency that 

they offer. The power efficiency of a modulation scheme is defined straightforwardly as 

the required bit energy to noise spectral density ratio (Eb/No) for a certain bit error 

probability of digital communication over an AWGN channel. The definition of 

bandwidth or spectral efficiency is already given in section 4.3. Table 4.4 shows the 

required Eb/N0 for various QAM and PSK modulation techniques. It can be seen that 

16-QAM requires Eb/N0 =15.18 dB for BER of 10'7 . 16-PSK on the other hand that has 

the same spectral efficiency (4 b/s/Hz) requires 19.24 dB, i.e. 4.06 dB more. In the case 

of a bandwidth efficiency of 6 b/s/Hz offered by both 64-QAM and 64-PSK, the QAM 

method needs 9.77 dB less Eb/N0 . Thus to transmit with 64-PSK instead of 64-QAM an 

increase of nearly 10 dB in power is needed, which ultimately represents a significant 

increase in cost to the end user.
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The main drawback of using QAM techniques is their non-constant envelope. Solutions 
to this drawback are mentioned earlier in section 4.4.4.

5.5.2. Adaptive QAM (A-QAM) performance

In this section the basic philosophy of the adaptive modulation system will be 

illustrated. A bandwidth of 5.625 MHz is assumed. In the link design calculations that 

have been presented in section 4.2 for the ITALSAT satellite downlink beacon, the 

unfaded C/No ratio was found to be 81 dB. With this available C/No ratio and a 

bandwidth of 5.625 MHz, none of the above modulation techniques can be used. Given 

a C/No, the ratio Eb/No between the total available energy per data bit and the noise 

spectral density is given by [19]:

(5.1)

where

R (Hz): information bit rate
r is the coding rate (= 1 for no coding)
Gc (dB) is the coding gain (= 0 for no coding)
Mi (dB) is the margin for MODEM implementation

Msys (dB) is the system margin

A system designer works backwards. For a required Eb/N0 and a given modulation 

technique and coding, the required C/N0 can be found. Increasing the EIRP (by using a 

higher power amplifier or a larger antenna) can increase the C/N0 . It is good to mention 

here that EIRP is given by:

(dBW) (5.2)
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where PHPA (dBW) is the high power amplifier power output, and G (dB) is the antenna 
gain.

In our case no coding will be considered so Equation (5.1) becomes:

N
_ M M (5.3)

Table 4.7 shows that for BW = 5.625 MHz, 64-QAM needs an additional 13.84 dB in 

order to be able to operate within the specified BER. In order to have available Eb/No 

that can accommodate the requirements for use of 64-QAM the C/No must be at least 

94.84 dB (81dB + 13.84dB). If an additional system margin of 3.16 dB is added, then 

the required C/N0 is 98 dB. As mentioned earlier this can be achieved (increasing the 

C/No), by choosing a higher power amplifier or bigger antenna. Here it is assumed that 

this C/No of 98 dB is available to the system designer.

It is worth mentioning here that the adaptive system that has been designed has a 

symbol rate of 5.625 Mbaud. So for the three modulation methods that the adaptive 

system incorporates the bit rates and the corresponding theoretical bandwidth 

efficiencies are given by Table 5.1.

Table 5.1. Bit rates for the A-QAM system

Modulation

Bit-rate (Mb/s)

BW efficiency 

(b/s/Hz)

QPSK

11.25

2

16-QAM

22.5

4

64-QAM

33.75

6

The system has been designed with a baseband matched filter (root-raised cosine filter) 

of roll-off factor a = 0.35. This means that the bandwidth B occupied by a raised cosine
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filtered data signal is thus increased from its minimum value of 5.625 MHz to 

bandwidth given by:

(5.4)

So the actual modulation bandwidth is equal to 7593750 Hz. This reduces the 

theoretical bandwidth efficiencies of Table 5.2 to those of Table 5.2.

Table 5.2. Actual Bandwidth Efficiencies for A-QAM system

Modulation

Actual BW 

efficiency (b/s/Hz)

QPSK

1.4815

16-QAM

2.96296

64-QAM

4.4444

The unfaded S/N ratio available for the modulation bandwidth of 7593750 Hz is equal 

to 29.2 dB. Table 5.3 shows the available margins for the three modulation techniques.

Table 5.3. Available Margins for the A-QAM system

Modulation

Available S/N 

margin (dB)

QPSK

14.89

16-QAM

8

64-QAM

1.86

Taking into consideration the bandwidth and the available margins for the various 

modulation methods in the adaptive QAM system, its performance in the presence of 

scintillation fading will be given below. Some interesting statistics are presented.

In Figure 5.2 the scintillation fades of a downlink with frequency 49.5 GHz, antenna 

diameter 3.6 metres, elevation angle 15.0°, temperature 16.5°C and relative humidity of 

88 % is shown. The scintillation model developed and presented in Chapter 3 was used.
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Figure 5.2. CDF of scintillation fades (simulated)

QPSK has available built in margin of 14.89 dB. By going to Figure 5.2 it can be seen 

that for this particular case, the percentage of the time that this margin will be exceeded 

is 2.3xlO"4 percent of time. In the case of 16-QAM the available built in margin of 8 dB 

will be exceeded for 1.2xlO"2 percent of the time and the available margin for 64-QAM 

will be exceeded for this particular case for 2.2 %. So if the system is to operate with 

64-QAM it will have an availability of 97.8%, while the availabilities for 16-QAM and 

QPSK operations are 99.988% and 99.99977% respectively.

It is worth mentioning again here that scintillation is a non-absorptive effect unlike rain 

attenuation. If we were dealing with rain attenuation with a fixed link margin of 20 dB 

for S/N ratio, then a rain fade of 20 dB would lead to system outage because the 

absorptive effect of rain is accompanied by an increase in antenna noise temperature. 

This is not the case with scintillation fading.
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In order to get a clearer idea of what is discussed in the previous paragraph a period of 

transmission is assumed and the performance of these modulation techniques in this 

period is presented in Table 5.4. The period considered is one year of 365 days.

Table 5.4. Performance Comparison of three modulation methods

A-QAM

system

QPSK

16-QAM

64-QAM

Built-in fixed

margin (dB)

14.89

8.0

1.86

Availability

(%)

99.99977

99.988

97.8

Outage time

(min/year)

2

64

11564

Gross data
throughput
(BER=10'7)

(b/Hz/yr)

46720406.22

93428528.79

137074895.9

It can be seen from Table 5.4 that the simpler the modulation method used the higher 

the achievable link availability. Put differently, the higher the modulation method used 

the higher the outage time of the communication link. In spite of this, the data 

throughput of a 64-QAM system for a period of one year is higher than those of 16- 

QAM and QPSK systems, which have higher availabilities of 99.988 and 99.99977% 

respectively.

Thus, a 64-QAM system can be deployed and, despite its higher outage time, will 

deliver nearly three times (= 2.9339) the information of a QPSK system and nearly one 

and a half times (= 1.467) the information of a 16-QAM system.

If a customer wishes to have availability of 99.99977%, then he has to pay three times 

more per information bit than someone that will accept availability of 97.8% (64-QAM) 

and 2 times more than someone that will accept availability of 99.988% (16-QAM).

Table 5.5 shows how an adaptive modulation communications system makes use of 

these three modulation schemes to increase both the gross data throughput and the
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availability of the link. The principle behind this is to use the higher modulation method
,-7to operate in the required BER value of 10"'.

Table 5.5. A-QAM performance

QAM method in an A- 

QAM system

QPSK

16-QAM

64-QAM

% of time of a year that the 

modulation method will 

operate

0.00027

2.1995

97.8

Gross data throughput of 

each modulation method of 

the system (b/Hz/yr)

12.6145

2055210.745

137074895.9

Total gross data throughput of a A-QAM system: 

""""*" Availability at BER of 10'7 (%):

139130119.3
99.99977

Table 5.5, shows that an adaptive modulation system that uses three modulation 
techniques (QPSK, 16-QAM and 64-QAM), can achieve high availability and also 
increase the gross data throughput compared to a system that uses a simple modulation 
method with high availability. A link availability of 99.99977%, equal to that of a 
QPSK system (Table 5.4), can be achieved along with a three-fold increase in data 
throughput compared to a fixed QPSK implementation. Thus the cost of each 

information bit will be three times lower in an adaptive modulation system.

It can be seen that a system using only 16-QAM to transmit the information data has 32 

times greater outage time than that of the A-QAM system and a system using only 64- 

QAM will have 5782 times greater outage time. On the other hand the A-QAM system 

will have a greater throughput than each of the modulation methods used separately. In 

the case of 64-QAM the throughput in one year will be 137074895.9 b/yr. During those 

time intervals (2.2% of the year) that fading would cause a 64-QAM system outage, the 
adaptive system switches to lower modulation schemes. In this way the system runs on 

64-QAM for 97.8% of the year, on 16-QAM for 2.188% of the year and on QPSK for a
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further 0.01177% of the year; and is in outage during 0.00027% of the year when 

scintillation fading exceeds the QPSK system margin. The result is a significantly 

increased annual data throughput.

Comments on the fade protection margins that the adaptive system offers follow. When 

the system operates with 64-QAM i.e. no scintillation fading is present, the available 

protection margin is the fixed link margin 1.86 dB in our case. When the system 

switches to 16-QAM, the available fade protection margin increases by 6.14 dB. And if 

the system further switches to QPSK, an additional fade protection margin of 6.89 dB is 

introduced. Thus the system has a total margin of 13.03 dB at its disposal to counteract 

scintillation fading.

The performance of the adaptive QAM system discussed here will be compared with an 

adaptive system that uses adaptive transmission rate to counteract scintillation fading.

5.6. Comparison of A-QAM and an adaptive transmission rate system

In the A-QAM analysis presented in section 5.5, it is shown that by changing from a 64- 

QAM to a 16-QAM modulation an additional S/N of 6.14 dB is introduced. And by 

going from a 16-QAM down to QPSK and additional margin of 6.89 dB is introduced 

(Table 5.3). By reducing the order of modulation, there is a reduction of data rate. There 

is a data reduction rate of 2/3 when going from 64-QAM to 16-QAM and a further data 

rate reduction of 1/2 when changing from 16-QAM to QPSK. These observations are 

presented also in Table 5.6.

