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ABSTRACT

This thesis presents the design and implementation of CubeSat engineering
model to improve capacity-building in space technology. CubeSat is a small size
satellite, which restricts the CubeSat’s solar panel size and limits the available power
budget and stored energy reserves. Typically, the CubeSat maximum power
consumption range from 2 to 3 watts. Moreover, in a communication system, the
receiver side bit error rate may be affected by transmission channel noise. This thesis
also analyzes the factors of channel coding that affect the minimum transmitted
power. In addition, an improvement of power consumption using adjustable code
rate convolution code is proposed for CubeSat image transmission. Use of adjustable
code rate convolution code lowers the required minimum transmitted power as a
result of the coding gain compared to uncoded system. The analysis showed that
the coded system can reduce transmitted power up to 56.16 percent compared to
uncoded system and 24.14 percent compared to the Consultative Committee for
Space Data Systems (CCSDS) recommended standard using a rate 1/2 convolution
code with constraint length 7. The proposed adjustable code rate convolution code
can apply the optimum code rate for different channel environments. The proposed
system will apply optimum code rate to achieve the total bit error rate (BER) less

than 10 and to use the lowest transmitted power.
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1NFUN 2.5 kag 2.6 LUUTIRBINITIAINTIUVIAWALUAIUUINITUTEND UG

S¥UUEREVAN Ao S¥UUdeaNT sruudanisteyaseuusin uaziwuwesindlnan lngssuy

(%
Y

SD8UDILUUINADIMNIAINTTUVDIANLATUAIULN @unsaasulelasadl
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2.2.1 syuvieds

szuvdeansudiulsnounanvesiviminffndedeansseninmiaiieuiu
aninaiudiu lnguuudaewmdimnssuvesaniiigumuenluinednusililugaionns

sv650 lunisdeansuuulfane
2.2.1.1 Tuga SV650
Hulugadoanslimeiifnadnumedel
- greAnuA e 415 MHz - 458 MHz
- UBQLATUNUY GFSK
- UART/TTL Interface
- Data Rate: 1200 - 115200 bps

- ﬁﬂé’qdqqqqm 27 dBm (500 mW)

WhsHegatuLUY GFSK fidnwusimilauiun1suagiatuluy FSK unnsna
e GFSK #n1514 Gaussian Filter Tunisam Spectral Width vasdtugaiieunludeidoves
mMInegLatulkuy FSK filuvasdeyadauain 0 10w 1 w3e 1 10u 0 aziinnsdsua

a0 y ol ATy v ca dda & N o ] Aa o v,
GUE]\TﬂauW']W@EJ'N5'3@Li'ﬂaqmaiclﬂﬂaqu%mﬂ'}qmﬂvmﬂLWEJ‘U"L‘U (QQWi@@nﬂ'?r]ﬂ:]’]uﬂvm’]wu@lq)

sUvaslunadeas SV650 uaninegui 2.7 Uag wansd1esuny PIN vasluga

= 9 a
gad19A9R1T 1NN 2.1

U 2.7 lugadioansi¥ans Sve50
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M13197 2.1 A1a5UE PIN visvunvedluga SV650

PIN AN95UNY

vee Wdes DC 5V

GND 0 V Ground

TXD PIN TX T udsdoyaludhgunsaidu
RXD PIN RX Tédmiusudeyaangunsaidu
SET T msuasnamIssiees

s i nuanisyinauvesiung

2.2.2 53UUTANTTUIYARDUUDIA

szuudnnsteyaseuusin (On-board Data Handling : OBDH) sinutiiily
msUsznanadaya wdidwiunsgemdsdldsumnamnaminefiuiuliiugunsaiuazng
Tnanfhigades udwuiindeyaildsuarnimglnan saamuaunmhiuvesgUnsaiuas
widlnan Inggunsainlilussuudnnistoyaseuvesinveiuydiasmisicmnssuves

A wAsuAIUkenTLInednwusi Town Arduino Pro Mini 328
2.2.2.1 Arduino Pro mini 328

Juvesalulasmeulnsaiaes (MCU) Nl4RUUssanana fis ATmega328 1Ju
wihpUszaianandnd 14 AImaadunn/esing (@unsaléidu PWM wovinn 14 6 pins) 4
YUIALANLTAE 18 x 33 Tadiuns uadn1unuwiniy 0.8 Tadiuns wanfsgui 2.8 uag

AN WAULLAUYDY Arduino Pro Mini 328 WARIRIn15197 2.2

pesececsceey

-..-
.0
N ONS

Uile

>
3
a
£,
-
e
°
3

oY
T ox1 IXd 22
L X X

z
0
>

@
o
Z

sU# 2.8 lalasaoulnsataes Arduino Pro Mini 328
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A15197 2.2 AMENYLLAUYEY Arduino Pro Mini 328

%9 IN8aZDYA
lulasmoulysaians ATmega328
Operating Voltage 5V
Input Voltage 7-12V
ATIMBABUNY/LDIVINY pins 14 (@ansalidu PWM wo1vinm 161 6 pins)
aundenduny pins 6
Flash Memory 32 KB
SRAM 2 KB
E2PROM 1 KB
Clock speed 16 MHz

