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ABSTRACT

Various climatological factors such as rain, cloud thickness, water vapor, or
wind speed, may affect the high frequency earth-to-space millimeter wave
communications, for example the satellite data transmissions in Ku- and Ka-bands. It
is known that rain is one of the main causes of signal attenuation. Therefore, the
relationship between rainfall rate and signal degradation is extremely useful for
designing a reliable satellite communication system. This thesis investigates the
temporal relationship between rainfall rate and satellite signal attenuation using
beacon data of the IPSTAR satellite. It is observed that the rainfall rates measured at
the satellite ground station are highly correlated with signal attenuations.
Furthermore, spatial correlations of rainfall rates are calculated, using radar-derived
rainfall rates in Japan as a case study. The information is beneficial in selecting the
locations of the ground stations. The observed statistical relationships motivates the’
use of the linear dynamical system response model to predict the signal attenuation,
using only the rainfall rate available from the tipping bucket rain gauge installed at
Kaerai satellite ground station (Thaicom PLC.). The predicted signal attenuation is
utilized to develop a real-time site switching technique. The experimental results
show the capability of the proposed algorithm to improve satellite service

availability.
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vgaumioaynaing agavisundundinuiuinsenunduly Tnenisavsiounduliveyiu

<

20



! s 1 ol v J 1 1 =
NAWHANNA LU VUINVDIBATIEIUMALNDULAEAINNENIA[Y, AMUNUUUNBDUTUINTUDY

::' J 14 ] 3 o o Y <
‘UuUTi&J'lﬂ’]FTLLag'ixEl3‘V]'N‘W'ﬂa\'iN'?u‘Uu‘U'ﬁ'ﬁUWﬂWﬂﬂﬁmﬁﬂ%WQUﬂﬁULﬂuﬁu

2.3.3 maduauulnanlsd (Depolarization)
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Crane
Robert K. Crane [11] ladausuuusiaosdmiun1sviiuigain1sannaundaeu
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Yaseyay waangilanie ’
sl A B C D, D, | Dy E F G H
0.001 28 | 54 | 80 | 90 | 102 | 127 | 164 | 66 | 129 | 251
0.002 2¢ | 40 | 62 | 71 | 86 | 107 | 144 | 51 | 109 | 220
0.005 19 | 26 | 41 | 50 | 64 | 81 | 117 | 34 | 85 | 178
0.01 15 | 19 | 28 | 37 | 49 | 63 | 98 | 23 | 67 | 147
0.02 12 | 14 | 18 | 27 | 35 | 48 | 77 | 14 | 51 | 115
0.05 8 | 95 | 11 | 16 | 22 | 31 | 52 | 8 | 33 | 77
0.1 55 | 68 | 72 | 11 | 15 | 22 | 35 | 55 | 22 | 51
0.2 4 | 48 | 48 | 75 | 95 | 14 | 21 | 32 | 14 | 31
0.5 25 | 27 | 28 | 4 | 52| 1t |BE | 12| 7T 13
1.0 {7 |18 | 18 | 22 | & 4 4 | 08 | 37 | 64
2.0 {112 | 12|13 |18 |25 | 2 |04 | 16 | 28
Innuanl
., O | 25 | 44 | 15 | 99 | 18 | 12 | 20 | 2 11
Joya
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N) @MUTUNISUNIATUNIANUAUTEEENNNISUNTAEUY D ABTEHEUIITENTIN

MUAUDINTA

o s 1 dl =l 1 d‘
) dwiuntsunsaaulunuiides (Slant path)sseznianisunsadu D v

AN
D = (H-H,)/tan@ s B=10P
; ; (2.12)
= By, v in radians ; 6<10°
e | prgin™| S0 (\/(HU+E)zsin29+2E(H—HO)) (2.13)
(H+E) ‘
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(Alawns) uay H(P) fo SEAUATHEILEAY 0 asrgaldua (Rlawns) Niovazvesnan P

A l:!' 4 1 ] d
Paule Faausomldinnisussaeilugieangud 2.10

PROBABILITY OF
CCCURRENCE
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0.01%
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X . OCCURRE! ‘fE b h ESTIMS;T;INIG ATTENUATION
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LATITUBE  (DEG)

d s v =l cJ 1 I
FUN 2.10 seaumnugavedu 0 aeriwalduanyiiatissasneg [11]

A 0 D>22.5 Alawms Men D, =22.5 Alawns wagdnsnisanueedly o

sumianileq el &, Tumsuiusemanhesdureamgnisal

P P{_D_o} (2.14)
D

o < | o ) o <
YURDUN 3 MAN o Way B dmsuaudfiauls anaisad 2.3

:‘ 1 = C'A o 1 o ﬁ - 1
197190 2.3 ﬂ'W\I’ii']llWlﬂiﬂi‘iﬂUﬂ’l'SﬂWU'JElm']ﬂ"IiﬁﬂW@u‘\l'lLW'li‘d a=aRp (mgluane

Alawns)

Ml Anesnd) MRl a(F) B(F)
1 0.00015 0.95
a4 0.00080 LA
5 0.00138 1.24
6 0.00250 1.28

7.5 0.00482 1.25
10 0.0125 1.18




A998 2.3 (5i)

AUl (Ansidsnd) MM a(F) B(F)
12.5 0.0228 1.145
15 0.0357 1.12
175 0.0524 1.105
20 0.0699 1.10
25 0.113 1.09
30 0.170 1.075
35 0.242 1.04
40 0.325 0.99
50 0.485 0.90
60 0.650 0.84
70 0.780 0.79
80 0.875 0.753
90 0.935 0.730
100 0.965 0.715

- o )
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UNDUN 4 ATUINAINISAANDUULAUEI AN 4 99nA1 R, wazA1 D (w38 R,

= s :J 1 2 1 s ﬁl
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i o
Yraedu P fauls

D = (H-H,)/tan8
= Ey, y inradians ; 8<10°

ufid = bﬁecﬁd bﬂecﬁd

; @210¢

A(R,,D) aRp[ =

A(R,,D) = aRpﬂ[

A(R,,D)=(H(P)-H)aR " ; D=0(0=90")

cfB cfB

e ~1

u

} s dsD<D,

};D<d

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)
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b=23R" (2.20)
¢=0.026-0.03InR, (2.21)
d=38-0.6InR, (2.22)
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2.4.2 MSNIUIENTANVDUH Y IUANNENDULLDIU1INHUAIULUUTIADIUDY
ITU-R P.618-11
o 1 o ot o/ s A ot A a
WUUTIABINITAIAALIUAINITAANBUNANUF Y Qs uIliBsnIndufenuLauslu
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LaanandumuluINsinsAauluuinameg aanudlainu 55 Anvidsed
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NIIVTUIYATN AT RATLUEHNIVDINITAANIUNIRIURYQYIUO UL DINI9INEU 910
@ = a e o & v i o & w
AIINTANYRIAU Hn1513nesNINTUILABINTIUAT ANl Ry, BNIINISANUDINY

