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Figure 2.1: HAPS System [Wanis & Ahmad, 2013]
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2.2 Rain Attenuatidg S

The atmosphere QSD S
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% rent(layers. When the high frequency waves
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éal power will decay due to the natural

tmospﬁ “ e

propagate In
Q > |
phenomel\ as rain, fog, gas*es,'. clouds, water vapor, or the scintillation. Rain

atte u%aminates the other forms of precipitation. It 1s a combination of the

a tigh and the scattering that affects the signal.

The impact of rain attenuation on the high frequency signals varies as a function of
different parameters such as the rainfall rate, frequency, polarity, and the elevation

angle (Accuille, 1998) The rain attenuation occurs due to scattering when the wave
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passes through the airborme raindrops. The absorption is dominant for radio

frequencies above 10 GHz. Within Ka-band, it is noticed that the signals suffering rain

attenuation about three times higher than those caused when using C-b@ny

research studies have been done for different frequencies all over the wsn%pecially

in Malaysia, Japan, Nigena and Italy, to predict the attenuation in ag accurdte manner.

Several models and methods have been proposed to overcome tw .

Lin 1n 1979, proposed a model to predict the earth-space aimuation links. The

he diswr&s such as
@

een tegted a a'rxs_t dl data

* ]

advantage of this model 1s the simplicity, although i1t

the lack of the frequency dependence. This model h

2

only for the United States. As a result, the modales.p¢

locations such as tropical areas.
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the rainfall rate, rain structure ™, on: ‘
o | N | .

The prediction mechanism alc S @nenuatlon at a point then the

ﬁ th
path integral method 1s used to tainsﬁ{ - aﬁ@aﬁom of the path.

The CCIR empirical & __ 'en opoﬁ% estimate the long-term slant-path

I
. \ 9 . ! (_g'/ S
attenuation. The C&vmd 1S giéndin CJN forms. The first version 1s based on the
% NS .
rainfall rate a0, 0o ofptlle :erage@'ne. This form is only recommended in a
L %

maritime chignAte. The second ve;@f is slightly different where it is recommended

N

del

t

worldwid®&JMWaritime and the continental climates are described in the CCIR 1981a

S

A semi-empirical model for the rain attenuation prediction of slant-path was

developed by VPI and SU. It was originally used as part of a sophisticated scattering

model to calculate attenuation and depolarization, and was then refined by Wiley,
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Stutzman and Bostian in 1974 to provide a simple means of estimating slant-path

attenuation. Extensive comparisons was done for this model to many sets of real data

performed by Stutzman and Bostain with good results. \2
One of the best mitigation techniques is called Effective Isotropic ﬁ m Power

(EIRP) where the magnitude of gain and the transmitted signal powv be adjusted
h

as the HAPS link budget varies. At the clear sky COIldl e EIRP will

automatically be adjusted to the normal value to achieve th
Site diversity 1s one of the most effective solutions to i 1lab111ty by
relaying the signal from the diverse site to the main

statmp of Interest

to improve the link availability by relaylrfwlgn the 1‘&0&3 site to the

master site. Site diversity 1s a useful tecNue hen ' prolﬁhty of an outage
might occur at the main site due % rﬂ jai @g?ty of the system wll
increase since the diverse site 1s 19ggtout few

o Q-
Mrs &ay from the rain cell and 1t
N
1s unlikely to suffer the sa attauatlon

he gitq divwgreity technique simply depends
& o

d 31 al quality.

one or more remote sites located several kllom

.I‘

int sgtey attenuation. The received signals

on single site attenuano

will be sent to the prot:%fng based on either signal selection

J a; c?to the master site. The diversity control
\
aﬁ o ,env%‘é\Whe master and remote sites (Cheblil, 1997)

switching or co

unit coordina

Adaptlve scheme was pﬁ@osed to improve the signal quality when the
attem% vent takes place. The channel coding adds a redundancy bits to the

r@o detect and correct the errors produced due to the degradation sources.

Adaptive coding is a technique that employs a variable coding rate, where the

resulting code word adaptively changes depending on the fade conditions. There are

various possibilities to implement variable rate codes such as orthogonal codes, to
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allow the decoder to recover the original message within low errors (Fukuchi & Saito,

2007).