Table 5.6. Fade margins in an A-QAM system

Modulation change

64-QAM -> 16-QAM

16-QAM-> QPSK

Additional Fade Margin 

introduced (dB)

6.14

6.89

Data rate reduction

2/3

1/2
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In the case of an adaptive rate transmission system, if the data rate is reduced by 1/2 

(without a change in transmitted power), then the bit energy Eb is doubled, adding an 

additional 3 dB of margin to the system.

Table 5.6 shows the fade margins and data rate reductions of the adaptive modulation 

system. In the case of data reduction of 1/2, the adaptive modulation system introduces 

a 6.89 dB fade margin, making adaptive modulation more powerful with better 

utilisation of the link resources. In order for an adaptive rate system to achieve the 

additional link margin of =13 dB realised in the A-QAM system through only two steps 

of modulation switching with a data rate reduction of 1/3, it would require more than 

four steps of 50% data rate reduction per step.

5.7. Conclusion

A review of various fade countermeasure techniques has been presented. Techniques 

that can be applied to mitigate scintillation were identified. Signal processing 

techniques appear to be the most appropriate. Depending on the priorities of the system 

to be designed, adaptive modulation and coding are the prime candidates. The aim of 

the thesis is the design of a high capacity system, so adaptive modulation is chosen as 

the fade countermeasure technique to mitigate scintillation effects.

Analysis of an adaptive modulation system using three modulation techniques was 

presented and its advantages demonstrated. The A-QAM system can be used to mitigate 

scintillation fading and at the same time increase the capacity of the system, delivering 

higher data throughput and decreasing system outage time through an efficient 

utilisation of available resources. An adaptive modulation system would transmit at its 

most complex modulation during fine propagation conditions and would reduce the 

complexity of the scheme when fades occurs. Fade protection margin introduced by 

each change in the scheme will be equal to the difference between the required signal to 

noise ratios at the given equivalent BER. An important assumption is that the resources
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are available. Only then can the adaptive modulation system be implemented. If these 
resources are not available then the A-QAM system that has been analysed will not be 
realisable and other mitigation techniques must be sought. One such solution could be 
adaptive coding, which allows the system to operate at low power and reduced data 
rates.

The fact that the A-QAM system employs only three modulation methods, is an 
important advantage considering the realisable fade protection margins. These few steps 
simplify the control algorithm required for system implementation.
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CHAPTER 6

Implementation of Adaptive System and

Simulation

Summary: Data transfer scenarios in VSAT systems incorporating adaptive 

modulation, ARQ and adaptive up-link power control are presented. The 

implementation of the adaptive system for simulation is given and individual adaptive 

components are simulated and presented in detail.

Simulation results of the adaptive modulation system using three modulation methods 

are discussed showing the advantages and gains.
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6.1. Introduction

In the previous chapters the effects of scintillation on a digital satellite link were 

presented and methods to overcome these effects were discussed. Adaptive modulation 

was shown to be a very good method to mitigate these effects. The performance of such 

an adaptive system involving three modulation techniques was analysed in Chapter 5 

and it was shown that adaptive modulation is an effective countermeasure technique 

with many advantages.

Data transfer scenarios in VSAT systems are introduced and ideas as to how the 

adaptive system could be integrated in a VSAT system are given.

The adaptive system is developed in the powerful simulation platform COSSAP. The 

individual parts of the adaptive system have been tested first before their inclusion in 

the system. Simulation results in order to confirm their correct functioning are also 

presented.

Simulation considerations for the adaptive system are also given, followed by the 

presentation of the simulation results.

6.2. Data transfer scenario in VSAT

In this section, a discussion of a typical application of adaptive modulation is given. The 

system is a VSAT network. VSATs are classified as either one-way or two-way 

systems. One way VSATs can receive but not transmit. In the broadest sense, the term 

one-way VSAT includes data terminals and television receive only (TVRO) terminals 

of different types [1]. Two-way VSATs can receive and transmit. One example of a 

two-way network is the CODE experiment [2]. This type of two-way network is 

particularly suited to small to medium corporate networks with central offices. A typical 

VSAT network with star configuration is shown in Figure 6.1.
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VSAT

VSAT VSAT

HUB

Figure 6.1. VSAT network, star topology

In a VSAT network the distribution of facilities is highly asymmetrical with many 

VSATs and only one or few hubs. In such a network the main requirement is to 

minimise the cost of the VSAT terminal and to transfer, as far as possible, the terminal 

complexity and cost to the hub station. The cost of the central hub station is shared 

between all the VSATs in the network.

For most of the time the network operation is between VSATs and the central hub 

station. Transmission from a VSAT to the hub is called the inbound link and from the 

hub to a VSAT the outbound link. In order to keep VSATs as simple as possible, the 

inbound links are usually organised as single channel per carrier (SCPC). Because hubs 

are more powerful and complex they can transmit in any format. They are usually 

organised as time division multiple access and each VSAT in the network extracts 

relevant information from the TDMA frame.
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The master hub earth station receives the data transmitted by the VSAT terminal and 

routes the data to the appropriate host computers. It transmits an outbound signal that 

carries all of the data being sent from the host computer to the remote VSAT sites. Each 

VSAT terminal receives this signal and decodes the data that is addressed to that 

particular site. The master hub is usually operated as a network control centre, with 

onsite network operators, sophisticated network management tools, and redundant 

electronics and backup power subsystems.

Outbound links can use reserve capacity countermeasures, such as adaptive TDMA or 

adaptive FDMA, to mitigate against atmospheric fading. Adaptive modulation or 

adaptive coding techniques can be used on the inbound SCPC links.

The data transfer in VSAT follows the open systems interconnection (OSI) reference 

model for data communications, developed by the international standards organisation 

(ISO). A protocol must be created to handle the data transmission. Such protocols must 

be different from terrestrial link protocols. Data transfer protocols in satellite 

communications can not be end-to-end, as this would imply changing the protocols 

implemented on the customer's machine, which would be unacceptable to the customer. 

The solution is to implement some form of protocol conversion at both the hub 

baseband interface and the VSAT baseband interface [3]. The layers of the OSI protocol 

that need to be changed are the lowest three, which are the network, the data and the 

physical layers. These three layers are responsible for the transmission and 

communication aspects whereas the upper four layers take care of the end-to-end 

communication and information exchange. A computer system (hardware and software) 

which conforms to these rules and standards is termed as 'open system'. These systems 

can be interconnected into an 'open systems environment' with full interoperability [3].

Each layer in the OSI model adds a header and a trailer to the data. When a message is 

received in a machine, it passes through the layers. Every layer deciphers its header to
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derive information on how to handle the data and then strips the header before passing 

the data up to the next higher layer.

The physical layer deals with all aspects of bit transmission i.e. bit format, bit-rate, bit 

error rate, forward error correction encoding and decoding, modulation and 

demodulation etc. The data link layer ensures the reliable delivery of the data across the 

physical link, it sends blocks of data called 'frames' and provides the necessary frame 

identification, error and flow control. It gets its protocol data unit (packet) from the 

network layer and encapsulates it in frame, by adding its data link header and trailer to 

it. The frame is then transmitted over the network, over the satellite, to the data link 

layer of the hub, which verifies the integrity of data by means of the error detection 

information contained in the trailer of the frame.

There are times that the propagation conditions are so severe that the frames that are 

transmitted can not be recovered at the receiving end. To illustrate this possibility, 

consider a link using automatic repeat request (ARQ). Should the received data be error 

free, the user terminal sends a positive acknowledgement (ACK) back to the 

transmitting VSAT. If it is not, it sends a negative acknowledgement (NACK). If the 

VSAT receives no ACK or NACK after a time out delay, then it retransmits the frame. 

A selective-repeat (SR) protocol is assumed here because the channel's efficiency is 

independent of the round trip time. SR is chosen also because of its higher efficiency 

compared with the stop and wait (SW) and go back N (GBN) protocols.

Protocols in the data layer and transport layer level often make use of sliding windows 

for flow control purposes [3]. By using a sliding window, protocol control flow over 

satellite links is feasible without loss of channel efficiency if the window is large 

enough.

In the case where a sliding window is in use, only positive acknowledgements (ACK) 

are sent Not receiving an ACK before a given time-out interval, the sender retransmits
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the protocol data unit which has not been acknowledged. If again this frame is not 

received correctly, retransmission will follow until completion of error-free reception.

6.2.1. Data transfer scenario in a system using adaptive modulation

Adaptive modulation can be integrated in the system in order to help the delivery of 

data frames in the VSAT network and, as shown in Chapter 5, to increase the channel 

efficiency. As mentioned earlier the adaptive controller will be in the central hub 

station. Now if the transmitting VSAT does not receive an ACK after a time of 

retransmission, the adaptive modulation part of the system comes into play. This can be 

done by using a command 'use lower M-arity' by the adaptive controller in the hub. 

This command will be sent to the VSAT. The VSAT receiving this command will 

decrease the complexity of the modulation method in use and transmit the data.

In severe fading there is a possibility that the command from the hub to the VSAT, for 

use of lower complexity modulation method, will not be received, or will be received in 

error. In this event, the VSAT will not change the modulation method and of course the 

data will continue to be received in error at the hub. Having this in mind the VSAT 

must be able to respond to stop this from happening. So after a certain time of absence 

of any ACK or 'use lower M-arity' command from the hub, the VSAT must be able to 

change the modulation method in use and transmit the data with lower complexity 

modulation.

In the case of clear weather without fading the 'increase M-arity' command will be 

issued by the FCM controller at the hub to the VSAT. This can be done if the received 

frames are correctly unpacked for a certain period of time, meaning that propagation 

conditions are good. There will be no problem now for the VSAT to receive this 

command from the hub. The VSAT will then increase the M-arity of transmission and 

send the information with higher bit-rates.
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In the case of a complete loss of communication between VSAT and hub, they will both 

go to the lowest complexity modulation-demodulation mode, and eventually 

communication will be achieved.

