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ABSTRACT

The tremendous worldwide growth in the use of méérand multimedia services
prompted the ambitious planning for evolution ofcoercial and broadband satellite
communication systems. The traditional C and Kndsain satellite communications are
getting crowded, So the systems are moving towhrdker frequency ranges above 20
GHz. The Ka-band (18-40 GHz) frequency spectrum gi@sed attention for satellite
communication. The inherent drawback of Ka-bandlki@ system is that increase in signal
distortion resulting from propagation effects. Aspberic attenuation in Ka-band is always
severe, especially in the presence of rain. Thesy t¢chnologies are required for Ka-band
systems, such as multiple hopping antenna beamsegederative transponders to support
aggregate data rates in the range of 1 - 20 Gbpsatellite, which can provide DTH,
HDTV, mobile and fixed Internet users with broadthaconnection. Currently in India C
and Ku-band frequencies are being used for comaiesatellite communications. In future
Ka-band will be used for wideband applications. fieg in view of the socio-economic and
geographical diversities of India. Propagation msidare essential for estimation of
attenuation, so that Ka-band satellite links opegan different parts of Indian region can be
registered appropriately. Ka-band system is rea@mghias a new generation in
communication satellites that encompasses a nuoflianovative technologies such as on
board processing (OBP) for multimedia applicati@ml switching to provide two way
services to and from small ground terminals. Tdlde efficiently multiple pencil like spot
beams are used. One distinct feature of this padpagbeing used to address this problem is
Satellite Spot-Beam. To design effective satetidenmunication system, the arrangement of
spot beam locations in Indian subcontinent, thdysaind analysis of link availability for Ka-
band satellite communication in various geograplyiceparated spot beams in India using
statistical data is necessary. Based on globalmaidels integrated with the link budget, the
study allows us to examine major system designes®ncountered in Ka-band satellite
communication that are susceptible to propagatigpairments. This system can be flexible
enough to increase power on specific transmisstongompensate for local weather
conditions. This can make better use of the availahndwidth than C or Ku-band satellite,
and more users can get higher level of services.

Key words: Satellite communication in India, Ka BaRain attenuation, OBP, Power control.
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Chapter 1

Introduction

1.1 Introduction

Satellite communication systems have become anntisepart of world’s
communication infrastructure, serving billions cégple with telephone, data, and video
services. Despite the growth of fibre-optic linlssitellite systems continue to dominate
attracting fresh investment in new systems. The@@ed systems must provide two-way
interactive services to support data rates of 20t&bps [48] per satellite. The International
Telecommunication Union (ITU) has granted licensesatellite organizations to operate
broadband satellite systems in the Ka-band spectwimch is often referred to as 30/20
GHz [29]. This paper assesses the future role tdlléa communications in providing
mobile, fixed Internet users with broadband conioectn India. It analyzes Ka-band
satellite communication link available in geogragally dispersed zones through spot beam
techniques in India. It is based on global rain etsdntegrated with the link budget [29].
The rain models developed, allow us to examine m&gjstem design issues encountered in
Ka-band or higher satellite communication bandshat tare susceptible to propagation

impairments.

Today's communications satellites offer extensiepabilities in applications
involving data, voice, and video, with servicesypded to fixed broadcast, mobile systems,
personal communications, and private network us&rlidwide, there have been
considerable experiments on Ka-band Satellitesotee the problem of saturation of the
available orbital slots at C and Ku-band and tovig® new services for the information
age. Ka-band system is recognized as a new gemeffati communication satellites [47]
[8] that encompasses a number of innovative tecgesd such as on board processing
(OBP) for multimedia applications and switchingotovide two way services to and from
small ground VSAT terminals[5]. To do this effictgnmultiple pencil like spot beams are
used. This paper proposes 16 spot-beam locatioosvier Indian main land. The on board
processing and switching (effectively the provisiohthe equivalent of a sophisticated
telephone switch board on a satellite) are alreadployed in satellites providing mobile

communications to handheld receivers in some wegt@rt of world.
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1.2 Background and Motivation

The growing demand for advanced telecommunicatiuices, due to an increase
of traffic and the number of users, requires tkiemsion of the capacity assigned to the
services. Satellite systems can be very usefuhity because of their typical flexibility in
terms of coverage area and the possibility of beitilgzed as private networks or for
interconnecting public at large. Capacity enhance#man be achieved both the ways with

new available spectrums and efficient use of thstiexy ones [52].

The satellite communication system providers amving towards Ka-band and
other higher frequency ranges, as the pre-allocsatmbm bands have become crowded [8].
Ka-band satellite systems use uplinks at a frequef@bout 30GHz and downlinks near
20GHz. More than a dozen Ka-band systems have regosed for launch in this decade.
One inherent drawback of Ka-band satellite systsmscrease in signal distortion resulting
from propagation effects [28]. Atmospheric attemain Ka-band is severe, especially in
the presence of rain [7]. Tropospheric scintillatiocreases with frequency, creating fast
amplitude variations and additional phase noighéntransmission [55]. The scintillation is
generally enhanced by smaller antenna apertures vangl small aperture terminals

(VSATS), which are becoming very popular.

The NASA Advanced Communication Technology Sael{ACTS) program has
provided a means to investigate the problems aawaoci with Ka-band satellite
transmissions [7]. ACTS is the first Ka-band comimation satellite in geostationary orbit
(GSO) over the western hemisphere (September 198G)[S has served as a test bed for
many of the new technologies needed for Ka-bandesys such as multiple hopping

antenna beams and regenerative transponders [54].

During last five years Indian Space Research Osgton (ISRO) has started
investigating the problems in Indian region. It Hadnched GSAT4 satellite on "1 %\pril
2010 but the mission failed. So the investigatioroigh this satellite as envisaged could
not materialise. Here we have tried by collectimg $tandard data from Indian meteorology
and the international agencies like ITU, NASA, joals and research papers, to compare
the behaviour with the tropical countries repootg¢t a step ahead on the study of Ka band

in Indian region [2].
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1.3 Features of Ka- Band

Ka-band is having raw bandwidth of around 13 GHZ-4P GHz) and some
additional 9 GHz of K-band (18-27 GHz) typicallyeasfor Ka-band satellite downlinks,
compares well with the 6 GHz of Ku-band [8][52].

The advantage of Ka-band over other forms of irtexuna satellite is that it only
requires a dish antenna of size 65 cmsx75cms. tidddily Ka-band uses spot beams for
service via satellite, which makes better use efatailable bandwidth than a C or Ku-band
(12-18 GHz) satellite, i.e. more users can getdndgnvel of services.

At Ka-band the propagation impairment strongly tsrthe quality & availability
service in satellite communications [8]. Attenuatidue to rain plays a significant role in
tropical regions [20], especially with a great dsity of climatic conditions in India.
Currently in Indian region C and Ku-band frequescae being used for commercial
satellite communication applications. In future Baad will be used for wideband
applications. Propagation studies are essentisdgtmation of attenuation so that Ka-band
satellite links operating in different parts of iad region can be registered appropriately.
The details of Ka band and its difficulties arecdissed in chapter 2.

1.3.1 Ka-band Earth-GEO Links

In the last decades, satellite communications hbgen moving from lower
frequency band, i.e., C-band (6/4 GHz) and Ku-b&l12 GHz), to higher frequency
band, i.e., Ka-band (30/20 GHz). Moving to higheeqliencies [37] will offer several
advantages [8]:

— Less congested spectrum: C-band frequencies hae Umed for a long time for
satellite communications and is already saturateifterwards, satellite
communications migrated to Ku-band frequencies,hawe been filling up rapidly.
Higher frequency band is hence needed badly teegbky problem.

— Reduced interference potential: Because Ka-bandnbas/et been used widely,
cross interference is expected to be less.

— Higher data rates: Compared with C-band (downfigkjuencies between 3.7 to
4.2GHz, and uplink frequencies between 5.925 t@®8x¥Hz) and Ku-band (uplink
frequencies between 14 and 14.5GHz, and downlieguencies between 11.7 and
12.7GHz), Ka-band offers wider bandwidths, and essalt, higher data rates.
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— Smaller equipment size: The diameters of Ka-bandnaras varies between 2 feet
and 5 feet, while for C-band, large dish is reqiiéth diameter of about 6 feet, and
for Ku-band, the diameter is between 2.6 and 5 feet

1.3.2 Successful Ka band Missions

Ka-band satellite service on Earth-GEO (geostatiprearth orbit) links was first
introduced as early as the 1970’s in Japan. AftetsyaESA and NASA both showed
interests in introducing higher frequency band, ik&a-band, to satellite communications.
Several significant measurement campaigns were umb@d and contributed greatly to
characterization of the propagation channel, ingashg the propagation impairments, and
developing/improving the prediction models and faxigigation techniques for Ka band
Earth-GEO links [54].

« The OLYMPUS experiment started in 1989 by ESA, amchninated in August
1993. During the satellite’s lifetime, the OLYMPW8acon signal for propagation research
was received and analyzed at more than fifty locaticovering all of Western Europe with

different climatic regions, and a few in North Anoar. [8][45].

» The ITALSAT program was initiated by the Italiang®pe Agency, with the purpose
of demonstrating advanced technologies in the bélda-band propagation. ITALSAT was
launched in December 1991 into a geostationaryt.oFhe propagation measurements were

performed at the frequencies of 20, 40 and 50 GHz.

 The Advanced Communications Technology Satellit€ &) was conceived at the
National Aeronautics and Space Administration (NASK was designed to obtain slant-
path attenuation statistics for locations withie thnited States and Canada for use in the
design of low-margin Ka-band satellite communicatgystems. ACTS provided beacon
signals at 20.2 and 27.5 GHz for use in makinghadéon measurements [54].

After the successful commercial application of Band ,2000 onwards, there have
been growing commercial interests in using Ka-bamd Earth-GEO links to provide
different kinds of service, especially low-priceghispeed two-way broadband internet
service [7][8]. Past successful events and futauat¢hes include Anik-F2 (Canada, 2004),
WildBlue-1 (U.S., 2006), Spaceway system (U.S.,R@n0d 2006), KA-SAT (Europe,
2010) and ViaSat (U.S., 2011) [48].
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1.4 Rain and Attenuation

The attenuation is caused by the scattering badrption of electromagnetic waves
by drops of liquid water. The scattering diffusee signal, while absorption involves the
resonance of the waves with individual moleculeswatter. Absorption increases the
molecular energy, corresponding to a slight inaeastemperature [8], and results in an
equivalent loss of signal energy. Attenuation igliggble for snow or ice crystals, in which
the molecules are tightly bound and do not intereith the waves [7]. The attenuation
increases as the wavelength approaches the sizetypical raindrop (water particles),
which is about 1.5 millimetres. Wavelength and freacy are related by the relation
c = A f, where) is the wavelengthf is the frequency, and is the speed of light
(approximately 3 x 10m/s). For example, at the C-band downlink frequenfc§ GHz, the
wavelength is 75 millimetres. The wavelength isstf0 times larger than a raindrop and
the signal passes through the rain with relativetyall attenuation. At the Ku-band
downlink frequency of 12 GHz, the wavelength ismi@flimetres. Again, the wavelength is
much greater than the size of a raindrop, althaugthas much as at C-band. At Ka-band,
with a downlink frequency of 20 GHz, the wavelenstii5 millimetres and at V-band, at a
downlink frequency of 40 GHz, it is only 7.5 milletres. At these frequencies, the
wavelength and raindrop size are comparable and attenuation is quite large.
Considerable research has been carried out to maidehttenuation mathematically and to
characterize rainfall throughout the world. Manypestimental measurements are done in
western hemisphere related to this field. [7]

The standard method of representing rain attemuasi through an equation of the

form (details in chapter 3)
L,=aRP.L=YL (1.1

Where,L; is the rain attenuation in decibels (dB)js the rain rate in millimetres
per hour,L is an equivalent path length (km), andcand 3 are empirical coefficients that
depend on frequency and to some extent on theipati@an. The factory is called the
specific rain attenuation, which is expressed ifkdB The equivalent path length depends
on the angle of elevation to the satellite, theghedf the rain layer, and the latitude of the
earth station. The rain rate enters into this Bgnaecause it is a measure of the average

size of the raindrops. When the rain rate increasesit rains harder, the rain drops are
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larger and thus there is more attenuation. Rainefsodiffer principally in the way the
effective path length is calculated. Two authoritative rain models that aidely used are
the Crane model and the ITU-R (CCIR) model [8][3#he original Crane model is the
global model which we have taken for our analysis Ihdian region. A revision of this
model that accounts for both the dense centre iamgefarea of a rain cell is the so-called

two component model (1.2)[7].

In the design of any engineering system, it igossible to guarantee the
performance under every conceivable condition. ©ets reasonable limits based on the
conditions that are expected to occur at a giveellef probability. In the design of a
satellite communications link one includes margicompensate for the effects of rain at a
given level of availability, details in chapter®he statistical characterization of rain begins
by dividing the world into rain climate zones [29Yithin each zone, the maximum rain rate
for a given probability is determined from actuatteorological data accumulated over

many years.

1.5 Major Propagation Impairments on Ka-band Earth-Space Links

One major problem of using Ka-band on Earth-spates lis that the propagation
impairments become more severe at such high freteefl8][19]. Free space loss is the
dominant component of the propagation attenuatibrtan be calculated by using the
eqguation

L=20 Iog(?j [ dB] (1.2

Where, L is the path loss, d is the distance beatwbke satellite and the earth
station,) is the wavelength of the signal in use. Attenuatly atmospheric gases depends
on frequency, elevation angle, and altitude ab@zelsvel and water vapour density. It is
relatively small compared to rain attenuatidRain affects the transmission of an
electromagnetic signal in three ways [7]:

= |t attenuates the signal;
= |t increases the system noise temperature;

= |t changes the polarization.
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Figure 1.1 Total dry air and water-vapour zenith atenuation from sea level for standard atmosphere.

Surface pressure 1013hPa, surface temperature 15 °€urface water-vapour density: 7.5g/m[14]

All three of these mechanisms cause degradatitimeineceived signal quality and
become increasingly significant as the carrierdesgy increases. Frequency below 10GHz
it may normally be neglected, however it is sigrafit above 10GHz, especially for low
elevation angles. Water vapour is the main contoibaompared to gaseous attenuation in
the frequency range below 30GHz with a maximum oaog at 22.275GHz, which is the
resonance frequency of water particles with RF [Bhe attenuation due to oxygen
absorption exhibits an almost constant behavioudiiberent climatic conditions, whereas
the attenuation due to water vapour varies withpenature and absolute humidity. Rain
fade is the signal degradation due to interferesiceainfall or clouds with radio waves
(RF). Attenuation due to rain is a dominant factor determining link availability at
frequencies above 10 GHz. It depends on temperatiiop size distribution, terminal
velocity and the shape of the raindrops. Also Kaebis affected by cloud in the path [45].

Gas attenuation is caused by gas molecules (oxggdnwater vapour) absorbing
energy from the radio waves passing through theras Gttenuation increases with
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increasing frequency, and is dependent on tempetafuwessure, and humidity. ITU-R
P.676-6 includes and approximate model of calaulgtine gaseous attenuation. Clouds and
fog consist of water droplets (less than 0.1 mndiemeter), which absorb and scatter
energy and causes reduction in signal amplitudéofigh cloud attenuation is not severe, it
usually presents for large percentage of the tifie method of obtaining cloud and fog
attenuation is described in ITU-R 840 [26].

Raindrops absorb and scatter radio wave energyltirgg in rain attenuation, which
is the major impairment for frequency bands abo®e@Hz. Because of the smaller
wavelength, transmission at Ka-band is more sus@epd rain attenuation, which could
reach 40 dB at 30 GHz. Rain attenuation severelgaim the link performance, and
therefore, fade mitigation techniques (FMT), sushpawer control and site diversity, are

implemented to predict or compensate the rain taf8ih

1.5.1 Effect of scintillation

Scintillation, here defined as tropospheric statton, is a rapid and random
fluctuation in one or more of the characteristiesnplitude, phase, polarization, and
direction of arrival) of a received signal, whichdaused by refractive index fluctuations of
turbulence due to turbulent mixing of air masseth wlifferent temperatures, pressure and
water vapour content. At low elevation angles aighér frequencies, scintillation could
reach the value comparable to rain fading and impl@mw margin systems. Such fast
fluctuation could interfere with power control algbms used to mitigate rain fading [7].
Determination of rain fading and scintillation aignificant for estimating or designing the
Earth-space links, as well as for the fade mit@atechniques.

For Earth-GEO links, both rain fading and sciatibn occurring along the path has
been well studied, and many prediction models Haaen developed and tested by being
compared with the measurement data. The earth-dpkces fixed for Earth-GEO links.
Therefore, the range between the satellite andh egation, and the slant path through the
atmosphere do not change, which make the prediaronalculation of the attenuation
simple and straightforward. The analysis of raid acintillation are analogous [55].

1.5.2 Attenuation levels effect on RF Bands

At C-band, the rain attenuation for an elevatioglarof 50° and a maximum rain
rate of 30 mm/hr is 0.1 dB. This is practically @ghgible effect. At Ku-band, under the
same conditions, the attenuation is 4.5 dB. Thia large but manageable contribution to
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the link budget. However, at the Ka-band downlirdgtiency of 20 GHz, the attenuation is
12.2 dB. This would be a significant effect, requgrover 16 times the power as in clear
sky conditions. At the uplink frequency of 30 GHhe attenuation would be 23.5 dB,
requiring over 200 times the power.

These losses simply cannot be accommodated cahypéatextreme end but can be
compensated patrtially; discussed in chapter 4 hadtcessibility would be much less. In
practice, these high rain attenuations are somstiaw®ided by using site diversity, in
which two widely separated earth stations are &2l The probability that both earth
stations are within the same area of rain conceoitrégs small. But a parallel system would
be indispensable, which will be too expensive. Wligively, a portion of spectrum in a
lower band may be used where needed. For examgigbrad Ka-band/Ku-band system
might be designed in which Ka-band provides ampicgum in regions of clear weather,

but Ku-band is allocated to regions in which the raargin at Ka-band is exceeded [8].

1.5.3. Rain and temperature

The downlink system noise temperature increasesatan. The figure of merit of
the earth station receive antenna is the ratihv@fantenna gain to the system temperature
GIT. The effect of rain is to increase the system tapre and thus reduce the figure of
merit. The antenna temperature is the integratgdeskperature weighted by the antenna
gain. At a high angle of elevation, the clear skmperature is typically about 25 K since
the antenna looks at cold space. However, the teanpe of liquid water is about 300 K.
Thus the rain increases the sky temperature noteyorTherefore, the noise admitted to
the earth station receiving antenna increases aubes further signal degradation.
However, rain does not affect the system noise égatpre of the satellite and uplink chain
more, because its antenna looks at the warm €Bnih.rain layer acts very much like a

lossy waveguide [31][22].