[
(A - 1 a

o i oo v o e A v i
Nﬁalumima‘(j'ﬂu\i) U ALWRUINTININITUUNANTINIRNRAY DAY 0.01, hs ﬂ']']llQNLﬂua
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o

ssauimsiavesanilnnifieuniaiuiy @lawns), ¢ yuleveuassInIa (a3e1), ¢

o 1 - =l -: - el - - L3 ar =l
mLmuaazmgm‘uadamumuﬁﬂumﬂwumu (99711), f A31U0 (NNYLEIND) LAy IAY

Uszandwaveslan (8,500 Alalums) u.awmnlaim’mmmqamﬁaszﬁuﬁwzmmuﬂmwaa
anilamiisunaiuiuiigesnsidlumsiun awnsaldeussnaldnnuauiiuanissfu
AMugUIiiuseiveain ITU-R P.1511 [25]

AU MLEAITE BEavBsnTTine s fildlunsAuranisussanamnisanyey
Suilounanduuansiagui 2.1 Tay A fe ssfuanugevasduussetmeilethogluanius
v93uds (Frozen precipitation), B Ae FEAUANEITB Y (Rain height), C A s¥AUAINNGS
‘uawqu's'imnmﬁlaﬁmq‘tuamuwamwa'a(Liquid precipitation) Uay D LARILUINITUNT

A 1 =l du -
AAUTEINNENTNIANUALLAEDINTA (Earth-space path)
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N15UTEINUAINITAAND UBULTDINNIINNUINLUUIIEDY ITU-R [12]
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UAWMUNITAUIUNITAANBUA Y QYIS ULTDINNH AT URBUAB LU
5 A d s o
VUNDUYN 1 MUUATEAUAIUGINU (/) 1NLUUIIERY ITU-R P.839 [26]
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& = ° 1o = o | w
VUADUN 2 ATUIUTEHENINNTTUNTAGU (Ls ) V]'S::’WUﬂ’ﬂlf%\jmqﬂ')']'iszﬂ?’lquuJu

955 L =M Alaluns (2.24)
- sin
h—h )
L = (hR ) — Alawuns o
o 2 T 3
o<3 [sin29+——(‘jq—’l] +siné

~ a1 « o ! 1 2/ I
lunsdlft i, -4, ddndugud mevhunerinisameuluyniefesasvesinataaiu

Uv 4 o 1 dll
TURDBUN 3 AuIUTEgEnINsunsaauluiwiTu (L)

L; =L cos6 Alaiuns (2.26)

2/
[

< a @ a & o P a
TUADUN 4 WANTUIBATINTANVBINUARENYIIATBEaY 0.01 1Bl (R,,,) (o

L o/ al .g‘f ada 1=l aa o '
Toyadninsanvesrduiiusieuni) wagymnlununnfasanliiifoyanieaddfangnn
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ausalgansinisanvesunimualianiuudnass ITU-R P.837 [27] wavlunsid R,, o
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o 1 @t ﬂyJ CJ
WUU91aee  ITU-R P.838 [28] LagAndnsin1sanvaseulutunaun 4
7o =k(Rop)" \0Bluasenlaiuns (2.27)
o o o 1 P v
YUADUY 6 ATUIUANISAANEUTULLITEUNY ( oo ) NUNIATBYAY 0.01

1

Yo =
1+0.78 LG—;R _0_33(1_6—2%) (2.28)

& - o v & <
Junauh 7 Anunisuiualuiuan (v, ) fitnnarsesas 0.01

B o
£ g™ (R—hs—J 2497 (2.29)
6ol
dmiu¢ >0, L, = =50 Slauing (2.30)
cosd
NN, L =M%ﬂamm (2.31)
siné@
01| p|<36°, x =36—| |03 (2.32)
UBNIINUY, 7 =089 (2.33)
_ 1
o001 —
1++/sin [3 1(1 - e“(‘”(“")))—" ‘;‘j‘f’ Lo 0.45J 2.34)

5 A o - -
UYUNBUN 8 ATUIUTEELNINUTLANDHG

L, = Lyv,,, Alalums (2.35)
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YUNDUN 9 ﬂ’TiW']U’]EJﬂ’]ﬂ']'iaWWBULQa&IWB%WHNL')ﬂ'ﬁ’e]ﬂﬁﬂ 0.01

Ay =ypLy \WTLUA (2.36)
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) < ' d 0 ad y < o v
YUANBUN 10 ﬂ’151}58“1MﬂﬁﬂﬁiﬁmﬂﬂutﬂﬂﬂmaﬂwwﬁlﬂL’J'Ei"l'i'EJUﬁSDU‘} NnaINIg

=l

1 1 =t 1 o o 1 A 1 ﬂl 1 b
WwINTewaY 0.001 O3 3988 5 WATUIUIIN AINITAANAULRALNDUNTINIaNSevay 0.01

0 p=1% %se

= (2.37)
lp[=36": o
M p<1% UAY |p|<36 uay ) b
=-0.005 - ;
9225 A (9!
uananii; £=—0.005(| | ~36)+1.8-4.255in @ (2.39)
~(0.655+0.0331n( p)~0.045In( Ay, )~ B(1-p)sin &)
A4, = 4y, (ﬁ] RLUa (2.40)
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aineg ildlumsudletyyinsaaneudymramafisnsuiieawnandy [2] \WoAIAmAIH
n1suinsdygraunaitelvaunseldaulanely watansunlatymnisiianisannay

dyaraemaifisnudaiu 3 Ussavmdng ldsastelui

2.5.1 MsmvpunasdeUsz@nsua (EIRP control techniques)
Taevaly mismuauidsdansd 2 33 fie sruuaiuauuuugUlda (Open  loop
s 1 s a d A -
power control system) ‘szmumiaaQmJw‘[myazymﬂmmuamamauwanm‘samwau