2.2.2.2 M5AE5UUU 12C

wulgasindlnandiulng ildinisindedeasiagldsuiuy 1°C lny I°C goun
910 Inter Integrate Circuit Bus 1Jun1s@aansoynsunuudslasifa (Synchronous) Litald
a 4 ] ¢ v ¢ DY) o~ D Y
Ansiadeansseninlulasaeulnsaiaasivaunsalnmeuen nslddya ooy 2 iduinlu
Ao Serial Data (SDA) Lag Serial Clock (SCL) @ivanansalveunegunsaidiuiumaiys fad

mufiuld
n135u-dedayawuu I°C Bus

N135U-deteyanuy 1°C Bus JsUuuunmsiliew/enutayasegui 2.9

|-t— Control Byte ——

R4y, ———

start] T [ 1 [ 1 [ 1 [A2[A1[A0 [RAW|ack|a]a|a|alalala]a]ack[stop]
|

I: DEVICE ID + mnﬂess—rl MODE | |~ DATA |

JUN 2.9 sULUUNSWEW e utasaKkuU I°C Bus [18]

Lulasmoulvsalaeiagyinisdaniugisudu (START Conditions) WVauaRINIT
voldUa ausiesiaruau (Control Byte) Fausznausigsia Usediigunsal Device ID,

Device Address uag Mode Tun1siiguvsesiutoya tlegunsaliunsiuin
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a 1 [

lulpspeulnsataasdoinisesfinsenie Afosdsaniugus (Acknowledge) w3 oudaly

% =i

lulaspaulnsataeisuiindeyanladeuiiinliugndes eduannisdedaya

U

e e

' [

lilasmeulnsalaeiagiesdeaniugdugn (STOP Conditions) liveuanfiugunsalin duaanis

4=

sWanIuAuYad 1’C BUS Usenauniusiausedivesgunsal (Device ID)
Usgnaumedn 1-7 FaUsenaumesiausedndiannguan Product ID 4 Oa (T 4-7) 1
WaguuUasuilulale wag Device Address 3 O (Tn 1-3) Begld anunsafimuaiadle sau
waalusia 7 9 Moz udtgunsainsesguula lnefvsiiangduldls wazdn 0 Uuda

AUANNSWBUEIU (Mode) iWalilaspaulnsanainesnisieudeyalidgunsallvinivue

[
a =

<3 A v 1 £ ¢ & o va &
Uy 0 LLazLmammmimmaaﬁamﬂqﬂﬂsm AnvualiOatddy 1

danmua 2 Usen1sdrdgyvesnisiadeuuda I°C A N1satenendeyay
a & v o O & 1 1 v dl' [ i S
Anduladlovainavimy wazlusesrinansaigneateya Welafiniuiials SCL danuy

aodngeanedeya SDA Aeasnwianiuzasdnliiuldsuwdannnuin liguiuazsiila

o A o

doyayrandetulasunisudarmumneidudygiuniunuuny

T o

o 1%
LY v =

d‘ a ‘3 2 IS (%
FNNELNAAVUUUUEA 1“C UNMINUA 5 40178 AU

1% v ' 1
=< A (Y

1) Uaine aniziliinduile aniuzasinuuady SDA way SCL Hapingavien
fuvneaui nsevoadeyaannsnBusutuly

2) 5udunisdevendoya (Start Data Transfer) intutiiodany SDA fin1s
Wasuuasaainangelusi Tuvaefians SCL fanuzasings Senamaziidn anmeSus
(START)

£ o o

3) Yeyasisieguudd (Data Valid) @an1ziliiadudnananiizisunu lag

Y

14
= 3 1 A

a aa & o ' d' =~ a A
ANULADINNAAVUUUAY SDA NADVDUANNINTAIENDA LiBdAY SCL Na@'ﬂﬂ%ﬂ d07UEN

Y

@18 SDA dioansil iialaunsaliudeyaludmziun 1 "0" w3e "1" Jayasiaiinaiy

Y Y

'
a [

WasuuUadldluvaeiians SCLduasind wildlelafnuiisesnisliiAnnisanenendeya
i LS a A v d‘ ! A a a a
9 eaNYIal @nUraaIndIuT SDA desasfinaeniiaiattany SCL anurasings mniia

a a = N a % ¢ sl
nsiagukasanuzasdnluvugiaty SCL Iasdngaegiu gunsalunamesnauaung
dnenendeyavzulannuvuneduaniieign wie annzsusuild vinlideyaivinnis
fheneninauianaAindy

o

4) Su3teya (Acknowledge) inTUnaIIINN1TENENDATDYAIINAIE W8

o

Asuintuegwauysal lnedideazinnisdsdayaun 1 dnsendt Unsus (Acknowledge

bit) finuziluaednas naanisdsdeyaunsudiu drwgunsalinamesasyinnisdsdayayin
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v fuU o

Suiiewgaduiusiudyaaunini gunsal Slave Ngne1sdalunisinde wiedinsong

g

[ o a a o vaa

Tuvauziufezindalnsuinilanuzasinaiflensvauesliniii ldsuteyaiseuiesud

Y

5) ngan13a1enendaya (stop data transfer) Lindulileany SDA fin1s

[ (%
=2 a1

Wasuuasse m‘uaaﬁmmﬂmiﬂaq Tuvnugfiany SCL flanuzraInasenaniied AR
an1zvgn (STOP)

ANNUNISNNNUVBINISEREISUNUE 12C

a1PuNsTIuYeINIsERaNTULTA 1°C LanswisguR 2.10

1) luannigndaldizuineu aunsalniiazilanings
2) Wosuagaslaya SDA azanan1uzandnangdlunn Tuvaed SCL g

anuzandnas lag SCL AgAeiaadnaauiy 0.6 lulasiunil Wienuyisiailly Master ag

a o

LINEINTT
i 1] r— 51
| [ MSB acknowledgement acknowledgement | Sr|
| | signal from slave signal from receiver | |

scL lsorsr| 1 2 ____/;\_/_\f\__/—\/;\fztoa Isrorp |
Ly 5 ACK | .
START or STOP or
repeated START byte complete, clock line heid LOW repeated START

condition interrupt within slave while interrupts are serviced condition

002aac861

gﬂﬁ 2.10 Timing Diagram n135%1971U84 I°C Bus [18]