1.5.4. Rain and Polarisation

Rain changes the polarisation of the signal soraéwbue to the resistance of air, a
falling raindrop assumes the shape of an oblatersph Wind and other dynamic force can
cause the rain drop to be rotated at statisticstridution of angles. Consequently, the
transmission path length through the rain dropiffereént for different signal polarisations
and the polarisation of the received is alteredr &osatcom system with dual linear

polarisations, the change in polarisation has tffects. First, there is loss in signal strength
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because of misalignment of the antenna relativéhéo clear sky orientation. Given by
20log(cos), wherer is the tilt angle relative to the polarizationetition induced by the
rain. Second, there is additional interference endise to the admission of a portion of the

signal in opposite polarisation.

1.6 Spot beam and its features

Satellite
with OBPgs

$pot Beam:

User L* -—-i
Termmalﬁ \\ ] .

B {.' EEe
< LAN “ Users
(&

t:- =@ User<
Figurel.2: Satellite communication system architgure. The satellite provides

broadband service across multiple spot-beam locatns.
Generally communication satellites transmitted vathrery broad signal. The same

signal that is received in the New Delhi is frone thame source as the signal that is
received in Chennai. Satellites that are not hal8mpt Beams" send out a signal over very
large areas, transmitting data across the foott.pBaot Spot Beams are different. It is
similar to a searchlight focused on one area ofcinntry. A typical Spot Beam has a
radius of only 200-500Kms [19]. Depending on whgoe are in the country, you won't
detect the beam unless you are in the focus. Withtool, the same frequency spectrum
can be used with different source material, inedéht regions. In addition, the system is
flexible enough to increase power on specific tnaigsions when needed to compensate for
local weather condition. The transmission of reglofV channels is ideal since a signal
focused on an area is a perfect fit for the apptica

The Spot Beam technology is being applied on nesaégllites using the Ka-Band
(e.g.; GSAT-4 of ISRO, India). Spot Beam technoligglso ideal for the transmission of
video requiring ultra high bit rates such as HDBt more than 100 kilometres from the
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signal centre in a populated region, it is possthkgt you will not be able to receive the
HDTV Spot Beams. The Spot Beam technology is being applied onemesatellites using
the Ka Band [8]. There are several Ka band sasliih use that do not use Spot Beams:
Advanced Communication Technology System (NASA, YUS8uperbird and N-STAR
(Japan), HOT BIRD 6 (Eutelsat, France), DFS Kopgersi(Germany), and ltalsat (Italy),
but the newer, more advanced satellites are ugpog Beam technology [48].
1.6.1 HDTV Spot Beams

High Definition TV Spot Beams with Ka band areewfinarrower in focus than the
Ku/Ka band Spot Beams used for Standard Definifign If the user placed more than 50
miles from the signal center in a populated regibig, possible that one will not be able to
receive the HDTV Spot Beams. It makes good bgsireense for them to maximize
service in coverage area, but there are tradedfis [

In low population density areas like north eastnbed makes sense to have the
Spot Beams cover a 300-400Kms radius, becauseetieiles more subscribers which
results into more revenue. In metro cities it some$ makes sense to focus the signal more
narrowly for HDTV, and users are more densely pddkgether. However, due to different
frequencies are used for adjacent Spot Beams,apvadually can be managed.
1.6.2 Spot-Beam Satellites and Two-Way Communicatis

One advantage of Ka band is that it requires allemdish to offer very good
performance. Ka band using Spot Beams is moreiaifithan a traditional C or Ku band
satellites. The service is able to deliver sigaifit improvements in performance. A Ka
band satellite can provide as much as an 8X inergasapacity over Ku band satellites.
The technology can provide upload speeds as fddt Mbps and download speed as fast as
30 Mbps. Three Ka band satellites with Spot Beaahrtology are already in service in
North America: Telesat Canada's Anik F2, WildBluen@nunications Wildblue 1, and
Hughes Network Systems SPACEWAY 3. According totNem Sky Research, there are
15 million U.S. households without access to breadbInternet service. Spot Beam
satellites operated by WildBlue and Telesat haveadly reached over 300,000 Internet
subscribers in one year from their launch in 2Q0%.[
1.7 Fade Mitigation Techniques

Mitigating the effects of rain attenuation has @ area of focus in the research

community. The measures against signal degradatiarbe grouped into two as diversity

techniques and compensation techniques. Divemsifyniques, such as site and frequency-
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diversity, avoid signal degradation by switchingvieen the signals obtained at different
receiver sites or between different frequency bafite diversity takes advantage of the
fact that probability of high attenuation occurrisgnultaneously at two or more receiver
sites is significantly lower than any single sitéerefore, signals obtained at multiple sites
can be combined (at some central location) to iwprthe signal-to-noise ratio [12].
Frequency diversity makes use of the fact that agyrsuffer more from atmospheric
attenuation as the frequency of operation increaseisce, a Ka-band system may switch to
lower frequency bands (C or Ku) when the attennatioie to rain exceeds a certain
threshold. Other diversity techniques include tiraed orbital-diversity [7][19]. But these
all are too expensive and dependent.

Compensation techniques, such as adaptive caidgnodulation, transmission
rate reduction, and power control, avoid signalrddgtion by restoring the signal quality to
the initial level. Adaptive coding involves changithe amount of redundancy introduced to
the transmitted information as the quality of timk Ichanges. The probability of successful
transmission increases as the redundancy levelngseased; however, transmission
(bandwidth) efficiency decreases at the same thdaptive modulation schemes decrease
the required SNR for achieving a target bit errater(BER) by reducing the spectral
efficiency (in bps/Hz) of the transmitted signalemhfading occurs. A satellite system may
switch between higher-order modulation schemedh si5c16-PSK,16 QAM, 64-PSK, or
254-QAM (quadrature amplitude modulation), underaclsky conditions, and lower-order
modulation schemes like BPSK(binary PSK) and QP8Kadrature PSK) under deep
fading [25]. Data rate reduction, on the other hamchieves an extra margin over the
required signal-to-noise ratio by decreasing tHiermation data rate whenever the system
experiences deep fading. Finally, in adaptive pogatrol schemes, transmitted power is
adjusted dynamically based on the attenuation $e\Rdwer control can be applied on the
satellite downlink by changing the satellite effeetisotropic radiated power (EIRP), or on
the uplink, by controlling the power of earth stat. Adaptive power control (APC) is
more efficient than providing fixed power margissjce severe attenuation occurs typically
in short durations. APC can also be easily combimig other compensation techniques if
larger fade margins are required [19].

While diversity and compensation techniques imprénansmission quality of the
users located inside the footprint of the satefiiet-beam, they do not take into account the

interaction between the users, such as those helprig the same spot beam. The
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heterogeneity in spot-beam queues arises not angy r@sult of the load variation and the

types of communication sessions, but also becalugeeovariation of the physical channel
conditions. This heterogeneity results in loweoedited session rates for active flows. We
propose an optimization-based approach that centsgktem power with the goal of
smoothing users across multiple spot beam locations

Fade mitigation techniques (FMT) are implementethe satellite communications
system to avoid or compensate for attenuationsplgnéor countering rain fading. Two
major techniques are power control and site ditsef8i. The objective of power control is
to make the received power stay constant, by vgryire transmitted power in direct
proportion to the attenuation, mainly rain fadiog, the link. Site diversity is a technique
implemented to overcome the effect of path atteanaturing intense rain events. Effective
power control and site diversity depend on the eateuprediction of fading along the
propagation paths, and the understanding of splaglahviour of channels [7]. Therefore,
channel models, which are able to characteriseptbpagation channels or predict the
fading along the propagation path, play a significale in developing FMTSs.
1.7.1 Rain rate and BER

For a digital signal, the required signal powedé&termined by the bit rate, the bit
error rate, the method of coding, and the methogh@dulation. The performance objective
is specified by the bit error rate. If the raineré&d exceeded a certain threshold, the bit error
rate would increase at the nominal bit rate, oe ¢fe bit rate would have to decrease to
maintain the required bit error rate within limid]. The acceptable availability defined by
communication system design specifications, is @9fé6r a BER of 5E-7 or better for
desirable quality signal with and without rain fasenpensation.

1.8 Organization of the Thesis

The work carried out in this thesis is organizethia following manner.
Chapter-1 INTRODUCTION

The necessity of satellite communication using aasi frequency bands is
discussed, especially reference to the featureska-band. The past success story of Ka-

band relevant areas of importance including funddaie of rain attenuation are

analytically discussed.

Chapter-2 SATELLITE COMMNICATION AND Ka-BA ND
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Chapter 2 describes the satellite fundamentalshafat channel characteristics and
the attenuation caused by atmospheric gases. hhj#ter reviews the features of Ka-band
and its use in satellite communications. The stdllansponders along with various types
of modulation techniques and multiple access teples used in satellite communication
systems are discussed. This also represents th@tampe of higher frequency utilisation,
especially Ka-band implemented within the scopéhefsatellite communication in India.

Here we have introduced the proposed spot beamlrandets features.
Chapter-3 PREDICTION MODELS FOR RAIN ATTENUATION

Chapter 3 reviews the global rain attenuation n®del the prediction of rain
effects on satellite link. The complete step-bypsprocedures for three models (Crane
model, ITU-R model, Moupfouma model) are presenidw collected data from different
corners of India and world are used in these modrétally, the rain attenuation level for

different rain rates is calculated.

Chapter 4 FADE COMPENSATION AND POWER CONTROL

This chapter contains different types of powerrdistion methods and redirection
of data to all spot beams. The power control pracesiand compensation of fading due to
rain in satellite communication networks are th@lssues in Ka-band communication are
discussed. The spot beams can be obtained byebrabkte antenna [14] to deliver the data
collected from the on board processor (OBP) in aMTprocess. Here the power is
estimated in every step on the basis of channaliton and the number of users accessing
in the foot print of corresponding spot beam. Hers proposed for the regulation of the
minimum threshold power and radiating power levélased on channel conditions of
revenue generating stations by static or dynamichar@ism. The channel data rate can be
decided statistically keeping the total outcometltg system constant among the spot

beams. The algorithm for power adjustment giveslaa for compensation.

Chapter-5 CONCLUSION AND SUGGESTIONS FOR FUTURE WORK

This concludes the thesis. The conclusion is givased on the analysis of results

from the previous chapter. Proposals and suggestorfuture works are presented.
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Chapter 2

Satellite Communication and Ka- Band

2.1 Introduction

Satellite communication system is basically an teb&c communication package
placed in earth orbit, whose prime objective isssist transmission of information from one
point to another through space. Satellites fornessential part of global telecommunication
systems carrying large amounts of voice, video, dat traffic, and offering a number of
features such as covering very large areas of #mgh,ewith the ability to provide
instantaneous infrastructure particularly in undered areas, as well as frequency reuse
technique through On Board Processor (OBP).

The use of satellite systems becomes importangégions like India where areas are
geographically diversified. With the advent of #agetechnology in Asia pacific region, the
services become widespread, lower frequency bamds & C and Ku become congested. It
is becoming an inevitable alternative to adopt aighequency band for satellite services. Ka-
band and above are attractive bands, because ffleeyvider bandwidth, higher data rate, and
smaller component size, such as very small apetiemainals and ultra small aperture
terminals [48].

In parallel with these developments, rapid growthnternet traffic around the globe
is creating an exponential increase in the demanttdnsmission bandwidth appropriated for
multimedia services. These services include higfedpdata, high-resolution imaging, and
desktop videoconferencing etc., all of which reguarge transmission bandwidths.

2.1.1 Satellite Communication Fundamentals

Satellite communication system is composed of {hecs segment and the ground
segment. Satellite is capable of performing as@owiave repeater for Earth stations that are
located within its coverage area, determined byallieude of the satellite and the design of
its antenna system. The arrangements of the basitcconfigurations are Geostationary Earth
Orbit (GEO), Medium Earth Orbit (MEO), and Low HarOrbit (LEO). The respective
altitude ranges are 36000 km for GEO, 5000 km t@002m for MEO, and 500 km to 900
km for LEO. A geostationary satellite is stationamyan apparent position relative to the
earth. This position is typically about 35,784 kmag from the earth. Its elevation angle is

orthogonal to the equator, and its period of rettotuis synchronized with that of the earth in
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inertial space. The radio paths between grounditalsifrom a fixed position with a fixed
elevation angle to satellite. The ground antenra@sting to these satellites may need only
limited or no tracking capability. A geostationasatellite has also been called a
geosynchronous or synchronous orbit or simply asgellite [7][8].

The coverage area is normally referred as a fadtpfihe size of the coverage area
depends on the satellite aerial semi-beam widtle Adn- geostationary LEO and Medium
Earth orbit (MEO) approaches require more movalatelktes to achieve this level of
coverage [31].

2.1.2 Frequency Spectrum

Microwave frequencies used for transmission tofamah the satellite propagate along
a line-of-sight path. GEO provide fixed satelliengce (FSS) in the C and Ku bands of the
radio spectrum. Some GEO use the Ku band to proceleain commercial services
nowadays. The lower is the band, the better thpggation characteristics and lower is the
available bandwidth, but higher is the band, theen@andwidth that is available and worse is
the propagation characteristic. Therefore, the citipn is keen for this spectrum due to its

propagation characteristics.

Frequency
m L s | c X Ku K Ka Vv

Range(GHz)| 1-2 | 2-4 | 4-8| 8-12 12-18 18-27 27-40 40-60

Table2.1: Microwave Frequency bands and bandwidth rangesfor Communication

International Telecommunication Union (ITU) oversethe orderly use of the
electromagnetic frequency spectrum for satellitemmwnication, as well as other
telecommunications applications [31].

2.1.3 Satellite Communication Features

At the present scenario, with the rapid increasenfafrmation revolution there has
been constant demand in expanding the broadbaedrated services to be included in
satellite links. Considering India’s geographicahtiures, it is reasonable to adopt a satellite
platform which can meet day to day growing demasfdaternet services as well as the core.
By using satellites one can obtain wide coveraggckgrollout of facilities compared to
buried optic fibre cables unconstrained by natw@hditions and distance. Compared to
conventional terrestrial networks, satellite comrmoations have the following attractive

features:
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e Ubiquitous access. services are available to whole regions withirnellite
footprints, including locations where terrestrialirad networks are not possible or
economically viable.

e Broadcast/multicast nature: multimedia services will be benefitted from this
feature of satellite networks.

e High bandwidth: satellite channels can deliver gigabits per sdcon

e Flexible bandwidth-on-demand capability: result in maximum resource
utilization. On the other hand, the overall telecammication market is growing rapidly.
Exponential growth in the Internet, multimedia seeg using satellites are now in demand.
Growth in international trade, reduced prices doeptivatization of telecommunications
services worldwide, access to the World Wide Wélerdfore use of broadband satellite
services viewed as a cost-effective solution favling wide area coverage for developing

countries.
2.2. TheKa-band Satellite System and Current Status

As early as in 1970’s, researchers from the Un8&ates, Europe, and Japan started
exploring the Ka-band (from 26.5GHz to 40GHz) speut  Japan was the first country to
provide Ka-band services and at that time transpatent-pipe” transponders technologies
introduced only. For the last two decades, a nunabezxperimental satellites have been
launched to explore the use of Ka-band [48].

In 1984 NASA formed an Advanced Communications hetbgy Satellite (ACTS)
program to develop Ka-band satellite technolodissgoals were to alleviate orbit congestion
in lower bands, and to promote effective utilizatimf the spectrum to increase
communication capacities [7][54]. The first Ka-baA€TS satellite that was launched in
September 1993 demonstrated commercial-off-thé-4@&DTS) earth station equipment
incorporating two-way frequency conversion and rmetia system integration technologies.
During last decade Ka-band satellite communicagigstems became so popular because they
could provide:

Large bandwidth and Data-Handling Capacity: The large amount of bandwidth
availability in Ka-bands is the primary motivatiéor developing Ka-band satellite systems

since lower frequency bands have become congeBhesl.covers from 27.5 -31.5 GHz for
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uplink and uses K —band frequency 17.5-21.5 GHaitown link [52]. So nearly 8 GHz for
the whole satellite system.

* Small antenna size: Size of passive RF components is related to theeleagth
used, leading to a reduction of size as higheruieagies are used [22]. On the other hand
higher frequency introduces higher losses in thmpmnents, partly reducing this advantage.
For a given gain and beamwidth, as the frequeneg gp, the size of the antenna decreases.
For a fixed antenna size, this will significantBduce the interference from adjacent satellite
systems. Obviously, the price of the smaller araewiil be lower, which makes broadband
satellite service affordable to millions of commal@nd residential end-users. On Ka- band a
60 cm diameter antenna or even less will be sefficior the receiver.

» Larger system capacity and Smaller Satellite Footprints. Using an antenna of
same size as at lower frequencies, satellite caversaller area while the effective isotropic
radiated power (EIRP) in these areas is proporipmacreased. This allows utilization of
multiple beams making it possible to reuse assiginequencies [49]. Ka-band satellites
provide smaller foot prints using multi beam an&Bihto increase the satellite power density
and allow large frequency reuses, which leads gthdri spectrum occupancy. Many user
terminals can be served simultaneously.

* Flexible bandwidth-on-demand: This feature maximizes the bandwidth and
resource utilization, and minimizes the cost to-asers.

On the other hand, Ka-band satellite links suffegrddation due to atmospheric
propagation effects, compared to lower frequenaydbaA main disadvantage of Ka-band
frequency system is increase in tropospheric praj@y impairments. These are, however,
changing rapidly in time making it uneconomical dounter them by simply increasing
transmitted power for extended periods of time.réfaee accurate predictions are required so
that advanced fade mitigation techniques can lvedoted.

The primary propagation factors are rain attenmatiavet antenna losses,
depolarization due to rain and ice, gaseous alisarptioud attenuation, atmospheric noise,
and tropospheric scintillation. Among these fagtoasn attenuation is the most challenging
obstacle to Ka-band systems.

Many Ka-band satellites have demonstrated thatakigtrength drops drastically
during heavy rain, but many strategies and teclasigue available to mitigate fading. On the
other hand very small hopping spot-beams are uséocus the satellites signal power on a
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small area to over the effect and penetrate the fdie satellite systems can also use coding
to overcome transmission impairments. Another sgrats to lower bit rates during the period
of rain. This approach would be unsuitable for mapplications but might be satisfactory for
some, such as Internet access. Uplink power coistaniother technique to mitigate the signal
losses in heavy rain [54].

In recent years, due to the delayed market growdar and tear, consolidation, and
immature Ka-band satellite industries, many comgmmwith satellite licenses, have either
postponed or cancelled their proposed satellitéesys in fast hand for few years. Hughes
Network Systems (HNS) is the only company with aCFfiling who did not cancel its
proposed Ka-band satellite system. Hughes conttaBteeing to build the first Ka-band
satellite of the Spaceway systems providing broadlmmmmunication services for the North
American region. Boeing ultimately bought Spacewglye satellite was launched in early
2004. Later few advanced countries added their narties race in last decade.

Indian Space Research Organisation had preparedGBAT4 satellite as an
experimental satellite to study the real time béhavof ka-band in Indian region, but the

failure of launching takes India back a step [2].