The above scenario of data transmission in a system using ARQ and adaptive 

modulation can also be done in a different way. The scenario given above employs an 

adaptive controller in the hub issuing the commands 'use higher M-arity' and 'use lower 

M-arity' to the VSAT. The following scenario does not require a central controller. The 

decisions for decrease or increase of the M-arity of the modulation is done by the 

transmitting VSAT. If the VSAT does not receive any ACK after a time of 

retransmissions it will decrease the M-arity of the modulation. After a certain period of 

receiving ACK from the hub, meaning clear weather without fading, it will increase the 

complexity of modulation and send the data at a higher bit-rate.

Up to now, an important factor of the system has not yet been mentioned. It is important 

that both ends of the link are aware of the modulation method in use. Before switching 

modulation technique, the transmitter must notify the receiver in order for the 

demodulation of the data to be done correctly.

One method is to provide a small overhead and transmit a pilot signal with information 

of the modulation method in use, in order for the receiver to know and use the right one 

for demodulation. This may result in an increase of complexity and cost of the VSAT 

terminal. Another method is to provide a two-bit header in each frame that will carry 

information regarding the modulation method. The two-bit header in the nth frame will 

denote the modulation used for the (n+n')"' frame, where n' is a possitive integer with a 

value larger than zero, depending on the length of time required to effect a change of 

modulation within the demodulation circuit. Thus an FCM controller could be 

integrated in the physical layer of the network with the addition of these overhead bits.
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Two bits are needed to denote the modulation method in use. '00' can be used in the 

case of QPSK, '01' for 16-QAM and '10' for 64-QAM. This header is followed by the 

'data', which in this case is the frame.

The receiver must be equipped with rapid acquisition demodulators to respond in case 

of a change from one frame to the next. These kinds of demodulators are used in TDMA 

systems. In TDMA, carriers are transmitted and received in bursts; every burst consists 

of a header made of two sequences of bits. One for carrier and bit timing acquisition by 

the receiving VSAT demodulator and another named 'unique word' which indicates to 

the receiver the start of the data field [3]. A data field containing the conveyed data 

packet follows the header. Synchronisation is necessary between earth stations, and the 

earth station must be equipped with rapid acquisition demodulators in order to limit 

burst preambles to a minimum.

6.2.2. Data transfer scenario in a system using adaptive modulation (inbound) and 

adaptive power control (outbound)

An adaptive system that employs a controller in the hub station will function better with 

adaptive up-link power control on the outbound link. Since the central hub station 

monitors a beacon, if a high BER is detected on the inbound data link, the hub will be 

able to determine whether the fade is on the satellite-to-hub link or not. Thus, 

appropriate up-link power control can be implemented on the hub/satellite outbound 

link. This scenario is given below.

Based on the beacon, the FCM controller will make decisions on the modulation 

method that must be in use. If a fade is detected in the inbound downlink the FCM 

controller will 'order' the hub transmitter to increase its power (if uplink power control) 

for counteraction of the fading. In this period a service request will be sent to the 

inbound VSAT transmitter to choose a lower level modulation in order to mitigate the 

fading effects of the inbound downlink.
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The hub unpacks the received information. If the data are received in error or with 

higher BER than the required (10~7), but there is no fading present on the inbound 

downlink, it means that the cause of the error is fading present in the inbound uplink. 

Sending a service command to the VSAT transmitter to lower the complexity of its 

modulation will not be received correctly or even at all. So the outbound FCM 

controller will order the hub transmitter to increase its power for a small period of time 

and send a service command to the VSAT to decrease the M-arity in order to mitigate 

against the inbound uplink fading. If the VSAT continues to transmit without decreasing 

M-arity and the data received is again in error, the ARQ will request retransmission and 

also the FCM controller will issue a new command to the VSAT to choose a lower 

complexity modulation method.

In the worst case where VSAT and hub loose communication, they will both switch to 

their lowest complexity and try to re-establish the link. The important point of 

notification of the receiver when the transmitter changes settings will be done in the 

same way as discussed in section 6.2.1.

Sometimes the hub will not be able to afford an increase in power to instruct the VSAT 

to change settings if errors appear only on this one particular link. If this link is 

important at the time, i.e. holds the majority of data transfer in the network, the increase 

of power is acceptable and can be done. But if not, the VSAT transmitter has to be able 

to change its settings by itself after a time of no ACK is received.

The scenario of including adaptive up-link power control can be implemented also 

without the need of beacon monitoring at the central hub. If the data from all the VSATs 

are received in error then it is assumed that fading is present in the satellite/hub link. So 

the hub will increase its power and send service commands to the VSATs to use lower 

complexity modulation for their transmission.



Implementation of Adaptive System and Simulation__________________________183

The advantage of including adaptive up-link power control is that it can ensure quicker 

and more reliable delivery of service commands from the FCM controller (in hub), to 

the VSAT stations. Large central hub stations have the ability and the complexity to 

support up-link power control so why not integrate it in a system using adaptive 

modulation.

In the rest of the chapter the implementation of a system, using adaptive modulation, for 

simulation purpose is presented.

6.3. Adaptive system

In Chapter 4, the design of three systems has been discussed and explained. By 

comparing these three systems it can be seen that they are nearly the same. The 

differences between them are:

(a) The Gray encoder which packs the bit into symbols depending on the modulation 

method used (see Figure 4.5)

(b) The modulator (see Figure 4.5)
(c) The carrier recovery circuit of QPSK (Figure 4.6) and the carrier recovery of 16- 

QAM and 64-QAM (Figure 4.11)
(d) The data recovery circuit, demodulator and the block to transform symbols to bits 

(Figures 4.8 and 4.13)

The universal carrier recovery [4] can be used in the case of QPSK also, with the only 

difference being the levels in the quantisers.

The above-mentioned components need to be adaptive. In the remaining of this section 

each component is considered along with its COSSAP implementation. The philosophy 

behind the design of these components is that they need to be able to support all three 

different functions for the three different modes of operation (QPSK, 16-QAM and 64-
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QAM), operate in real time, and depend on a control signal to change the mode of 

operation.

6.3.1. Adaptive Gray Binary to Symbol converter

The general block diagram of the adaptive Gray binary to symbol converter is shown in 

Figure 6.2.

•Bits ii A-Bits2Symbol —Symbols out—^

Control Signal 

Figure 6.2. Block diagram of Adaptive Gray Binary to Symbol converter

The adaptive binary to symbol converter is able to pack bits into symbols, depending on 

the control signal. For QPSK the control signal is zero and two bits are packed together 

to form a symbol. For a control signal equal to one, four bits are packed together in one 

symbol, 16-QAM, and in the case of 64-QAM, control signal equal to two, the adaptive 

binary to symbol converter packs six bits into each symbol.

This is implemented in COSSAP as shown in Figure 6.3.

The input bits go to three different BITS2SYM_GRAY blocks. These blocks pack the 

bits into symbols. The first block (M5) packs two bits into each symbol, the second 

(M6) packs four bits and (M7) packs six bits into each symbol.
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Figure 6.3. A-Bits2Symbol as implemented in COSSAP

The output symbols of these blocks are connected to a_muls (M10), a_mulsl (Ml) and 

a_muls2 (M2) blocks respectively. The second input of these blocks is the control signal 

denoted here as 'Control'. If the control signal is zero, '0', M10 behaves as a unit 

transfer channel. Ml and M2 give zero as output. The model ADD3_I (M3) adds the 

three outputs to form the final signal. Because the outputs of Ml and M2 are zero, the 

final signal is the output of M10, i.e. QPSK symbols. Similarly, control signal values of 

1 and 2 yield 16-QAM and 64-QAM symbols respectively at the output of M3.

The Stream Driven Simulator (SDS) functionality of COSSAP ensures that blocks M5, 

M6 and M7 work properly together when connected to a single source (M3), although 

the output of each block results from a different number of input bits.

SDS, a key to the COSSAP signal processing design system, has the following features

[5]:
(a) Supports modelling at both the behavioural and architectural levels

(b) Provides full support for asynchronous and multi-rate designs



Implementation of Adaptive System and Simulation 186

(c) Has exceptional simulation performance
(d) Provides complete debugging facilities

The SDS schedules a primitive model for invocation only when sufficient signal 

elements are available at its input ports. The driving force of the simulation is the 

stream of data, not time. The main advantage of this method is that it allows a 

straighforward simulation of multi-rate and asynchronous systems.
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Figure 6.4. Control Signal

400 500

Figure 6.4 shows a sample control signal, which takes all possible control signal values, 

namely 0, 1 and 2. Symbols that represent 2, 4 and 6 bits are therefore expected at the 

output of the A_Bits2Symbol block shown in Figure (6.5).
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Figure 6.5. A_Bits2Symbol Output based on the control signal (Figure 6.4)

It can be seen that when the control signal has value '2', the output of A_Bits2Symbol 
has values up to 63. This is because 64-QAM packs six bits into one symbol. The value 
of these bits can vary from 000000 or zero to 111111 2 = 63. In the case of 16-QAM the 
symbols can take values up to lllli = 15. For QPSK only two bits are packed into a 
symbol so the values that the signal can take ranges up to 1 \2 = 3.

Observing the two graphs it is clear that the adaptive binary to symbol block functions 

properly as expected.

The output of the A_Bits2Symbol block will serve as input to the modulator. This 
modulator must also be adaptive in order to map the symbols onto the two dimensional 
symbol-space depending on the modulation method. The next section presents the 

design and testing of the adaptive modulator.
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6.3.2. Adaptive Modulator

The main aim of this section is to compare the three modulation methods, present the 

concept of the adaptive system and the implementation of the adaptive modulator. A 

more detailed analysis of the modulation methods in use is given.

The adaptive system operates with constant power, so the modulation methods must 

have the same average power which depends on spacing of symbols in signal space. The 

error rate performance of each modulation method depends on the average power of the 

modulated signal.

The average power of a modulation method where all symbols in the constellation are 

equally likely to occur, is given by:

(6-D

At is the amplitude of a symbol point in the constellation, which is proportional to the 

distance of the point from the signal space origin. Keeping the average symbol energy 

Esav and symbol duration constant then the Pav is constant.