3) MOUN SCL $TADULADINAT INUU TLNINNTOF UV VUVBS Clock

oo

wsndn 1.3 lulasiua?l SDA aztSuinuaaIUawLsn 1aeg Master agasA1dnwsnlunsauiy

= a

dyauad Clock LLaquﬂmjﬁLﬁu Slave vudaazSusuATuT LT SCL 1aedngs

a) nduftesidusevilludniiiedar Address vasgunsnifidesnisazinse
delusmiiedu 7 dauazmudiedadl 8 Faazseyinnegddli Slave safds (Write szylne
SDA flaainge) v3earsesumiidm191n Slave (Read szyflng SDA flasins)

5) Gaf 9 axLdun1sneusuann Slave 71 Address nsafufl Master dsld il
Slave MoUTU (Acknowledge) Tnan1sasdaanos SDA TWilaednsn wunededl Slave nieuas

Foansae uennlull Ae SDA mwaa'«maq (Not Acknowledge) vanefialidl Slave Ainsauay

AOGRRIRE
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6) n&1anilin1g Acknowledge azidugdiaiaani scL fiasdndndunatduy
uaz SDA 9xgnudening Aeudl Slave fiRnsefeayBudsidoyainusnunil SDA

7) mﬂﬁ?ué’mmwm SCL 910 Master 9vUdogaanuniiesuadaqiniuuans
SDA Tugamed scL fa93ngs LLaz%JUﬁ’lLﬁU'wﬂULéaﬁl‘] Y Data AU 8 UALIN AIUTINIL
dayayad SCL

8) 1o Data ATU 8 UAWSNLAT Master azldeyey1au Acknowledge Tnefg

]

a a 1

fynnanduasind tileuanslst Slave $31 Master ax3e Data 8n 8 Tndiely (lunsdindeya
i Slave fpsnsdaduuuy 16 Tn)

9) axndurinnisviswilude 6) wazerudeyaluaunsulng 9 - 16

10) 91nduLiiefadinizns Acknowledge Tudin@t 9 @1 Slave ladanisas
Joyasiauds ms1zasu 16 Tnuda Slave azlineuauss ae SDA aggnuaesliluasings

11) ntu Master 9§310yau1asuiau 16 Gn Master fazdangalagnis
Wasuaauzanasinandugsluate SDA luvaiil SCL flaniuzasings Gwmuneis Stop
bit

2.2.3 L YULYDsINE Lvian

<

Hugunsal wie ssvuiinseuuniniieniiovhauaaiusisveslasinis
pafeutug FawuudaenaimnsmesnifssAieniiiauegnoonuuuiiionis
naasUNsAshutoyafisyiungs 20 Alawns laswulwosmdlvanUssnause wulyes
BMP180 éusuingnmnaiiuaznnunneine lwugas ADXL345 dmsuinaianuise 3 wnu

\uLas DHT22 dwmsuinmnuiu luga GPS dmsussysmunis wag ndesananin

2.2.3.1 WuLas BMP180

wuwas BMP180 lddmiuingumgilalugig -40 s 85 ssmiwaidua uay

AnunneInAlugas 300 fa 1100 hPa (13efisefuAImgs -500 Lms A 9000 LATAN

£
[ o

sEAUUINELa) Fegneeniuularunsadeuseiuuesalulasraulnsaaesinensadiu 17C

Bus waneieguN 2.11 uaziguiwes BMP180 Usznauluaie 4 pins kansfian1sen 2.3
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U 2.1 wulwes BMP180

AM519% 2.3 A1eSUNY PIN vaswuwes BMP180

PIN 318890
VIN IWidee 3.3V
GND Ground

SCL Serial Clock
SDA Serial Data

BMP180 Uszneulumsiguigasvila Piezo-Resistive, fllasdyausuiasn

Juadnea (ADC), E2PROM wag 12C Bus

AAnuneeIMeanglilavasenerdussdns (UP) uasmaamgiingalyla

v I a £ N v ° i vy \
YoLgememaiUTEans (UT) Nalaainwuwes BMP180 azAasiunulauielvlitoyadn

gneies Inedeyaiiianldlunsiuiugninueglu E2PROM veswuieasdsiivianun 176 On

Y Y

aunsauandlnaIvinnslacigui 2.12

dmsunisuUasargangiiiegluniheesnigalea (°0) uazAiAung

& 1
a

a1melieglunisgienlaniania (hPa) a1ursavinlalagnisiiaduyssansngninulily

Y

E2PROM wldlunsiuna Tnaniseuaduussandaneg Tu E2PROM fiA address &

AN59N 2.4



¥

Start temperature
measurement

Start pressure
measurement

Calculate pressure and
temperature in physical
units

sUT 2.12 Tlanwnsanisetuaues BMP180 [19]

A151991 2.4 Address ¥a933ammasAAUAIANUTEANS

K72 Address va433aLM03

WILADS

MSB LSB
AC1 (16 bits) OxAA OxAB
AC2 (16 bits) OxAC OxAD
AC3 (16 bits) OxAE OxAF
AC4 (16 bits) 0xBO 0xB1
AC5 (16 bits) OxB2 OxB3
AC6 (16 bits) OxB4 0xB5
B1 (16 bits) 0xB6 OxB7
B2 (16 bits) 0xB8 OxB9
MB (16 bits) OxBA 0xBB




A15199 2.4 (%) Address Vo35S ANUANALUTEANS

22

Address ¥a333a009

WI1LNDS

MSB LSB
MC (16 bits) OxBC 0xBD
MD (16 bits) OxBE OxBF

NIAUIUMIAYURHLALAIANUNABINAA [19]