2.3. Satellite System Fundamentals

There are two basic types of satellites, 1) Bepe rthe conventional frequency
translation (FT) satellite, which comprises thetvamjority of past and current satellite
systems, and 2) On-Board Processing (OBP) satelihich utilizes on-board detection and
re-modulation to provide two essentially indeperideascaded (uplink and downlink)
communications links.. The early satellite trangpes were based on analog transmission,
but most modern satellite systems deliver signigisadly to ensure reliability and accuracy in

information transmission.
2.3.1. Bent-pipe or frequency trandation (FT) Satellite System [8]

This satellite receives the uplink signal at th@ink carrier frequency,f, down-
converts the information bearing signal to an mtediate frequency,f for amplification,
up-converts to the downlink frequencyy, fand, after final amplification, re-transmits the
signal to the ground service ardagure 2.1 shows a functional representation of the
conventional frequency translation transpondi&r.processing is done on-board with the FT

satellite, except amplification to overcome thgéapath losses and frequency conversion to
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Satellite

Transmit Antenna Receiving Antenna

Figure2.1: Overview of bent pipetransponder satellitelink (G- Ground, S-Satellite)

(All symbols have their usual meaning)

separate the up and down links. Signal degradatodsnoise introduced on the uplink are
translated to the downlink, and the total perforoeaaf the system is depends on both links.
Generally, the transponder is transparent to tleesusince the transmitting signal from one
earth station will “bounce” and arrive at anothartk station with its characteristics
unchanged. Usually, no change is made to the signal

The conventional way of characterizing the satellibk behaviour using bent-pipe
transponders is to use carrier-to-noise ratio (CMXe C/N ratio represents the dB difference
between the desired carrier signal power and tlesired noise power at the receiver. It also
indicates the received signal quality for both agand digital transmissions.

In satcom systems the C/N calculation is ofteneckall link power budget. The C/N
calculation in decibels is shown in (Eqg.2.1) below.

C

N

=(R +G, +G -, -A) { K+T, +B) -other lossef dB (2.2)
dB
Where, = Transmitted Power (dB), &Gain of transmitting antenna
Gr = Receiving antenna gain of the satellite.
Lp= Path Loss=10 log@R/A)? [dB], A= Rain attenuation [dB]
R= Transmission distance [m]= Wave length of the signal [m]
k= Boltmann’s constant = 1.38xTbJ/K= -228.6 dBW/Hz
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T= Noise Tempreture [dBK] = 290K
B= Noise Bandwidth in which noise is measured [¢BH

Other Losses such as Antenna pointing Losses, Athesik gaseous Losses, Power
Amplifier back-Off, Link margin etc are also therBut these losses can be ignored in

comparison to losses mentioned above.

Down Converter Up Converter

flJP

F AMPLIFIER

POWER | ,
AMPLIFIER

fir
LO L.10.

fo

Figure2.2: Functional block diagram of a bent pipe transponder
Uplink:

The uplink refers to the signals delivered fromeanth station to a satellite in space,
and the downlink refers to the signal deliveredrfrihe satellite for the earth stations. For the
uplink, the transmitted power is the power transedifrom an earth station to the satellite.

The received signal is always much weaker thartrdresmit signal since the signals

passes through a long path in the sky. Path IoF;ssd‘dzpends upon the distance between the

transmitter and the receiver, and the operatinguigacy. The path loss for Ka-band GEO
satellites about 200 dB, is large compared to tliossatellites in lower orbits, and for those
satellites operating in lower frequency bands.

The link performance equations for the FT satelipéink, including the contributions

of path loss and path noise has been presentadisection. The sum of &d Gin decibels

is presented as Effective Isotropic Radiated Pq&RP). The EIRP is commonly specified
in satellite communications and regulations. ITUdaRCC have indicated the power
limitations of transmitters in term of EIRP. The ximaum EIRP permitted for an earth
terminal is fixed for designing the outdoor unitdandoor unit of it.

The carrier power received at the satellite anteéamainals, pointB) on Figure 2.2, is

_PI'GTGR

C =—TI"T<R
* LUPA up

[dB] (2.2)
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Where, Ly, is the uplink free space path loss,eAs the other uplink path loss, and G
and G are transmit and receive antenna gains, respctiVee noise power at the satellite

antenna, pointR), is the sum of three components, Ner =Uplink Path Noise + Satellite

Antenna Receive Noise + Satellite Receiver SystenséN the three components are

j bUP+k tSAbUP+k 290(nfSR -1)bUP ( 2 3

Where, k is Boltzmann’s constali,s is the uplink information bandwidtls, is the

_ 1
nSR =k tUP 1 A

upP

satellite receiver antenna temperatunty is the satellite receiver noise figure, dpglis the

mean temperature of the uplink atmospheric patlerdfbre, the uplink carrier-to-noise ratio,
at point (B), is then given by

C) _Cqi_ PG G,
() =5 (2}

n 1
F LUPA UIJ< [t up (1' A j +t sat 290(nfSR-1)] bUP

UP

This result gives the uplink carrier-to-noise oatixpressed in a form where the uplink

path losses and noise contributions are found.
Downlink

The downlink carrier-to-noise ratio for the frequgriranslation satellite is found by
following the same procedure that was used foruglenk, using the equivalent downlink
parameters as defined in Figure 2.2. Thus, at gbint

on =R (2)

DN

(E) — Cor — PST GST GGR ( 2 ¢
DN

1
o LDNA DNk [t DN ( - Aj + tGA+ 290(nfGR '1)] bDN

DN

DN

This result gives the downlink carrier-to-noiseigagxpressed in a form where the
downlink path losses and noise contributions actusively displayed. The combine effect of

both uplink and down link carrier to noise ratioi®wv expressed as

LG, -
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As the individual ratios are> 1, by approximation 1 may be neglected and theatsmu

reduces to and by rearranging in the form of cataenoise density form the above equation

can written as
c -1 c -1 c -1
(_) D(_j +(_j (23
n n n
C upP DN
c -1 c -1 c -1
( j :( ) +( j (29
n n n
o/C (o] upP (0] DN

A transponder is said to be uplink limited if iplink CNR is more than downlink
CNR and conversely, it is downlink limited if it®wnlink CNR is more than uplink CNR. It
is possible that some transponders are uplink dan&ind others downlink limited, on the

same satellite, depending on link parameters aerdsgecific applications [41]. And the

Energy to noise density ratio per Bity/(g) can be found by this relatioAnd the combine
effect of uplink and downlink is given as

4
CREREN

The probability of error for the overall end-to-eduital link is determined from the
composite energy-per-bit to noise density describbdve. The parameters and ratios
presented here and in the previous sections aressex as numerical values, not in dB. The
composite link performance for the bent pipe tramsjer is difficult to predict because of the
interactions of the link parameters, as evidencetthé uplink and downlink results given by
noise figure and CNR equations. It is possible tawdsome general conclusions about
composite link behaviour from the composite cafttenoise ratio results, as given by
Equation (2.11).

)] The overall performance or CNR is slightly lessnthiae weaker link. Thus a satellite

with dominant link will perform no better than thweaker link.
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i) When both uplink and downlink CNRs are same theralveystem performs with a
carrier-to-noise ratio of 1/2 either link or 3 dBlow the dB value of either link. Thus, a
satellite with equal uplink and downlink performanwill operate with a composite

value 3 dB below the value of each of the individinks.

CNRyp CNRpn CNRc
20 dB 10 dB 9.6 dB
10 dB 10 dB 7dB

Table2.2: System perfor mance comparison for bent pipe transponder

As mentioned in the previous section, as heavy sanificantly degrades the link
performance, the C/N ratio falls due to it. Therpissible rain attenuation for a link depends
on many factors, such as the link availability im average year, earth station geographical
location, and link operating frequency. The estioratof the rain attenuation can be
calculated using the ITU recommended rain model @hér models, which is presented in
Chapter 3. Other factors affecting the link perfanoe include antenna pointing losses,
atmospheric gaseous losses, power amplifier bdckamdwer, link margins, and

implementation margins which have also been desdtiiefly Chapter 3.

2.3.2. On-board Processing (OBP) Satellite System [7]

The OBP satellite system, consisting of regenegatransponders and on-board
switching with multiple spot-beams, provides bardtvion demand with low processing
delay, flexible interconnectivities, and lowereagnd station costs. A satellite that provides
on-board demodulation and re-modulation of thermfation bearing signal is referred to as
an on-board processing (OBP) satellite. The OB®lldat also called a regenerative satellite
or a smart satellite, provides two essentially petelent cascaded communications links for
the uplink and downlink. Figure 2.3 shows a schanhtock diagram of the on-board
processing satellite transponder. The informatignad on the uplink at a carrier frequency,
fup, after passing through a low noise receiver, mattulated, and the baseband signalgat f
is amplified and enhanced by one or more signatgssing techniques. The processed
baseband signal is then re-modulated on the dokynhh the carrier frequencyp,f for
transmission to the downlink ground terminals. Regtions on the uplink can be

compensated by the on-board processor, and ateansterred to the downlink.
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Figure2.3: On-board processing (OBP): transmitting and receiving equipment on board with satellite

In an OPB satellite system, both the uplink anddbenlink system are independent
to each other, and enable the designer to apphakgnhancing techniques to either or both
the links in the satellite. On board the satelitaploy digital transmission techniques, and
can use a wide range of waveform modulation forratccess scheme. BER used in digital
signals to measure the probability of bit errott tinay occur in a given time in the system.

OBP satellites offer several advantages over tiwerttional bent pipe satellite [54].
The performance of the uplink and downlink can fin@roved separately with forward error
correction coding or other techniques. Noise induoa the uplink does not degrade the
downlink because the waveform is reduced to baskkmrd regenerated for downlink
transmission. The downlink can employ TDMA, so ttet power amplifiers can operate at or
near saturation to optimize power efficiency on tlmvnlink. For example, a satellite can
employ several FDMA carriers on the uplink to miraenground station uplink complexity,
demodulate on the satellite, add error correctiotirgg, re-modulate, and combine into one
TDMA downlink to provide optimum efficiency for davink power [32].

(i) OBP Uplink and Downlink

The downlink CNR or energy-per-bit to noise densite/n,), for an onboard
processing satellite system is essentially independf the uplink CNR over the operating
range of the transponder. The link equations foRGMeviously given for bent pipe satellite
are applicable to the on-board processing satdligink and downlink. Since on-board
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processing satellites employ digital transmisseomore appropriate parameter is the energy-
per-bit to noise density ratio, expressed as

( bO)P

n

( 0)
n DN

Where, 1> and py are the uplink and downlink data rates, respegtivel

:_1 R & Ok ( 2 13
1 :
] IUPaUPk [t uP (1_%j gt 290(nfSR-1j

r.U
P

OoBP

and

r 1
ose PN IDNaDNk[tDN (l'aD) + tGA + 290(nER '11

N

__1 PstYs19cr (2_13

Each link can be evaluated directly from the abegeations and the resulting end-to
end performance will generally be driven by the kezaof the two links. Additional on board
processing could improve either or both links, hesre and should be included in final
performance conclusions.

(if) Overall OBP performance:

The overall composite (or end-to-end) link perfanoe for the OBP satellite is
described by its bit error performance, or the pholity of error, R, for a specified digital
transmission process. The overall error performaidfe on-board processing transponder
will depend on both the uplink and downlink erroolpabilities.

Let Ry is the probability of a bit error on the uplink EBys) and Ry is the
probability of a bit error on the downlink (BER.A bit will be corrected in the end-to-end
link if either the bit is correct on both the ugliand downlink, or if it is in error on both
links. The overall probability that a bit is corteBeor, IS

Proe =(1R,) (1) +B, B, (9
Therefore,

Pcor= Probability of Correct Reception End-to- End

(1-Ryp) = Probability of Correct Bit on Uplink

(1-Pon)  =Probability of Correct Bit on Downlink

PurPon = Probability of a Bit Error on Both Links

Rearranging terms,

PCOR :1_(%19 +F[))N )+28P EN 2-15)

26



Satellite communication and Ka band

The probability of a bit error on the end-to-entklis
P =(1-Re )
o, Bl 7B R 2R R (2.16,
The composite link probability of error will be gendent on the uplink and downlink
parameters and their impact on the/rig for each link. A specific modulation must be
specified to determine the relationship betweenbiherror probability and thee /ng, for

each link. The composite error performance can therdetermined. Different modulation
schemes used in digital communications provideetbfit BER performances. The overall

error budget of the digital satellite systems usi®p is defined in (Eqn. 2.11) shown as:

BERoverall = BERyp + BERpown (2.17)

Where, BERp BERpown are Probability of bit error for Uplink and Downkimespectively.

Space segment

LNA HPA

Demodulator Modulator

with with '

downconverter Upconverter

Multi functional
switching network
Uplink with buffering (memory) ' Downlink
Transmitting Receiving

S Antenna

Ground segment

Figure 2.4: Functional blocks of an OBP satellite
On-board Processing Switches
There are four types of on-board switches: cirawitch, cell switch, fast packet
switch and hybrid switch. Each on-board processimigch has its own particular features and
technologies. Among four switches, the packet swik the most popular selection for
satellite networks because it provides both pabkeed traffic and circuit-based traffic in

Internet Protocol (IP) based networking environmefithe Ka-band satellite system may
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adopt packet-switch OBP in order to provide broadbimternet services. Some advantages
and disadvantages of packet switching are

» Self-routing/auto-configuration abilities,

Flexible and efficient bandwidth utilization

Can accommodate circuit-switched traffic

» Easy to implement autonomous private network

But, for circuit switched traffic, higher overheedrequired than circuit switching due

to packet headers and Contention/congestion mayr.occ

2.4 Spot beam model and proposed features
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Figure 2.5: Outline of proposed spot-beam locations and grouping of digoint beamsfor frequency re-use.
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In general, communication satellites are transngittvith a very broader foot print.
INSAT series Satellites that are not having "Spetads” and send out signals over very
large areas, transmitting across India. Two citiedifferent part of India under one satellite
foot print receive the same signal. But Spot Beanesdifferent. It is similar to a spot light
focused on one area of the country (figure 2.5).

A typical Spot Beam has a radius of only 200-508KnDepending on presence of
density of user in this geographical area of thenty, one won't detect the beam unless in
the focus. So frequency reuse is possible for iffespot beams in TDM. The Spot Beam
technology has been applied on newer satellitesyubie Ka-Band (e.g.; GSAT-4 of ISRO,
India) [2].

Spot Beam technology is ideal for the transmissibrideo requiring ultra high bit
rates such as HDTV. The advantage of Ka-band aber dorms of internet via satellite is that
it only requires a 60 cm antenna. Additionally Band uses spot beams for internet via
satellite, which makes better use of the availdbledwidth than a C or Ku-band satellite, i.e.
more users can get higher level of services.

Here it proposes 16 spot-beam locations torcioman main land. Keeping view of the
socio-economic status and population density, omgrapolitan city will have a narrow
beamwidth to cover limited area and high power daotprint at every time slot. Beams are
divided into four groups. In each group, 4 non-taygwed locations are present as seen in the
figure 2.5. The total bandwidth of the satellitdl e utilized for one group for a moment and
after an interval the antenna switches to otheumgiocations and so on. After covering all
groups again it will restart the process from gréupAccordingly the OBP switching will
provide data for each group in TDM process.

The on board processing (OBP) and switches aradiremployed in satellites providing
mobile communications to handheld receivers in sevastern part of worldHere we are
considering a ka band satellite system to prov-effective two-way voice, medium- and
high-speed data, image, video (DVB-S) and videept@bny communication services to both
business and individual users in the Indian maaohlde proposed satellite broadband system
provides higher capacity, intelligent routing, bamdth on-demand, and value added services.

The uplink and downlink operating frequencies gooposed satellite system is same
as proposed for GSAT4 by ISRO i.e., 29.6-30.2 @Ha 20.6-21.2GHz [2]. Only part of the
uplink and downlink spectra was selected for thetesy design in this work. Here we are
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INSAT satellite, to calculate effective geographigarameters. The analysis of geographical
data, Rain rate Parameters and calculation ofatdé&muation is discussed in chapter 3 for this
16 different locations, places taken as the gedgeapcentre of the spot beams.

The proposed system requires multibeam antennamsgstnboard or active phased
array antenna system. Phased Array Antenna basechgoications links are anticipated to
deliver high data rates without the risk of singtént failure-prone motors used in reflector-
based systems and are being used here for spasg-basimunication applications due to
their advantages in re-configurability [21] [4]sfar scanning and switching [17], weight and
power handling ability using digital signal procegs(DSP). The phased array antenna can

also electronically steer.

2.5. Beam forming with OBP System
On-Board Processing deals with the general topimpfoving the received signal of
the system in question before it is retransmittethe desired user. Three forms of on-board
processing take the form of regenerative repeadelaptive power control [46], and antenna
beam forming. This is to investigate the area gjitdi beam forming method of on-board
processing as applied to the geostationary satetidbile communications environment at the
Ka-band frequency. Digital Beam forming can covée tfollowing advantages in a
communications environment:
— Power can be efficiently focused on a target avamprove the efficiency.
— Adaptive beams may be dedicated to individual ugsirsg antenna arrays [4].
— The beamforming array can adapt to variations énuber traffic levels. [19]
— The increased efficiency of power usage could tea@sinto reduced hardware
requirements and payload expense.
- Frequency reuse may be increased as a result odwer adaptive beams which

reduce interference from adjacent channels.

— Beamforming may provide robustness to the systetharevent of component failure.
There are two general methods of beamforming bartyely investigated in the present
literature. The following sections briefly introdeithe basic principles of these methods, and

relate their application to the satellite systerdamnvestigation [43].
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2.5.1 Reference-Based Beam forming

In reference based beamforming, a known signal wiscighly correlated with the
desired data and uncorrelated with interferenceadsgis transmitted. This reference signal
often takes the form of a known transmitted tragnsequence. Beamforming weights are
calculated based on the reference signal usingiatyaf algorithms, the most common of
which are Least Mean Square, and Direct Matrix dsio®. The major drawback of the
reference-based beamforming method is the powebandwidth resources that are taken up
by the reference signal. In the satellite environtnthis power cost is highly undesirable.
2.5.2 L ocation-Based Beamfor ming

In our proposed system this type of beam formgguitable, which is theocation-
based beamforming. This relies on knowledge ofdihection of arrival of the desired signal
and the interference signals. Using this informati@ptimum beam weights may be
calculated to suppress the interference, and libestlesired signal. This technique is based
on algorithms which reliably estimate the directioh both the desired and interference
signals. This is often done on the basis of Eigecter analysis, such as the Multiple Signal
Classification algorithm (MUSIC). Most of theseratition estimation algorithms require
accurate knowledge of the type of interference, thedgeometry of the array. In the portable
satellite communications environment, weather pagteare constantly changing, and the
ability to characterize the system once deployatificcult. These disadvantages would make

facts of the interference environment difficultdahe array geometry calibration less robust.

2.6. Kaband Satellite Link Multiple Access Techniques

Since large amount of bandwidth are available ol ©&&-band satellites, an appropriate
bandwidth management technique is necessary. Otle dfest ways is to use a multiple access
technique. In satellite communications systems,tiplal accesses allow many earth stations to

share a transponder even though their carriers diffeeent signal characteristics [8].