A o 1 X L7 L o 1 IJ o <
ey dygraumugunariionadudyyrunaesdygianifosnnuiiiorfunie

TnalAsanudyuinniu LAY TEUUMUANLUUQUUR (closed loop power control system)
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neiuRiuntesdygueiun
2.5.1.1 MIAANNEIEIUITY (Uplink power control)
o el 1 l!;, v a ‘J
nMImuRuiaE@TuaEivaumevesnsuilunsaaneusueunan

o é’ =4 € 1 vV oa aj . . ;
Huvesdygy iy Fadudsslovdnonisliuinisuuuniiiiounsd (Fix satellite) was
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2.5.1.2 N13AUANMEIdIvIas (Downlink power control)
msmuRuitddanasriilalagnisiinddedsaananifien Jaunnsnaein
nsmugumddandy esnniduniseniiegliiinsmuauiddaiasiuiudesitn
yasamifies (wurauaztimnin) samﬁgﬁaﬁi’wﬁ’m'lumsmuauﬂﬂ'ﬁﬁqmwaam'zLﬁmu
25la E‘i”\ﬂ?\lULLUUQﬂ (Spot beam shaping)
mﬂﬁuwﬁué’mrpnzwuaqél’cy,zymmawwnmmﬂﬂmﬁmmmﬁmm'iamﬂau
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2.5.2.1 MadsaLUUEIRULY (Hierarchical coding)
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¥, =Cx, +v, (4.2)

o L 1 o o U M v o o
e C Lﬁuaﬂ'i'lﬁ'JUﬂ?'mﬁiqu555‘W]'Nﬁﬂ'W‘LJS’UEQ'WUULLﬂZ‘ﬁEJJJaﬁLLﬂQ'lﬂﬂ']'iﬁ@LﬂFl dtysyu

] Y
sUNU v, Anrswanuasuuuinidi@ouiidneds (Mean) 1w 0 wazArmuuUsUsay
(Variance) WU R %3 v, ~N(0,R) umiludase (Independent) fudayayrausuniu W,
PNAUNTTUAAIAN UL VDITEUY
nANENTUSIBeaRfRvednsinisanveauLa N1 SaRve Ld Y AL B LSy

<

dl BI i Lo 1 at A - ﬂu -l | ]
Luaammndummmmlﬂum'ua 3.3 WUIBANIINTITANVDIHULAENTAANDUNLART UL AU

v & & S a a e v o < °
nasTIINTeYansaetaiy 14 wiil Anerilnudiislalduuudiass LDSR Fuliuuuudiass
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WARINITUABUIYAUTIIA19D98ATINTTANYEIN LAY NTAANDURYUIAILEN  Lasg

aunnsi (4.3) - (4.9)

X =A% +w, t=L...,n

Yiee =Cx, +v, Lt=L...,n

4 v s £ a/ d
lae? 5 WnusTAUNTAANBUTBIdYINANLAEY (1IATLUA), ¥, WNUDRTINITANVBIAUTN
Junnla @adiunsaotilug), » wnuAmMUIIIa ey TEINgnIIN1sAnNTadduLay NS

al :A alo 1 as -l nﬂ -y (a} 1 L]

aanoudyiad AUy 14 U naNn1sh (4.3) - (4.4) dnrsriiwmesilunsivaAife
= = ci > a « 1 s af at =J al

A visUTnuuansnuduiusse it saaveudygainartagiuuasivnandaly, 0

WIRANAULUTUTINTOIEYYINTUNIU w, UaE R #38ANuLUTUTIuwedyanmsunIu v,

U 4 = L7 1 ot -7 [ 1 7] 1}
Tovar ¢ luaunish (4.4) wSesnsrdruaudunussenInesnIIN1snNUaedulLasAINIg
ANNBUAININUAYYINITANINIINTNTIEIUTBIBNTINITANVBIULALNITAANDUGIEAUDA

1 a - da = ] = ] s « -
LmazLmnwsniwl,ﬂmﬂuwwaﬁw FaflAnaduwindu 5.4147 aanwmanasainisiiadu 90
¢ala =l ] . . . .
wmsaififasanlul wa. 2554 Tagayld Expectation - Maximization (EM) algorithm Tu

mMIUszanamnnsinefilivsiuen 6={4,0,R} MNAN

4.2 AFMIANNUY - ﬂ'l'iwwhgﬂ?jﬂ (Expectation - Maximization %38 EM

algorithm)

EM Algorithm [32] unsyuruntsauen (terative method) dmsunisdiuin
AssInnAInIsasLugean (Maximum Likelihood Estimation) voemnsime Il UA
0 dlensrudoyaifivsundiuvosyndoyaauysal lnsguuuuialunes EM algorithm 18
Uszneudedeyafildainnisdunn 1 uasdeyateu X TnsdeyarianszsuFenitfoya

v ) <
duyIad Z maguv 4.1
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v g v [
dayailianmsdane v

Tayagau X

Joyaauysal Z = (x,Y

o o L .
JUN 4.1 Luudnaesveyares EM-algorithm

Fsilaiunismeviuiariesldiuerunivans Tnowmnynislduludeada Wy nns
Ussnaureyaiigyme (33) wiensmdlssnasnsiduilinsudluyndeyanay [34)
‘Iumiazsawaqmsm%ﬂqﬁ‘ﬁ'umﬂwﬁwsLﬁuwﬁﬁ%ﬁuﬁuuasﬁﬁﬁgﬁ Local maximum
SaneTuiiuszneudie 2 Fumou Ae tunsunisAAINENTE E-Step (Expectation step)

wasdunaumMImIAGIgAnIe M-Step (Maximization step)

4.2.1 YUABUNITANANLNY (E-Step)

A o EJ o o

NIBUNITVINUN (k+1)  ENINITAIUIUNY  Expected complete data log-
% n a4 & I A - o ' P o <
likelihood #3M58NI1 Q-function VaINISITMDSALUNTIVAT § NTEUNITVNIUT £ Lay

‘ﬁ’a:&aﬁiﬁmnﬂﬁé’amm ¥ faaunisi (4.5)
0(016%)=E,,, 4 [logP(X.Y)] (4.5)

=J =l ¢ o I ﬂl Ty .
NAUNTTN (4.3) - (4.4) arwsalpuienduarunuiuduReule (Conditional density

function) ¥83 x, Uay y, lanail
1

Py |x)= exp{——i[y, -Cx, |’ R"‘}(Zﬂ')mp” | R[™® (4.6)

P(x, %)= exp{—%[x, - 4x T Q-‘}(zn)"‘“ ot @.7)

w & B al Vo <
sty Q-function @ usadeulafsannisi (4.8)
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n

1 -
Exw,a“’l [IOgP(X,Y)] :_Z(“Z‘[J’: "sz]z R )_EIOQUH

=1

n

1 2 n—1
- > | =|x - A4x,_ Q'IJ———log|Qf
) CIEE Foa) B
MnANENTRNSNTEfLUUINddyu (Gaussian distribution) YeduWuUT a8 LDSR 1519¢
P i g :
gwnsnlgunisuanuasuuuiiieuly (Conditional  distribution) 9 nvguives Gauss-

Markov [35] lansil

p(*, 17,69)=N(x,B") (4.9)

!