L]

Additionally, many other models dedicated for rain attenuation predictlo{ e been

proposed by different researchers. The concept of most of those gel; 1s either

utilizing the path integral or they are based on the power law appro@on

2.3  Rain Attenuation Modeling ; q
The studies of rain attenuation behavior began after WorldWar
until today (Hao et al., 2000). Most of the rain uation :s 1

signal power decays exponentially when penetred in

prediction studies are based on the mic o% 0

that the rain attenuation can be obtain thes T

3 : 1€ d@ suitable method for

n, w]Qe others conclude
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agproximation.
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communication links. Ma% els arg¥in j

if&fferent regions in the world to
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estimate the impact 0@1 the fsigiral 'nks.'\ﬁ prediction efficiency varies among
&

al) 1 Q} characteristics and the geographical

those models base e'" '

characteristics @ Tet re (-The variation is due to the deficiency of the

dcatign ofi
L v * | |
calibration Se s used, he{e @e models are able to predict the attenuation
&

efficientwn certain regions but}ey were found to be not that efficient when they

d in areas have different climatic characteristics.

w
hﬁemaﬁonal Telecommunication Union for Radio (ITU-R, 2010) has

recommended the average time of the rainfall rate 1s 0.01% of the year to guarantee

the system service availability of a microwave link to be 99.99% throughout the year.



Specific attenuation and effective path length are the main parameters for the ITU-R

model. These parameters will be discussed in the next sub-sections.

24  Types of Rain : %\

Wm and this
variation 1s appreciable between the tropics and the non

-trN regions. The
precipitation can be classified into two types: convective af§ z tifo'm rain (Das et

al.; Ajay1 & Barbaliscia, 1990). \d,
S
Stratiform precipitation is produced from the formage® of small icéf arllel&: joined
4

Y.
‘f?ﬁq\ the Q\efting layer,
11 I:leverted Into a

The precipitation characteristics are vary based on the climate

together to create a large nucleus. When the nucletNpass

(extending from about 0.5 to 1 km below the@oth
raindrop that falls to the earth’s surface gwith 2epta
for durations exceeding an hour. %a ' %
band. Convective precipitation 1is %lat

below the 0° 1sotherm and n%; up
by differences in trom%pres,ur .

grow 1n size, until the™§all to, the

nmgens of kilometers
A

e height of the bright

at are formed 1n general,

this pRYCess, water drops are created and

&
3 saj\e. Th

e&séveral kilometers for durations of tens of

e honzontal scale of the clouds

are widespread

| sfs extgndigg
| - ‘vl . |
minutes (A_]ai, B9, Caps®ni, 200%™ Tropical rainfall is often convective and

&

characteri?@g by high rainfall ra&. As the opposite of the stratiform rain, the

recipitation occurs, in general, over a small vertical extent, only for

cony,
sebometers and for a short duration of time (Ajayi, 1993). However, during

precipitation, convective rain is generally heavy due to large drop size and high rain

intensity. Convective rain tends to have lighting, thunder, and heavy rain while the
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stratiform rain 1s more of a gentle long lasting rain with no lightning and thunder.

2.5 ITU-R Global Rainfall Rate

The International Telecommunication Union for Radio (ITU-R) has divi world

into 14 climatic zones where the rainfall varies from 8 to 145 mm/hr_The -R map

has categorized Malaysia as Region P, which 1s one of the very hwz precipitation

regions. The global map of 0.01% of an average year is sho i@re 22,

4.

ec.gc.4a, 2 3)@

Figure 2.2: Rainfall global climatic zones [

v

N

2.6 Re@»etween rain and“@enuation

uMion of radio signals due to the rain is the main reason for degradation of

The

communication systems above 10 GHz (Williams, 2002). The frequency bands

assigned by the ITU-R for HAPS technology (28-31 GHz in Asia and 48-51 GHz

worldwide) are selected based on the amount of rain attenuation of those regions,
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which 1s the dominant cause of HAPS and terrestrial signal degradation in tropical
zones (Ajayi, 1990).
The attenuation due to raindrops is greater than the attenuation due to oﬂ@ of

precipitation. Rain attenuation is caused by the absorption and scatterijgoe signal,

in which the raindrop acts as poor dielectric material. The drop In decays the

power of radio waves and dissipates it by scattering and absorp@n.pRaindrops cause

greater attenuation by scattering than absorption at fr ges above 100 MHz

(Zhenwei et al., 2003).