Three common types of multiple accesses deployeshi@llite communications systems
are frequency division multiple access (FDMA), tidigision multiple access (TDMA), and code
division multiple access (CDMA). A common hybridlgion is used by combining techniques
such as FDM/TDMA. This proposes the earth statmmuse FDM for uplink and TDMA for
downlink to maximize the bandwidth efficiency. FDM#&ad TDMA will be presented in the next
section. CDMA satellite systems were proposed emeyears but here not considered.
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2.6.1 Frequency Division Multiple Access (FDMA)

In general, FDMA separates the total system barntiwidnto smaller
segments/channels, and assigns each channel ter.aHagh user transmits at a particular
allocated frequency. Filters are used to sepanatettannels so that they do not interfere with
each other. The disadvantage of a filter is thatamnot easily be tuned to change the
bandwidth of channels or the channel frequencycatlon. This makes inefficient use of
transponder bandwidth and satellite capacity. Aaotltawback of FDMA is the non-linearity
of the transponder power amplifier that generatésrinodulation products between carriers.
This degrades the link performance. In order taucedsuch interference, the transmitting
power of the satellite and earth station can bested. This is called back-off. Usually 2-3 dB
back off power is needed when FDMA is used. Onatiher hand, FDMA becomes useful for
uplink transmission when a hub network is used;esionly one carrier occupying the total
transponder bandwidth will be transmitted to thielige.

2.6.2 Time Division Multiple Access (TDMA)

TDMA is a digital multiple access technique thdbwak signals to or from individual
earth stations to be received or transmitted bysttellite in separate, non-overlapping time
slots, called bursts. For uplinks, each earth @tathust determine the satellite system time
and range so that the transmitted signal bursttiraesl to arrive at the satellite in the proper
time slots, even though it is very hard to syncimemany earth stations on earth with proper
synchronization times. For downlinks, such pretiséng is not required [8][7].

Compared with FDMA, TDMA offers the following feats

— As only one signal is present at the receiver at given time, there is no inter-
modulation caused by non-linearity of satellitsngponders. The satellite transponder can
be driven nearly at saturation in order to provigeximum satellite power.

— The TDMA capacity does not decrease steeply withirmmease in the number of
accessing stations.

— The introduction of new traffic requirements andammpes is easily accommodated by
altering the burst length and position.

Each TDMA frame is formed by slots containing agondle, guard time, and data
information. The preamble contains synchronizato other essential data to operate the
network. The guard time is used to prevent onéostattransmissions from overlapping with
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‘another station’s following transmission time skatr uplinks, the transmitted bursts/times of
users are critical. They should arrive at the foanslers in the required slots so that the
required information can be extracted at the reszbparth stations without errors.
A typical time length of a TDMA frame is 2 ms, whiceduces the proportion of
overhead to message transmission time. Sixteemn ®dyds are typically used in a digital
terrestrial channel. Figure 2.6 shows two TDMA fesmrconsisting of preamble and satellite

channel at each frame.

Satellite channels Satellite channels
Preamble | 1 | 2 | 3 | oo M| Guard |Preamble | 1 (2|3 | M | o
time
1(2]3 | 15|16 11]2] 3] 15[ 16 |
Sixteen 8-bit words at each channel Sixteen 8-bit words at each channel

Figure2.6: A TDMA frame for satellite channels.

At the receiver, higher data bit streams must beovwered using modulation
techniques, which requires demodulation of RF dggrgeeneration of a bit clock, sampling of
the receive waveform, and recovery of bits. Thiscpss requires large storage of bits (at
preamble and guard time slots), so that originghas can be reconstructed even though
signal transmissions are delayed. In a GEO Ka-lsatellite system, the delay time for one-
way transmission is around 240-250 ms at the distah 35,786 km between an earth station

and the satellite. The earth station would haveeton the equator at the sub-satellite point.
2.7. Digital Modulation Techniquesfor Satellite Links

For efficient use of transponders and resourcdsehilgvel of modulation e.g., QAM,
M-PSK instead of QPSK and BPSK, higher compresstandards like MPEG-4 to MPEG-7
for video, FECs can be used. A number of modulatemhniques have been developed to
optimize particular features of a digital transnaedink. The desired bit error rate determines
the minimum required C/N values for each modulatemhnique.

The types of digital modulations are divided inttherent and non-coherent types. At
a given minimum C/N requirement, the BER perforneaata coherent system is better than
a non-coherent system. In addition, coherent maeidualaan incorporate both amplitude and
phase information, although synchronization cicaibhd phase-locked loop circuits increase
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the complexity of the system. On the other hand;caherent modulation is insensitive to the
phase information, which degrades the BER perfoo@a8ince none of the satellite systems
today uses non-coherent modulation, coherent mbdnl8PSK, QPSK, M-ary phase shift
keying (M-PSK) modulations, and now Quadrature Atage Modulation (QAM) will be

adopted for the link design of satellites.

2.7.1. Phase Shift Keying (PSK)
PSK modulation is the most commonly used digitaldaoiation in digital satellite

communications systems. The BER is often refer@dhe probability of bit error, P

Probability of bit error is calculated from the chaeteristics of the type of modulation used

and the energy per bit per noise densityNB), which can also be obtained directly from the

C/N values. To simplify the BER calculation, insgmbol interference is assumed to be zero
and that ideal root raised cosine filters are wdtie transmitter and receiver.

The greater is the BN~ value, the lower the probability of bit error. Fan ideal

system, the EN_can be represented as:

E_(C)(Bu) oy EnC)(By
ot IR G (2
Where, E= Energy per symbol [J], +E Energy per bit [J]

N, = single sided noise power spectral density [W/ Hz]

C = carrier power [W], N = noise power [W]

R,= symbol rate [symbol per second (sps)] =T = symbol duration [sec]

B, = noise bandwidth [Hz]

BPSK consists of one bit per symbol. BPSK is usesoime satellite links although it
is considered to have low bandwidth efficiency camed to QPSK. QPSK is widely used in
satellite links, transmits two bits per symbol. &rtwo bits are sent per symbol, the symbols
have four possible stateSince QPSK carries twice information per symbohtB#SK, it needs
an extra 3 dB of C/N to achieve the samefBPSK.

Higher numbers of bits per symbol can also be asimg an Mth order modulation
scheme, called M-ary Phase Shift Keying (M-ary P9¥)stands for the number of possible

states. M has to be greater or equal to 4. Thisgearerally be used for any multi-level
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modulation scheme. Bandwidth efficiency is a caticonsideration when a higher level of
modulation schemes is adopted. The bandwidth effey for any modulation usually is

defined as

n= % (2.19)
Wheren = bandwidth efficiency [bits/s/Hz]
B = bandwidth of transmitted signal [Hz]

2.7.2. Quadrature Amplitude M odulation (QAM)

QAM is combination of four phase states of QPSKhwitultiple carrier amplitudes.
For instance, 16-QAM is a modulation in which eagimbol represents 4 bits and has 16
possible states. Taking M=16 as an example, 16-R&is an extra 4 dB of C/N to achieve
an error probability of 1&compared to 16-QAM. Thus, the BER performance o2V is
much better than 16-PSK, as shown in Figure 2.¢rdfbre, many new generations of Ka-
band satellites designed for data services, Inteageess will use 16-QAM between the

satellite and hub, so that lower BER values cambamtained.

Modulation Type Probability of Bit Error Rate Relative
Symbol rate (Rs)
2E 1 C
P, = b |=Zerfc,|—
BPSK ° Q{ No } 2 N R
2B, | _1 C
P = =—efe,|-—
QPSK € Q{ Ny } 2 2N %R
C.,m
M-ary PSK (MPSK) P, = erfc NI forM =4 Ru/N

_ Z(N—l) 3 C
M-ary QAM (MQAM) | Fe BN VI f{ﬂfm (WH RyN

Table 2.3: Coharent signal Modulation M ethods and theoretical error equations [44]
Table 2.3 presents the above modulations’ proialaitror theoretical equations and

symbol rate relationships that will be used for Hystem design. Table 2.4 provides the
required C/N values for M-ary PSK and M-ary QAMtla¢ given probability of errors equal
to 10°°.
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Symbol Desired Desired
M-ary PSK C/IN@B)at | M-aryQAM | c/N(dB) at
Modulation rate (Ry) BER=10° Modulation BER=10°
2-PSK(BPSK) R 10.76 - -
4-PSK(QPSK) %R 13.53 4-QAM 13.77
8-PSK Ru/3 19.12 8-QAM 17.53
16-PSK Ry/4 24.97 16-QAM 20.02
32-PSK R/5 30.95 32-QAM 24.36

Table 2.4: Comparison of C/N for M-ary PSK and M-ary QAM

Symbol error probability curve for different modulations
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Figure2.7: Comparison of BER performance for various digital modulation techniques.

From Figure 2.7 above, it can be concluded thatrwdéiigher number of bits per
symbol in a type of modulation is used, a higheX @alue is required to achieve the same
probability of error compared to those in lower fgmnof bit per symbol. The higher order
modulations in Table2.4 require higher C/N values imay be more difficult to achieve in a
satellite link. Thus, using forward error correati@-EC) or uplink control power to get better

BER for a given C/N maybe a preferable method,essibed in the next section.
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2.8. Forward Error Correction (FEC)
FEC not only used to optimize the link budget anakimize the power bandwidth

efficiency, but also can provide a flexible tradebktween the BER and the occupied
bandwidth. With various selections of coding andecoates, FEC can be used to relax the
link budget parameters or to improve the BER ofieem link, especially at a small earth
station with limited antenna size. FEC is an eomrecting method for a transmission link.
Using redundancy added to the information bits, teeeiver can detect and correct
transmission errors and corrupted signals. In additno feedback is required from the
receiver. The common codes that are used in gatetliodems include Viterbi codes, Reed

Solomon codes, Turbo codes, convolution codes|[44t.
2.9. Link Budget Calculation

The link budget is a calculation which shows thpested carrier to noise ratio (CNR)
of the system under the specified conditions. Thif is directly related to the Eb/No as
discussed. From this calculation a prediction efbit error rate and the reliability of service
can be determined. The following sections outlime talues chosen for the input parameters
and the calculations [57].

i) Hardware Specifications & Frequency Parameters

Hardware losses for both the uplink and the dowmdire estimated at 2.0 dB for the
receiver and 0.2 dB for each feed. The satellite gacalculated using the designed parabolic
antenna. The power for each downlink signal istiehito 1 Watt due to power constraints on
the satellite. The earth antenna gain was setd&® and the earth transmitter is given a power
of 1 Watt. In this way the design of the satelltgstem alone can be evaluated and the

necessary gain needed from the earth station te thaksystem feasible can be determined.

Frequencies in the Ka frequency band are choseswubke this band communication is
our main aim. There is a large amount of availdd@adwidth which can support high data
rate services. Frequency has a direct effect orptiveer of the received signal due to rain
attenuation and free space loss. Free space loesages at a rate of inverse distance squared.
The frequency scaling method presented is usedréguencies +/- 1 GHz for the up and

downlink frequencies of 30 and 20 GHz.
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i) Target Latitudeand Longitude

The target latitude and longitude are selecte@da® the coverage area of the feed
with the worse gain as calculated in the antenrsggde.e., the proposed geographical spot
beam locations. The geographical coordinates af feé correspond to I8 Latitude and
78°E Longitude. The satellite Latitude position mustditeiated on the equatof i order to
maintain a geostationary position. The Longitudsitan of the satellite is chosen to be’83
E. (This is the geographic centre of the coverga.)
iii) Height above Sea L evel

A target's height above sea level affects thenattBon due to the free space loss, as
well as the effect of rain on the slant path of sigmal. A height of 0.2 km is selected for the
elevation of the target.

iv)  Outage Percentage

The outage percentage is a statistical calculatdmich is used to predict the
percentage of time that atmospheric attenuatioeeds a certain threshold. This calculation
is based on the CCIR attenuation model as presemtgthpter 3. The model is dependent on
the geographic parameters as well as the frequefcthe signal. An outage percent
probability of 0.01 % is used for this system. ThO1% level is the value derived from
measured systems by ITU DBSG5. Other percent oléagds must be calculated indirectly
using a scaling method. The 0.01 % level givesssical prediction that the attenuation due
to rain will exceed the calculated threshold only10% of the year [57].

v)  Antenna Gain Reductions

For an antenna design having a beam width &f&h@ servicing a location having an
elevation angle of 20he antenna gain reduction is found to be 0.5318. |
vi) System Interference and Channel Guard Bands

In the FDMA system, no interference from otherrasgas modelled. This is due to
the fact that all users occupy a unique frequemsy/feom the fact that channels are spaced
with 1 MHz guard bands at the upper and lower ed§esch channel. Broadband front-end
filtering would provide additional attenuation taerfering signals. The narrow beamwidth of
the antenna and low side lobe levels tend make usignals in other geographic areas very
weak relative to the desired signal. For this reaslbe FDMA system is seen to be noise-

limited.
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vii) Temperature Parameters

Summer temperatures are estimated for the systemgived a worst-case scenario.
Temperatures selected based on those found iatliterand through personal communication
with system operators and designers. The sele@etineters are presented in chart form in
the link analysis summary. The temperature vallesen significantly affect the amount of
attenuation which results from the downlink degtemtafactor.

viii) Pulse Design and base band channel

A BPSK pulse is used to transmit data. This scheimplifies the recovery of the
message signal at the receiver. To minimize ingetb®l interference a 100 % raised cosine
pulse is selected. This effectively doubles thedmadth of the system. The increase in
bandwidth is not seen as a problem due to the langeunt of unallocated bandwidth in the
Ka band. The basic information rate is selected2fdbps. The 2 Mbps rate will allow for

high data rate transfer as well as image transamssi

Satellite receiver loss(dB) 2 Earth feed teffig) ( 300
Satellite feed loss (dB) 0.2 | Sat Feed tefi) ( 200
Satellite Gain (dB) 48 Earth Tem{K| 300
Satellite Power (dB) 0 Satellite TenfK} 200
Earth Receiver Loss (dBW) 2 Sky Ten?K) 2
Earth feed loss (dB) 0.2 Medium terfig) 290
Earth Gain (dB) 0 Ground TemfK) 300
Earth Power (dBW) 0 Guard band (MHz) 1
Target Latitude (deg) Base band (MHz) 2
Target Longitude (deg) Outage (%) 0,01
Satellite Longitude(deg) 83 Aperture DegradatioB)(d | 0.5
TEC (/nf) 10'" | Interference Noise (dB) 0.0
Height above M.S.L (km) 0.2 4@ Vapour Density (g/f) | 7.0

Table 2.5: Typical Link Budget Parameters FDMA Systems.
iX) lonospheric Effects

The major parameter controlling the effect of tbrosphere is the Total Electron
Count (TEC/m) and the frequency. The TEC value of 18 used. The ionospheric effects
are not seen as significant with respect to sigrsbrtion. The reason for the small influence
of the ionosphere on the ka band signal is duda¢oiriverse frequency dependence on the

degradation parameters. The ionospheric effecta@reonsidered further.
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X) Ep/No Requirements
The B/N, level is selected to give a Bit error rate (BER16" for BPSK pulses. This
level corresponds to an, B, of 10. Additional gain from beam forming and caglimould be

expected to increase this level to give data qupktformance of 1or better.

Calculation 19 20 21 29 30 31
frequency GHz GHz GHz GHz GHz GHz
Satellite EIRP(dBW) 45.8 45.8 45.8 45.8 45.8 45.8
Earth EIRP(dBW) 2.2 2.2 2.2 2.2 2.2 2.2

O

Elevation Angle(deg) 22.59 22.59 22.59 22.59 22.5 22.59
Free Space Loss (dB)210.69 | 211.14) 211.56 214.37 214.66 214]95
O, Attenuation 0.15 0.15 0.16 0.26 0.27 0.29
H,O Attenuation (dB) 0.42 0.66 1.04 0.44 0.42 0.4Q
Gaseous Loss(dB) 0.57 0.81 1.21 0.70 0.69 0.70
Rain Attenuation(dB) 11.33 12.98 14.76 23.21 25.39 27.69
System Temp®K) | 572.70 | 578.96/ 583.49 485.99 485.97 485/96
DWN Degradation(dff 2.15 2.03 1.84 0.00 0.00 0.0Q
Noise Power(dB) 201.02 200.97 200.94 201,73 201.721.73
Noise 8 8 8 8 8 8

Bandwidth(MHZz)
Total Loss(dB) 228.24 230.4Yy 232.87 241.[/1 244.1746.75
Total Gain (dB) 43.6 43.6 43.6 43.6 43.6 43.6
CNR, B/N, (dB) 49.64 51.91 54.35 62.39 64.86 67.45

Channel Bandwidth] 10 10 10 10 10 10
(MH2z)
Number of Channels 200 200 200 200 200 200
Bandwidth 2 2 2 2 2 2
Available(GHz)
Required /N, (dB) 10 10 10 10 10 10
Es/N, Margin(dB) | 59.64| 6191 6433 7230 7486 77.45
Max 0.027 0.027 0.027 0.027 0.02F 0.027
Dispersion(deg)

Max.Dispersion (psec¢) 0.008 0.008 0.008 0.008 0.008 0.008
Phase delay(deq) 24.24 24.24 24.24 24124 24.24 4242
Group delay (psec) 6.734 6.734 6.734 6.734 6.734 6.734

Table2.6: Typical Link Budget Calculations at different frequencies of FDM A systems

2.9.1 Comparison with L Band Voice System

There is significantly loss resulting in the brbadd scenario proposed as compared to
voice band systems which operate at lower freqesndn order to illustrate the source of these

differences, a comparison shown with the 9.6 klipsevband.
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Parameter Uplink Downlink
Frequency 1.6 GHz |30 GHz |Differencel 20GHz | 20 GHz |Difference
Bit Rate 9.6 kbps 2 Mbps 9.6 kbps 2 Mbps

Free Space Loss 188.38  214.66 26.38 190|111 211.141.032
Noise Power(dB)| 158.34| 141.73 22.61 157.11 140/96 2.1

Weather 0.1 26.08 25.98 0.1 13.79 13.6¢
Attenuation(dB)
Total Major attenur 30.14 | 105.01 74.87 33.1 89.97 56.87

ation factor(dB)

Table 2.7: Uplink and downlink performance Comparison: Ka band system VsL band system.

As this analysis shows that the major factors douting to the system attenuation in
compared to the lower frequency and data rate syate the free space loss, the noise power
(which is a function of the data rate and noise @olandwidth) and the attenuation due to
weather. The values affecting the magnitude of #ltisnuation are the result of the desired
frequency band of the service required. Practieakiving antennas are limited to a gain of
approximately 50 dB due to size constraints, coiesityn and pointing errors. It is anticipated
that beam forming will allow for an increase in thignal to noise ratio which would make
this system less costly.