1 < o v & ' i
Iﬂﬂﬁ’]LﬁaU 5 wazAuwUsUsiu B mmmmmmimmnmumauwm Fixed-interval

smoother [36] maumiw (4.10) - (4.17)

X = A (4.10)

B = 4B +0 el
K, = PHC(C* R + R 4.12)
X =37+ K, (5, = Cx™) (4.13)
B (4.19)

A o v o 5 i
Wodmuald x =4 uar 2 =3 lumsiuin » uae 2* lnedunounisAulniuy

2/ s % o al
gouUNau (Backward recursion) 0S¥V r=nn—1,...1

r_ Rr—llA( P~ l) (415)
£y =t T (oo~ ) (4.16)
B =B+ (BB, (4.17)

ANPMUUUTUTIU P a@ansamunadldannnssulIunIs ALl aLuU o un gy

1=

Bl =BS +d, (B -B7) T, (4.18)
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° L A
AWMU f=nn-1,...,2 B
By =(-K,C) AR .19

4.2.2 5umaumsmfi'1§qqﬂ (M-Step)

Tutunouiifuduneulunisusudmninesilinsud 6 Tnenisvheyiusues Q-
function Tuauns (4.8) Wsufumisdwesidesnismuan wavifisulfaunissanannien
Wiy 0 aunisufuen 4, R uar o Fudunisimesfilisiudainuuusiass LDSR fiseu
MU (k+1) Analdfaunisi (6.20) - (@.22) FauanatuneunsinalagasiBon

[V ° v <
Tunianuan 0. wavaunsusua powar T annlaeinaunisi (4.23) - (4.29)

sor o 1
R*=[R,-2CR, +CR,, ] (4.20)
" R
U (4.21)
g o L [R ~24%OR (4% )2 R } (4.22)
T'~] X% %1% X1 Xi-1
fu(k+l) =xé| (4.23)
Tk - pr (4.24)
Toedi
B,=> (4.25)
R, =Y (xy,) (4.26)
R, =20 +E") @.27)
Ry = Y 0lal, w0 ) (4.28)

v = o . Y a w
VINTUABUNITIANNYUIY YINTTNNIUVBY EM algorithm  azdugaile Original data log

likelihood (I(Y))'Iuﬂum'iﬁ (4.29) gutng local maximum



a2

I 1 e’
Y)= —Eng(R% ) ~§Z[R ) (4.29)

! EI ei'

87 ¢, =y, —Cx™ uaz R

e

=C°P"'+R
o v a a ¢ w o < 1 a ¢l
dwiuinerfinudaduid evendy EM algorithm Tunisussuruainisiiiimesalal
NITUAIIINUUUTIA09 LDSR Aie 6={4,0,R} 5uvslddmiunisusruiniAinisanvou

ar A =i L% o/ 1 5
ﬁﬁnyﬂilJ@’]"JLﬁElM LM@V]T}ULWEN‘USJ‘J@E]F]T]ﬂ']‘imﬂ’UENEJULVHUU

4.2.3 NANITVIADINITNINUVDS EM-algorithm
Amunlinnug1nvesteyadiegawuuguilvuin n=200, fuus x unudeyanis
ot v a Ah 1 al 2 :Jv =3 7 dJ s 1
AAVDUVDIFYYIULNITINABINITNITIUA, Fauds y, Lmummﬂawuuwﬁlmmmmamm, A1
AULUTUTIUW (Q) vesdsyiisuniu w, A1 0.001, AMAINNLUSUSI (R) vasdtyayno
al | =Y 4:1 L) (¥ L3 1 e a1 1 L=
JUMU v, 4A1 0.1, YSUIUNUERIANANNUSTEWIN 1, Wag x,, Y30 4 JAun1nu 0.8 way
gnsduAuduNuSIEnINg & war y, 39 C fawviadu 3 Medmanisviuigsesiu
s i o = | i s . [V =
LAz AT EWe SR INIIUAINILMENN15UDY EM-algorithm Ll.ﬁmléfmgmn 4.2 970
U EM-algorithm Tinantsvitunevestoyadedlalndifisaiudeyasse Inadufivaindu
%) a [V S %) Py o . .
WARITDY A, LauwuaLmuamwai‘;aﬂmmnm‘smuwima EM-algorithm 910 Fixed-
. l‘j v =l o 173 A v A‘ s qu
interval smoother Tudunaun1sAIMMLIY LLaxLfd‘uﬂ'SzﬁmﬂLLﬂU‘U@l‘.anWIﬂﬂ'lﬂLﬂ‘S'D\i'JG\ FAUNY
gelinan 1syiue A AW nden1sIalndiAeaiuAIIS LaY¥IINNISNAFBUNISYNIIUTBY
- o R‘:: v 4 - o a
EM-algorithm 97171 100 a3 anadsuarauilsusinueennuilnnainuean1svinulusa
< o }Y s I o o :’i' v o 1 1Y 5 = vV o
MTNN 4.1 HANITNNUTBITRNAMBEWNNATMUATUAIINa LAY Falunisuanslviiy

I . [] = L o v i =l ot
11 EM-algorithm @ansnviuneseaudyginiasAImIsinesAe Adeansiatndldssiy

i [ -
AANULUUTS

d 1 4‘ - o 1 - C‘A:LUL 1
A9 4.1 ARAYLAEAMNLUTUTIUTDIANURANAINIINNITHIUIBATNISITLAD ST LUNSIU

A9 EM-algorithm

= MSE
WIUNDS e
ALRAY AULYTUTIU
7.8606e-003 1.5782e-004
1.5912e-006 3.4867e-011
R 1.0245e-005 2.3120e-010
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[ True Estimated ----- Measured
-1 d 4 r
0 50 100 150 200
Samples

i a 1 o 1 = A’A 1 1 [ 4
E‘Uﬁ 4.2 G]’]E]EJ'NNaﬂ’]‘SVI'lU’lEJﬂ’lW'ﬁWiJLfﬂ'r]iﬂlﬂﬂi’]Uﬂ?@’]ﬁJMﬁﬂﬂTﬁ‘U@ﬁ EM-algorithm

4.2.4 MIYMUBAITZAUNNTAANBUEYYIMAIN EM-algorithm

dwsunisld EM-aleorithm Tunisvhunemsefuntsanmauaseiy axlddranariin
msaaveudaatmsasnIsanvealuil 60 ﬁaﬁmmm’a‘é“him%uhﬂumﬂmmiﬁguq Tuiid
3 uaumanisaiiedu 90 gadmunisvuieasefunsaaney wavdayaurazynil
J¥HEIA1 60 U

mm%!:umauﬂﬁmﬁ”@qa;mluaumﬁf’i (4.20) - (4.29) T2aN1TUsELIUAINITAANDY
Fyguandley ' wuiinisussanaAinsanneudyiaaniinsiidiaue Tans
Ussanauanilndidsatuainisaaneuiiinldass ﬁaﬁaadw’lugﬂﬁ 4.3 FaduniswSouiiou