TUABUNTATLIUM AN TLAEAIAUNADINAAINN TV IR

1) suedUsEansaIn E?PROM Liteldlunsanmnmeangamgiluagaininy

ANBINIFADTY

2) 87uAn UT (Aaamiindslylaynwemeaduussans) newlanneuees
73341903 address 0xF6 (MSB) wag 0xF7 (LSB)

3) 87uA1 UP (A1mnunaeiniandalulauaisenisaidudssans) Neulaain

s aaa 'y
LY UL DINIVALR DT

address 0xF6 (MSB), OxF7 (LSB) thag 0xF8 (XLSB)

4) AaiA1essveseamiluming °C aInaunIs

5) AUIUMIAIDIIVOIAINNADINIALUNLIENIEAIE INEAUNTT

X, =(UT =~ AC,)x AC, | 2°
X, = MC x2" / (X, + MD)
B =X +X,

T =(B +8)/2

J & T9603)

B, = B, — 4000

X =(B,x(B xB, /2%)/2"
X,=AC, xB /2"

X, =X +X,

B3

((AC, x4+ X,)x2™) +2) / 4

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)



X =AC,xB /2"

X, = (Bx(B,x B, /2%)) /2"
X, =((X,+X,)+2)/2

B, = AC, x (X, +32768) / 2"
B. = (UP — B,)x50000 / 2)

(B.x2)/B,; B, <16

b= (B. /B, ; else

X, =(/2)x(p/2)
X, = (X, x3038) /2
X, = (—7357xp) /2"

p=p+ (X, +X,+3791) /2

NIIAMUIUNITEAUAINGS [20]

23

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

WonsesiuaugziigullainuAiaunaeIna vinliaiunsaien

ANUNARINIATNINIAAINTULYDS BMP180 A wInmIseauAugale

1NAUNTT Barometric

1ANAINITIAD TR LAPIRIAITINT 2.5

(2.31)
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A1519% 2.5 ANNSILMRSAN NS UALNNS Barometric

UERHIERE A1B5UY A
g anasailosanussliudisadtan 9.80665 m/s?
c, anufoudumziionnunaeInIaa 1,007 J/(kg - K)
T, PUNHNUINTFTIU 0 swutmea 299.15 K
M 1A NA15VRIINA 0.0289644 kg/mol
R ApaTiLAa 8.31447 J/(mol - K)

WiaunuAmisfiwesadluainisuduiaunsglaaunsmssauauas

_=
P 52558

h=44,330-1~| (232)

0

D AITEZAUANNEININGLNUIENDY (1Ins)

b

®

S
2

I [

| Ao vy
A AIAIUNNBINFA §U G]']LLM'UQV]'JW"LW (hPa)

o
b

P, A9 AIRNNABINTA 84 FIkKLee19849 (hPa)

v '
° < 1 I’ &Y

ald P, iumanunaeinirlade o szauiavgia dedavindu 1,013.25 hPa #n

oY

seauanugenswaliazdussiuanugannnsgauimea

fld Py iludranuneeinia a seduiiuiu Aszauaugafidiualdazilusedu

ANNGIAINTEAUNURY

2.2.3.2 \uLyas ADXL345

wulwes ADXL345 1ulwuleesinauise 3 unu wanadegui 2.13 19
welulad MEMS 1138 Micro Electro Mechanical Systems m1anefe syuvawaEnsiaus 1
Tulaswnste 1 Gaduns Asulassadianenasazasddnnsedndidisefudfieldiu
e uazionyawes (Actuator) InendntudewmalulaBnisadessduluasou (Micro
Fabrication) lngtgutgas ADXL345 Lain MEMS unldlunisinanuiseaiulalsalay
(Gyroscope) dmiunsnsaaaeumsindeuiinaznsvguresing Weinguinnisiadoud wna
voslalsalavazindeudituiu uindeuiitinindesananuides wagrlidundses

Uanensaesinuesiaiisuly Feundsmlasullannsaialdmemugasinivyseq
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Tl Inefin1sidsuwdasvesmnuqlusdazunuaggnuiasdunssiulni e innidu

dnausornuLssuuwnutiug MAsAANNSeINIsnaeuntuls Fausuiges ADXL345 &
AANYAILFIANTIN 2.6

SUT 2.13 Loulwes ADXL345

A5197 2.6 ATIANYRIZLALYEY ADXL 345

31880 ADXL345
Supply Voltage 3-5V
NToUAOIN °C / SPI
Aalla (Sensitivity) +2¢ /+4g /+8¢ / =+ 16g
ANaLLBEA (Resolution) 10-bit / 11-bit / 12-bit / 13-bit a1uaNU
23 pA Tulmupnisin
s lNa19IU
0.1 pA Tuluue Standby
A 393, x5 33 x 1w,

M5UIAIAMNLTS 3 LAUMNATUIUIYN Pitch wag Roll [21]

1 pitch wazyy roll aynsaduIamlalngldA1nIuse 3 wnu LaneRagua

2.14 lpgfiAnanussniauldasfesgnuuaslindudiuiumiivesdn ¢ (1 g = 9.81 m/s?) Tu

1%

! 1 d' ! ¥ = [ = ! ! (7 d' d‘
n1swUasAInusaioulavsiuegiunNasldenreIn15euAT fAankandlunisei 2.9
TngAnsusuarivuady 10 On Jemunefanintaziden + 2¢ 9NUUEINITOAIUIAIAN

ANULTINATB ALY DS LAIELNISA 2.33

_ Raw Range

G accel X 2resolution 1 (2.33)

accel
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1 | [

Wo Gy AD IUIUMIVEIAT g LU 01 Gy = 1 hansInafibadavindy

9.81 m/s?