In the case of sinusoidal symbols used in digital modulated transmission, the symbol 

energy Es is given by:

Es = Symbol power X Symbol duration (6.2) 

A2TS

where A is the sinusoidal symbol amplitude and Ts the symbol duration. A unit load 

resistance in the computation of power is assumed. Each modulated carrier state or
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symbol can therefore be fully represented by a point on the signal space. The distance of 

each point from the origin is related to the symbol energy.

The Gray-coded signalling states of a QPSK modulation can be described by Equation 

(4.40) and its signal space diagram is presented in Figure 4.1. All four points of the 

constellation are at the same distance from the origin. The constellation must be 

designed by having in mind that Esm = 1. For Esav = 1, the energy of each symbol E,

must be one. Therefore the symbol representing '11', must be at (V2/2 ,V2/2J to give 

energy:

l (6.3) 

and the average energy per symbol in QPSK is:

(6.4)

The symbol space diagram of a 16-QAM system is shown in Figure 6.6.
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Figure 6.6. 16-QAM constellation

Here a sine pulse (of frequency fc and duration Ts) codes two bits using two phases (0 

and 180) and two normalised amplitudes 1 and 3. An orthogonal cosine pulse also codes 

two bits in a similar manner. The two pulses are added, with the result that four bits are 

conveyed in each symbol interval using a sinusoidal pulse that can take on three 

different amplitudes and a number of phase angles. It can be seen from Figure 6.6 that 

four symbols are transmitted with minimum energy EO, eight symbols with energy EI 

and four symbols with maximum energy £2. So the average energy per symbol in the 

16-QAM is:

4E0 +8E} +4E2 c, ^^ ————————————
MV 1 £lo

(6.5)

But, Eo = Id2 , EI = 10d2 and E2 = 18d2 . Thus Equation (6.5) becomes,
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_4£0 + 8(5£0 )+4(9£0 )- ————————————————— - 
ID

(6.6)

For £MV = 1, Eo must be equal to 0.2 meaning d = 0.3162278.

E0 = (0.3162278)2 + (0.3162278)2 => £0 = 0.2 (6.7)

Substituting in Equation (6.6)

„ 4*0.2 + 8*5*0.2 + 4*9*0.2 , E. = ————————————————— = 1 
16

(6.8)

The signal space diagram of 64-QAM is shown in Figure 6.7.
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Figure 6.7. 64-QAM constellation
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For 64-QAM there are nine different energy levels in the constellation. The average 

symbol energy is given by:

_ 4£0 + 8E{ + 4E2 + 8£3 + 8£4 +12£5 + 8£6 + 8£7 + 4£8
~ ' , .64

(6.9)

The calculated energy levels based on the distance d are tabulated in Table 6.1.

Table 6.1. 64-QAM symbols energies with respect to distance d

Eo
2d2

E,
10d2

E2
18d2

E3
26d2

E4
34d2

E5
50d2

E6
58d2

E7
74d2

Eg
98d2

Substituting the values of Table 6.1 into Equation 6.9,

_ 2680^
sav ~ 64 (6.10)

In the design of the constellation d is taken to be equal to 0.1543. That gives average 

symbol energy for the 64-QAM equal to one.

By designing a constellation with the same average symbol energy the minimum 
distance between the symbols in the constellations is not the same. It is obvious that to 

have the same minimum distance, the average signal power must be higher for higher 

complexity modulation methods. If the three constellations have the same minimum 

distance, they will have the same symbol error rate for similar conditions.

The block diagram of the modulator is presented in Figure 6.8.
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Figure 6.8. Block diagram of the adaptive modulator

To check that it is correctly functioning, the adaptive modulator is simulated first in 

isolation before its integration in the whole system. The symbols signal of Figure 6.5 

and the control signal of Figure 6.4 are used as input. The constellations of the three 

modulation techniques are plotted on the same signal space, given by Figure 6.9.

The adaptive modulator was implemented in COSSAP with a software program written 

in generic C and is included in appendix A3. The constellations are saved in the 

modulator as datasets.

In Figure 6.9, the following symbols, 

O denotes symbols of 64-Q AM 

+ denotes symbols of 16-QAM 

* denotes symbols of QPSK
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Figure 6.9. Output of the adaptive modulator (based on signals of Figure 6.4 and 6.5)

6.3.3. Adaptive quantiser

The adaptive quantiser is implemented in COSSAP as shown in Figure 6.10.

Figure 6.10. Adaptive Quantiser block diagram
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The incoming symbols from either the I or Q arms of the carrier recovery circuit are 

passed through the three quantisers. At the output of each quantiser will be a signal 

level depending on the levels that the quantiser has. The output from each quantiser is 

connected to a_muls2_r (M12), a_mulsl_r (Mil) and a_muls_r (M9) blocks. The 

second input of these blocks is the control signal. Because all the blocks in the adaptive 

quantiser are dealing with real numbers, the I2R block has been used to transform the 

integer control signal to real. The blocks M12, Mil, M9 and M13 behave in the same 

way as the respective blocks M10, Ml, M2 and M3 of Figure 6.3.

6.3.3. Adaptive Demodulator

The block diagram of the demodulator is presented in Figure 6.11.

-In - Real——»

In - Imaginary-*
A QAM demod —Symbols Out-*

Control Signal

I
Figure 6.11. Block diagram of the adaptive demodulator

The constellation points of each modulation method are saved in the adaptive 

demodulator and depending on the control signal the appropriate constellation is 

selected. It was implemented in COS SAP with a software program written in generic C, 

given in appendix A3.

6.3.5. Adaptive Gray symbol to binary converter

Figure 6.12 gives the block diagram of the adaptive Gray symbol to binary converter.
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Figure 6.12. Block diagram of adaptive Gray symbol to binary converter 

6.4. Fade detection and Control System

The real time deployment of fade countermeasures requires monitoring the time-varying 

link so that the appropriate counter action can be taken. This is the fade detection 

problem. The objective of the FCM controller is to ensure that good quality data can be 

passed to the user over the satellite channel. The FCM controller is the heart of the FCM 

management unit. The main functions to be supported are:

(a) Link conditions monitoring and detection of current system settings

(b) Synchronisation and switching of FCM and satellite access resources

(c) Allocation of FCM/satellite resources

(d) Error control management

There are various detection methods of the link quality. Different detection 

configurations may result in different complexity of the system and hence different 

costs. Here a review of the methods for fade detection is given in order to get an overall 

understanding of an adaptive system and its operation. It is not the scope of this thesis to 

develop a new fade detection system.
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6.4.1. Fade detection and control

The information of the quality of the satellite link may be gained by the measurement of 

one or more primary parameters such as attenuation (directly) and rain distribution 

along the link, or secondary parameters such as carrier to noise ratio, receiver bit error 

rate and received signal characteristics [6]. The primary parameters are those that cause 

the secondary parameters to change. Most fade countermeasures that appear in the 

literature are concerned with rain attenuation.

In the scenarios discussed in Section 6.2, the FCM controller operation is based on 

errors in the received frames and ARQ commands. Beacon monitoring has also been 

mentioned. In this section a more detailed insight into beacon and BER monitoring is 

given.

6.4.1.1. Beacon monitoring

Attenuation may be measured directly by monitoring a beacon of known signal power, 

transmitted by the satellite, with an additional cheap earth-station receiver. Cheap 

because the fade countermeasure system has to take into consideration also the cost of 

the overall system. This earth-station receiver does not need great accuracy because 

absolute signal phase is not important. If no beacon signal is available, an attenuation 

estimate may be found by using a radiometer.

The advantage of the downlink monitoring is that a single LNA/down converter can be 

used for communication and fade detection purposes.

Gremont et. al. [7], investigate the performance of a predictive fade control strategy 

based on a minimum variance approach for application to low fade margin Ka band 

satellite systems. They assume ideal beacon detection. Their paper incorporates the 

global fading process (combined rain and scintillation). In the case of a downlink
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beacon detector, the estimation of the impact of both rain and scintillation necessitates 

an efficient real-time separation/recombination and instantaneous scaling of each 

atmospheric effect. Instantaneous frequency scaling is also needed for the evaluation of 

the up-link fades for a total attenuation calculation.

Instantaneous scaling means the prediction of scintillation intensity in one frequency 

based on measurements on another frequency. Beacons do not usually have the same 

frequency as the information-bearing radio signal. The performance of a fade 

countermeasure technique is sensitive to the variability of this instantaneous scaling 

factor and requires suitably chosen protection margins to achieve a statistically 

controlled accuracy.

Fade countermeasures that take into consideration both uplink and downlink, imply the 

definition of an FCM control protocol, whereby FCM service information can be passed 

in both the forward and return directions, so that the required total FCM control effort 

can be accurately evaluated [8]. The integration of such FCM protocols within 

automatic repeat request systems (ARQ) to achieve very low error rates also needs 

consideration.

In [7] another problem that beacon detection presents is given. The FCM control 

operations must be short-term predictive. This is to account for the likely variations of 

the frequency band fading process during the response time of the FCM system. This 

delay will be dominated by the propagation time delay to and from the satellite as well 

as the FCM service communication protocol and whether on-demand assignment of 

FCM protection is employed.

A simpler method is to monitor a beacon with frequency the same as the uplink, thereby 

avoiding the need for scaling in frequency the components of the radio band fading. The 

fade detector still needs however to estimate the clear-sky beacon level for evaluating 

the absolute fade level. This method is probably more accurate than the monitoring of
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the downlink beacon but is more costly because it requires a second LNA/down 

converter at the receiving end [9].

6.4.1.2. BER monitoring

In digital links, monitoring the BER can provide a closed loop detection method 

applicable to an adaptive system for fade countermeasures. Monitoring the BER at the 

receiver most of the time is not the best solution. In low data rates, the BER is difficult 

to measure accurately enough in time to take corrective action. The reason for this is the 

statistical nature of the errors. To obtain good accuracy many errors must be detected, 

but at low bit-rates the number of errors that can be detected before the BER changes is 

small. The delay in obtaining an accurate picture of the link condition is a major 

drawback that significantly hampers the response of the FCM control scheme.

Another detection method is to increase the BER artificially [6]. This may be done by 

simply attenuating the signal or by re-sampling the signal some distance from the 

optimum sample point, and comparing the result with the optimum sample. Obviously 

the BER will be increased. By careful choice of sample points, the degree of difference 

may be related to the real BER.