I.S

T
' trowﬁeﬁc waves and

S dper f&gthe incident signal
AR/

r@rward scatter, but also

(@ in Figure 2.3. The particle

%

| ap L rﬁv&b‘h scattering occurs only when
. &
the refractive index of \Dartit'le\hffere‘%(fb
. -- &

ctro@gnenc wave hits the raindrop. In the

()

g%!crowave signals indicates to the size of the

2.7  Rain Scattering and Absorption

the air medium. Therefore, the

&

Figure 2 3\alndrop scattering principle
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Gaseous molecules that exist in the atmosphere absorb energy from radio waves

passing through them causing attenuation. This absorption 1s greatest {zo the

molecules such as water (H,0) and oxygen (0,). Each type of abso bnolecule

contributes a general background level of absorption, where the proportional

Q)

Figure 2.4 shows the specific absorption [dB/km] producqb zase us molecules. It

non-linearly with the frequency (Hongwei et al., 2001).

b
can be seen that only O, and H,O contnibute signific to '

other atmospheric gases may be significant in very

resonance peaks of O, are at 60 and 118.74 Gﬂ?lurea

183.3 GHz. (ITU-R, 2008). c\} 3
erap ' er;%r different frequencies
P 2J4) 3 4
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2.8 HAPS Advantages

at

The first advantage of using HAPS is that it can provide wide coverage. Thxh

can be covered by a single HAPS is equivalent to the area covered byP2Y8ground

terrestrial towers. The possibility for takeoff and landings for r&wance and

upgrading in short period of time makes the HAPS more promisingichnology. This

Vand rural areas
3014)
¥

sajellitgoPaScd sgiems
J | &
fact tl}at he Pser t@nnals are

w
avorjl\?fechnology

®)

technology 1s offering mobility, access, and coverage In

effectively for whole population (www.qucomhaps.com, 11

Moreover, the HAPS cost 1s lower compared to terresgnal

The high bit rates, large metropolitan coverage, an

c

not dependent upon a ground infrastructure, makes

C—) A

2.9 Applications and Services
\&
ﬂ

HAPS can exchange the inform ﬁh n:S rois ot %'tatlons (mobile or fixed

clients, or control center ap 1ca ge the ground. In addition, the

information could be exchble %J éatforms or platform and satellite.

x&\@uld D@d, blK ith a small distinction between them.
_ O

< ffle C‘Iﬁ product offered to the user over which

Applications and serv

An application can

services will k

arrowband Services

The narrowband services provided by HAPS are

1. Medical telemetry
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2. Commercial applications

3. Voice telephony

4. Chat, home automation
5. Navigation and positioning
6. Traffic monitoring

7. Environmental surveillance

2.9.2 Broadband Services
HAPS comprehensive broadband services provide simi

globally. The broadband services provided by HAPS

Yv

1. Conversational services (e.g. voice and Nep

2. Streaming services (e.g. real-time r ht 1S]

3. Interactive data access (e.g. the

4. Background file transfers (e.g

2.10 HAPS Covera%

S

| O

service to the, n g hnd /It de@ds on several factors such as the antenna
<<‘ $

height, transmiytte ‘?; as well as the radio frequency, where some

\
frequen%ﬁ\n provide better regional coverage, while others can penetrate better
stacles, such as builldings 1n cities. Figure 2.5 shows the ITU-R HAPS

The coverage 1s th

power, antenna,?

thro
coverage, where it is divided into three coverage areas: urban (UAC), suburban (SAC)

and rural area coverage (RAC). Each type of area 1s determined by the elevation angle

of the receiver.
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Figure 2.5: Coverage area radius in systems based on HAPS
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Each stratospheric segment is able to d% -] a&; capable of

transmitting numerous spot beams with@'erage arg® whefe

ry |
the antenna tower located at an alg bet\'&t ékm (Zain & Albendag,
? L

2013). ’ Qf')

&
Y\' 3
2.11 HAPS Architectub

4 J‘I N
&
S
The HAPS wirelessw (o8 1
C—) / i <
1)

tem@}:omposed of two main parts (Alejandro
et al., 2008) §~J
& J

2.11.1 Sgrato®heric Segment \c"

e platform acts as

% stratospheric segment contains platform requirements to establish

1cations with ground facilities and other HAPS, where the platform 1s the
main part of the network. The stratospheric segment can be divided into two main

elements, the payload and the bus. The payload represents the motivation for the



20

mission In terms of weight. The researches are ongoing to design a light segment to

achieve the highest power consumption, where the buoyancy of the HAPS decreases

in proportion to the increase of the stratospheric segment weight. Y'

To guarantee that the stratospheric segment is ready to operate, it muS — \quipped
oun

by the bus. In particular, the following points must be taken into acc or obtaining

the efficient HAPS service: \;

1. The payload must be placed in the correct position, s thverage 1s directed to

the whale ar

the users.

1

statdhs and vice
-2

S
&
®

2. The payload should be in the exact altitude to co

-

@

3. The data from the payload should be tran

VEersa.