N13aANBUNIALAIINUAITUTENIUAIIN EM algorithm udpealsAniunisusediaminig

s o =i - s ﬂl 1 1 ﬂ‘ o o
amwauang'1m&;dmm1mmmwmmaul,ummmﬂmwuwna'mmwuﬂlﬂuuwmaaa b =

L]

14 ur#) AuAmdsaniinduaieluviswgnisalduiiatbivindunieldlndiAgatuaid
Avuals

EM algorithm nANIEUIUMTILELTD Original data log likelihood (/(¥)) Tu

1

E2

aunns (4.29) giig local maximum AeguUR 4.4 (n) wagvilianusauszanuAInITRines
Mlinsue 6 lannAndigidn dediegnslugui 4.4 () - (A) dmsumegndnsnsanveiy

waynisaaveufyyIniuandugun 3.12
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30 T ",l T 9 T T
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S ¥
5
5 10} 1
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P o N o = )
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515 | '
3 10} ;
K
E 5k !_M 7
% 10 20 30 40 B0 60 70
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20 T T L T T T
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% 151 — Estimated |
&
£ 10 .
3
c
L 50 1
<
0 e L r PR 3 Leis, L =rul,
0 10 20 30 40 50 60 70
Time samples (minute)
()

Y

i=' =l o 1 o aal A o s
JUN 4.3 Wisufisunanisyvuie A saaveudunyiaanisnisivaueiu

i a ¢ ¢l
AINITAANBUIT (N) IMANITOILIN (29 WwIau w.A. 2554) (1) AN1SNE (11 Wa¥AAN

W 2554) (R) (MANTOITENM (5 Wwien w.e. 2554)
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0.9
— 15 event
0.8} - 2" event ]
070400 200 300 400
Iteration
()
20 :
— 15 event
1 5 [ nd T
""" 2" event
o | 3 event ||
!
O r r L
0 100 200 300 400
lteration
(1)

= [y v o | ) (AL ] 1
UM 4.4 an¥LNITAUIINNITNIRIEAMNNT RN D INLLNIIUAN

Y

u

(n) Ain Log-likelihood (W) A1 4 (A) A R uae (1) A1 Q 9InNTEUIUMTILTIUeY EM

msvhueAmsdineslivsiua 0 nmmnseinsAnduia 90 sl dasnsaudns

- 1 :J ] v | 1 EJ L] 1 A L7
galnunsuvesriviungladigun 4.5 lnefidnadsuavAmmiuuususinvosdiussinalan

P ! =l | da l a v ! i
MTNN 4.2 WU 4 wag R UNan1suseanadmNiautdsusiuineaanial LaNA14INAN

Q‘ 5 1 1 : 5 5 % k2 - A
0 wﬁmmuﬂsﬂmuﬁlmmﬂmiﬂszmmmﬂaquq natdlunslrauasanenIsanAz LY

o/ =l =l d’i’ = ! = < 1 ! o ol {
msaduandanifisumaiuiu Awnsidnesilinava ¢ AI3QNVIINITUTUAT (Update)

agavaiipbiiinnuwiug1vesnsUsEauAINIsaanaudy gy ioy

o 4 o ] 1 - ¢ ol I I
A19199 4.2 F]’WLQaEJLLﬁSﬂ?’]lJLLUTU'S'JU“UENﬂ']’iVl’Tu']EJﬂ']‘WTi’mLWESmNWTWUﬂ"I

W1 fines Aaae ANLUTUTIU
) 0.9642 6.1397x10"
R 0.0129 0.0017
2.4568 7.4746
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5 : ‘ \ . : .
(2]
8 '
o
g2~ i
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y |1 J L [l
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c
2 10} 1
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b=

0 H] Fﬂ'l [0 ; : . il
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Estimated R value
()
8 T T T 5 T T

(2]
T
1

]
1

Number of events
o

L Lim . 10,1
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Estimated Q value

(@)
=] = ! Y o ! = ¢ =t 1 1]
5U 4.5 Falvunsuvesafilaannnisyinutgammnsifiwesnlinsua

v

OO
AV ]

NnimnnsainsAaduiaula (90 manasad) () 4 () R (@) O

4.3 MIviuEAMN WA INAITIEN

U o s L A } 4 . .
HaN1TUTEUINAINITAANB UG IUFY I (X7} Ale91n Fixed  interval

1

smoother aggniunltlunisvineamunmvesdymiunniiiey lnvenfoguaudilunis

syyAnAMvBsdyInnANsaanauidsnudyyi lunealjifvesaardanaiivdlne

AN nANMsaanauias Uiy Iuiagendn 6 ndiua awgnsvyindyyiuiauninaiiu

1

s

1 s Y a - 1 d: 1 Ve
nnazyauiulalunislvusnisuseiinanulieiileswesnisdedyin wazarlasunisunle
v a a ' o v a - [ w
nnnsdumaiianisudlutyminisiianisaaveauniie Agliusnisidentd wu nisadu

aonilnaiiudu (Site diversity), nisdedeyadn (Time diversity) #3e n1saIuguiideds

(Adaptive power control) 1usu
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Import data
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Advance prediction Update unknown parameters Yes
Attenuation at mainsite (f) >= 6 dB Attenuation at mainsite (t: t+f-1) 4 (A, C,Q,R)
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MATLAB source code g1usutnaila

N15ANAZIUNITEaUEa I LNIANUAY

R S Import data (rain and attenuation) ------—----------

% attenuation main site

atten main = importdata('attenuation kaerai.mat');

% attenuation diverse site

atten diver = importdata('attenuation ladlumkaew.mat');
% rainfall main site

rain diver = importdata('rainfall_kaerai.mat');

% choose a number of month
start = 172801;
stop = 217440;

rain_interval = rain diver(start:stop);
atten_interval main = atten_main(start:stop);
atten_interval diver = atten_diver(start:stop);

$F me——mmmmost s oo Define fix values —=—rm===mmmmm e
w = 30; % window size

rain_criterior = w/2; % compute the EM algorithm if in event has
rain over this wvalue

holding = 2 % holding time at diversite

4;
time adv = 5;

] % advance prediction time
delay = w; % delay time to estimate parameters again
t in = 1;
A= 0.8;
C =5.4;
found = 1;
tt = 1;
§% mommmememe e — Select data interval -=-=——————mmmmmmm o

while found ==

rain window = rain_interval (tt:tt+w-1);

if (length(find(rain_window)>0)>rain_criterior)

[A Q R xT Vtl] =

EM(atten_interval_diver(tt:tt+w-l),rain_interval(tt:tt+w-
1),A,C);