6.5. Simulation of the adaptive system

In the simulation of the adaptive system, a number of parameters must be defined or 

calculated. These parameters are:

(a) Bit-error rate requirements
(b) Operational parameters of the adaptive system, such as the FCM controller

(c) The AWGN channel
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6.5.1. Adaptive AWGN channel

The additive white gaussian noise adds discrete-time zero mean white gaussian noise to 

the input signal. The variance of this white noise for each Et/No depends on the bit-rate 

i.e. the modulation method [1].

In order to implement the AWGN as adaptive the same philosophy as in the case of the 

adaptive quantiser and the adaptive bits to symbol model is followed. The block 

diagram of the adaptive additive white gaussian noise channel as implemented in 

COSSAP is shown in Figure 6.13.

OUTPUT

CONTROL

Figure 6.13. Block diagram of A-AWGN channel

6.5.2. Simulation consideration

The simulated system assumes the same characteristics as the adaptive system analysed 

in Chapter 5, section 5.5. The unfaded signal to noise ratio is equal to 29.2 dB. The 

available margins for each modulation method in the adaptive QAM system for BER of 

10"7 are shown in Table 5.3.
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ARQ scheme is assumed in place to be able to implement the FCM protocol. The 

system performance will be assessed on the basis of the gross data throughput at a BER 

= 10 . Scintillation fading comes into place by using the dynamic model of 

tropospheric scintillation presented in Chapter 3.

The same scintillation time series that have been used in Chapter 5 (see Figure A2.2 in 

Appendix 2), and for the same time period is used also here for the simulation of the A- 

QAM system. This will help to compare the A-QAM system performance with those in 

Chapter 5.

The FCM controller monitors the scintillation channel at the receiver and is responsible 

for taking action to maximise the data throughput at BER = 10~7 . This is done by 

ordering an increase or decrease of the M-arity of the modulation method in use. For the 

switching to lower M modulation, the scintillation fade that is observed by the FCM 

controller must be such that causes the S/N or Eb/No ratio to be less than what is 

required for BER = 10"7 in the current scheme. For switching to a higher M modulation, 

the observed scintillation fade must be such that the S/N or Eb/N0 ratio exceeds the 

minimum required value for BER of 10~7 for the next higher modulation scheme.

The FCM controller operates in this way, in order to assess the impact of just 

scintillation on the system. Another way is by observing the current signal to noise ratio 

at the input of the demodulator and taking the appropriate action. But this will include 

all the atmospheric effects, such as rain attenuation, thermal noise and so on. In the 

context of the simulation, an FCM controller to operate as above is developed in 

COSSAP.

6.5.3. FCM controller

Figure 6.14 shows the block diagram of the implemented controller as it was simulated.
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Figure 6.14. Block diagram of FCM controller

The response time of the FCM control system has to be taken into consideration when 

designing an adaptive system to counteract fading. Delay in setting up the FCM or in 

restoring the normal transmission conditions is mainly due to the propagation delay 

through the space link, and depends on the protocol used for signalling and system 

reconfiguration [10]. A typical value is about 0.5 seconds. In high transmission rate 

systems, delivering information data in the region of 20 - 40 Mb/s, the number of 

affected bits by this delay would be large. By the time that the FCM will respond, all 

these information bits will already have gone through, driving the BER above the 

stipulated level. The correct operation of the adaptive system to counteract fading 

depends on the accurate operation of the controller.

If no fixed margin is included and the system operates on the 'limit', the time delay of 

0.5 seconds that the system will need to change the modulation technique, will cause the 

non-availability of the system or will drive the system to a BER higher than the 

specified 10"7 level. Thus a small fixed margin must be incorporated in order to allow 

for any increase in signal attenuation that may occur before the FCM system can react.
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Figure 6.15. Fade control: upward and downward action thresholds

In Figure 6.15, 'FT represents the system's fixed margin. Whenever attenuation causes 

this margin to be exceeded, fade countermeasure action has to be called in to counteract 

this fade and to keep the system in the acceptable operation level. In an adaptive 

modulation system, this is done by changing the modulation method. The system has to 

operate under the fade countermeasure action for a certain time T-ideal' and restore 

usual operation when the fade passes that level downwards.

To allow time for the system to respond to this fade, a new detection level has been 

introduced (F2). As a fade develops, the first action threshold, F2, is reached. A time 

delay AT follows as the fade is detected, information is passed between terminals and 

fade countermeasures are taken. Meanwhile the fade has reached Fl. To maintain 

transmission quality, the countermeasure control system will make up for the increased 

fade level.

To account for this increased fade level and maintain performance, the FCM controller 

can be implemented in two ways [6]. Either by including a fixed margin equal to the
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difference between Fl and F2, or by including a smaller margin and predicting how the 

fade will develop. These marginyare in addition to the detection margin, the difference 

between the unattenuated signal and F2 that must be present to detect the fade. This 

detection margin will be defined by the sensitivity of the detection scheme. In the first 

method each countermeasure threshold is set at a lower attenuation level than that 

required if no delays were present. The second requires complex processing to predict 

the future fade depth from inputs such as the rate of change of signal strength and past 

experience. Another control scheme is needed at the end of a fade event when the signal 

strength improves.

The simplest way to implement the FCM control system is to introduce threshold levels. 

In such a system, the only information that is needed is whether the current attenuation 

is above or below each threshold value. On the other hand in the predictive control 

system, a continuously updated set of past attenuation statistics is needed to predict the 

future attenuation level. So the predictive schemes will require a more accurate fade 

measurement.

V
Attenuation A, > Aj > A,

Figure 6.16. A-QAM Fade detection levels
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In Figure 6.16, the threshold levels that control the operation of the adaptive modulation 
system are shown, taking into consideration what has been shown in Figure 6.15. Fades 
below Aa, are covered by a fixed fade margin and so the system operates with the 
highest throughput using the highest M-ary modulation scheme. A fade below A3 will 
cause the adaptive system to use a lower modulation method and a fade above AS will 
cause the adaptive system to use the lowest modulation method available. This is 
illustrated in Table 6.2.

Table 6.2. Fade detection levels and FCM controller output

Fade detection level

A,

A2

As

FCM controller output

2

1

0

Modulation method in 

the A-QAM system

64-QAM

16-QAM

QPSK

The program code for the controller as written in Generic C is included in Appendix 
A3. This Generic code is transformed into C code using the COINS utility of COSSAP.

In a system that uses adaptive modulation as a fade countermeasure, a rough estimate of 

the total time that each modulation method will be used, say in a year, can be 
determined. This will give the throughput of the system in a year. Higher modulation 

techniques will transmit more information for a particular time than lower modulation 

methods.

By knowing the fade duration above A3 , the time that the lowest modulation method 

will be in use could be determined. The time of the highest modulation method can be 

determined also by knowing the time that fades are below A2 . The distance between the 

three levels can be set to avoid frequent switching between modulation levels while 

ensuring that the system achieves the specified availability and quality of service. Thus
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fade duration statistics help the system designer to roughly calculate beforehand the data 

throughput of an adaptive system [11].

6.6. Simulation results

This section gives the simulation results of the adaptive system that has been developed 

in COSSAP. These results are compared with those of systems using only one 

modulation method.

A link with a built-in fixed margin of 1.86 dB for 64-QAM and a BER requirement of 

10"7 was discussed in Chapter 5. The simulation of the performance of this link during 

the 100-second scintillation event shown in Figure (A2.2) and using the adaptive 

modulation scheme presented above as a countermeasure was carried out. It was found 

that 64-QAM was used for 64% of the time and 16-QAM for the remaining 36% of the 

time. There was no need for the use of the lowest modulation technique QPSK during 

this scintillation event. Figure 6.17 shows the control signal for this simulation.

o 
O

0.5-

0.00
0] 10 20 30 40 50 60 70 80 90 [99

no. of Samples

Figure 6.17. Simulated control signal for fade margin = 21.42 dB
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During the 100s duration of the scintillation event taking into consideration that the 

symbol-rate is 5625000 baud, the number of symbols that have been transmitted are 

562500000. Table 6.3 summarises the performance results of the adaptive system 

compared with the simulation results of systems using QPSK, 16-QAM and 64-QAM.

Table 6.3. Simulated systems' performance as a function of data throughput

QPSK 16-QAM 64-QAM A-QAM

Total data throughput (Mb/lOOs)

1125 2250 3375 2970

It can be seen from Table 6.3 that the throughput of the adaptive system is higher than 

that of a system using only QPSK or 16-QAM, but lower than that of a 64-QAM 

system. However the system using 64-QAM can not deliver the data at the required 

BER of 10"7 , using the fixed fade margin of 21.42 dB. Recalling Figure 4.22, it can be 

seen that for Eb/N0 = 21.42 dB the system with 64-QAM gives BER = 7x10~4. Thus 64- 

QAM can not be used the whole time if a BER of 10"7 is required.

By increasing the fixed fade margin of the system the data throughput is expected to 

increase because the highest modulation method could be used for longer. Simulation is 

performed also with available Eb/No of 25.42 dB. To achieve BER of 10~7 , the adaptive 

system makes use of 16-QAM for only 8% of the time and 64-QAM for the remaining 

92% of the time. The data throughput of the A-QAM system increases to 3285 

Mb/lOOs, which is higher than that listed in Table 6.3. Again the throughput is lower 

than that of a system using only 64-QAM but a system using only 64-QAM will not 

achieve a BER of 10"7 at Eb/NO = 25.42 dB. Referring to Figure 4.22, the BER for 

Eb/NO = 25.42 dB is 5.5xlO"4 . The control signal for this simulation is shown in Figure 

6.18.
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Figure 6.18. Simulated control signal for fade margin = 25.42 dB

The simulation results presented above do not take into account the satellite-hub 
contributions on the signal degradation. Simulations have also been run including these 
effects, by adding another scintillation model in the channel, to give the satellite-hub 
scintillation degradation. The link parameters used as input to the model were frequency 

= 40 GHz, elevation angle = 45°, because the position of the hub is usually such to view 

the satellite with high elevation angle, antenna diameter = 4 meters (antenna at the hub 
is larger than that of a VSAT). With these parameters the scintillation amplitudes are 
small and have a negligible effect on the performance of the link. The simulation results 

showed the same results as in the case without the satellite-hub effects.