4. The payload must operate for the 10™

5. The energy source must be

performed. The HAPS subs
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2.11.1.1 Platforms

HAPS can be classified as an airship or aircraft (manned or unmanned) placed in the

stratosphere layer (17 to 25 km). A stratospheric platform dlmensmn

depends on the stratosphere’s environmental conditions, such as aﬁn@ ressure,
- humidity, air density, and wind speed. All of these items have pact on the
Both types of HAPS can be powered by different power ou?!uch as fuel, electric

dn

buoyancy of the HAPS.

motors or solar energy. The preferred form of power g8 1§ th terms of the

cost and the efficiency.

and a very large bank of proce
transmitting, receiving, multip

pw
The HAPS communicatio%ste .
infrastructure or 1t ‘@)e 'rlte d \w@ a network that employs traditional

N

terrestrial base s ivs'to c}n&néegtahe data with users (Pinkney, 1997). The
Q | O

payload sub mu? ' a@ with the services and the frequency bands

regulate b aﬂgnal and mtema | telecommunications authorities.

1Y E Telemetry

elemetry subsystem has the responsibility of the interface between the platform

The

and the ground station flight control, where it supports the function of stratospheric

segment management.
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These functions are the main guarantee of success the operation of the HAPS. The

main functions of a telemetry system are to:

1. Monitor the performance of the payload and transmit the monitored m the

ground control center. : % |

2. Measure the environment parameters.

G

4. Recelve commands from the ground control ce eererforming various

3. Provide the exact position to earth stations for tracking.

functions of the HAPS.

The other function of the telemetry subsystem is ?mltor
parameters such as voltage, current, temperat e |

the measured values to the ground control

§p

tEI’

segment and the Control Station must a

N
N
Py

: ﬁ
2.11.1.4 Command % : i AQ"
The command system receiv tra@tted from the control center,
Gy S
a

verifies the receptions and gltecufesddgdilald commands. Examples of common

Y &
commands are: 'K\ Q _ Q‘/é
1. Altitude and ;@A ¢hi '.' (—)

e
O
2. Switchin ho $‘
‘v T 5
ting control Cg"
\
4.

(% ng direction and speed
b r source switching

1ignal power control

3. Ante
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2.11.1.5 Tracking
The tracking system 1s used to maintain the HAPS in its assigned position and altitude

to cover a specific area on earth, to decrease the bit error rate and to de]i@a’ra to

the ground segment with the highest signal power ensuring the LOS tg S10N.

X

The ground segment of HAPS is responsible for thegdatAfexchange between the

well Wcmtrol some
o

. ThE growid'stations
s
the;@)ﬁ'a from or to

2.11.2 Ground segment

stratospheric segment and the users on the gro

Y)ad. The main

ground segment functions are shown IM) ik
% 0 A S

Figure 2.7: HAPS ground segn™gt subsPstem K #ai@: & Mohorcic, M. 2007]

Qking to HAPS position determination

2. Telemetry to analyze and record HAPS received data

3. Commanding to control HAPS equipments

4. Communication links to other worldwide ground stations, gateways and local



24

fixed or mobile subscribers.

2.12 Malaysian Activities on HAPS \Y~

Several countries have recently undertaken the activities on HAPS& romising

technology for the future of communications infrastructure worldwEThis section

- ;amttically In urban

Wpro ibitive

cost of building communication infrastructure. The aysian siy s 01‘ @L&%S) was

T

%ﬁnology to
mi {

10n 1s to provide

highlights the HAPS project and activities in Malaysia.

ICT Infrastructural development in Malaysia has accele

areas while large tracts of rural areas remain un-served

announced in March 2007 with the objective

Malaysia to establishing the HAPS prcge@' g0

wireless communication services, espegially’

' m_&tgareas (Geoscan. et
A

ertige will gha le@ Malaysian ICT sector

al., 2004; ). However, the QucomHap

to tap into an additional layer o infraﬁ-ucture in order to provide

connectivity to all areas %‘erab

satellite services and ex Ing '[hil

less, cobt@npa_red to other terrestrial and

&

wide.

ly

Ices n

mul

Within Malaysia, th rket @ortumtles that can be serviced by this

(J(')

C‘Stl voice, data, video)

technology mcl
1. Teleco
2. Emerﬂ ervices/Disaster Kgl?ef communications

ogbtal and climate monitoring

For these potential uses, the telecommunications services may have the largest impact

in this project since the Malaysian government is seeking solutions to provide
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broadband services to the whole areas, which may not be covered by the National

Broadband Network.