C = max(rain_interval (tt:tt+w-1))/

max (atten_interval diver(tt:tt+w-1));

found = 0;
else tt = tt+w;

found = 1;
end

end
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%% ====ss=sssssssssss===== Predicltion process s==sssss=ssss=ssssss==s==
T = tt+w;

L = length(rain interval);

rain predict_interval = rain interval(T:L);

atten predict interval = atten_interval diver(T:L);
atten_predict_interval main = atten_interval main(T:L);

if k < w
FH —mmmmem e ———— Kalman filter BEGIN —m e o e o oo oo i s o e o o e
if € == 1
®EL () = .XT: % initial value
vVtl(t) = Vvtl; % initial wvalue
else
xtl(t) = A*xt(t-1);
Vtl(t) = A*Vt (t-1) *A+Q;
end
Ke(t) = Vtl(t)*C/(C*Vtl(t)*C+R);
Xt (t) = xtl(t)+(Kt(t)*(rain_predict_interval (t)-C*xtl(t)));
VE(t) = V1 (t)-(Kt(t)*C*Vtl(t));
k = k+1;

else % if Kalman window over the define value

initx_rees = mean(rain_predict_interval (t-delay+l:t));
initp_rees = var(rain_predict_interval (t-delay+1l:t));
rain_rees = rain predict_interval (t-delay+l:t);
atten_rees = atten_predict_interval (t-delay+l:t);

if (length(find(rain_rees)>0)>rain_criterior)

BE SEESRRE LR S S M EIGOELILHM mormmmm i smeisb i o s e it
[A Q R XT Vtl] = EM(atten_rees,rain rees,A,C);
C = max(rain_rees)/max(atten_rees);

buffer C(t) = C;
buffer A(t) = A;
buffer Q(t) = Q;
buffer R(t) = R;
end
G mmmmm e Kalman filter BEGIN ——-mremmem e e e e
if £ == 1
xtl{t) = xT;
VEl{t) = Vtl;
else
Xtl(t) = A*xt(t-1);
VEl(t) = A*Vt (t-1)*A+Q;
end
Kt(t) = Vtl(t)*C/(C*Vtl(t)*C+R);

Xt (t) xtl(t)+(Kt(t)*(rain_predict_interval (t)-C*xtl(t)));
Ve{t) = Vel ()~ (Kt (t)*C*VEl(t));

k = 1;
end
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B e e Advance time prediction --—--=-------c—se—o
x_adv(l) = xt(t);
w_adv = sqrt(Q)*randn(l,time_adv):
for t_adv = 2:time_adv

X_adv (t_adv) = A*x _adv(t_adv-1l)+w_adv(t_adv);
end
x_adv_buffer(t) = x_adv(end);
(\;,li R ST e s e e e e e e ».‘)Witchj.l’lg };}I,‘OCQSS e e T T T T,

if t >= t_in;
if (x_adv(end)>=6) || (xt(t)>6)
if t_in+holding > length(rain_predict_interval)
atten_occur (t_in:length(rain predict interval)) =
atten _predict_interval maln(t in:length(rain_predict_interwval));
else
for ii = 1l:holding
% Switch to diversite
atten_occur(t_in) =
atten predict_interval main(t_in);
t in = t_in+l;

end
end
else
% stay at current site (main site)
atten_occur(t_in) = atten_predict interval(t in);
t_in = £ _in+l;
end
end
end
%% s==s=sssss=========== Plot figure ===========s=sssmsssssssoss=====

figure(l);

subplot (311) ;plot (atten_predict_interval);
title('Attenution level KR site');

subplot (312);plot (atten_predict interval main, 'z');
title('Attenuation level LLK site');

subplot (313);plot (atten occur, 'k');
title('Attenuation using switching algorithm');

=== Error calulate == s
atten_true sum(atten_predict_interval(atten predict interval > 6))
atten_switched = sum(atten_occur(atten_occur > 6));

atten_improve = ((atten_true-atten_ switched)/atten_true)*100;
fprintf ('Atten weight improve = %,2£%%\n',aw_improve);
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function [A Q R xT Vtl] = EM(x,vy,A,C)

N = length(y);

initx = mean/(y); % Initial value

initp = var(y);: % Initial value

Q = (1/(N-1))*sum((x-mean(x))* (x-mean(x))'); % Driving noise cov

R = (1/(N—1))*sum((y—mean(y))*(y—mean(y))‘); % Measurement noise cov

LL complete BE

Pt = zeros(1l,N);

j = 13

converge = 0;

LL_y = [1:

LL_previous = =-inf;

threshold = 10e-5;

while (~converge)
[xt xtl vVt Vtl Kt] =

kalman“filter(N,initx,initp,y,A(j),C,Q(j),R(j));
[xT VI' Pt Pttl Vietl] = kalman_smoother (N,Vt,Vvtl, xt,Kt,A(j),C);

e = yl2aN) = C*xtl (2:N):
Ree = C*C*Vtl(2:N) + R(]);

ly = -((1/2) *sum(log(Ree)) )~ ((1/2)*sum((e'*e) /Ree)); LL_y = [LL_y
lyl:

[C,R(j+1),A(j+l),Q(j+1),initx,initp] = regs (N, v, 2T, VL, Vttl,; Pt, €);

=g 43k

if ly - LL_previous < threshold
converge = 1;

else
converge = 0;
LL_previous = ly;

end
end
A = A(end);
Q = Q(end);
R = R(end);

XT = xT(end);
Vtl = Vtl(end);

end
function [xt xtl Vt Vtl Kt] = kalman_ filter (N, initx,initp,y,A,C,Q,R)
Xt = zeros(l,N);

for t = 1:N

Tf £ ==

Xtl(t) = initx;

Vtl(t) = initp;

else

Xtl(t) = A*xt(t-1);

VEl(t) = A*Vt (t-1)*A+Q;

end

Kt (t) = Vtl(t)*C/(C*Vtl(t)*C+R);

xt(t) = xt1(E)+ (Kt (t)*(y(t)-C*xtl(t)));

vt (t) = VEL(t) = (Kt (t)*C*Vtl(t));

end
end



function [xT VT Pt Pttl Vttl] = kalman_smoother (N,Vt,Vtl, xt,Kt,A,C)

XT(N) = xk(N);
VT (N) = Vt(N);
KT = Kt (N);
for t = N:-1:2
J(t-1) = (Vt(t-1)*a)/Vtl(t);
XT(t-=1) = =%t (t=-1)+(J(t-1)*(XT(t)-(A*xt(t-1))));
VT (t-1) = VE(t=-1)+(T(t=-1)* (VT (t)-VEl(t))*T(t-1));
end
I =1;
Vttl(N) = (I-KT*C)*A*Vt (N-1);

for t = N;-1:3
VEt1l(t-1) = Vt(t=1)*JT(t-2)+J(t-1)*(Vttl (t)-A*VE (t=-1))*T(t=-2);
end