6.7. Discussion - Conclusion

The implementation of the adaptive system in the communication simulation package 
COSSAP were presented. Data transfer scenarios based on real-life VSAT systems were 
also introduced. Adaptive modulation when used in combination with ARQ schemes 
can be very effective, obviating the need for beacon monitoring, which would pose an
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expensive extra requirement to most systems. Using the features of ARQ in a network 

manner based on the OSI layer protocol, delivers the operation of the adaptive system 

without much of overhead. Uplink power control can usually be implemented in hub 

stations. Two scenarios combining adaptive modulation, ARQ and adaptive up-link 

power control were also presented. The advantage of including adaptive up-link power 

control is that it can ensure quicker and more reliable delivery of service commands 

from the FCM controller (in hub), to the VSAT stations.

The individual parts of the system that need to be adaptive were identified and their 

implementation discussed in detail. Simulations of these as individual parts were 

performed to ensure correct operation.

Simulation results of the adaptive system show that it can deliver higher throughput 

than a system using QPSK and a system using 16-QAM. On the other hand the adaptive 

system fails to deliver higher throughput than a system using 64-QAM. But a system 

with 64-QAM will fail to deliver the data at the required BER. At Eb/N0 = 21.42 dB the 

adaptive system uses 64-QAM and 16-QAM for 64% and 36% of the time respectivelly. 

If the available power is increased, the data throughput of the system will also increase. 

At Eb/No = 25.42 dB the A-QAM system 64-QAM and 16-QAM for 92% and 8% of the 

time respectively. A system using only 64-QAM will be unavailable for 36 % and 8 % 

of the time because the required BER will be exceeded for that time in the case of Eb/N0 

= 21.42 dB and 25.42 dB respectively. So for the same system availability as in the case 

of QPSK or 16-QAM, the adaptive system has the better performance. Delays have not 

been taken into account in the simulation, and these will be present in real life scenarios.
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CHAPTER 7

Summary and Conclusions

Summary: This final chapter brings together the results of previous chapters. The 

major contributions and conclusions of the thesis are summarised and some ideas for 

further research are presented.
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7.1. Introduction - Overview

Since the launch of the first satellite Sputnik in 1957, the satellite communication 

industry has grown a great deal. The first satellites were small and provided a low 

capacity at a relatively high cost. The cost resulted from the cost of the launcher and the 

satellite combined with the short lifetime of the satellite, about one and a half years. 

More reliable launchers that can put much heavier satellites in orbit, the increase in 

expertise in microwave techniques, higher power amplifiers and increased satellite 

capacity have led to a reduced cost of satellite services. The increase of satellite size and 

power permitted a consequent reduction in size and cost of earth stations, making 

satellite communications more attractive.

Because of the congestion of low bands, such as C and Ku bands, satellite 

communications is in the process of expanding to higher frequencies such as Ka and V- 

bands. At these high frequencies the effects of atmospheric attenuation is severe. 

Tropospheric scintillation must be considered in the design of such systems that operate 

with low fade margins. In such high frequencies scintillation fading can affect the 

performance of the link and decrease its availability and quality of service.

A space communications system, which is subject to weather dependent path 

attenuation, such as scintillation, can be designed to operate at an acceptable 

performance level by allowing adequate power margins on the uplink and downlink 

segments. The required margin is large at high frequencies and is not always acceptable 

for economical reasons. Fading is not always present in the propagation path and this 

additional power margin, for counteracting these effects, is only occasionally called into 

use. The introduction of large link margins in these high frequency systems is therefore 

not cost efficient.

Other techniques must be introduced to mitigate the propagation effects and use more 

effectively the available resources.
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Scintillation formed the focus of this thesis. Analysis of beacon data was presented and 
the dependence of scintillation on various meteorological parameters investigated. 
Careful understanding, quantification and modelling of scintillation are imperative for 
the reliable design and operation of these increasingly popular telecommunication 
systems.

Satellite link experiments can be prohibitively expensive requiring the launch or 
availability of a suitable satellite and a measurement earth station. Some parameters of 
interest such as the path elevation angle may be fixed or expensive to vary. A 
simulation platform provides an inexpensive and flexible option for the study of satellite 
communication systems performance as a function of systems specification, link 
parameters, and atmospheric variables. A dynamic scintillation model was developed, 
based on the measurements and on theory. The scintillation model gives a scintillation 
time series depending on the various link and meteorological parameters.

The effects of scintillation on satellite communication systems were also investigated. 
Methods to overcome these effects were discussed and a system using adaptive 
modulation was proposed. The advantages of such a system were demonstrated through 
numerical computations as well as simulations. Scenarios of data transfer in a VSAT 
system and the incorporation of adaptive modulation as an integral part of the system 

were presented.

7.2. Tropospheric scintillation

From the experimental results that were analysed and presented in this thesis it can be 
concluded that scintillation amplitudes follow a gaussian pdf during time intervals 

which are short enough for meteorological conditions to remain approximately constant. 
Over longer time periods, when the scattering process is no longer stationary, 

scintillation amplitude pdf deviates from a gaussian behaviour especially in the tails of 
the distribution. The hourly scintillation intensity pdf was found to follow a log-normal
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distribution, whereas the gamma distribution characterises better its daily-calculated 
values.

Scintillation is dependent on meteorological parameters. Temperature was found to be 
the most influential factor, with a correlation of 0.95 between scintillation intensity and 
ambient temperature averaged over monthly intervals. That is, as temperature increases 
so does scintillation amplitudes. The correlation between them is so strong that average 
monthly scintillation intensity can be predicted from average monthly temperature with 
an error not exceeding 10%. The strongest correlation was found to be between the 
monthly averages of scintillation intensity and Nwet, with a value of 0.953. Scintillation 
amplitudes and relative humidity are negatively correlated, mainly because intervals of 
high relative humidity correspond to lower temperatures. Correlation was also found 
between the corner frequency of scintillation power spectrum and transverse wind 
speed.

7.3. Scintillation modelling

A novel dynamic scintillation model was developed and presented in this thesis. It 
utilises a low-pass filter at a suitable cut-off frequency and a memory-less non-linear 
device to transform white noise into fluctuations whose spectrum and probability 
density function (pdf) corresponds to those of experimentally observed amplitude 
scintillation on a satellite link. The model has as input, link parameters namely 
frequency, antenna diameter, antenna efficiency and elevation angle and meteorological 
parameters, namely temperature and relative humidity.

The results obtained from the model show good agreement with theoretical predictions 
and with the relevant experimental results from three sites at four beacon frequencies. 
Comparisons between simulated and experimentally observed scintillation time series 
were made in terms of the first four moments of the distributions. All showed good 
agreement, with the exception of the skewness which nevertheless was negative (as 
expected) and followed a similar trend of increasing absolute value with higher



jummary and Conclusions____________________________________ 216

scintillation intensity. There were good agreements between measured and simulated 
scintillation amplitude cdfs and pdfs. A comparison of the proposed model with the 
ITU-R and Otung models yielded very satisfactory results.

The model can be used for simulation of propagation through a satellite link subject to 
scintillation, and can also be employed to predict the required scintillation fade margin 
on a specified link. Apart from this versatility, another important advantage of the new 
model is its simplicity, employing readily specified input parameters and non-intensive 
computations to generate a scintillation time series whose spectral and statistical 
properties match theoretical predictions as well as experimental observations.

7.4. Impact of scintillation on satellite communication systems

The purpose of a satellite communication system is to deliver a message of the desired 
quality to the destination. The performance of an overall link is measured mainly in a 
link budget. A system designer attempts to optimise the overall link, taking into 
consideration the characteristics of each component of the link. In Chapter 4, the link 
budget for Sparsholt-ITALSAT link was calculated for three different modulation 
schemes.

To assess the impact of tropospheric scintillation on a satellite communication link, 
simulations of a scintillation-degraded link using the scintillation model were 
undertaken. The simulation results showed that scintillation affects the performance of 
the link. The higher the modulation order the larger were the observed effects of 
scintillation. There was an increase of the BER performance of the link in all cases. The 
results that were presented do not take into account the fact that for percentages of time 
much less than 50% the BER can be much higher than its median value. It was pointed 
out that in the case of scintillation with STD of 0.2326 dB the BER at Eb/N0 =11 dB was 

1.9xlO"7 , about double the unfaded value. On average the BER performance of the link 

worsened as scintillation STD increased.
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These results show that scintillation fading has to be considered in the design of satellite 

communication links operating at high frequencies. It is not only rain fading that can 

cause a system to operate outside acceptable specifications, but scintillation is also an 

important degradation factor.

Mitigation techniques have to be used to overcome and minimise the effects of 

scintillation fading while taking into consideration the cost of the link. Transmission 

with higher order modulation will provide better utilisation of the link capacity but has 

the disadvantage of higher BER. On the other hand sending the information data at 

lower bit-rates using lower order modulation improves BER performance, but increases 

the transmission cost of each information bit. In this case, available resources are 

actually wasted for most of the time since scintillation fading is not always present.

7.5. Fade mitigation techniques - Adaptive modulation

In Chapter 5 a review of various fade countermeasure techniques including their 

advantages and disadvantages was given. Signal processing techniques appear to be 

more appropriate for use to counteract scintillation. Depending on the primary need of 

the system to be designed, adaptive modulation and coding are the most favoured. In 

this thesis, adaptive modulation was investigated as a feasible countermeasure against 

scintillation on high capacity satellite links.

Analysis of an adaptive modulation system using three modulation techniques was 

presented and its advantages were shown. The A-QAM system can be used to mitigate 

scintillation fading and at the same time increase the capacity of the system, delivering 

higher data throughput, decreasing outage time, and better utilising the available system 

resources. The important assumption is that the resources are available. Only then can 

the adaptive modulation system be implemented. It is clear that if these resources are 

not available the A-QAM system that was analysed can not be implemented, and other 

methods to counteract scintillation fading must be found. Adaptive coding is a good



Summary and Conclusions___________________ _______________ 218

solution if the system has to operate with low power, but this is at the expense of lower 
data rates.