accel

RaW,..o fg pnfiguldannieuiges ADXL345

Range #e Yuanulivesdeya

201N Big uazidunveseyaniinvun

Yaw

Roll
Y
s Pitch
sUT 2.14 3 Pitch waz 311 Roll

D AUINNI09AU I8N OUATIANULTILULABZ LN ULAY dIUITAAIUIUMIYY pitch kagayl roll

I SeaUNST 2,30 Uag 2.35

G
pitch'="tan  {(——=2L5) (2.34)
JG2 +G?
roll = tan“l(—G—GX) (2.35)

%

Fayu pitch wazyy roll aunsatlseganussanaldlunisimunssun Stabilization v89

= 2
PRI

2.2.3.3 \uLyas DHT22

v
LY a A [y v 6

DHT22 1Jugunsaiwuwesdmivingamgiinazanududuinsuanidagua

9 Y

2.15 Wirdeyaluwuudinea Tdudyyrunineaiisaduiier (one-wire bus) lunis

\HouADFDANTOUNTUADITIANIY AMANYEIAUYDY DHT22 wandlannisem 2.7
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9z 95
5

z583
5

1
2
4 3
4

U 2.15 1uiwes DHT22

M13197 2.7 AUSNYUAUVDAYULLDS DHT22

FIUALLDYN DHT22
WSIAUBUNY 3.3-5VDC
PNNTINYUNN -40 - 80 °C (AuMsiuE 0.5 °C)
P05 IANuTudTS 0 — 100 RH% (Auusiugn 2 - 5 %)
BNIINTINGER 0.5 Hz

lunrsgrudeuadiniwugeiagldundyy1aniouduioane DATA uwazly
anuzUnfdyam DATA aslianuziluaedngs (HIGH) %qluﬂﬂiéwu%agal,wiazﬂ%ga
lulnsreulnsataesazdasimunlian DATA uleviwnuazadradnsuiudaydoandu
anugaeinel (LOW) ag1aties 800 psec antudsliiduasingsagiation 20 usec

ndantiudunissenisneundu (response)

nseunduveTuesaAsdaady LOW wazUaesliidu HIGH Ysas
80 wsec Inauszanal (3und1 Response Bit) Mntiudsasidunisdsdoyaiiazdn 5o 40 O
Ingaasludusndmivenuiu aeslusidaudvsuvanumngll wagludgavineidu checksum

Vi3 parity bits LAAIUT 2.16

Humidity high Hurmidity ow Temp. high Temp. o ty bit

T TTTTTTd RSN PR | A I Y ) T |
*

I | I I | I | | S5 5 1 IS S I 5 1 S
M L M L M L M L M L

S
B

Start signal

o w

S
B

oo

S
B

oW

S S S
B B B

m»

Ul 2.16 drduveadeyalunissumaniwuees DHT22 [22]
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2.2.3.4 \uga Adafruit GPS

Tuga Adafruit GPS wansfsgudl 2.17 iuluga GPS #l4dm MTK3339 anansn
AnnuaIiBulANg 22 A9 66 Toede 18 GPS Module S8ns1n159uan 1 89 10 Hz

ANHLUEYRINTTTEYIUeegN 1.8 wns tnglilevinnuinsgiu NMEA-0183

[=
=
.
3
%
L
[)
he]
)

»3
es
8 . 0
p & %
n & O
a2 S
. <

(%)
5

sUR 2.17 Tuga Adafruit GPS

luga Adafruit GPS dviaviaia 9 pins Lagee3u18ved pin YIVNALAAIFIAITI
28

A5197 2.8 AeBuny PIN visvisinvedluga Adafruit GPS

PIN A8 e
3.3V L@1VINY 3.3V
- Enable gUnsaidlolallfideusie EN PIN
\ - Disable guUnsaiidesia EN PIN #uU Ground
VBAT THdeusofiu GPS real time clock battery
FIX 01w pin Tduenanue Fix vesssuuimuasmutsuulan
X X
RX RX
GND Ground
VIN Trlides 3.0 - 5.5 VDC
PPS Pulse per second AU 50 ms
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STUUNMUUARILMUaUUlan

syuuimuasuntcuulan Aesruvuendunisuuiiuiialan lnse1fonis
ﬁflmmﬂﬂm’m?ié’q;qpmmﬁmﬁeiammﬂmaLﬁamwuﬁmuw‘hLmliwuiaﬂﬁiﬂ%agﬁau
Tandansusumla silissuuianunsavensums a @@ﬁawmaa%’ué’@mmﬁﬁbﬂaﬂ 1y
\3edudyasruUinuaiwsudlan Julnile azausadwnmIuS e A9

Prunlgsuiuluswnsusaui wsldlunisiinigle

ArnAgNszUUAIvuasIwdsvulan Wuadeuniialaassesunans

(Medium Earth Orbit: MEO) f1sgsiuaiuasuszuna 20,200 Alaluns (12,600 lud n3e
10,900 luanzia) anniiulan Tnrsduduswndilagaifeninainaiieustnatios 4 a9
aenazlnassaulaniduing) 4-8 Tluasonilesau NA11msa 4 Alaluns/Aui nsleas
1 gj 1 Y o gj b a
winzsauluansanulatlu 6 s3I a8 4 A3 vy 55 03A1 Lneiaseuuazseadl

~ a | Al ) A o o Yoy a
ATIEY 24 9179 W3RNINNI elvienusadudusuulilinsoUuAguNAULRILAN
MATANTISAIRALY

MIMAMILNINUANLAANE 9 7191 s Fiumisesaaiion uay
mi’izazwﬂqmﬂm’slﬂwﬁuﬂ%q%’u \S1van Tt nasessUdanals Wy &
aosfinsalussuiu 2 97 wdadsumisuasnuiion 2 90 wazszezainan et 2 s
Muntiaeeseasudynal (x, y) 1519131502109naY 2 19 tnefiiuntseaadessuidu
IRAUGNAN WagNnaukdagdsaTviusTaEnIRINaTiELsEUUAMMUA LU Llan
fondeasudaynin 29nauTte 2 2asdaty 2 REEN ﬁ;mﬁus‘mmﬂwmLﬂ%'aq%’ué’cgapm

wleaun1segniieuasiansisgui 2.18

ﬁzazmﬂf\gmﬁ Q5N 2042 \/(Xl = X)? + (Y, - y)?