2.10. Summary

This chapter provided a literature review of s#@eelcommunications technology. It
presented comparisons between the conventional-pyeat transponder and on-board
processing transponders. It discusses differergstygd multiple access techniques: FDMA,
TDMA, and CDMA. Coherent modulations were compae;h as BPSK, QPSK, M-PSK,
and QAM. Different modulation selections with liplower budget design will be presented
when the terrestrial-satellite integration netwagkdetermined in Chapter 3. FEC and UPC
are alternative solutions in providing a desiredRBerformance to be discussed in chapter 4.
A typical link budget is presented and a comparisodone with the old satellite systems L
band.
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Chapter 3

Prediction Models for Rain Attenuation

3.1 Introduction

The rapid growth of satellite services using higfieguency bands such as the Ka-
band has highlighted a need for estimating the @oetbeffect of different propagation
impairments. It is necessary to identify and prethe overall impact of every significant
attenuation effect along any given path. Accuratedigtions of the propagation
impairments that affect link quality are essentiaf the reliable design of satellite
communications.

Rain attenuation plays a more important role irelssg communication than other
atmospheric losses when Ka-band is in use espeamatiopical and sub tropical regions.
Extensive rain characteristic prediction and madglhave been made all over the world.
Most of these predictions and models are of stegishature. Some popular models are
Crane model (1980), ITU-R model (1982), Moupfoumadel (1984), and modified ITU
model as DAH model (1997) [3][8].

This chapter surveys a review of previous researabferain attenuation on the
communication system links and includes the disoussf latest developments in the
modelling over terrestrial and slant path. Emphasisplaced on calculation of rain
attenuation in 16 spot beam areas as proposed abmge prediction models. The ITU-R
worldwide model for rain attenuation and effectpath length along horizontal reduction
factor and vertical adjustment factor models aes@nted in detail and analysed.

3.1.1 Rainfall Impact on Satellite Link

Satellite signal propagation above 10 GHz overasmosphere is a subject of
impairment and phenomena such as, gaseous attmmuatbud and fog attenuation, in
addition to rain attenuation. These are degradiegritensity of satellite signal on the path,
since the influence of the impairment on the miaweg propagation increases with the
frequency, the concern of this thesis is to undeistof this influence, which allow these
bands channels to use to provide high qualityllgateervices.

According to Olsen R.L. (1978), hydrometeors ia tbrm of rainfall dominate the

influence of the atmosphere on the satellite trassion [55]. The problems become more
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acute for systems operating in tropical regionsemgtrainfall rate can adversely affect the

satellite link. Rain can cause uncontrolled vaiad in signal amplitude, phase,
polarization and angle of arrival, which result anreduction in the quality of analog
transmissions and an increase in the bit error shtigital transmissions [7]. Figure 3.1
shows hydrometeor absorption is the dominant phenom causing power loss in the
lower spectral part. This constitutes the main dirsatage of satcom operating at the Ku,
Ka, or V frequency bands.

=
' .L‘;.‘ Downlink

a

Ground station

L e
Figure 3.1: Hydrometeors affecting the satellite ath.

The prediction of rain attenuation for the radigteyns operating over 10 GHz can be
improved through a better knowledge of the spa#iaiporal structure of rain. The rain
structure depends on the other factors such asedlidiameter and rain height. A different
type of rain shows different spatial structure #mas different impact on the radio systems.
Rain rates studies have been conducted by numheseérchers throughout the world. In
most of the prediction models the actual knowledfyeain structure characteristics is not

used directly but absorbed into some parametegspirical formulas.

3.1.2 Rainfall Structure and Types

India has a great diversity in geographical paransetA variety of climatic conditions,
deserts, heavy rain regions and affected by oceanits. Rainfall is a natural, time varying
phenomenon having complex structure due to itsabdiy in space, duration and
frequency of occurrence. In general, rain can lassified into four types (ITU-R, 1994),
Stratiform, Convective, Monsoon, and Tropical rallsf. Each type has its special
characteristics which are varying, such as raiensity and rainfall time duration as
discussed below.

Stratiform rain is characterized by medium and latensity with long duration in the

mid-latitude regions, extending homogeneous to re¢vdiundreds of kilometers
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horizontally, with vertical heights values followom the 0°C isotherm heights (ITU-R,

2002). Stratiform rain results from the formatioh small ice particles in the upper
troposphere layers. As they fall, these partictea fogether to form bigger nuclei. The
growing nuclei become unstable and as they pasasighrthe melting layer turn into
raindrops that fall down to earth surface [34].

Convective rain with high rain rates for short atons and extending over much
smaller horizontal extent, usually few kilometebsit can extend muclhreater vertical
heights because of convective upwelling up to 3410 Convective rain is associated with
clouds that are formed, in general, below the G8@herm and are stirred up by strong
winds. Differences in the troposphere pressureema@ps are created arid as they grow in
size, until gravity precipitates them, with intettently strong vertical velocities [23].

Monsoon precipitation is a sequence of bandsnteinse convection followed by
intervals of stratiform precipitation. Convectivairr displays considerable horizontal
variability with cells and regions of higher intégs Widespread stratiform rain may
contain weak convective elements, relatively umfaegions of lower reflectivity with a
melting layer and surround by convective showenspital rainfall is predominantly
convective and characterized by high intensity reates, which occur over limited
extensions and with short duration where precipitais surrounding the centre and in
several outer spiral bands. These bands show aumaidf convective and stratiform
structure. During precipitation, a stratiform stiwre develops, which extends over wider

areas with light intensities [28].

3.1.3 Principal Sources of Rainfall Data

Principal sources of data for studying rainfall eepresented by rain gauges or and
their networks, meteorological ground based radérindian meteorological department
(IMD), and space born sensors flying on satellitesnly from ISRO sites. Rain gauge data
represent the most common source of informatiorutatiee rainfall in a site, available for
long time periods for proposed locations. The m®det description of rain structure and
the prediction of propagation impairments basedran gauge data hourly recorded by
IMD weather stations across the countries with @6dsvisions. Besides this the long time
statistical stored data of ITU databank, previaia attenuation papers, have the key role

for analysis and validation.
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3.2 Indian Climate and Rainfall Distribution

In global position India is placed north of equatanging from 8-42 North
latitude and 70-97East longitude. The tropic of cancer crosses hotaly in the middle
(23Y°N ), with mean sea level temperature. It charactdrizg non-uniform temperature,
high humidity and plentiful rainfall which arise mey from the Southwest monsoon and
North east monsoon over the country. Although theds are light, heavy and variable,
some uniform periodic changes in the wind flow @ats exist. Based on these changes, the
seasons can be distinguished such as the southwesioon, north-east monsoon and two
shorter inter-monsoon seasons. As a result of s&asariation for the same location the
significant change of rainfall rate intensity igtea in time and space which represented the
random variables in spatial and temporal charatiesi which can be described using
cumulative distribution function.

One-minute rain rate cumulative distributiony g is the probability P (R ry)
that one minute rainfall intensity R (mm/hr) exceedthreshold valug gmm/hr) for a time

period T. It is expressed as
PR=)=N /N (3.

Where N is the number of rain rate data more thaand N the total number of
minute in time period T. [8]
3.3 Rain Attenuation Modelling

The evaluation of prediction models for sateléited microwave systems requires a
detailed knowledge of the attenuation statistias€ach ground terminal location at the
specific frequency (20/30 GHz) of interest. Duentin availability of Ka- band satellite
signal in these footprints and failure of GSAT-4sgidn, it would obviously be an
impossible task to collect experimental data fotred frequencies, locations, and elevation
angles under consideration for operational satedlitstems. Therefore, a more reasonable
approach is to use the predictive models baseddnmaagreement with data from various
national and international organisations. The pml#yi of predicting rain attenuation
statistics on the path from rainfall intensity dats been a subject of considerable interest
during the past researches, and has stimulatedxtemseve series of theoretical and
experimental studies. The purpose of this chaptéo perform a systematic assessment of
these methods on the basis of attenuation modeMimgh are discussed in the following
sections [27][18][60].
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3.3.1 Effect of elevation angle

The elevation angle from the earth station tostitellite,$ is determined from

e+

o= cos‘l(%\/l— co$ B )cos L } 32
Where,

e =Equatorial radius = 6378.14 km;

heso =Geostationary altitude = 35, 786 km;

d = Range, in km;

B = Differential longitude, in degrees;
and [ =Earth station latitude, in degrees.

The elevation angle is important because it det@mithe slant path through the
earth’s atmosphere, and will be the major parametevaluating atmospheric degradations
such as rain attenuation, gaseous attenuationseintllation on the path. Generally, the
lower the elevation angle, the more serious theogpieric degradations will be, because
more of the atmospheric airmass is present toaotevith the radiowave on the path to the
satellite [15]. The airmass is more as the angless seen in figure 3.2. It approximates the
atmosphere by a single layer of oxygen and a siagkr of water vapour.

Airmass as a function of elevation angle of satellite
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Figure 3.2: Relative Airmass of atmosphere as a fution of elevation angle.
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Total attenuation is calculated by multiplying pakbngth with the specific

absorption of each of the layers. Main advantafy¢his method is that only surface
meteorological data are needed, disadvantage irlaacuracy, especially at low elevation
angles. So ITU-R did not recommend using it fovat®n angles lower than 5° [7].

In addition to the frequency dependence shown guré 3.3 attenuation by
atmospheric gases as well as other attenuation aneths described later is highly
dependent on elevation angle. Lower elevation anggalts in much longer path length
through the atmosphere, thus increasing the attemul4]. Figure 3.3 shows dependence
on different elevation angles for Ka-band frequesccalculated utilizing the reference
standard atmosphere and high latitudes (>45°) fitol-R Recommendation. P.835-4.
Effect of the water vapour content change throlnghyear is also shown in the figure. The
difference between summer and winter values is mpmminent at downlink frequencies as

these are closer to the water vapour resonancedney.

10

20GHz Summer _
20 GHz Winter
30GHz Summer
30 GHz Winter

Total Attenuation [dE]

G!llllllld].].l]hll.l.]tllllil.J.lllIl.lJ.dLllll.

0 2 4 6 8 10 12 14 16 18 20
Elevation angle {degree)

Figure 3.3: Total attenuation by atmospheric gassewith changing lower elevation angles and

different frequencies, using summer and winter refeence atmospheres [ACTS experiment][54].

The specific attenuation at three different eleratangles are seen in the figures
3.4-3.6 and found that it increases as the angbeedses using ITU database, details

discussed later.
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Figure3.4: Specific attenuation due to rain at anlevation angle of 30
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Figure 3.5: Specific attenuation due to rain at arelevation angle of 68
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Figure 3.6: Specific attenuation due to rain at arelevation angle of 4%

3.3.2. Statistical basis of link performance stugd

In general, the basic radio wave propagation mashenare not deterministic, and
can only be described on a statistical basis. Ibfisn necessary, and advantageous, to
specify certain communications link system paramsetan a statistical basis. This is
particularly useful when considering parameteredéd by transmission impairments in
the atmosphere. Statistically based performancanpeters are usually specified on a
percent of time basis, i.e., the percent of time ipear, or a month, that the parameter is
equal to or exceeds a specific value. Rain attemua@nd some other atmospheric effects
parameters are often specified on a percent of basés [50][59]. The two most often used
time periods for rain related parameter specifcetiare yearly (annual) and worst month.
Most propagation effects prediction models are ifipecon an annual (8769-hour) basis.
Broadcasting services, including the broadcastaigll#e service (BSS), often specify on a
worst month (730-hour) basis. The worst month demdhe calendar month where the
transmission impairments, primarily rain attenuatiproduce the severest degradation on
the system performance. Parameters affected byattenuation, for example, carrier-to-
noise ratio or signal-to-noise ratio, would haverstanonth values in July or August for
most regions of India, in monsoon months when heauy occurrence is most probable.
The parameter is presented on the linear scaleseiralogarithmic plot, with the percent of
time variable placed on the logarithmic scale.[7]
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Several terms are used in specifying the percetinaf variable, including outage,

exceedance, availability, or reliability. If therpent of time variable is the percent of time
the parameter is equalled or exceeded, P, then{1®0display represents the availability
or reliability of the parameter.

Exceedance or| Availability or Outage time
Outage P (%) | Reliability (100-P) Annual Basis Monthly
(%) (hour or minutes per yeal(hour or minutes per year
0 100 O hr 0
10 90 876 hr 73 hr
1 99 87.6 hr 7.3hr
0.1 99.9 8.76 hr 44 min
0.05 99.95 4.38hr 22 min
0.01 99.99 53 min 4 min
0.005 99.995 26 min 2min
0.001 99.999 5 min 0.4 min

Table 3.1: Annual and monthly outage for speciéid percentage of time and availability.

Here a link availability of 99.99 % correspondsattink with an expected outage
of 0.01 %, or 53 minutes, on an annual basis. TR8 Benerally specifies link parameters
in terms of an outage of ‘1% of the worst montlotresponding to 7.3 hours outage or 99%
link availability during the worst month. Most pragation prediction models and
measurements are developed on an annual stabsts It is often necessary to determine
worst month statistics for some specific appliaagiosuch as the BSS, from annual
statistics, because annual statistics may be tlyesonrce of prediction models or measured
data available.

The ITU-R has developed a procedure in Recommendéfiu-R P.841-4 for the
conversion of annual statistics to worst-month istias for the design of radio
communications systems. The recommendation proeedeads to the following
relationship:

P=030 P (3.3)

Where, P is the average annual time percentagee@anee, in percent, and, s the
average annual worst month time percentage exceegdalso in percent.
3.3.3 Development of Rain Attenuation Studies

The classical development for rain attenuationabegvith studies by early
researches immediately after World War 1l till pres [7]. Basically, most of rain

attenuation studies are based on three assumpttuob are:
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- As the wave propagates through the volume of rErnntensity decays exponentially.

- The raindrops are assumed to be spherical wab@sdrhich cause attenuation. This
attenuation is due to both energy absorption logsése raindrops and to scattered
energy by water droplets from the incident radiogvav

- Each drop’s contributions are independent of tierodrops, and the contributions of
the drops are additive.

The prediction techniques based on the use ofgaige cumulative distribution of
rain rate are measured at a point. The problerpatfad in-homogeneity of rainfall intensity
is taken into account by using an effective patigik, where the path is divided into small
volumes of spherical and uniformly distributed wateops of rain as radio wave propagate
through it, the reduction and the dispersion ocaumrshe signal amplitude caused by each

rain drops, which is known as rain attenuatiorstamvn in Figure 3.7.
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Figure 3.7: Volume of spherical uniformly distributed raindrops,
dispersion and scattering of RF energy on collisiowith water particles.

According to Ippolito (1986), the total attenuatig”h) in the direction of wave
propagation in (dB) can be expressed as in equdtof). Wherey is the specific
attenuation (dB/km) along the rain volume (km), #mel total rain attenuation is integrating
the specific attenuation over the path. On the rottand, the path is divided into small
incremental volumes, where the rainfall is appraatiely uniform. The rainfall rate in each

small volume is associated with a correspondingnatition called specific attenuation [29].

A(dB) = Tvdl (3.4)
0
A(dB)=Y(dB/Km)x L« (Km) (3.5)
The problem of predicting attenuation by rain idteuifficult, because of non-

uniform distribution of rainfall rate along the ertpath length. Extensive efforts have been

undertaken to develop reliable techniques by rekeas, which is explored in effective
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path length approach (Crane, 1980). According ta-R (1994), the effective path length is

the length of a hypothetical path obtained fromoathta dividing the total attenuation by
the specific attenuation exceeded for the same=ptage of time as in equation (3.5).

The details of ks are discussed in the next section. The attenuaticdhe wave,

usually expressed in decibel (dB) value as,
A(dB)=10 log, (%) ®

Where, P is the transmitted power arr1di§the received power and value is negative
as Ris greater than P

According to ITU-R, the microwave engineers shaigdign a desired availability of
microwave link at 99.99% of the time that deterrsitige required amount of link margin to
counter the extreme rain attenuation condition.réfoee, the link is allowed to experience
outage of 0.01% of the time throughout the yeaecBg attenuation and effective path
length are the main elements for all the predictioadels, the discussions for these
elements are provided in the following sub-sections
3.3.4 The Effective Path Length (k)

The major problem in the estimation of rain atkgimn studies relates with
determining the effective path length. A large mort of the significant research
accomplished on the effects of rain on the micravand the satellite communication links
have been involved with the determination of teqhes and models to characterize the
slant path from measurable quantities [20].

The effective path length is used to accountifehomogeneity of rain along the
propagation path, According to Ponte (1985), amd (IL979), the effective path lengthy

depends on the actual path lenlgtand the reduction factor(p) and its expressed as
Lett =Lg * r(p) [km] (3.7

An effort has been developed to give a betteretstdnding of the effective path
length concept and its dependence on meteoroloffictdrs and link parameters. Almost
all of these reduction factors were derived in pummpirical method at a number of
geographical locations (Crane,1993). According &nsyake (1989), based on radiometric
rain attenuation measurements in Peru, the mo&@apte cause for the overestimation of
attenuation is the path reduction factor, whicmas applicable to climates dominated by
tropical rainfall climate. Several models were mepd to define the effective path as

discussed in the following subsection. Here we haee to analyse the geographical data
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of different locations of India taking account tlair satellite may be placed at’B3n the

GSO. Accordingly the elevation angle is varies atfoom 47 to 8C.
3.3.5 The Effective Rain Height

At a certain height above ground level snow amdprecipitation are converted into
rain precipitation is called the effective rain dgigi [34]. The region around this height is
called the melting layer. During periods of liglairr and for low elevation angles, the
melting layer contributes significantly to the foséant path attenuation as verified by the

relevant prediction model.

Satellite _
=
Ice region
D°C isoﬂlen_ni _
Meltmg (;:L__ __'q'__...1 i ;:__5
""" L&w““??ﬁ%—*—ﬂiq_
&
Rain | |"¢e| || 5 ‘La’;
& Tao s °

height Earth stétiof ¥ i
Antenna
[ v

Figure 3.8: Rain height and different rainlayers.

For Indian region the elevation angle are rangemf47 to 80 to the proposed
satellite position at 83E and the horizontal projection of the slant pedh be calculated
using the path geometry theories proposed by ITUHe. rain height is the only factor that
can affect the slant path length. The effectiva faight is the rain height for the slant rainy
path that affects the satellite link.

Spot beam | Madurai |Chennai | HyderabadMumbai| Pune | Ahmed| Jaipur | Delhi

abad
Elevatior angle
( degree) 79.8 74.3 72.23 70.65 71.28 60.7 57|15 56
Height above
MSL (metre) | 100.58 6.7 525 10.15 56( 52 431 233

Latitude N, 9°72 | 1311 | 1728 |18.70 | 18.35 | 230.0° | 27°.00 | 2850
Longitude E | 78°.10' | 80°.23 | 7836 |72°.65 | 72.75 |72°55' | 75°.70°| 77°.22’

Spot beam (Chandigarhl Srinagar| Lucknow |Gawhati|Kolkata| Patna | Bhopal Bhuba

neswar

Elevatior(deg 53.4 49.3 58.6 58 62.8 60 62 66
Height above

MSL (metre) 350 1730 123 55 6.5 54 50 45

Latitude N, 30°.60’ 35°.05’ 26°.65' | 26°.12' | 22°.45' | 25°.44' | 23°.26’ | 20°.20°
Longitude E 76°.63’ 74.65 81°.0° 91°.61’ | 88°.32’ | 85°.18' | 77°.40’ | 85°.65
Table 3.2: Approximated geographical parameters o016 spot beam locations
and elevation angle (degree) to satellite placed 83 E (ISRO) of GSO
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The effective rain height can be calculated usigtotal measured attenuation along

the path divided by the attenuation per one kilsemeEhe vertical variation of rain specific
attenuation can be taken into account to improeepitediction of rain attenuation along
slant paths.