The ability to cost-effectively deliver services to underserved rural and remw

within Malaysia makes HAPS the best choice for the telecommunicatio s logles

2.13 HAPS Network

'- Zrate multiple general

services. HAPS can play the same role as satellite co IC nwithe major
N

advantages of being less expensive, closer to th@, movabla n’d {fiand, and
4
Sy

easy to maintain. The deployment times of co catidn

are substantially less than satellite or terres%Ntem

HAPS can operate as standalone or 1t can nte o
gateways. The different design chage
scenarios, which are explained 1n\ xt
2.13.1 Standalone Plaﬁw ;m .

A standalone HAPS@I( cOr

temporary ever a ¢
terrestrial 1n re r‘aJ;:e r

N
stand-al

S

Stratospheric platforms are known as infrastructure able

S %}_Xon HAPS

1C e , 1997).
d t Qemal networks via

in network architecture

ily available for switching on the ground. The

ario shown 1n Fi
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Figure 2.8: Stand-alone HAPS network [Grace, D., & Mohorcic, M. 2007]

A

interconnect Services
e g. Corporate LAN

.........
5

o
******

Bt s R

In the HAPS standalone scenario, the

users within the same platform CO

connected to the HAPS.

the case of mul | tions or inter-platform links (IPL) can be

used as ar d¥pendent on the segment facilities as shown in

&

Figure 2 witching can be on th \é ground or onboard. The advantage of onboard
1S the improvement of the service quality between the communicating

ithin the same platform coverage area, while the ground switching has the

advantage of weight reduction of platform payload and power consumption.
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Figure 2.9: HAPS interconnected using ground stations [Grace, D., & Mohorcic, M.
2007]

2.13.3 HAPS Interconnection vi'n

The HAPS Interconnectio‘vifz:s

the system contains twowore ;il

device and one or

platforms witho
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Figure 2.10: Interconnection of HAPS via IPLs [Grace, D., & Mohorcic, M. 2007]

Interplatiorm Link

S A S
. \I A
In this scenario, ground stations c¢ atg th@ublic and/or prnivate
“ Q-
networks. There are numerous amages O ng I&Q\/ersus a ground station

N
s that ghe t'm@ndependent from terrestrial

P o :
: ‘rb _ syst@(qs expected and the requirements

%

ducgﬂ!s well as the low signal delay.

7 S
$~
N3

&
HAPS 1s w ed to act as a relay\sation. The HAPS network can include a number

connection. The first adva

2.14 HAPS-BateMyte Ingedr ?n

epending on the size of the area. In general, the lower the elevation angle

of
for APS, the larger the coverage. In practice, the minimum elevation angle for

wireless communication implies that for a platform placed at an altitude of 25 km, the

area that be covered 1s approximately 490 km. HAPS can intercommunicate through



29

the scenarios mentioned in the subsections above (Section 2.13.1 through Section
2.13.3). HAPS also can be connected through one or more satellites creating a hybrid

HAPS-Satellite communication network as shown in Figure 2.11. For r*& areas

where there 1s no substantial terrestrial infrastructure, satellites cx %used as

backhaul.

Kigure 2.11: HAPS network integrated

Sa

ha

J N\
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_— '.-"l-"' : m £ ._ 1-'Il*~ " .
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b \.'-.?E . . 'H-"‘:k:h E..F: 2 ‘t?iwh‘*:" : . !?h' 5 I b h‘h\ F

. ool
o N g IR i

#‘: r"#“
. ke 3 -'

St

N
As 1ntegrate fios %&PS and satellite systems can represent a

%-

complete tructure for wire communications, to provide telecommunication

"\or narrow and broadband services. Nevertheless, each of the two

capa

_ 1es can efficiently help each other to reduce the impact of the performance
limitations. The HAPS can act as an intermediate layer for providing the services,

which can greatly reducing physical layer requirements for the earth station while the

satellite can be effectively used to interconnect HAPS platforms. The satellite can
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enhance the actual coverage capability by connecting the HAPS with a very remote
location. For these and other reasons, an integrated architecture looks very attractive

to achieve the daily demands 1n the wireless communication field. \Y’