The fact that the A-QAM system utilises only three modulation methods is an important 

advantage considering the realisable fade protection margins. These few steps simplify 

the control algorithm required for system implementation.

Adaptive modulation can be integrated in a VSAT network based on the OSI reference 

model of data communications, delivering error-free data and with better utilisation of 

the available recourses. In a two-way VSAT network, adaptive modulation can be used 

on the SCPC inbound link as a fade counter-measure, while the outbound hub-VSAT 

link can use adaptive TDMA or up-link power control.

Two scenarios were given for data transfer in a VSAT network. The first was with a 

system using A-QAM and ARQ and the other using A-QAM, ARQ and adaptive up 

link power control in the outbound link. A summary of these two scenarios is given 

below.

7.5.1. Adaptive system operation (A-QAM and ARQ)

If the transmitting VSAT does not receive an ACK after a time of retransmissions, a 

command 'use lower M-arity' issued by the FCM controller in the hub will follow. This 

command will be sent to the VSAT. The VSAT receiving this command will decrease 

the complexity of the modulation method in use and retransmit the frame. In severe 

fading there is a possibility that the command from the hub to the VSAT, for use of 

lower complexity modulation method, will either not be received or will be received in 

error. In this event, the VSAT will not change the modulation method and of course the 

data will continue to be received in error at the hub. Having this in mind the VSAT 

must be able to respond to stop this from happening. After a certain time of absence of 

any ACK or 'use lower M-arity' command from the hub, the VSAT must be able to
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change the modulation method in use and transmit the data with lower complexity 

modulation.

In the case of clear weather without fading the 'increase M-arity' command will be 

issued by the FCM controller at the hub and transmitted to the VSAT. This can be done 

if the received frames are correctly unpacked for a certain period of time, meaning that 

propagation conditions are good. There will be no problem now for the VSAT to 

receive this command from the hub. The VSAT will then increase the M-arity of 

transmission and send the information with higher bit-rates.

In the case of complete loss of communication between VSAT and hub, they will both 

go to the lowest complexity modulation-demodulation mode, and eventually 

communication will be achieved.

The scenario given above can be modified to make the use of a central adaptive 

controller unnecessary. The decisions for decrease or increase of the M-arity of the 

modulation is done by the transmitting VSAT. If the VSAT does not receive any ACK 

after a time of retransmissions, it will decrease the M-arity of the modulation. After a 

certain period of receiving ACK from the hub, meaning clear weather without fading, it 

will increase the complexity of modulation and send the data with higher bit-rate.

7.5.2. Adaptive system operation (A-QAM ARQ and up-link A-power control)

In this scenario of data transfer in a VSAT network, adaptive up-link power control is 

added to act as fade countermeasure in the outbound link. If a fade is detected in the 

inbound downlink the FCM controller of the outbound link will 'order' the hub 

transmitter to increase its power for counteraction of the fading. In this period a service 

request will be sent to the VSAT inbound transmitter to choose a lower level 

modulation in order to mitigate the fading effects of the inbound downlink.
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If the data received at the hub is in error or is at a higher BER than specified (10~7), but 

there is no fading present on the inbound downlink, it means that the cause of the error 

is fading present in the inbound uplink. Sending a service command to the VSAT 

transmitter to lower the complexity of its modulation will not be received correctly or 

even at all. So the outbound FCM controller will order the hub transmitter to increase its 

power for a small period of time and send a service command to VSAT to decrease the 

M-arity in order to mitigate against the inbound uplink fading. If the VSAT continues to 

transmit without decreasing M-arity and the data received is again in error, the ARQ 

will request retransmission and also the FCM controller will issue a new command to 

the VSAT to choose a lower complexity modulation method.

The advantage of including adaptive up-link power control is that it can ensure quicker 

and more reliable delivery of service commands from the FCM controller (in hub), to 

the VSAT stations. Large central hub stations have the ability and the complexity to 

support up-link power control so why not integrate it in a system using adaptive 

modulation.

The adaptive satellite communication link was implemented in COSSAP and simulated. 

ARQ scheme is assumed in place to be able to implement the FCM protocol. The 

simulation results showed that adaptive modulation could be used successfully for 

mitigation of scintillation fading and at the same time ensuring high data throughput for 

the communication link.

7.6. Original aspects of the research

In summary, the novel aspects of the research presented in this thesis are considered to 

be:

I. Analysis of beacon data and study of the distribution of amplitude scintillation. 

n. Study of the dependence of amplitude scintillation on meteorological 

parameters.
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ffl. Development of a dynamic scintillation model. The model enables the 

generation of a scintillation time series based on link and meteorological 

parameters.

IV. A review of fade countermeasures that can be applied to a satellite link subject 

to scintillation. The gains of adaptive modulation are shown, and a system using 

adaptive modulation with QPSK, 16-QAM and 64-QAM is proposed.

V. COSSAP simulation of a scintillation degrated link using the above adaptive 

modulation as fade countermeasure. Results show the gains of an adaptive 

system.

7.7. Ideas for Further Research

The following are possible areas for further work.

(a) A novel dynamic scintillation model was presented in this thesis. The performance 

of the model was tested using experimental data from three sites at four frequencies 

and showed excellent results. The model though, was tested only with one set of 

data obtained at low-elevation angle. This set of data was acquired from plotted 

results reported in the literature. It would be useful to test the performance of the 

model on low elevation angle data based on beacon measurements from many more 

sites.
(b) The computer simulation of the adaptive system has room for improvements. One 

way is by representing better the data transfer scenarios given in section 6.2. This 

could be done by simulating the system using packets and addressing protocol 

issues. This is a very big area for further research and a very important one, because 

it would bring closer the realisation of satellite systems operating as those 

mentioned in section 6.2.

(c) The advantages and gain of using adaptive modulation as fade countermeasure were 

seen. The adaptive modulation scheme presented could be combined with adaptive 

coding. Various codes can be examined. An investigation of such a system that 

combines adaptive modulation and coding would be very interesting.
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APPENDIX Al - Meteorological Correlations
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Figure Al.l. Correlation of one-minute scintillation intensity with Temperature
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Figure A1.2. Correlation of one-minute scintillation intensity with Rel. Humidity
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Figure A1.3. Correlation of one-minute scintillation intensity with Nwet
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Figure A1.4. Correlation of Hourly scintillation intensity with Temperature
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Figure A1.5. Correlation of Hourly scintillation intensity with Rel. Humidity
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Figure A1.6. Correlation of Hourly scintillation intensity with Nwet



Appendix Al - Meteorological Correlations 226

0.25

No. of Points = 1208 
corr. coeff. = 0.6360 
slope = 0.0024 
Y-axis intersept = 0.0746

0.05. -10 0 5 10 15 20 
6-Hour Average Temperature,°C
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Figure A1.8. Correlation of six-Hour average scintillation intensity with Rel. Humidity
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Figure A1.9. Correlation of six-Hour average scintillation intensity with Nwet
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Figure A1.10. Correlation of twelve-hour average scintillation intensity with Temperature
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Figure Al.ll. Correlation of twelve-hour average scintillation intensity with Rel. Humidity
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Figure A1.12. Correlation of twelve-hour average scintillation intensity with Nwet
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Figure A1.13. Correlation of Daily average scintillation intensity with Temperature
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Figure A1.14. Correlation of Daily average scintillation intensity with Rel. Humidity



Appendix Al - Meteorological Correlations 230

0.15

0.14

0.13
m •D

S 0.12 in

- 0.11 
I

(DS1 0.1 
I

-0.09

0.08

0.07

0.06

No. of Points = 0.305 
corr. coeff. = 0.6912 
slope = 0.0008 
Y-axis intersept = 0.0620

+ j- """Vr 
$ ++ ++ + ± + JtXj +++A\+* .^i&<:^

10 20 30 40 50 
Daily Average Nwet, ppm

60 70 80

Figure A 1.15. Correlation of Daily average scintillation intensity with Nwet



Appendix A2 - Scintillation time series for simulation 231

Appendix A2 - Scintillation time series for simulation
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Figure A2.1. Scintillation time series of STD = 0.2326 dB
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Appendix A3 - Software programs

A3.1. Adaptive Modulator

/* a_qam */
/* Sep-21-01, C. N. Kassianides, creation */

ttdefine COSSAP_L4 4
#define COSSAP_GAIN_QPSK 0.70710678118654757273 /*cos(pi/4) */
ttdefine COSSAP_L16 16
ttdefine COSSAP_GAIN_QAM16 0 . 31622776601683794F /*!.0/sqrt(10.0) */
#define COSSAP_L64 64
ttdefine COSSAP_GAIN_QAM64 0.15430334996209191F /* 1.0/sqrt(42.0) */
#define CONTROL_0 0
#define CONTROL_1 1
#define CONTROL_2 2

INPUT_PORT(1) register long *InSymbol;
INPUT_PORT(2) register long *Control;
OUTPUT_PORT(1) register SIGNAL *OutReal;
OUTPUT_PORT(2) register SIGNAL *OutImag;

STATE register SIGNAL LTabReal4[COSSAP_L4]={1.0, 1.0, -1.0, -1.0}; 
STATE register SIGNAL LTabImag4[COSSAP_L4]=(1.0, -1.0, 1.0, -1.0};

STATE register SIGNAL LTabReall6[COSSAP_L16] = {3.0, 3.0, 3.0, 3.0,
1.0, 1.0, 1.0, 1.0, 

-3.0, -3.0, -3.0, -3.0, 
-1.0, -1.0, -1.0, -1.0};

STATE register SIGNAL LTabImagl6[COSSAP_L16] = {3.0, 1.0, -3.0, -1.0,
3.0, 1.0, -3.0, -1.0,
3.0, 1.0, -3.0, -1.0,
3.0, 1.0, -3.0, -1.0};

STATE register SIGNAL LTabReal64[COSSAP_L64] = {
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-1.0, -1.0, -1.0, -1.0, -1.0, -1.0, -1.0, -1.0},-

STATE register SIGNAL LTabImag64[COSSAP_L64] = {
7.0, 5.0, 1.0, 3.0, -5.0, 
7.0, 5.0, 1.0, 3.0, -5.0, 
7.0, 5.0, 1.0, 3.0, -5.0, 
7.0, 5.0, 1.0, 3.0, -5.0, 
7.0, 5.0, 1.0, 3.0, -5.0, -7