3.4 Effective Terrestrial path length

For the microwave link path which is known agdstrial path and low elevation
slant path angle, the horizontal reduction factotaken into account for inhomogeneous
distribution of rainfall horizontally [39]. Whichauise the effective path length is shorter
than the actual path length. The following sectiepresents the most published horizontal
reduction models in tropical region.

3.4.1. Moupfouma Reduction Factor Mode[60]

According to Moupfouma (1984) an empirical model fwedicting rain induced
attenuation on terrestrial paths using effectiveh pangth is proposed based on studies in
Congo, Japan, U.S and Europe for various path paemand length. The mathematical

expression for horizontal reduction factor r(p) egsed as follows

1
(1+0.03x (P /0.01° ¥ L))

r(p) = (3.9)

The 8 coefficient is given as a result of a best fit by

B =0.45 0.001 <P <0.01,
and B =0.6 001<P<0.1
Where, f s the frequency in GHz.

Ls is the path length in km.
P (%) is percentage in time of theryea
3.4. 2 CETUC Reduction Factor Model [20]

Pontes (1993), has proposed based on use ofraoifell cumulative distribution as
function for the prediction of rain attenuation.sBally the model built based on data
collected at Brazil sites and then adapted for iegfbn on a global basis considering
experimental data from 281 measurement sites, ablailin the ITU-R data bank. The
model is more practicable by taking the equivalam cell diameter into account concept
to deal with the effective path length. The mathgoal formula for the model [37] is
represented as

_ 1
r(p)= (1+ pathlength(km)) L, )

(3.10)
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Here L, is the rain cell diameter proposed using the nreasattenuation and the ITU-R

specific attenuation as

L, = u[l + Rainrate®""°9(P)] -1 (3.11)

Where the coefficients values are givenues 200,v = 0.425,w = 0.089.

The length L of the equivalent rain cell is moddllas the function of the
probability level P % and the point rain rate exisekat this probability level. Based on
measurements conducted at Malaysian site, Karee@0{2as proposed new values for the
confections as =1500,v = 0.4856w = 0.1530.

3.4.3 Garcia Reduction Factor Mode[20]

According to Garcia (2004), the database useatkrive the prediction method is an
extension of the ITU-R database of rain attenuaitioterrestrial links, to which results of
measurements carried out in the South-eastern mregfioBrazil have been added. The
following empirical expression for r(p), againsiesle parameters, was obtained using a

nonlinear regression algorithm

r (p) = 3.445¢ (L -0.164% R, (-0.360 0.115L5)) (3.1

Where, Ris the rain rate exceedance measured using @omtail rain gauges,

Ls, is the path length in km.

According to Kareem (2003), the effective path térfgr long path (more than 1km)
addresses the horizontal inhomogeneity of rairdatribution along the whole path. For
practical assumption by study the effective pathctviexpresses the actual path interacted
with the rainy cell diameter concept. But, almdst previous researchers used the specific
attenuation for one km. [29]

In Malaysia previous researchers have experimetatkidg a terrestrial microwave
path of length 11.87 km, at 7 GHz and found tHeco#ive path length to be around 2.2 -2.9
km as average of all the measurements for all #tlespas maximum length of the effective
rain cell diameter. The next section will discuss tomparison of this predicted attenuation
with other models based on horizontal reductionicfaconcept against measurements at
several locations in tropical regions. The colldateeasured rain attenuation data obtained
along different length microwave links operating agdproximately 7 and 15 GHz are

compared with predicted rain attenuation obtaingdgudifferent models.
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Figure 3.9a: Comparison of the effective path lengtfor different models

56



Prediction models for Rain attenuation
The figure 3.9-3.9a shows the comparison of thecéiffe path models. The CETUC,

modified CETUC and Moupfouma prediction models shoverestimate of the effective
path for low rainfall rate intensity (less thanl@0n/hr). Whereas, Garcia model shows
underestimate along all the intensity of rainfaditer In case of Garcia model, the
assumption of use of the measured rain rate wahHTkJ-R specific attenuation was biased
the model to has linear increase as the rainf&dl irecrease, which causes cell diameter to
have slowly increase in length, and is practicalby compatible with the measurements of
rain cell size distribution. But the rain cell diater in tropical was supposed to increases as

rain fall rate increases.

3.5 Slant Path Prediction Models

The attenuation can be measured quite accuratelydans of satellite beacon
signals and radiometers. The propagation expersraegtcarried out only in a few places in
the world and for a limited number of frequenciad &nk geometry, their results cannot be
directly applied to all sites. For this reason,esal attenuation models based on physical
facts and using available meteorological data Hasen developed to provide adequate

calculations in all regions of the world.

When designing a link budget for a satellite systéhe atmospheric condition
between the ground station and a space statiaitiat A good (a clear sky day) or bad (a
rainy or cloudy day) atmospheric environment wotdddermine how the signals propagate
between ground and space stations. The amoundsnadittenuation depending on the rain’s
characteristics, including raindrop sizes, raindrigmperatures, raindrop intensities,
raindrop distributions, rain fall rates, and rasedtions. The ITU provides a rain model [29]
that is used to predict the attenuation due to ipitation and clouds along a slant
propagation path for a percentage ranges from 900@15% of an average year. Here we
have applied all 16 beam location data to prethetdttenuation in Indian region, which is
discussed below. On the basis of this model warldassified into 14 different rain zones.
A,B,C,D,E,F,G,H,J,K,L,M, and N. India is comes un#eand N. The south India is having
more rain fall then north India. The rain fall mt@nd Percentage of time in a year is given
in table 3.3a and 3.3b. Figure 3.10 shows theifft rain zones defined by ITU-R in Asia

pacific region.
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Figure 3.10: Different rain zones definedyITU-R in Asia pacific region [from ITU-R].

Percentage of | 10 0.3 0.1| 0.03 0.010.003 | 0.001
time in year

Rairrate exceeds

(mm/hr)

Region K 15 |42 |12 |23 |42 |70 |100
Region N 5 |15 |35 |65 |95 |140 |180

Table 3.3a: Cumulative distributions of annual ran rates for regions K and N, (Source ITU-R).

0.01% of time in

year (mm/hr)

Name of theMumba [Patni| Jaipur [Srinaga | Kolkata Hyderaba [Lucknow | Ahmeda
spot beam bad
Rairrate exceeded 99.7 | 77.7| 56.8 37.9 99.6 60.0 75.3 512
0.01% of time in

year (mm/hr)

Name of thel Delhi |BhopalMadurai Gawhat| Chennai Pune Bhuban- Chandi
spot beam eswar Garh
Rainrate exceed | 69.1 | 64.8| 91.6 86.6 81.1 79.9 82.9 69.8

Table 3.3b: Cumulative distributions of annual ran rate for different spot beam locations, (SourceTU-R).
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In particular, the prediction of rain induced atiation starting from the

cumulative distribution of rainfall intensity hasdmn the subject of a major effort carried out

by many researchers [6]. Several methods have d@exloped and tested against available

data to relate the site climatic parameters tcsitpeal attenuation statistics.

Rainfall- Bangalore
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Figure 3.11a: 25 years average rain fall in Bangate (1981-2005), Source IMD, Pune.
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Figure 3.11b: The rain fall rate in Bangalore during 2000-2005.

59



Prediction models for Rain attenuation
Above figure 3.11a shows a 25 years average vamiat rain fall data in different

months in a south Indian city Bangalore. It showghe end of monsoon season the rain fall
exceeds 180 mm. In fact the rain rate exceeds 130nfor the time less than 0.001% time
in a year and more than 100 mm/hr for a period%.01time in a year. Figure 3.11b shows
rain fall rate for duration of four years. But amtiog to ITU data base experts a continuous
monitoring of six year database is required asdimatic condition is not uniform for
years.

According to ITU-R the following rain prediction el which is among the best
performing, are briefly described below. Here weehaollected some rain fall data from
IMD data bank for Bangalore and compared with g tata.

3.5.1 ITU-R Slant Path Prediction rain attenuation Model

The ITU-R rain attenuation model is the most widatgepted international method
for the prediction of rain effects on communicatisystems [31]. The model was first
approved by the ITU in 1982 and is continuouslyatpd, as rain attenuation modelling is
better understood and additional information becom@neailable from global sources. The
ITU-R model has, since 1999, been based on the BxfyHattenuation model, named for its
authors (Dissanayake, Allnutt, and Haidara) [50je DAH model has been shown to be
the best in overall performance when compared witter models in validation studies.
This section describes the ITU-R model as presemdte version of ITU-R P.618-7,
2003 recommendation [26]. The rain attenuation ddpeon many parameters, including
the given earth station elevation angle, latituded height above sea level, operating
frequency, and effective earth’s radius. The ITluh ramodel can be used for operating

frequencies up to 55 GHz.

Free Space

A
S - .. -
A: Frozen precipitation height
B: Rain height
(hg=hs) | C: Liquid precipitation
D: Earth space path
h \ 6

EarsthStati(;&E ¥
Antenna La |

X

¥

Figure 3.12: Schematic Presentation of an Earth-t&pace Path showing the Parameters
are the Input into the ITU-R Rain Attenuation Prediction Procedures.
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Figure above shows an earth-to-space path giViagparameters that are used at
the ITU-R rain attenuation prediction procedurese TTU model procedure consists of 10
steps. Each step defines certain parameters birain attenuation is calculated.
Step 1 The rain height (k) has to be determined. The values gtan be calculated from

the earth station latitude.

3.0+ 0.028p, g 36
h, = +a02p =os [km] (3.13)
4.0-007%¢- 3§ @= 3B

Where ¢ is the earth station latitude.
Step2; The slant-path length {Lis defined in equation (3.14) below as long as th
elevation angle) is greater or equal to 5° .If the elevation anfflg is less than 5°,
equation 3.15 should then be adopted.
hs, —h
L, = % [km] (3.14)
L, = 2(ns =1,) [km] (3.15)

) (sin2¢9+2(hR_h5)) + sing
R,

Where,

hr = rain height [km] (typical value = 4 km)

hs= height above mean sea level of the earth stfitioh

0 = elevation angle [degrees]

Re = effective radius of the earth [8500 km].

If (hg— hy) is less than or equal to zero, the predicted atienuation for any time
percentage is zero. Thus, the rests of the stefissrsection are not required. Otherwise,
step three described below should be followed.

Step 3 The relationship between the horizontal projectiog, and Lscan be derived from

the model Figure 3.4 and defined as the followiggation.
Ls=L Lo [km] (3.19

Ls can result in negative values when the rain heigtgmaller than the altitude of the
ground receiver site. If a negative value occugss lset to be zero.

Step 4:The rainfall rate (Ro1) exceeded for 0.01% of an average year (with tagration
time of 1 min) is defined from a long-term statiati data collection and measurements.

Figure (3.13 ) below presents the overall rain aterzone all round the world ITU [28].
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The climate zone map is used for both propagatidictions and interference
calculations. The international Telecommunicatiamdn (ITU) has divided the globe into
14 rainfall climatic zones and categorized Indidragion N and K, partially with very high
rain precipitation. According to ITU-R version, mantensity that will cause the interruption
of a communication link for 0.01% per year is 14&nour.

A B mmub

B 12 mmh
& 15 mm'h
B 12 mm'h
B 22 mmm
F 28 mmmh
G 30 mmfh
H 32 mmih
m 25 mmh

B2 mmih

B 145 mm/

Figure 3.13: ITU Rain zones. India comes under tharea 3, Source ITU [7].

Latitude

Longitude
Figure 3.14: Rain intensity exceeded for 0.01% &n average year [ITU].

(Source: ITU-R P.837-4 for area 3)
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Step 5 The rainfall intensities can also be found torespond to particular time zones at

the given percentage of time that is required feallite system link. Table 3.4 shows the
rainfall rate intensities correspond to particui@n climatic zones in Figure (3.14) of step
4. For instance, the climatic zone code for Sonthd is N and the rainfall rate intensity for
0.01% of the total amount of hours for an averagg ys 95 mm/hr. For comparison table
3.4b shows measured values in Indian city Amritgaprevious researchers.

% oftime] A| BIC|D|E| F| G| H JJ K | L |M|N|P| Q
in a year
0.001 22| 3242|42|70| 78| 65/ 8355|100 150| 120| 180| 250| 170

0.003 14| 2126|2941 | 54 | 45/55|45| 70 | 105| 95 | 140| 200| 142
0.01 8| 1215/19(22| 28| 30/32|35| 42 | 60| 63| 95 | 145| 115
0.03 5| 6| 9| 1312|15|20/18|28| 23 | 33| 40| 65 | 105| 96
0.1 2| 3| 5| 8 6/ 8 1210|20| 12| 15| 22| 35| 65| 72
0.3 08 21284524457 | 4|13/42| 7| 11| 15| 34| 49
10 0.1/05 0.4 230617 3| 2| 8{15]| 2 41 5 | 12| 24

Table3.4a: Rainfall rate exceeded in mm/hr correspuding to different ITU-R climate zones.

% time rain rate
exceeded 0.001| 0.003 | 0.01| 0.03| 0.05 | 0.08 | 0.1 |0.3| 05
Measured Rain rate 110.5 88.5 62| 39.7 295 16,3 126 |2 075
(mm/Hr) 2001

ITU-R 150 105 60 33 24 15 15 T 4
Table3.4b: Rain rate measured at Amritsar during yar 2001 which belongs to L regior24].

Step 6: After the rainfall intensity is defined for a pattlar location and satellite system

link availability for an average year, a specifiteauation Yg) can be determined using

equation (3.17) below
Yr=K(Rg01)" [ dB/knh ( 3.1y

Where, Ro1= point rainfall rate for the location for 0.01%ari average year [mm/hr]

a , k = regression coefficient for estimating specittenuation
and o and k are variable of frequency, elevation angle] polarisation tilt angle. The
overall k ando can be calculated from equation (3.18) and (3bE3w from the vertical
(V) and horizontal (H) polarization values of k amdyiven in Table 3.5. In addition, k and
a can also be calculated for other frequencies binempolation technique.[7] k andare

calculated using regression coefficients k, oy, andoy at the frequency of interest from
the following equations:
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Frequency (GHz) Kn Ky oy Oy
1 0.0000259 0.0000308 0.9691 0.8592
2 0.0000847 0.0000998 1.0664 0.9490
4 0.0001071 0.0002461 1.600¢ 1.2476
8 0.004115 0.003450 1.3905 1.3797
10 0.01217 0.01129 1.2571 1.2156
12 0.2386 0.02455 1.1825 1.1216
15 0.04481 0.05008 1.1233 1.0440
20 0.09164 0.06911 1.0586 0.9491
25 0.1571 0.1533 0.9991 0.9491
30 0.2403 0.2291 0.9485 0.9129
35 0.3374 0.3224 0.9047 0.8761
40 0.4431 0.4274 0.8673 0.8421

Table 3.5: Regression Coefficients for Estimatinggcific Attenuation, Y [ ITU P-838-3].

k=[ky +ky + (k- k )cod8 cose ]2 (3.1

a=[kyay +ky ay +(ka, -ka, )codd cos )2k (3.19

Where§ is the path elevation angle and the polarization tilt angle with respect to
the horizontal, for linear polarized transmissions.= 45 for circular polarization
transmissions. Table 3.5, provides values of tlygession coefficients for representative
frequencies from 1 to 40 GHz. Regression coeffisiéor other frequencies, from 1 to 1000
GHz, can also be estimated. According to DHA maltih, the values of k andused for
Ka-band analysis are

k=0.0534 and a=1.0976 for f=18.45 GHz
k= 0.1517 anda=1.0217 for f=28.25GHz
After all the necessary parameters have been defare introduced previously, the

horizontal reduction factorg 55, for 0.01% time of an average year is

1 (3.20)

lo.01=
1+ o.7a/"nyR -0 35{ }e‘zLG)

Where, f = Operating centre frequency [GHZ]
ls= horizontal projection calculated earlier.
This is to point out that a number of regional med&ve been developed by taking a
short ( 300 meters,1 km etc. ) microwave link athgdangth to calculate the specific
attenuation but all have taken the same power gatgon for final calculation. They are

basically different in their k and value. These values are presented in figure 33.2a8b.
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Figure 3.15a: Comparison of coefficientd’ for Specific attenuation models with ITU.
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Figure 3.15b: Comparison of coefficient ‘k’ for Sgecific attenuation models with ITU.
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Step 7: The vertical adjustment factorg a, for 0.01% of the time, can be calculated by a

couple of sub-steps below. The valuesZfdtg, ¢ andy are found as follows:

Lsro.o1

f=tan? (Mj [degree] (321

If, ¢>6, equation (3.22) should be used to finddtherwise equation (3.23) is used

L :% [km] (329
Le :% [km] (323

Step 8: The latitude of the earth statiop)(is then used to determine tpealue. If p | <

36°, eqn. (3.24) should be used to obtainytkialue; otherwise, thevalue equals to zero.

X =36-|¢ [ degreefs (3%

This now shows the vertical adjustment factarofythat can be presented as tbkowing

equation, when thg Lg, ¢ andy values are determined.

- 1 (3.25)

Moo1 ™ Ly
1++/sin| 31(t-e N | T2 045

Step 9: The effective path length £, which will be used to calculate the rain attedrora

prediction, can be obtained from following equatwamen Lg was given previously.

Le = LrVgos [km] (3.29
Step 10 The predicted attenuation exceeded for 0.01% ofaegrage year, ¢y, IS

determined from
Po.01= VrLe [dB] (3.27)

The estimated attenuation to be exceeded for @érrentages of an average year, in the
range 0.001% to 5%, may then be estimated fronrdimeattenuation to be exceeded for
other than 0.01% of an average year can be catcliat (Eq. 3.28).

~(0.065+ 0 038n( p)- 0 0461 Ap,01)-B( 4p) st
j [dB] (3.28

A=A 55
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P is the desired percentage of an average year tttve 0.01%, an@ can be calculated

based on the desired p value, and the gyvand6 values, shown in Table 3.5.

If p> 1% or ¢|> 36° =0

If p < 1% and¢|< 36° anch > 25° | B=-0.005(p| - 36)

Otherwise B=-0.005(p| - 36)+1.8-4.25sir)

Table 3.6: Parameter Status of pgp, and 6 to find ‘B’ Value

This method provides an estimate of long-termistte$ due to rain. Large year-to-
year variability in rainfall statistics can be expl when comparing the predicted results
with measured statistics [ITU-R P.678-1]. Obvioudlye uplink rain attenuation is much
higher compared to that on the downlinks. Thereftre uplink must be designed carefully.
In addition, other interference (adjacent satelliteerference, antenna pointing losses,
needed implementation margin and link margin, eidl) also degrade both uplink and

downlink performance.