2.15 Satellite Systems >y

Three types of satellite systems are shown in Figure 2.12, where™ currently used

. z tal 'differences are

for providing different communication services. The fi

include the altitude as well as the coverage footprint on thoWgg

Figure 2.11: Orbits of Satwystems\

C—,
2.15.1 L? rth Orbit Satellite Systems
ﬁ@ ellite system consists of a group of satellites in circular orbits, at altitudes
between 200-2000 kilometers (Liu & David, 2009). LEO systems have several

advantages such as the cost. This is because the launching complexity is lower than

the others. Since the LEO system is located at a lower altitude, it has less free space
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loss and fewer propagation delays. Therefore, the power consumed for both satellite
and ground stations are a minimum. Because of the lower altitude, the rotation speed

for LEO systems must be higher to maintain their orbits. One of the dlsadv es of

LEO 1s that the footprint on the earth is smaller where it has @eter of

approximately 8000 km. LEO satellites are typically used for prov 1d1ng PS, cellular

communication services and the global mobile communication z

2. 15.2 Medium Earth Orbit Satellite Systems

The medium-earth orbit system 1s a comprorms

MEQO satellite 1s located at an altitude of ab

propagation delay, power requirements amJ

LEO system due to the higher altitu N[EO ST

e

rfacefad it A

omltercn  ses @to budget cuts.
I
"‘éy

ste S |

L

P'caﬁg{at an orbit altitude of about 36,000 km

S}tvlyc r very wide areas and a few satellites are

rovide worldwide bwverage Since GEO satellites are maintained

en LE a:ld\( ems. A
10,000 km hota?"004) The

h mlgx' igher than the

10<talled a polar orbit

'\rfsﬁﬁave the advantage of
03

Fotating around the earth.

because 1t rotates around the poles %e

covering different sections of

MEQO systems are not preferre

2. 15.3 Geostatmnan

The satelhtes of

(Iida, 2000).

enough

statior e ground antennas could be pointed to a fixed position. However,
1ary satellites have several disadvantages such as the high cost of placing the
satellite in the orbit, significant propagation delay due to the height, the on board

segment requirement of a high power transmitter to relay information back to earth,

and a high EIRP that 1s required at the earth stations.
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2.16 Rain Attenuation

The rain prediction models are discussed in this chapter. This chapterKRnstrates

the derivation of the mathematical equations that were used for than%ﬁenuation

models. The basic principle of rain and the rain attenuation moﬁge discussed In

G

This chapter also explains in detail, the proposed rain enz tion models that have

O

the first part of this chapter.

been used to carry out this study. The new mode 1ch abl dict the rain

2.16.1 Rain Rate

Rain rate R 1s a measure of the4

falls on the ground 1n a ggrtal

length (depth) per unQn ( rn-&K)
collection vessel pe&ume b

Q— )N
K "’_)‘;_,5

K=

S
&

v(D)D3NpdD [mm/hr] (2.1)

tionship between drop velocity and drop size can be obtained by (Ulbrich,

1983).

p(D) = 3.78D067 (2.2)
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where v(D) represents the relationship between the raindrop terminal fall velocity in

the air per meter (m) and the raindrop diameter D (mm). As drop size increases, the

falling drop velocity increases rapidly following the curve, as shown in\jpare 2.13,

where 1t 1s plotted based on Equation 2.2 %\

Figure 2.13: Behavior of raindrop velocity based % gp radius
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2.17 Rain Attenuation models

Many models have been proposed to determine the rain attenuation such as_the Lin

model (Lin, S. H.,1979), Dutton-Dougherty model (Dutton et al., 1982), ple
Attenuation model (SAM) (Stutzman & Yon, 1986), the Global model‘&- 2014),

Crane model (Crane, 1971), and the CCIR model (CCIR, 1984). T@dy presents

an evaluation of the HAPS channel to identify the best qamocaﬁon in the
l

peninsular of Malaysia based on the modified ITU-R | ITl'-R 1s globally

ﬁw' different

N

te\yfeld an

T

of%fopagation

agreeable, where 1t 1s capable to predicts the rain

environments. It was tested against available dat

accuracy that 1s both compatible with the

phenomena and adequate for most present Wio em Q ning (ITU-R,
2010). \ B _&O
: é 'q &
C fllows\
r‘; ﬁdi X
(2.3)
(2.4)

Ap o1 1S th%}cted attenuation exdeeded 0.01% of time in average year.

Vi 1 @iﬁc attenuation (dB/km) obtained from the rain rate of 0.01% of time 1n

th ge year.

R, 0, is the rainfall rate exceeded for 0.01% of time 1n average year.

L is the effective path length 1n km.
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The first factor 1s the specific attenuation while the second parameter 1s the effective

2.17.1 Specific Attenuation v

This parameter 1s a key element in calculating the total rain aiJ as shown 1n

the ITU-R P618-9 rain prediction model (ITU-R, 2009). isWonly used for the

path length of the signal affected by the rain.

the rain

T o
.S

eseacchers to find

Yv

the ula illustrated

&

m e durve fitting of the

nshi !tw

rain attenuation prediction per unit distance. The

attenuation [dB/km] and rainfall rate 1s shown in Figurga.14.