ﬁzazmﬂf\gmﬁ 2(X Y D, = \j(xz =X’ +(Y,—y)’

a =
ANNBU 1 ANBU 2

gﬂﬁ 2.18 NMSMITLULUNTENINATBALUNUAAUIVDILATDISTU
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auszunu 3 Banaunsavilaludnvaeifeniu Inefigaiidvuali 3 90 Tu

usauenuaLlfaun1aegnadendl

'izazfmm;mﬁ 1 D= \/(Xl —X)*+(Y, - y)*+(Z,~2)*

'izazfmm;mﬁ 2 D,= \/(XZ —X)*+(Y,—y)*+(Z,~-2)?

'izazfmm;mﬁ 3 D= \/(Xg —X)’+ (Y, - y)’ +(Z,—2)°

AU 1ATITUAY QI GPS @1u1TaAIUINlAeN1TIULIaN

a =

gIaAuVIINA L TBNELeTe sy wdguseruLTEs Aegldssey o duaan

2°

'
a

(epoch) Aimiigningannta3essy 0819l5Aa 199N AAULAUNIIRIBAIISINES LAY
WNMIunaNATsuiinun s uuinImend Ikl ANURANEIAINNITTULIAN
(dt) udiisadntesfvinlisgazAnliunn Auianainsanandsiuidudiudsdrfnglu
o o 1 1% dy o I 2 A o dy QAI o w L 1% 1
NISANUINFAILIAUL FELUAT NIFIAINUTEFA MY TNUF IR T 4 Fauds lauwn
FUNLABIN1T1LU 3 1R (x, v, 2) kazANURANAIAO UL UIRNATY Y1115
4 a 1 vV d‘ 14 Y gj 1 1 =
ARINIAMITIBNOE1NDY 4 A28 LNBa39 4 dunis lunsuAsuysne 4 aunnsed1edneds

nanendu

sepsnaaft 1 D, = (X, —X)2 + (Y, - V)2 +(Z, —2)° +cdt

sTELaNeil 2 D, =+[(X, = X)? + (Y, — )’ +(Z, - 2)° +cdt

seeraneant 3 Dy = (X, =307+ (Y, = ¥)2+(Z, — 2)° +cdt

5% zmﬂﬁ;mﬁ WD, E \/(X4 —X)? + (Y, —y)* +(Z, —2)? +cdt

aada o ~

TunsanITuuAINALUNINAIIE AETIIUILANNITUINTULYINAUTIUIY

ATLTNELFLNANITE! F998VANTTEUMUNTIvBUATR IS UF QYUY
NMEA [23]

NMEA 6911910 Nation Maritime Electronics Association &atfuasniauf
yududnwiwaziaugunsaldidnnssind Wensliousouaziingusiuiuuesgunsal loy
4 A A A i o ] v v v v yy A A v
gunsalmanilleweuseuazyinauduiusesaiuisadnlaiuld viedeaislaeldniw
Weafu NMEA eimunuasgiulunisieaisdeyasenitegunsaldenand 15en3n1 NMEA

Standard @sszyteyanisieusemsliiiuassuuuuvesdeys

1n551u NMEA-0183 T8 nwaillu ASCIl Text Tnedoyaazgndluguves

(%
v

Uselem (Sentences) %ﬂgﬂLLUUﬂizTﬂﬂ NMEA (NMEA Sentence) wudlanadl
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1) GGA (Global Positioning System Fix Data) LﬂugﬂLLUUﬁLLamsﬁagamaa

GPS FaLieanoNazhanannalaluszulu 3 08 lasaieunsulaneauindy 4 ansvuly

fpg1amarAasuIeUselenlu GGA Protocol Wandman1snan 2.9

A9

SGPGGA,064951.000,2307.1256,N,12016.4438,E,1,8,0.95,39.9,M,17.8,M,,%65

AM519% 2.9 AeSuneUselenly GGA Protocol

o

f2814 AND5UNY
Message ID SGPGGA GGA Protocol Header
UTC Time 064951.000 hhmmess.sss (06:49:51)
ddmm.mmmm (23 9961 07.1256
Latitude 2307.1256 b
aum)
N/S Indicator N N=#eunile, S=hdla
dddmm.mmmm (120 84¢
Longitude 12016.4438 -
16.4438 aun)
E/W Indicator E E=enzuaan, W=fnz1unn
0 = Fix not available
Position Fix Indicator 1 1 = GPS fix
2 = Differential GPS fix
Satellites used 8 STuA ALl
ANANIUAINNNLTVIAURVDY
HDOP 0.95 s .
ALNAUIAANEUNIITIU
MSL Altitude 39.9 mmqqmﬂizﬁuﬁmmamﬁa
M PUILUAT
Geoid Separation 17.8 3¢8¥ Geoid
Units M PUILUAT
Age of Diff. Corr. Lifiveyavanedadilaldau DGPS
Checksum *65