3.5.2 Crane Global Model: Rainfall Rate vs. Attenation

Robert.K.Crane (1980) rainfall rate model dividéae tworld into eight regions
based on total rain accumulation and the numb#ruwfderstorm. Satellite and precipitation
data were used to extend the climate over the oegahindia is come under G, H, and D3
region [37].

The modified Crane global prediction model will bescussed in detail in this
section because of its accuracy, the ease withhnihican be used with a calculator, and
global application. This model is based on the fgsjgal observations of rain rate, rain
structure, and the vertical variation of atmosphéemperature. Therefore, the total path
attenuation that may be exceeded for P percefhieoyear is a function of the point rain rate
distribution, the vertical extent of the rain, aath rate distribution along the path.

Figure 3.16 shows the global map of the rain rate Asian climate regions,
including the ocean areas. The rain climate regemesdivided into four types of polar,
temperate, subtropical and tropical region. Indigpointed as a sub-tropical region. The
point rain rate distributions for the rain climatygions of the Crane model are given in
Table 3.7.
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Figure 3.16: Different rain climatic zones of Glob&Crane model for Asia [37].
ei%lgerdaég. Rain rate distribution values per rain climate region ( mm,hr) Rp
Percent of ye:

(P%, [A B Bl [B2 |C D1 [D2 D3 [E F |G [H
0.001 [28.1|52.1 | 42.663.8 (71.6 |86.6(114.]133.2|176 |70.7(]197 |542.6
0.002 |20.9|41.7 | 32.450.9 |58.9 |69 | 88.3106.6|145.4|50.4159.6 |413.9
0.005 |13.8(29.2 | 22.335.7 |41.4 | 49.262.1|78.7 (112 |31.9]118 (283.4
0.01 99 (21.1 |16.125.8 |29.5 |36.2/46.8/61.6 (91.5 |22.2(90.2 |209.3
0.02 6.9 (14.6 | 11.317.6 |19.9 | 25.434.7 |47 72.2 |15 |66.8 |152.4
0.03 55 |11.6 |9 13.9| 15.6| 20428.6(39.9 (62.4 |11.855.8 [125.9
0.05 4 8.6 6.8 | 10.3| 11.5| 15.22.2\31.6 |50.4 |8.5 |43.8 (97.2
0.1 25 |57 |45 6.8 7.7 10.35.1122.4 (36.2 |5.3 [31.3 |66.5
0.2 15 |3.8 29144 | 52 6.8 9.915.2 |24.1 |3.1 |22 43.5
0.3 1.1 |29 22134 | 41 53 7.411.8 (184 |2.2 |17.7 |33.1
0.5 05 |2 15124 | 29 3.8/ 5.38.2 |126 |1.4 |13.2 |22.6
1 0.2 |1.2 08|14 1.8 22 31|46 |7 0.6 |84 (124
2 0.1 |05 |04 0.7 1.1 1.2 1.52 3.3 0.2 5 5.8
3 0 0.3 |02|04 | 0.6 0.6/ 0.90.8 |1.8 0.1 |34 |33
5 0 0.2 0102 | 03 0.2 0.30 0.2 0.1 ]1.8 (1.1

Table 3.7: Rain rate exceeded in Percent of time i year, Indian region highlighted.
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Figure 3.17: Rain rate exceeded in Percent of tima a year (P%), Indian regions D3, G,H. [7]

The rain attenuation over an average year for ttemeéglobal model is calculated as the

following steps.

Stepl: Obtain the annuahin rate distribution Rp

(a) Determine from the climate regions given iy taps of Figure 3.16.
(b) Look up the appropriate rain rate distriboti@lues listed in Table 3.7

Step 2: The rain height H, used for the global model i®eation dependent parameter
based on the Gsotherm (melting layer) height. The rain heighta function of station
latitude¢$ and percent of time in an average year p. Figur8 §ives the rain height, H, for
probabilities of 0.001, 0.01,0.1, and 1 %, foristatatitudes from 0 to 70Table 3.8 shows
the rain height for probability values of 0.001 ah®%. Rain height values for other
probability values can be determined by logarithmmterpolation between the given

probability values.
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Rain height in km

Latitude in degree

Figure3.18: Rain height for the global rain attenugion model.
It shows that India is within the latitude of 8°38, and the rain height ranges from 3

to 4.6 km for 0.001% of time in a average year. d@é@wil is given in the following table.

Ground station <2|6 8 10| 14| 18| 20 24 26 30 34 36
latitude ¢(degree)
Rain At 5.30 5.32 5.34/ 5.37, 5.44 5.49 5.50 5.50 5.46 5.35 5.19 5.10
height 0.001% in
a year
H (km) | At 1.0%|4.60| 4.60 4.59 4.58 4.53 4.47 4.42 4.37 4.20 3.94 3.55 3.31
in a year

Table 3.8: Rain heights for Global rain model, for0.001% and 1.0%of time [59][7].

Step 3: Determine the surface projected path length. Thezbwtal (surface) path
projection of the slant path, D, is found from fiedowing. Determine the € isotherm
height H, then calculate the projected surface patiygth D. and Determine the’ G

isotherm heights for p = 0.001%, 0.01%, 1%.

p=1"Ho , 9>10
tand
D =(r,+Hy)y 6 <10° (3.29)

. 1| cosf :
W =sin 1{r T [~(re +Hg)sing

e

+J(r, + Ho)sin® 6+ 2r, (H —H0)+H2—H02}} (3.30)
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Where,
Ho : the height of ground station above mean sea level.

0 : the elevation angle to the satellite.
re : the effective radius of the earth = 8500km.
For Indian region, the elevation angle is gredtant45 and Ho =5 to 1700 m.
Step 4:Determine the specific attenuation coefficientse Bpecific attenuation is based on

the relationship

yr=a-R° [dB/km] (3.31)

Where, Yr is the specific attenuation in (dB/km) and a anar® frequency dependent
specific attenuation coefficients. The a and b ftwehts are calculated using the ITU-R
regression coefficientsyk ky, ay, anday, previously provided in Table 3.5, and Figures
3.15a and 3.15b. The a and b coefficients are fdrord the regression coefficients from
equations 3.18 and 3.19 respectively.

The specific attenuation coefficients ‘a’ and di’ different operating frequencies

can also be considered as follows

a=4.21x10°f % 2.% f < 5GHz

a=4.09x 10% f % 54 f < 18GHz
b=1.41f %077 8.x f < 2BHz
b=2.63f %" 25 f < 16GHz

(b) Determine following four empirical constafitsm R,.

d =3.8-0.6InR, (3.32)
x=2.3R, Y (3.33)
v=0.026-0.03InR, (3.34)

- In[xexpd )

. (3.35)

Step 5: Calculate the mean slant path attenuation valuatAsach probability of raifR,
and D
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@If 0<Ds<d (Km)
A aR,’ {exp(ubD )- 1} _ aprL[ expbD ) ﬂ [dB] (3.36)

cosd ub D ub

(b) If d<D <225 (Km)
e aRr,’ {exp(ubd )-1_x"expgbd ), x° expyhD )} (B

cosd ub vb vb

_ aR,” L[ expubd)-1 x° expyhd ), X°_exp@D
D ub vb vb

j [dB] (3.37)
(c) If D>22.5K m,calculate A with D=22.5 but use tfer rateR, at the valu

P'=g3p instead ofR, .
D

Step 5:The Crane global model provides for an estimatiefupper and lower bounds of
the mean slant path attenuation. The bounds aeendigied as the standard deviation of the
measurement about the average and are estimatedHeofollowing table:

Percent of time in 1.0 0.1 0.01 0.001
year
Standard +39 +32 +32 +39
deviation

Table 3.9: Standard deviations of the measuremesntibout the average[7].

For example, a mean prediction of 20 dB at 0.01étdgi upper/lower bounds of
+32% or+ 6.4 dB. This results in a prediction range for gah attenuation, from the
global model, of 26.4 to 13.6 dB, with a mean vatig0 dB.

The figures 3.19a -3.19d shows the predicted rid@naation using ITU and Crane
models for 16 beam locations as specified. The attgBnuation increases as the percentage
of time decreases from 0.1% to 0.001% in a year THJ curves shows that the
attenuation exceeds 20 dB towards 60 dB for durdess than 0.01%. But Crane model
overestimates to 100dB for a less time. For a coispa we have collected the data in
various tropical sites like Malaysia, Singapore ambwn the predicted attenuation for
different frequencies in figures 3.20-3.21, themtiation for Ka band is ranges from 20-50
dB. Figure 3.22 shows data collected by DBSG3 df i different tropical sites like
Brazil, Peru, and Indonesia at Ku band. This shtiesrain attenuation ranges from 5-20
dB for a duration 0.01% of time and up to 30 dBGd¥01% of time.
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Figure 3.19a : Rain attenuation in group-A Spot-bem locations.
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Figure 3.19b: Rain attenuation in grop-B Spot-beam locations.
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Figure 3.19c: Rain attenuation in groC Spot-beam locations.
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Figure 3.19d: Rain attenuation in groufD Spot-beam locations.
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Figure 3.21: The measured rain attenuation at Malagian site,
for a short path 300meters microwave link with hoizontal polarisation.
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Figure 3.22: The rain attenuation using ITU-R studygroup three (DBSG3) Ku band data at

Various tropical sites using satellite signal.

3.5.3. Moupfouma Rainfall Rate Model

According to Fidele Moupfoumabove a certain threshold of frequency, the excess

attenuation due to rain fall becomes one of thetnmygortant limits of the performance of

line-of-sight (LOS) microwave links [60]. In tempe climates this frequency threshold is

about 10 GHz. In tropical climates in general an@quatorial climate particularly, since

raindrops are larger than in temperate climates,iticidence of rainfall on radio links

becomes important for frequencies as low as abdsiHZ Estimate of rain attenuation are

usually derived from the available information @inrrates observed in the geographical

areas considered. Most of the many methods propdsedoredicting rain induced

attenuation make use of the rainfall cumulativeriigtion measured at a point. Certain

authors have used the concept of equivalent paghaged rain rate which is obtained by

multiplying the point rain rate for the time pertage of interest by a reduction factor,

while other authors use an effective path lengtdé w#alue of which is obtained in

multiplying the actual path length by a reductiaeficient This effective path length is
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the hypothetical length of a path along which thieraiation for a given time percentage

results from a point rainfall rate that occurs tbe same time percentage. Rain intensity
over this effective path length assumed to be constant

He had proposed a prediction method using effeqiath length and compared with
the prediction method adopted earlier by the Irge@omal Radio Consultative Committee
(CCIR) during its XVth Plenary Assembly held in 298

The rain induced attenuation on a line of sightsjlypath can be expressed as

A(dB) = kR L (3.38)
with Ly =Tl
Wherel(km) is the actual path lengthed is the effective path length, amda reduction
coefficient having the well-known form.

1
1+CI™

(3.39)

Where, C andn coefficients defined later.

The attenuation A(dB) and the one minute rain R¢gam/h) are calculated for the
same time percentagkeanda are the regression coefficients depending on frecypu@nd

polarization and allowing the calculation of théireate specific attenuations through
Vg =k R* (3.40)

The values ok anda used in the present work are those given by Fexdddrive C anan,
they used experimental data obtained in 30 teragstdio links in the 7-38 GHband
range with path lengths up to 58 km, located in@o&go, Japan, U.S., and Europe, with
well-known fitting procedures. He found that C deg® on probability level P(percent) of
interest for which data are available, andepends on the radio link path length on the one
hand, and on its frequency on the other hand. lyintde resultant formula for the path

length reduction factor is given by

r= (3.41)
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with
m(F,1)=1+y(F)log,| (3.42)
and
W(F)=1.4x10* F+7®
where, F(GHz) is the frequency.TRe&oefficient is given as result of a best fit by
| <50km
3=0.45, for 0.00kKP percent ¥ 0.01
=0.6, for 0.0 P (ercent x 0.1
| >50km
3=0.36, for 0.00kP percent ¥ 0.01
=0.6, for 0.0k P(percent)<0.1
The effective path length reflects the spatial amlogeneity. Its frequency dependence

which appeared here in the reduction coefficrenesults from both the non uniformity of
the rain along the radio link path, and the norimgependence of the specific attenuation

rain rate.

3.5.4 Rain Attenuation Prediction Comparisons ovelndian sub-continent

In this section, ITU-R model and Moupfouma moda$s discussed were used to
predict the rain attenuation in Indian sub-conttnegion and compared. Substituting the
above-mentioned fy; and Bo and all other required parameters into these gtiedi
models in the uplink (29.75GHz) and downlink (19.@5iz) direction, the variations of
elevation angle vs. rain attenuation are obtained.

The knowledge of the mean rainfall distribution @hd climate will provide a broad
view on the expected rain attenuation. In ordecdlzulate the rain attenuation prediction
from the recommended measurements of local onetmimiegration time of rain rate
statistics are required. Here we have presentedattenuation and related results for
reference. All results for Indian cities calculatéaigure 3.23 shows a comparison of rain
rate as provided in ITU for North and South Indma @alculated in Moupfouma method for
sub tropical region. Figure 3.24 shows the raie mtgroup ‘A’ cities as mentioned in the
spot beam model by the Moupfouma method. It is dothat the Moupfouma calculation

rain rates are also comparable with the rain rata dollected from IMD.
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Moupfouma(sub-tropical) vs. ITU-R(North part),ITU-R(South part)
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Figure 3.25: Intermediate parameters and attenuatin of Moupfouma model for Mumbai as an example.
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The figure 3.25 presented Intermediate parametera particular city Mumbai. Likewise we have

got figures for a all the cities in 16 spot bearakion by putting respective location data. Therfdy

3.26 represents the attenuation for percentagamef tain rate(mm) for group-I cities on basis of

Moupfouma model.

The cumulative distirbution of Rain attenuation (dB) Slant, path Group-I ci

The Effective rain height (km) Group-I cities
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Figure 3.26: The rain attenuation in group ‘A’ cities by Moupfouma model.

3.6 Summary

In this chapter possible signal fade during rgpecifically in Indian cities, at 16

spot-beam locations is focuselbhis analyses the terrestrial and slant path tranaf rain

heights and calculates different rain attenuatiggisg mumbai (as a case) geographical and

ITU parameters.We can also analyse this for aésiseparately. It is found from the result

that there is about 10 dB for the duration less tha (about 8.7 hrs) time and 30-55 dB
rain attenuation occurs for less than 0.01% (ab8uninutes) over an average year. So 10

dB can be taken as the standard ateenuation leweklitacan be varied upto 30 dB

statistically taking different attenuation leveldademand of users in 16 spot-beams. The

Moupfouma model calculation and ITU model atteraratare having close approximation

with ITU model but, the Crane model shows a largeation.
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Chapter 4

Fade compensation and power control

4.1 Introduction

Satellite communication systems operating aboveGHz undergo weather
dependent path attenuation, primarily due to réims is severe for a significant period of
time mainly in tropical regions. So systems candbsigned to operate at an acceptable
performance level by providing adequate power nmargin the uplink and the downlink
segments. This can be accomplished directly byeasing antenna size, the RF
transmitting power, or both. Typically, power magjiof 5 to 10 dB at C-band and 10 to
15 dB at Ku-band can easily be achieved with realsiensized antennas and with RF
power within acceptable limits [7]. RF power levale most likely to be constrained by
prime power limitations on the satellite, and bgliaéed power limitations on the ground
fixed by international agreement. Here the patknathtion exceeds the available power
margin that is 20-35 dB in the Ka- bands for maggions of India and earth. Additional
methods must be considered to overcome the sevmruation conditions and restore

acceptable performance on the links.

Fixed line-of-site satellite restoration techniquas be divided into two types or
classes. The first type, power restoration, dodsatter the basic signal format in the
process of restoring the link. The second typeyaigiodification restoral, is implemented
by modifying the basic characteristics of the sigfagnal characteristics include carrier

frequency, bandwidth, data rate, and coding scheme.

Compensation for rain fades in a satellite comations network is obtained by
uplink power control mechanism incorporated in astaastation or network operation
Centre (NOC), which maintains a constant outputgrolvel of the satellite transponder
without incorporating excessive static margins ithe link power budget. A variable
attenuator, which controls the output power ofrtreester station's high power amplifier, is
initially set at a prescribed level which will prack the EIRP for a “clear sky” condition
[27]. The NOC monitors the output of the sateléiteplifier and derives a measure of the
SNR of down linked signals. Knowing the variableeatiator setting and the SNR of the
downlink signal, the magnitude of attenuation oflinlp signal to the satellite is
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determined. In the event of a rain fade, the sgtihthe variable attenuator is adjusted by

an amount that compensates for the fade and thexalses downlink carrier frequency
signal conveyed by the satellite amplifier device remain effectively constant. An

estimation of the error in the attenuator settsgreferably derived.

This chapter discussions hereby made on differexthods of power control and
fade mitigation techniques. This suggests the fepower flow and enhancement to
different spot beams in the proposed model by dlgor It discusses the data rate

adaptation to increase the service availability.

4.2. Power distribution and data flow to spot beam

The spot beams will be attended by the steeraltenaa [43] to deliver the data
taking accounts from the on board processor (OBR) TDM process. Here the power is
estimated in every step on the basis of channetliton and the number of users
accessing under the corresponding spot beam. Weegatate the power of antenna feeds,
preferring revenue generating stations to get miggheel of service (four metro cities). The
data rate for individual channels can be decidatissically and keeping total outcome
capacity of the system and spot beams constamnyinstant of time four distributed spot
beams are focussed to deliver the data throughnfaim lobes of the array antenna [4]. In
the next time slot another four spot beams willfbeussed and the process will go on

rotation among four groups.
4.2.1 Concept of Data Flow to Spot-beams

We assume that each delivery session is identligdh unique data flow, and
packets of several spots are queued at the N@QCA(fL), which forwards them to the
satellite at a rate limited by the uplink capadaitythe system. An on-board processor
switch forward the packets to one or multiple dpedm queues, duplicating the packets in
the later case. A packet (may be regional) belangm a single spot-beam queue, is
forwarded to corresponding spot-beam location.dsecof a multi-flow, i.e., the packets
for multiple spot-beams are need to be duplicatedl farwarded to multiple spot-beam
gueues at the satellite on-board. At every spotrbgaeue, several flows share the total
service rate of the queue. The rate-share of a fluat belongs to a particular queue

depends on several factors, such as the numb&ves turrently active in that queue, the
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type of the flows, and the rate allocation poli®tieen different type of flows, i.e. audio,
video, data etc. We call this rate-share as th@@tgible session rate of the flow at that

particular queue [19].
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Figure 4.1: Concept of on-board satellite and spot beam queue.
In order to avoid over-flowing of any of the onasd queues, the input rate of a

flow at the NOC queue have to be determined byrtimemum rate the flow can be served
at the spot-beam queues. We may refer to thisamthe maximum sustainable session
rate of the flow. The service rate of each sporbepeue varies as a function of the
allocated power and the channel state, for a gmedulation scheme and BER target.
Therefore, not all queues can be served at the sfeadive rate.

Here the satellite spot beams are divided into fpoups and radiate at four time
slots. All antenna beams can be represented witdirray. The four antennas are to attend
all spot beams in 4 slots as in the following emunst. So in the satellite} steerable

beams, total of 16 beams in TDM, multiplexed, ilméged through the on board processor.