Several experimental measurements have been cpeyout h@ -

the relationship between rainfall and attenuﬁ Mey

in Equation 2.5, where the values of k and g€ obtaineds

experimental results (Crane, 1971). ) o A
| Y
\E— N

These coefficients are d
S * 1997), as shown in Table 2.1. The

Py

range between 1 to

| ¢
subscripts V and ie o léi?ontal polarizations respectively. k and @
N
u

e .6 @\Equaﬁon 2.7

can be calcul g

&’
. 2
- [ky+ky+(ky Izcy)cos Ocos2Tt] (2.6)
o [kyap+kyay+(kpay—kyay)cos*6cos2t] (2.7)

2k
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where:
0 1s the path elevation angle.

T 1s the polanization tilt angle relative to the horizontal ( where T = 45° fo

polarization).

R 1s the rain rate in mm/h.
k and a are power law parameters, which depend on polarizagn ; d frequency f

(GHz), 1n the range from 1 to 1000 GHz (ITU-R, 2013).

Frequency

(GHz)

é

The specific attenuation as a w—n\ of 'he 'xall

o,

the figure was calculated based

for different frequencies 1s

1llustrated 1in Figure 2.14, re

on Equation 2.5. It 1s g in the specific attenuation 1s about

9 times when the through a rain cells from 20 to 160

mm/hr. The att igh rain rates and higher frequency.
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Figure 2.14: Relationship between specific attenuation and rainfall rate for different
frequencies

—B—{-28GHz

. R R

o
o

il
N
e

Specitic attenuation yg (dB/Km)
=

The attenuation 1s predicted base&#
number P.838-3. The result%e
to 160 mm/hr, which&}on __
% ¢
A
2.17.2 IT%ain Attenuation 1\/@6]

initially proposed the statistical rain attenuation model 1n the

to estimate the rain attenuation quantity for any rainfall rate R [mm/hr] (Cho1 et al,,

"(j’

Malaysia.

tion Research Center (CRC) 1n 1978, a prediction equation was developed

2011).
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Apo1 = Yr Lg [dB] (2.8)

-

while yg 1s the amount of rain attenuation [dB] per fo

gth [k

rate amount. Where 1t 1s dependent on the frem%nd po
1990). Lk stands for the effective path length thatgene®ated if the gfin [@

y th Yed line, 1s a

™ &

The height of the rain (hg), which is showw ur

function of the ground station latitude.

(2.10)



Figure 2.15: Slant-path geometry for ITU-R model [ITU-R. 2009]

A
LEES

dV

(o
s) &

The length of the slant path under t@

hs is the height above mean sea level of the earth station (km).

39

int parameter to predict

(2.11)

(2.12)
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hg 1s the rain height (km).
0 1s the elevation angle (degrees).

R, 1s the effective radius of the Earth (8500 km).

f 1s the operation frequency (GHz). : %\

@ 1s the latitude of the earth station (degree).

The hornizontal projection of the slant path L, can be obtaingd fv

LG — LSCOSQ

The nature of the rain is not distributed equ

In some cases, 1t 1S heavy in the center o

the edges. To predict the rain attenu
used to account for the rain inho ) Y

A

penetrated nto rain

distribution over the

adjustment fa%& a
T

factors arcaalyi@ned empirically (@zen, 2009), where both of them are related to

the spati \ rate variation, frequency, and the signal path length. The horizontal

r@

actor 1s given by [ITU-R. 2009]

- (2.14)

I'oo1r —
. L J
1+0.78 , G;’ R-0.38(1—e 2LG)




C = tan’ (222 ) (degree] (2.15)

LgTo.01
For ( > 0, A
( R cos@
hr—h
EISB, LS =( R' s)
siné

It || <36°% %=

Else, -

v =1
The vertical reduction factor 1s given by [ITU-R. 2009£

the physical path by g

%
\

¥

e = Lp

(2.21)

Fin Epredicted attenuation of the signal exceeded for 0.01% of an average year
1S

obtaied from [ITU-R. 2010}

Apor1 = RLE [dB] (2-22)
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The attenuation predicted based on this model is applicable for any annual average
time of rainfall rate. A flow chart representing the ITU-R model is shown in Figure

2.16-A to Figure 2.16-C.
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Figure 2.16-A: Flowchart design for ITU-R model

Check the
inputs, are all
of them defined

elevation angles betw
segments

Circular

Calculate k and a
coefficients

Calculate k and a
coefficients

plctlat&e specific
g attegdation yp

compute the slant-path
length, L for 6 = 5°

No
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Figure 2.16-B: Flowchart design for ITU-R model

Calculate the vertical

adjustment factor




Figure 2.16-C: Flowchart design for ITU-R model

45
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2.17.3 Rain Microstructure

In the mullimeter-wave range of the radio spectrum, the number and the size of the

rain particles play a significant role for signal degradation, because the scaﬁemd
e

Q

absorption due to rain 1s dependent on the drop size distribution (DSD % can b

interpreted as the number of raindrops per unit volume. These parameters have to be

understood 1n order to develop and/or evaluate the precipitation pagdict®n models.