Pttl = [NaN Vttl (2:N)+xT(2:N).*xT(1: (N-1))];

Pt = VT(2:N)+(xT(2:N).*xT(2:N));
end

function ly = LL y(N,y,R,C,Vtl)

e = y(2:N) - C*xtl(2:N);
Ree = C*C*Vtl (2:N) + R;

ly = -((1/2)*sum(log (Ree))) - ((1/2)*sum((e'*e) /Ree));

end

function [C,R,A,Q,initx,initp] = rees(N,y,xT,VT,Vttl, Pt,C)
Ryy = sum(y(2:N).*y(2:N));

Rxy sum(xXT (2:N) ,*y (2:N));

Rxx = sum( (xT(2:N) . *xT(2:N))+VT(2:N));
Rx1xl = sum((xT(1:N-1).,”2)+VT(1:N-1));

Rxxl = sum((xT(2:N).*xT(1:N-1))+Vttl (2:N));

= C;

(Rxx1) / (Rx1xl);

(Ryy- (2*C*Rxy) + (C*C*Rxx) ) /N;

= (Rxx- (2*A*Rxx1l)+ (A*A*Rxlx1l))/ (N-1);
initx = xT(1);

initp BPE(1);

03O
|

end
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A Short-term Rain-induced Attenuation Model
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Abxiraci=This paper proposes 4 novel but simple satellite link
quality prediction based on the relationship between eainfall
rate and satellite signal attenuation. Alter quantifving their
relutionship statistically, we deseribe their contemporancous
varialions using a linear dynamical system response model,
‘The expectation-maximization (EM) algorithm is used to obtain
the maximum likelihood estimates of the model parameters.
Subsequently, the communication link quality is predicted by
thresholding the estimated short-lerm signal attenuation level
obtained from the Expectation step of the EM algorithm, The
prediction performance of (he proposed method is compared
against the measured beacon sipnals from Thaicom=d (IPSTAR)
sutellite during rainfalls. Using solely the observed raintall rates
from a tipping bucket rain gauge, the algorithm is able to
deeently predict the satellite link quality, We believe the proposed
maodel can be modified as a predictive tool for reaktime link
unavailability monitoring of satellite communication system.

I INTRODUCTION

Satellite communication hos gain populiarily in recent years
because ol its large coverage, reliability, and compatibility
many types of application, Ground o space data transmission
using microwave signals is the busic concepl of saellite
communications, Signal degradation may oceur as noresull
ol some atmospherie disturbances along the propagation path,
The theoretical and experimental swdies in [1] show that the
main [actor of signal altenuation in the high lreguency bands
used lor satellite communications, e.g., C-bund (3.7-4.2 GHz),
Ku-band (10,95-12,75 GHz) or Ka-band (18.3-22,2 GHz) is
rain, Furthermare, other factors such as wind, cloud, mist and
humidity also affect the signal quality,

In practice, service providers use the percentages ol link
availability predicted from rain-induced altenuation madlels
such as [2], [3] to guarantee their quality of satellite communi-
cation services. The predictions are calenlated with the annual
cumulative rainfall data. For example, [4] and |5] predict the
satellite attenuation for Malnysin and Thailand. respeetively,
Nevertheless, there sre some limitations o the accuracy of
these prediction models. Rainfall datg has o be colleced
sufficiently long (on the order of years). The precision of the
rain gauge, as well as the assumption of the climate region,
also influence the resull. The biggest deawback that motivates
the work in our paper is the faet that these are long-lerm
predictions, usually given in he form of percent of year ai-
tenuation value is exceeded, and hence are not appropriate for
renl-time link quality monitaring. [n [6], & real4ime prediction
muodel for anenuation due to rain fade and scintillation using
linear regression has been intwoduced, However, the actunl

978=1=4T799=2993=1/14/$31.00 €2014 [EEE

relationship between rainfall rate and signal attenuation has
not heen investigated, and the prediction contains large crror
particularly doring rainfalls. Another method proposed in 7]
uses synthetic storm technigue for converting measured rain
rate data to rain attenuation.

This paper presents a simple rain-induced attenuation model
based on the statistcal relationship between rainfall data and
bescon sigual attenuation data, The model is subsequently used
for satellite link quality prediction. In section 11, the statistical
relationship between rainfall data and attenuation data and the
proposed model are presented. Section 111 illustrates the results
of this model. Finally the conclusion of this paper is drawn in
section IV,

I, METHODS

Ao Sigtistical relasionship between rainfall rate and signal
attenuarion

We seleet data from 90 rainfall events with ot least 60
mm/e rainfall mate in 2011 o analyze. Figure 1 illustrates
the exemplary signal attenvations from Thaicom-4 (IPSTAR)
sutellite beacon in Ka-band (20,1998 Gllz) and rainfall rae
data from o tipping bucket rain gauge (Cuasella ColAd.) wilth
(0.5 mtn. per tipping for three different rmintull events on April
29, 2011 between 3.07pm-5.07pm., May 11, 2011 between
342pm-5.42pm, and April 5, 2011 (12.29pm-2.29pm), The
sntellite signal suength datn are eonverted to atlenualions by
subtracting off the average signal level, The rain gauge is in-
stalled at Thaicom PLC. Koerai satellite station in Nonthaburi,
Thailaod, Data are normulized using the highest magnitudes
of rainfull rute e attenuation level in 2001, It is evident that
there is @ close resemblance between the time series pauems
ol the rainfall rates and the attenuations with approsimately
constant lag. To quantify this observation stistically, we
caleulate e cross-correlation between the rainfall rate and
attenuation level at different lags.