A, A, As A,
B, B, By B,

Antenna arrays (4.2)
C G G
Al = - =
TIME SLOT1= | 2 (4.2)
- - Gy -
- - - D,
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- A, - -
TMESLOT2= |~ 3 c (4.3)
- - 4
Dl = = =
- - A -
TMESLoT3= | . © T B (4%
- D, - -
- - - A,
B, - - -
TIME SLOT 4= (49
- C - -
- - Dy -

At any moment the sum of power is comste
6 TA B #C D
6r A B +C 4D
Ror =A +B +G +D (48
6 ZA 4B #C +D

4.3 Operation and Power control of satellite systems

A satellite communication network operates with @link earth station from
which uplink signals destined for a satellite as$mitted over an uplink communication
channel. In the satellite, amplifier device (HPAMplifies the signal and conveyed over a
downlink channel to the ground station.

Controlling is carried out in the uplink statiorrismitter at carrier frequency, so
as to cause the strength of the same conveyed thienoutput of satellite amplifier on
board, to be effectively constant even in presaricain fade between uplink earth station
and satellite. The possible steps are

(i) Setting the operation of uplink transmitter subhttthe strength of uplink signal

conveyed from transponder amplifier device is atpfined signal strength.
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(i)  Monitoring, in the receiver provided at uplink #mastation, uplink carrier frequency
signals down linked from satellite to uplink eadfation and deriving therefrom a
measure of the signal-to-noise ratio (SNR) of tbeml linked signals.

(i) Determining a measure of attenuation of uplink aigtransmitted from uplink
station to the satellite in accordance with the sneament of the SNR derived.

(iv) Compensate the strength of uplink signal transohitig uplink transmitter by an
amount that compensates for the measure of atienudgtermined to effect uplink

signal conveyed by satellite transponder to rera#fectively constant.

So, the strength of uplink signals received exteiving ground station and, in
response to the strength of monitored signals wuileyg a reduction from the clear sky
condition, an adjustment of power is provided twréase the strength of return link signals

transmitted from satellite. The details are ex@dim the following sections.

4.3.1 Power control procedures

Power controlrefers to the process of varying transmitting powera satellite
link in the presence of path attenuation to mamtaidesired power level at the receiver.
Power control technique attempts to restore thlke by increasing the transmit power
during a rain fade event and then reducing powter #ie event back to its non-fade value
during clear sky condition. The objective of powentrol is to vary the transmitted power
in direct proportion to the attenuation on the Jig& that the received power stays constant
through severe fades. Power control can be emplogegither the uplink or downlink, or
both [53][46].

The maximum path attenuation that can be compeahsstactive power control
is equal to the difference between the maximum wutp the ground station or satellite
power amplifier and the output required under raaef conditions. The effect of power
control on availability, assuming that control isrfect, is the same as having this power
margin at all times. A perfect power control systesmes the power exactly in proportion
to the rain attenuation. Errors in power contro$ufe in added outages, effectively

decreasing this margin [7].

The adaptive Power Control for Fade mitigation tallvantage of unused
in-excess resource of the system [4]. Techniquesirgh unused resource aim to
compensate fading occurring on a given link in ortdemaintain or to improve the link
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performance (required C/No). The following types Bbwer Control FMT can be

considered:

1. Up-Link Power Control (ULPC),
2. Down-Link Power Control (DLPC)
3. On-Board Beam Shaping (OBBS).

\ PDA

=y
3 Mod——" Upconvertor |—» KHPA >
Stream | ‘
Diplexer
——— |Mod s Upconvetor —» KHPA >
Stream? A
Sample of
uplink signzl

——1| Mnd > Upconvertor  —» KHPA |
Stream 3 Y 4\
| Diplexer
s Mod Upconvertor |————| KHPA g™
Stream4 ﬂ
4 Uplink Power | comparstor | v | Tracking
control system | ) system
Beacon |
Receiver

Figure 4.2 Block diagram of uplink power control system

The features of the block diagram for power adjestte are based on either a
satellite beacon signal or a pilot carrier trangeditfrom the earth station. The transmit
power adjustment levels compensate for differendestween the beacon/return pilot
carrier and the uplink carrier. Integrated carnewnitor verifies and refines the power
adjustments for ‘loopback’ carriers i.e., the dawklcarriers that are visible at the uplink

earth station.
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Open loop power control
In an open loop power control system, the trangmoiver level is adjusted by
operation on a RF pilot control signal that itagiidergoes path attenuation, and is used to
overcome the attenuation experienced on the uplihke. radio frequency control signal
can be one of the following:
I. the downlink signal
il. a beacon signal at or near the uplink frequency

Iii. a ground based radiometer or radar.

Receive the reference
signals

U

Compared to pre-determined
reference

U

Develop an error signi

{

Adjust feed link power to compensate for attenuatio

Figure 4.3: Flow chart of open loop power control.

In the downlink control signal system, the dowklisignal level is continuously
monitored and used to develop the controlling esignal for the high power transmitter.
The control signal level is determined in the pesoe from rain attenuation prediction
models, which compute the expected uplink attennatit 30 GHz from the measured
downlink attenuation at 20 GHz. The downlink cohsignal method is the most prevalent
type of uplink power control, because of the avmiity of the downlink at the ground
station and the relative ease of implementatiof{{&3.

In the beacon control signal system, a satelldacbn signal, preferably in the
same frequency band as the uplink, is used to wothie rain attenuation in the link [13].
The detected beacon signal level is then used Yela the control signal. Since the

measured signal attenuation is at (or very clogethe frequency to be controlled, no
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estimation is required in the processor. This metpoovides the most precise power
control of the three techniques.

Close loop power control
A satellite communication system includes at leas¢ satellite communication
signal repeater, at least one ground station émrsinitting a feeder link comprised of more

than one signals to the satellite signal repeat@umber of user terminals each receiving
Typical flow chart

Measure the quality of
reference sign

!

Transmit the above signal to
up-link station

4

Compare the above measured signal
quality with target quality

Is available satellite
capacity sufficient?

Adjust the NOC transmit power to compensate for
predicted variation in satellite gain but maintain
flux density above minimum threshold

Figure 4.4: Flow chart of closeloop power control for uplink.

one of the communication signals over a user lidmf the satellite transponder. The
method includes steps of measuring the qualityt tdéast one reference signal received by
the user terminal, via the satellite transpondexm@aring the measured quality with a
predetermined reference signal, the transmit p@ivére ground station is adjusted so that

a flux density of the beam is substantially constdrthe user terminal independent of the
location of the user terminal of the beam.
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On-Board Beam Shaping (OBBYS)

OBBS technique is based on active antennas, wdliotvs spot beam gains to be
adapted to propagation conditions [7]. Actuallye tbjective is to radiate extra-power, and
to compensate rain attenuation only on spot beanesenrain is likely to occur. In case the
signal is to focus on a small area with a largegpedensity and high date rate as given in
figure 2.5 required OBBS is used.

4.4 Algorithm for power distribution

The power distribution method is considered onliass of following algorithm.

Previously it has been defined that the variatiropower is depends on two parameters

1. Channel condition
2. Number of users.
The steps are follows:

(1) For a clear-sky condition, adjust the attenuataa first setting at minimum power
(Pmin-) which causes uplink signals to be conveyed frhra output of the
transponder at prescribed clear-sky signal strength

(i) By deriving a measure of the signal-to-noise raifodown linked signals in
accordance with the ratio of the square of the stigignal plus noise to the square
of the noise in down linked signals and the dowkalpower measure can be

estimated by the ratio
CIN = ((S+NY¥ -(N)? ) / (NY (4)

The expression for the output power EIRP of titelite may be given by:

EIRP:ElRFI)\lOC - Lfs ,up 'Fup +Gsat L upc [dB] ( Af
Where,
EIRPnoc, is the NOC or uplink earth station power outdatellite,

L ts ,upis uplink free space loss,
F upis uplink rain fade attenuation, &is the satellite gain and
L upcis the attenuation to be imparted by the uplink @owaorrection mechanism

using attenuator. On the downlink side, the reakisgnal-to-noise ratio C/N may be

expressed by:
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CIN=EIRRy -Ls an = Fan +(G/Thoc Bk [dB] (4.¥

Where,
EIRP ¢, corresponds to the desired satellite output power,

L ts,dn corresponds to the downlink free space loss,

F anis the downlink rain fade,
(GIT) noc Is the gain/temperature figure of merit of the N&@enna
and R is Boltzmann’s constant for thermal noise.

(i) Determine the measure of attenuation of wiplicarrier frequency signals
transmitted from uplink earth station to satelliteaccordance with the current setting of
attenuator and first setting of the attenuator.

(iv) Adjust the attenuator in accordance with tioerected measure of SNR and the
first setting of the attenuator.

4.4.1 Power Distribution Strategy

Power can be distributed among the spot beamsomntawys. One is static power
allocation and other is dynamic power allocatiotati® power allocation implies that the
input power to the beams is the same at any timbekatellite network operation, and
clearly applies to clear sky and long-term preefjin models of the satellite links. All the
users are receiving signal with adequate powereucéar sky conditions

The level of attenuation and corresponding comgems on the basis of two
driving parameters as follows

1. Channel condition (As seen in chapter 3).
2. Number of users in the spot beam area (demand).
Equal antenna share (EAYS):

P =Py =Ry, =Ry, =R /4 fork=1234 (41()

The total power of HPA is directed to four beaamgl all antenna beams are to
radiate with equal power.
Balance Antenna share (BAYS):
The antennas are to radiate with different poweasntaining a minimum threshold of
Prin-

Pror- 4Rjin =B (4-11)

91



Fade compensation and power control

Where,

Prot is the total HPA power capacity to deliver to famtennas.

Ps is the extra power which can be shared unequallgngall or some of the

beams.

Assumptionsfor static power allocation:

)] Number of users is fixed.

1)) Channel condition is absolute.

Let, { =loss in dB

Channel condition in Loss (§) Fuzzy channel
absolute and rainfade condition
0dB =§ L<C<Cl Excellent
-5 dB=(2 (<l <o Very good
-10 dB=(3 (a<C <3 Average
-15 dB=(4 (s<C <4 Good
-20 dB:C5 (5<C <G Bad
-25 dB=(6 (e<C <Cs Worst

Table4.1: Fuzzy classification of channel condition due to fading

=10

ﬂ A
2
s
\C’; fu) T ) -~
I v

B Fuzzy channel levels

power Level in AR

L
ot

Fuzzy channd conditions

Figure 4.5: Power degradation levels dueto impair ment/fading.

Let Potal IS the total capacity of the satellite to disttdpower among four antenna
beams and B, is the minimum threshold power must be provite@ach and every

beam to get a desired flux density at the receigminal without any power
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compensation during the clear sky condition. Aftes the extra power from the source
will fulfil the requirement to compensate fadingor@idering the maximum power
capacity at the output of power amplifiers is 108Xt this distributes to four antennas as
follows.

Each sector or the spot beam antenna has aradegptance power = 25 watts,
From net power of four sectorsi{lP= 25x4 =100 watts. LetR, is 18 watts for this case.
So during fading the power to an antenna beam \&/&8 < 25W.

The polling mechanism between the antennas anémswpply loop will serve in a
time division multiplexing (TDM) process. The pollj procedure will look after the
channel condition statistically in every 100ms andimand the power reforms system to
process the power level.

4.4.2 Compensation by static power allocation

The processor is to check the Channel conditiansaquence as following,

Sequence
Setl: Al,B2,C3,D4

Set2: A2,B3,C4,D1
Set3: A3,B4,C1,D2
Set4:  A4,B1,C2,D3

Setl: Al1,B2,C3,D4
And so on....

Let's define the absolute power to provide the @gponding rain fading logic.
0% power of P=p
8% power of P=q
16% power of P=r
24% power of P=s
32% power of P=t
40% power of P=u
So, Ps= [ 0, 0.05Ps, 0.09Ps, 0.16Ps, 0.30Ps, 0.40Ps] referenced to
[ p q r S t u ] respectively.
The extra power can be statistically distributedoag all the 4 antennas with 6
different power levels in 360 different combinasonThe statistical distribution will

depends on following and using a look up table.
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There are three possible combinations of conditaanfllows.
1. Number of users fixed
Channel condition is variable
2. Channel condition is fixed
Number of users is variable
3. Both Channel condition and number of users areabigr

[=N)
o

Lo
or

= = LJ
(<] (924 o

power alloteed in watts
o)

<

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Spot beams

Figure 4.6: Static power allocation to spot beams.
Example of static power distribution

Let the total power of the satellite reservedthfe four antennas to be delivered for
16 spot beams in TDM is 100 watt. And the minimilnreshold power for each antenna

in best channel condition is 18 watt.
So, Rw@w=100W
Pmin=18 W
And extra power Ps =2 - 4R, = 100-72= 28W
Finding the compensation levels
P=0%ofPs=0W
g = 5% of Ps=0.05*28=1.4 W
r= 9% of Ps = 0.09*28=2.52 W
s = 16% of Ps=0.16*28=4.48W
t = 30% of Ps=0.30*28=8.4 W
u = 40% of Ps=0.40 *28=11.20 W
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Check slot 1 of antenna ant droup of antenna beams.

Let Al=q; B2=p; C3=u; D4=s anethannel condition feedback.
So, Al will compensate with 1.4 watt, and will ¢ak.4+18= 19.40 watts.

B2 will compensate with O watt and will take 18tiga

C3 will compensate with 11.20 watt and will takie20 + 18 =29.20 watt

D4 will compensate with 4.48 watt and will takd& + 18 =22.48 watt

So, the minimum level of power is 18 watt and th@ximum compensated power
level of beam is 29.20 watt and there is a conalalerincrease in power level in C3 spot
beam during fading.

H POWER ADJUSTED

B MINIMUM
THRESHOLD POWER

POWER IN WATTS

BEAM NUMBER

Figure 4.7: Static Power allocation to spot beams of one group based on example above.

4.4.3 Dynamic power allocation to 16 spot beams system

Simulation results of the proposed dynamic powedocation algorithm are
presented here. Here we are presenting some résuktgpothetical satellite network with
multi-beam antenna having 16 beams. For simulatiopose the rainfall data from ITU-R
rain model has been taken. The corresponding ptweshold for every satellite terminal
Is set to -110 dBm. Three situations are assumeelyaas allocation for clear sky
condition, static and dynamic power allocation fainy situation. For simulation purpose
some beams are chosen rainy and other beams aenchs non-rainy. In this simulation
beam no. 1, 3, 5, 6, 7, 9, 13, and 15 are assusediray beams i.e, beams undergoing
attenuation due to rain. We can see here that dgnaower allocation is obviously
different than static power allocation due to thetfthat power is adapted to the current
satellite channel conditions and rain attenuatioadigtions. Some beams have equal

power distribution as for clear sky case, as @&xpected for non-rainy beams. The basic
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concept of the algorithm is that since rain attéiomachanges significantly over time and
space, the available satellite power must be Higied dynamically based on the rain

attenuation instant value of each link [1].

40

20 CLEAR SKY
| | | DYNAMIC
15 11
m STATIC
10 4+ |
c . E ~ s

9 10 11 12 13 14 15 16
BEAMNUMBERS

POWER IN WATTS

Figure 4.8: Typical clear sky, static and dynamic power allocation during rain fading

However, as real time reconfiguration is practicahpossible, the objective is to
allocate dynamically the power at specific time tamés multi-beam antenna
reconfiguration times and remain constant betwaenreconfiguration time instants [1].
More specifically, the rain attenuation at the nggt of beam reconfiguration is predicted
for each link using either information from recegiground terminals or meteorological
data. This leads to significant reduction of thenber of non served users of the system,
especially when some of the region covered by thtellge suffers from heavy rain
attenuation phenomena.

4.5 Summary

In this chapter we have introduced an outlinetfalancing the spot beam power
level and data rate such that the sum of all poeastant. User can get at least a
minimum level of service during worst weather cdioi. The distribution of available
system power among spot beams taking into acctentoad on the queues is the main
factor. The balance antenna share does not impgskeaand on the minimum power level
for each spot beam in case of dynamic power debigndata rate and coding allocation a
qguality of service must be prefixed to determine thodulation and coding. So it is
possible to manage the available power on boangrduide a satisfactory service to all

beams for almost all time in the year.
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Chapter 5

Conclusion and future Work

5.1 Conclusion

In this report a brief description of the majorepbmena affecting radiowave
propagation at earth satellite links in Indian oggis given. Global models for long-term
modelling of rain effect presented. This summarittessthesis’s contributions and overall
integrated system design of Ka-band satellite systéuture work and suggestions are
given here for further development in propagatitag and fade mitigation.

This study provides terrestrial and slant pathatamn of rain heights and calculates
rain attenuations using geographical parametevarious Indian locations. It is found from
the result that there is about 10 dB attenuationtiie duration less than 0.1% of time
(about 8.7 hrs) and 20-30 dB rain attenuation acdor less than 0.01% of time (about
53mints ) over an average year. So this 10 dBbmataken as the standard attenuation
level and it can be varied up to 30 dB statisticédiking different attenuation levels and
demand of users in 16 spot-beams. By adopting ceitgptechnique of mitigation the
power level is maintained at a satisfactory lewethe end user. The Moupfouma model
calculations are having close approximations with model, but the Crane model shows a
large variation. In this paper possible rain attenuation and cpoeding power allocation
to provide uninterrupted service during rain spealfy in Indian cities, over 16 spot-beam
locations are focused.

We have presented a flexible beam allocation algori that combines the
requirements to provide a minimum satellite gaithwthe need to provide a statistically
balanced beam configuration for all users. Statiwgr enhancement method can be used to
maintain the power level constant for long duratidepending upon predicted data.
Adaptive power allocation to different spot bearas heen shown to enhance the efficiency
of satellite, by effective utilization of power amesource enabling user a higher data rate
without degrading the average user throughput.

Here we have tried to analyse the effect of raiiK& band broadcasting in Indian
main land. But adequate data could have been tedletom a ka band experimental
satellite like ACTS or as planned in GSAT4. It wiblde a great achievement for all Indians

if the system could work efficiently to cater needsnultitudes as envisaged.




5.2 Futurework & Suggestions

Digital signal processing can be used to allopateer and data rate transmission to
all beams for an effective output. The rain measer seems to suggest possible
shortcomings of the ITU-R theoretical model. Sooagl term measurement of rain
attenuation should be performed in future withdsimal and satellite path. In relation to
this, it is proposed to attach a local meteorolalggtation to the receiver providing on-site
meteorological data. Data from two or more staticas also be compared to identify

different rain events. The future possible works bea carried out with following problems

1. The design and development of electronically stderphased array antenna will lead
to steer among the spot beams to deliver the sagrddsired power level.

2. The power allocation procedures would be simuldtedet implemented. A more
realistic scenario would be investigated taking iatcount the amount of power for a
session using the dynamic power allocation.

3. Using DSP, the prediction of channel condition g@agver allocation to spot beams
would be achieved.

4. The analysis of IP based user category and allogaariable bandwidth to individual
user using DSP can be performed.
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