N13MTIVABUANUYNADIVEITRYA




32

2.3.3.5 NAIAIYATIN

NA8Ia18AIN LinkSprite JPEG Camera Serial UART Interface with Built-in
Infrared l¥n1sAUANEIUNIG UART (TTL) lngnaesasiiwuiweisunasdmsulalunisusu
Inuedunsusadnlud® vinlindesaiunsaagluiiala Auazidengegn VGA (640x480)

NABIEEAMN LinkSprite kansiegun 2.19 uazAmanvuzAuaIsakandlafnisei 2.10

U 2.19 ndesanenn LinkSprite [24]

A15LPUADNADIAIEMN TV9vua 4 ¥ laua 97 RX (TTL) Tglunsiweusanu
Hads 1 TX (TTL) 1elunis@eusianuilesyu 97 GND 1unsaweanaadatsnIn kag 5 VDC

Julwifesdwmsundesatsnn mdsidlunisiaseiunassanenin LinkSprite fvianun 7

'
o [

ANEY fafl ANdeSian (Reset) Adaanen1n Adssmuumalndgnm erdseudayanin A1

NYAENTI AIFIFIAIVUIAVBININGTY KAENITALAT Baud rate wandlananisnei 2.11

A151991 2.10 ANEN BAELALYBINABIAIENIN LinkSprite

ERRLEOIL ATD5U"Y
ANUATLDYAYDINTN VGA(640x480), QVGA(320x240) and 160x120

wseRulidunm (Input Voltage) 335V
Baud Rate 9600, 19200, 38400, 57600 and 115200 bps

. 80-100 mA
nstnsgualnidn (Current Consumption)

(200 mA wisldeululundunsisa)

EEPROM 4 KB

Clock Speed 16 MHz
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15199 2.11 AdslunisAnsanunassanenIn [24]

Ads (HEX)

n1sMauUNau (HEX)

1. fr&aSidn
56 00 26 00

76 00 26 00

2. fdaenenn
56 00 36 01 00

76 00 36 00 00

3. fdsgurunalngnn
56 00 34 01 00

76 00 34 00 04 00 00 XH XL
XH wag XL ﬁammmaqgﬂmwﬁgﬂmﬂéf
(XH A® MSB way XL Aa LSB)

4. fdssuteyanm
56 00 32 0C 00 OA 00 00 MH ML 00 00
KH KL XX XX
MH way ML fie ueminsaliusufifiosnssu
LHG
KH wa KL Ao mmignivessUnwdifesnts

RRIILIG

76 00 32 00 00 DATA 76 00 32 00 00

DATA fig Yoyasunim lagdluunavinfunises

Ae9 KH Lag KL

5. ANENEANIENN

56 00 36 01 03

76 00 36 00 00

6. ATFIRIAIVUIAVBINTNA Y

Baud rate s (HEX)

640x480 56 00 31 0504 01 00 19 00

320x240 56 00 31 0504010019 11 76 00 31 00 00
160x120 56 0031 05040100 19 22

7. M3%aen Baud rate

Baud rate mda (HEX)

9600 56 00 24 03 01 AE C8

19200 56 00 24 03 01 56 E4

38400 56 00 24 03 01 2AF2 76 00 24 00 00

57600 56 00 24 03 01 1C 4C

115200 56 00 24 03 01 0D A6
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2.3 N1598NLUUANUNIANUAY

ludiuvesszuvaniniafiuAuga st NuteyadniuudnaenelmnTsuves
AN EUAIURINTINTTIAEABIIINITAIVANI AR 180N Feludiuvasaalniaiiufu

LAAUHUEIN1SINUlARTIURN 2.18 Usenausmie 2 d3u Ae

1) mesudsdeyarinuing (RF Transceiver) Feazidugunsaiflanunsaiudadoyasiiu
glasluinerinusililugadearslians sveso0 fiarwd 430 MHz Tasaginnnssudeya
NnafisudumuazdstoyalufinonfiunesiiieUssnanateyasuiuanwatoya

2) Aoufinmed FaazinisumsudeyannlugadeansliaeniUszuanatoyada
l¢un nsaeasavesdyg i mInendeyannuisufoyaifionanina saudanisdsidans
haludsmaiieudduem lngludiureinisussiianauazlananatoyagnaaniuulag
nslHlUsunsY LabVIEW Famadeulusunsuagiidnwas Mdunsi@oulusunsudgunm

(Graphic Programming) fuluniwnseaugsegamis

Antenna

COMM M USB to Serial
Module c Bridge
U Controller

Computer

5U#1 2.20 nsvihnwvesannlnanusy
e Sudyanadoyaainiuuinaewmisimnssuvesaiiigumieninelunadoans
IFaneuan avdstoyaritu UART Wi MCU waviudeyaludinauiinwesinedveauisily

Tunsuaniatoyauuasianing uay Midmsudidrdsaisnin Inedoyassgniivauy

PRYRRHG

dmiuszuuresanilnaiuiutiaveguuiiugiuveamaluladssuuingmmuacme
woALI5 (Software Defined Radio : SDR) Failluszuuiasossu-daing nldnsusulaey
AN YMEYBUATITU-A9INY 1AEN1TAIVANIINGBWAWIT LA FIdUN1TT1UY0Y
a4 o | a & e ° v s = & aa
\AT0ITU-drInguuiuguvesmalulagingivuamegenausTadusUluuvedssuufines