The attenuation of rain based on the knowledge of the rai iw‘cture requires a

model that specifies the rain rate and the size distributioag _ c’ps.

The path attenuation 1n decibels of a radio wave of len§

following (Ippolito, L. J. 1981)

e.éin rate. Q, 1s the rain

oy

fluation cross section 1s a

where N(p) 1s the drop size distributs

o

Wws ¥ the

e c%é\p, where 1t’s function in the

013. @us. N(py can be defined as the

&
|

' z (,)

&

") * ribu%n

T

\3’1 N(py with units of m™, DSD provides one of

attenuation cross-section of a sing\ %

catteril#

%
AN

summation of the absorptiog, an fo

wave length, refractive index,

t Walum

number of drops per

@pmprehensive representations of the natural raindrop distributions

(@, 2000), where D is the drop radius. Rain can be formed by drops of man

different diameters, thus the actual drop size distribution might vary widely in rain

storms, but the average distribution is almost stable (CCIR [1981a], 1981). The DSD
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for different rain drops size and different rainfall intensities will be examined in this

\Y'

2.17.3.2 Marshall-Palmer DSD (0 |

chapter.

The raindrop size distribution has been studied by many researchA evaluate the
rain behaviors. The DSD modeling 1s generally distributed e pon;tlally The most

widely used DSD 1n scientific literature is the Marshall an er model (Marshall

& Palmer, 1948), which 1s an exponential distributio

and A . A brief description of the Marshall-Palmer ®SD 1S sh

expression:

(2.25)

-Palmer DSD with three different rain rates.
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Figure 2.17: Relation Between DSD and Raindrop Diameter for Different Rainfall
Rates

Drop Size Distribution DSD m™

e propagdtion cag Be modeled by integrating the cross-section of rain

\C-,

dropé\a complete signal path penetrated in rain and can be expressed as

N |

A= f y dl [dB] (2.26)
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From the fundamentals of electromagnetic theory, it has been established that the

magnitude of an electromagnetic wave traveling through a rain-filled medium in a

distance /. decays in amplitude by a factor of e~Y? where y is thewuation

coefficient (Testud et al., 2001 and Matthew. 2007), which is given S}%\

Y = No@Q: (2.27)

d @ iat\eaanuaﬁon CrOSs-

. . . | B ¢
section due to the drop of radius a. The attenuatiorfggoss sectin is srmw%n of the
-
3

where N, 1s the number of rain drops per unit vol

S
absorption (, and scattering (, for each dropY. .

(2.28)

(2.29)

(2.30)

s%situaﬁons, the raindrops do not all have a umiform radius. Therefore, the

uation coefficient must be determined by integrating it over all of the drop sizes.
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Equation 2.31 shows the dependence of rain attenuation on drop sizes, drop size

distribution, rain rate, as well as the drop cross section.

Raindrops cross-section @, 1s found by applying the Mie scattering theory @Hme

wave radiated through an absorbing sphere (Hulst & Van, 1957). : %

. X~

2
Q¢ = %}'Z(Zn + 1)Re[a, + b,]. V (2.32)

AN
l\d?‘/ligﬁn be
%)

Using Equation 2.24 and Equation 2.32, the rain sp&ﬁemua on
expressed by b ¢

;
YN

n=1

where a,, and b,, are Mie scattering coefficients.

2.17.4 Summary

This chapter start

modeling of ANy
rainfall ¢ ernstics, rain sr@e, and the rainfall distribution, including

ate are discussed. Global rainfall types, scattering and absorption due

The, chapter also discusses the concept for HAPS system fundamentals and

n attenuation modeling are also presented.

architecture, frequency spectrum, HAPS area coverage and Malaysia activities on

HAPS.
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The fundamentals of satellite communication systems, HAPS network, and HAPS-to-
Satellite integration are also discussed 1n this chapter.

The chapter 1s also discusses the modeling of rain attenuation over the slant paw(s.

The ITU-R world wide model for specific attenuation, rain height, and e@e bath

length along honzontal reduction and vertical adjustment factors also pr%ed.