-7.0,
-7.0, 

0, 
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-1.0,
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-3.0, -1.0,

-3.0,
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7.0, 5.0, 1.0, 3.0, -5.0, -7.0, -3.0, -1.0,
7.0, 5.0, 1.0, 3.0, -5.0, -7.0, -3.0, -1.0,

7.0, 5.0, 1.0, 3.0, -5.0, -7.0, -3.0, -1.0};

BLOCKFACTOR long BlockFactor;

void init_M8128_525_l_a_qam()
{
register SIGNAL *pltr4, *plti4, *pltr!6, *plti!6, *pltr64, *plti64;

pltr4=LTabRea!4 ; 
plti4=LTab!mag4 ,- 
LOOP(COSSAP_L4)

*pltr4++ *= COSSAP_GAIN_QPSK;
*plti4++ *= COSSAP_GAIN_QPSK; 

ENDLOOP

pltrl6=LTabRea!16; 
plti!6=LTabImagl6; 
LOOP(COSSAP_L16)

*pltr!6++ *= COSSAP_GAIN_QAM16;
*plti!6++ *= COSSAP_GAIN_QAM16; 

ENDLOOP

pltr64=LTabRea!64; 
plti64=LTab!mag64 ; 
LOOP(COSSAP_L64)

*pltr64++ *= COSSAP_GAIN_QAM64;
*plti64++ *= COSSAP_GAIN_QAM64; 

ENDLOOP

void M8128_525_l_a_qam()
{
LOOP {BlockFactor)

switch (*Control++)
{
case CONTROL_0 :

*OutReal++
*0utlmag++ 
break; 

case CONTROL_1 :
*OutReal++
*OutImag++ 
break; 

case CONTROL_2 :
*OutReal++
*OutImag++ 
break; 

default:
*OutReal++
*0utlmag++ 
break;

LTabReal4 [*InSymbol] ; 
LTabImag4 [*InSymbol++] ;

LTabReall6 [ *InSymbol] ; 
LTabImagl6 [ *InSymbol++]

LTabReal64 [ *InSymbol] ; 
LTabImag64 [*InSymbol++]

LTabReal64 [*InSymbol] ; 
LTabImag64 [ *InSymbol++]
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} 
ENDLOOP
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A3.2. Adaptive Demodulator

/* a_qam_dem */
/* Sep-23-01, C. N. Kassianides, creation */

tdefine COSSAP_L4 4
#define COSSAP_GAIN_QPSK 0.70710678118654757273 /* cos(pi/4) */ 
ttdefine COSSAP_L16 16
#define COSSAP_GAIN_QAM16 0.31622776601683794F /* 1.0/sqrt(10.0)
#define COSSAP_L64 64
#define COSSAP_GAIN_QAM64 0.15430334996209191F /* 1.0/sqrt(42.0)

*/

*/

INPUT_PORT(1) register SIGNAL *InReal;
INPUT_PORT(2) register SIGNAL *lnlmag;
INPUT_PORT(3} register long *Control;
OUTPUT_PORT(1) register long *OutSymbol;

STATE register SIGNAL LTabReal4[COSSAP_L4]={1.0, 1.0, -1.0, -1.0}; 
STATE register SIGNAL LTabImag4[COSSAP_L4]={1.0, -1.0, 1.0, -1.0};

STATE register SIGNAL LTabReall6[COSSAP_L16]={3.0 , 3.0, 3.0, 3.0,
1.0, 1.0, 1.0, 1.0,

-3.0, -3.0, -3.0, -3.0,
-1.0, -1.0, -1.0, -1.0};

STATE register SIGNAL LTabImagl6[COSSAP_L16]={3.0, 1.0, -3.0, -1.0,
3.0, 1.0, -3.0, -1.0, 
3.0, 1.0, -3.0, -1.0, 
3.0, 1.0, -3.0, -1.0};

STATE register SIGNAL LTabReal64[COSSAP_L64]={
7.0, 7.0, 7.0, 7.0, 7.0, 7.0, 7.0, 7.0, 
5.0, 5.0, 5.0, 5.0, 5.0, 5.0, 5.0, 5.0, 
1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 
3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0,

-5.0, -5.0, -5.0, -5.0, -5.0, -5.0, -5.0, -5.0,
-7.0, -7.0, -7.0, -7.0, -7.0, -7.0, -7.0, -7.0,
-3.0, -3.0, -3.0, -3.0, -3.0, -3.0, -3.0, -3.0, 

-1.0, -1.0, -1.0, -1.0, -1.0, -1.0, -1.0, -1.0};

STATE register SIGNAL LTabImag64[COSSAP_L64]={
7.0,
7.0,
7.0,
7.0,
7.0,
7.0,
7.0,
7.0,

5
5
5
5
5
5
5
5

.0,
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-0,
.0,
.0,
.0,
-0,
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1
1
1
1
1
1
1
1
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.0,

.0,

.0,

.0,

.0,

.0,

.0,

3
3
3
3
3
3
3
3
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.0,
.0,
.0,
.0,
.0,
.0,
.0,

-5.
-5.
-5.
-5.
-5.
-5.
-5.
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0,
0,
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.0,
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.0,
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.0,

.0,

-3
-3
-3
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-3
-3
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.0,
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— 1

-1
-1
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-1

.0,

.0,

.0,

.0,

.0,

.0,

.0,
-0};

BLOCKFACTOR long BlockFactor;
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void init_M8128_525_l_a_qam_dem()

register SIGNAL *pltr4, *plti4, *pltr!6, *plti!6, *pltr64, *plti64;

pltr4 = LTabReal4; 
pit14 = LTabImag4; 
LOOP(COSSAP_L4)

*pltr4++ *=COSSAP_GAIN_QPSK;
*plti4++ *=COSSAP_GAIN_QPSK; 

ENDLOOP

pltrlS = LTabReallS; 
pltilS = LTabImagl6; 
LOOP(COSSAP_L16)

*pltr!6++ *=COSSAP_GAIN_QAM16;
*plti!6++ *=COSSAP_GAIN_QAM16; 

ENDLOOP

pltr64 = LTabReal64; 
plti64 = LTabImag64; 
LOOP(COSSAP_L64)

*pltr64++ *=COSSAP_GAIN_QAM64;
*plti64++ *=COSSAP_GAIN_QAM64; 

ENDLOOP

void M8128_525_l_a_qam_dem()

register int i, im;
register SIGNAL minf4, minf!6, minf64, temp4, templS, temp64, tr4,
trl6, tr64, t
14, ti!6, ti64, tir, tii, *pltr4, *plti4, *pltr!6, *plti!6, *pltr64,
*plti64;

switch(*Control++)

case 0:
LOOP(BlockFactor)
tir = *InReal++;
tii = *lnlmag++;
pltr4 = &LTabReal4[0];
plti4 = &LTabImag4[0];
im = 0 ;
i = 0;
tr4 = *pltr4++ - tir;
ti4 = *plti4++ - tii;
minf4 = tr4 * tr4 + ti4 * ti4;
LOOP(COSSAP_L4 -1)

tr4 = *pltr4++ - tir;
ti4 = *plti4++ - tii;
temp4 = tr4 * tr4 + ti4 * ti4;
if (temp4 < minf4)
{

minf4 = temp4;
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im = i ;

case 1:

ENDLOOP
*OutSymbol++ = im; 
ENDLOOP 
break;

LOOP(BlockFactor) 
tir = *InReal++; 
tii = *lnlmag++; 
pltrl6 = &LTabReall6[0]; 
pltil6 = &LTabImagl6[0]; 
im = 0; 
i = 0;
trie = *pltr!6++ - tir; 
ti!6 = *plti!6++ - tii; 
minfie = trie * trie + ti!6 * ti!6; 
LOOP(COSSAP_L16 -1)

trie = *pltr!6++ - tir; 
ti!6 = *plti!6++ - tii; 
temple = trie * trie + ti!6 
if (temple < minfie)

minfie = templ6; 
im = i;

ti!6;

case 2:

ENDLOOP
*OutSymbol++ = im; 

ENDLOOP 
break;

LOOP (BlockFactor)
tir = *InReal++;
tii = *lnlmag++;
pltr64 = &LTabReal64[0] ;
plti64 = &LTabImag64 [0] ;

im = 0;
i = 0;
tr64 = *pltr64++ - tir;
ti64 = *plti64++ - tii;
minf64 = tr64 * tr64 + ti64 * ti64;
LOOP(COSSAP_L64 -1)

tr64 = *pltr64++ - tir;
ti64 = *plti64++ - tii;
temp64 = tr64 * tr64 + ti64 * ti64;
if (temp64 < minf64)
{

minf64 = temp64; 
im = i ;

ENDLOOP 
*OutSymbol++ = im;
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ENDLOOP 
break; 

default:
LOOP (BlockFactor )
tir = *InReal++;
tii = *lnlmag++;
pltr64 = &LTabReal64[0] ;
plti64 = &LTabImag64[0] ;

im = 0;
i = 0;
tr64 = *pltr64++ - tir;
ti64 = *plti64++ - tii;
minf64 = tr64 * tr64 + ti64 * ti64;
LOOP(COSSAP_L64 -1)

tr64 = *pltr64++ - tir;
ti64 = *plti64++ - tii;
temp64 = tr64 * tr64 + ti64 * ti64;
if (temp64 < minf64)
{

minf64 = temp64; 
im = i ;

}
ENDLOOP
*OutSymbol++ = im;
ENDLOOP
break;
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A3.3. Adaptive Controller

/* a_adapt_control */
/* Sep-29-01, C. N. Kassianides, creation */

INPUT_PORT{1) register SIGNAL *Input; 
OUTPUT_PORT(1) register long *Control;

PARAMETER(1) SIGNAL Level1; 
PARAMETER(2) SIGNAL Level2;

BLOCKFACTOR long BlockFactor;

void M8128_525_l_adapt_control()
{
LOOP(BlockFactor)

if (*Input<Levell) 
{
*Control++ = 2; 
}

else if (*Input>=Level2) 
{
*Control++ = 0; 
} 

else
{
*Control++=l;
}

Input++; 
ENDLOOP