Figures 2 and 3 depict the histogram of highest cross-
correlation from each of the 90 rainfall events and the
histogranm of the comesponding lag times, respectively, The
highest erass—correlation values in all events are positive and
60%: of the values sre greater than 0.8, This result confirms
the stirong relationship between attenuation value and raindall
rate [B]. I means thal, i€ the min fall rate increases the signal
attenvation also inereases and vice versa, Note that the average
time that gives the highest cross~correlation value is with the
rainfall tate at 7 = 14 minutes behind the atenwation, We
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believe his time lag = depends on the location of the rain
gauge with respeet to the receiving antenna, as rains and clouds
may affect the signal farther along the propagation path. The
actual cause of the observed time lag has not been thoroughly
investignted in this study, so the averaged time lag is applied
for the proposed maodel,

8. Dara mode!

From the statistical relationship in Section 11-A and the
fact that the rainfall rate and satellite aftenvation data are
both varying slowly with time, we choose to describe their
variations using the linear dynamical system response (LDSR)
model,

Ay uy (1
Clag 4w (2)

L1
Yty =

The process madel (Fa, (13) describes the signal atenuation
variation, The measurement model in Eg, (2) is a linear
model relating ranfall rate and attenuation variution. The
Process noise wy and measieement noise g are assumed 10 be
normally distributed, zero-mean noise with variance () and R,
respeetively. In this model, the abserved dat g, is the rainlall
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ate from the tipping bucket rain gauge and 2y is the underlying

signal attenuation at time £ The raintull time series 4 is shifted
by the expected lag of v = L4 minnes so tiat it s aligned
with the auenaation time series, The unknown parameters from
Fep. (1)-(2) gre the relutionship between present and future
atlenuations at successive times A, and the noise varisnces @Q
and K. In Bq. (21, € is approximately the ratio berween rainfall
rate and attenuation, which is caleulated from the ratios of
highest rainfall re and signal atenvation during 90 rainfall
events, The expected value of this ratio, ¢ == 5,4147, is used
in our model,

C. Expectation-Maximizatfon Algorithm

We obtain the maximum Jikelihood cstimates of the un-
known purameter 8 = {A, €, R} using the expeclation-
maximization (EM) algorithim [9], We only observe the rainfull
rate y = {jp.t = 1,2,...,7} but not the attenuation level
x = {r,t = L2...,7} the EM algorithm forms the so-
called complete data {y,x} and proceeds ns follows. Each
iteration of the EM algorithm consists of two mnjor steps.
First is an expectation step (E-Step) and the other one is o
maximization step (M-Step).

1) E-step: in the (& + 1) ileration, we compute the Q-
function, which is the expected complete duta log-likelihood
conditioned on the estimated value of # at (k)" iteration and
the observed data y, e,

QO™ = By g [log(x, ¥)]- (3)

W also estimate the signal atienoation using the conditional
mean, From the property of the LDSR model, the conditional
distribution is also Gaussion and is given by
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Plaily, 8%) = N, Pyr). (4}
The meun @y and vardance Fype can be obtained from the
fixed-interval smoother [10],

2) M-step: We then update the unknown parameters 0 by
selling the derivative of the Q-function with respect 10 8 to
zero, The update equations for A, & and Q ur (h+ )™
iteration are given hy

Rty — ;}lnw « 00 Ry b O By ] (%)
A e
+ (A1 V Reie] )
In Eq. (3)-(7),

Ty, = E.’J’f (8}

4
Iy, = Z-i'rli'"*‘ bt )

{
Rew, = 3 (@ + Pyr) (o

i
Py = (L

3 ldgpdtperyy -+ Proyr)
1

Now that we soppress the dependence of @y and By
on k for notational case. The lag-one covarianee smoother
Pygeape in By (11) can also be oblained rom the fixed-
fnterval smoother in [10], The EM iteration is terminated when
the original data log-likelihood converges,

Subsequently, the estimated signal atenuations &} from
the EM algorithm after convergence are used for link quality
prediction. In practice, the attenuation cwlolT is set at 6 dB. As
seen in Fig, 4, 6 the attenualion level is lower than 6 B, the
communications link is dedmed nonmal or reliable, Attenuation
level larger than 6 dB s considered unaceeptalile and some
diversity (echuiques, e.g. site switching or time diversity,
should be employed (o prevent communication impairnient,
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I, ResuLrs

Wo investigate the cupability ol our proposed model in
estimating the satellite attenuation and predicting link quality
using the sume 90 events of Ka-band satellite communications
during rainfalls in 2011 as in Section -A. The rainfall rate
data ure used to prediet the quality ol the Thaicom-4 (IPSTAR)
sutellite beacon signals,

The estimated anenuations from the EM algorithm for the
rin events in Fig. | glong with the actwal measurements are
depicted in Fig, 5. 10 is observed that the algorithm is able
(o estimate the attenuation quite nicely. However, there could
be some cases with a discrepancy between the estimaled and
actual attenuvation time series, This error oceurs when the
time lag between the rinfall data and the beacon signal is
mismidched to the model, that is, the lag is not equal or close
to 14 minutes,

Figure 6 illustrules the convergences of the log-likelihond
and the parameter estimates {4, Q. &) 038 a function of the
EM iterations. Tt can be seen that the parameters converge
within a small nomber of iterations, The log-likelihood value
also monetonically inereased until it renches convergence, The
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TAWLE [
MEANS AND VARIANCES OF ESTIMATED FARAMETERS,
Purgerer | Mean Variunee
A 05600 | 6, 1397004
Q 24568 7.4746
R (L0119 00017

hislograms of the parameter estimaies for all 90 evenls are
depicted in Fig. 7, with their means und variances reporied
in Table I, We phserve that the estimaies for A and # are
fairy consistent with small variances, On the other hand, the
€ estimate Tas Turge variance, Large value of € implies more
variations in the rain-induced atienuation Gme series, which is
nol unexpected for country in a tropical region like Thailand,

We compare the model prdictions with the acloal link
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TABLE 1
THE PERCENTAGES OF CORRECT AND INCORRECT LINK QUALITY
PREBICTION USING THE PROPOSED MODEL.

[ Actual Tiok quality |

norinu bud
Predicied | _normal | 9380 | MA3%
tink qualicy [ Tisd GITS | &.355%

quality. The results are shown in Table 11, The percentages of
coreeet prediction for the 2 cases (good signal and bad signal)
mre D3.89% and 64.35%, respectively, Again, the prediction
error in the case ol bad link quality stenis from the wrong lag
lime used 1o align the time series.

IV, CaNcLUSION

This pager proposes a simple method for satellite link qual-
ity predietion using only the observed vainlall mtes. We have
shown swtistically that there is a strong relationship between
rainfull rate and satellite signal attenuation time series, This
relationship can be modeled using a lingar dynmmical sysiem
response model. The EM algorithin estimates the unknown
paramerers of the proposed mocel and the anenuation levels
by wiilizing the Kalman filter and the fixed<interval smuoother.
Using the practical 6 dB cut-all eriterion, our method gives a



decent link quality prediction performance, with smaller error
{or predicting the durations of good link quality. The error in
bad link quality prediction wises from the mismaich between
the expected time lag used within the model and the lags in
the actual rainfall events .

Currently, we need to collect data in the time windows of 7"
minutes for processing. Depending on the sampling rate of the
satellite reeciver and the resolution of the rain gauge, T may be
adjusted 1o operate in a near real-time manner, In addition, the
appropriate geo-location of the rain gsuge installation along
the propagation path should be investigated to decrease the
lag time mismatch and increase the prediction performance.
These are the subjects of our [ure work.
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A study on Ka-band site switching using advanced
prediction for rain-induced attenuation
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