FerandwisnidlunismuauagyiueguuaIeIneuiImes



uni 3

sianaulgduLuuUIUINIIE LA

4

Asiavesuieumuandulvg laun nMsdrsamaineimansninisingunsal
n31ainianfisufituen 1wy aunsalnsniaan nwindaulueinia, nsaienin tudu

dmiunisdeihudeyaseninemiiisufitueni uanidaiaiudu 1oy nsdeiunindy

o
= a A a o

Aean1sANINNITdleyagawaridnsiUntianain (Bit Error Rate: BER) /s lagvaly

kY U

i [

aniguAtkenazldnIsiisiatesdy g 1auaiuonTsianaulig tun1uN1nTFIuYe s

]

mheueugnIsINsIYInwseuuinnsdeyalueinae (The Consultative Committee
for Space Data Systems: CCSDS) tAfinuaN1nsgIuresnsinsiare dgyaiud1miunis
doansaniisulnonisldsiansuligiusie dnsisviamaiu 1/2 uag Constraint length (K)

WinAu 7 [8] ety ninandneg1enilsuessan i disnmunsnAsdunaInas unAoug199in

2 '
o v A

AaueTEUUN1TTanaulg dui

s

= = o2 v & a a N vy
LUBNYTNYUTINUBINTILNYUNLAN @QUU’JV]EJ']UWUﬁUG\NVLW

1%
a v

ausaUsudansvialaiaiiuannInnIsasteyalriidns TaRanatanisnnidsaunsaan

[

° ~l n: A 9Y o Aa 1 o UMY 1= a a &
maﬁﬂﬂuﬂﬁawamﬂaLW@I%W@N’]U‘VI@JEJQE]Eﬂ\‘ifﬂ’lﬂ@l@aEJNJJ‘LJizaVlSm‘WJﬂﬂGU‘u

3.1 iﬁ’ﬁﬂauhg{fu (Convolutional code)

samauligdu (Convolutional Code) [25, 26] Wuswaiifiaiiusa (Coding with

¥ 1%
F% (Y CY

memory) Fanu1eAI1u nadnsilavetuiuleyansluefnuazlagiu Tnednwazvenis
Wswa Ae n1stenyadndeyailiirinaueudigrasiiisianeuligiuetiwieliled
wagnadnsnlivsueenanduyadsaniaueatudaduiuanuenvesyaindeya

N v LY ! ) ) Y [J < ¥ LY
ndoun I@Sﬁﬂﬁﬂuumﬂ‘ﬂzLUUW’JLGGUR]’]U’JULG]ZJHSEJs] UITNU

NI5LLMDINLYAULINUNITDNDIANNENMTAVIILALVIDDNT X387 DRSS A

(Code Rate) TngA1iazin11uda 1Hasa1ndun15813 1L dnudnmsenesuudnuiasn
975159 a (Code Rate) =k /n<1

log#l k Ao Augnvestntayaviin

n Ae ANNENVBIANSIE (Codeword)
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logunfian k dnagegludae 1,2,3 uavdr n dnavegludie 2,3 4uazdnsnsianldiu fe

pmid )

1/2, 1/3,1/4, 213, 3/4 11y Lﬁaammﬁaﬂauhq%’ul,ﬁusﬁaLLUUﬁﬁm'}m‘h 39

1
[ v P 1 LY

WS SmesNdAydndnils e K 7158011 constraint length Fsazdinsaddanudnuin

o

ORI

3.1.1 madhsviaaauligdu

lnglusiansuligduinsiimesnuenfinuanuasesasidsian

Usznausie 3 a1 toun n, k uaz K lesasdeulugy (nk,K) wu (2,1,4) {dudu g

n Ao f\i’ﬂmuﬁmﬁlﬁmﬂmwﬁﬁﬁaﬁWﬁ@yjaﬁi’wmu k On wazeonuifivneen
YDINAT A

k Ao Sunudefidlussasdiema

K @@ constraint length

k/n @8 9ns51n15:015%d (Code rate)

dmiuiiegnareieasidisnanaulagdy (2,1,2) wandlanegun 3.1 n13
WsHAUUAILITaLE93 AN aLUUAIGY (Sequential Circuit) TagLAToInuN8UINTUAT

WisavanefanIsUINkUUNeg a-2

0)

+)

G z* ‘ "2 LNFTA

O

¢V}

B

g‘dﬁ 3.1 AMPYNATNIE (2,1,2)

1% '
=] A A

mahsfareuligdumunsasiugd 3.1 awnsaesuieidutuneuldnatl (e

Untaya (Information Bit) U, 1W1uN8unAvesNasiiazniledn wasazvinisidsiadn

LY [

ananuaglalngia (Code Bit) Ainnuerdnatiudiuiuassdn de v way v Arves

q

U
w1anasaesinduegivindeyatagiundunauazarvesindayalueiniiaglu

9
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MiANNIWINTL dmsusuuuumsdelenvesiasiugnivuamennes g© = (101)
wag 9@ =(111) lewsiaw 1 wunedelin1siieauneve993s wagiuay 0 wunedlidiingg

WoNADWAT Mt NsAaAl v waz v Jamlaainauniseelull
vO =u ®u,,

vO =u ®u_, ®du,,

[

AnUssrylueassun 2 esunelanall

[y

a ° Y = = N s
u As aruveya (Data Sequence) FeausalsuleglusUveainines
u=(u,,u,u,,..)
A o % d‘ ¥ CY d' 1% %

vV A9 59 (Codeword) NopnunaInieasitnsia 1iasa1ni9asinswanay
Tatuaclvidnsiadiaz n>1 dndenianiieial Fermsvainls v 4
Usznaumedisudnsia v©@ v® .. v sadudiuiu n aedey
ynsfamnangsIuiuy

(I) = o £ a L% 1 Q‘I - a 1 6

v fa dinulnsviavesalrgdesn i aru1saleusgluguiinines

VO = (v O v, )

lassa¥revessianauligiuiuaunsasanstalunats suuuy wu lus

Y Y

o a

HANBUAUDIVOIDUNAE (impulse response) UaIIEUU Iugﬂﬁuaqw‘%ﬂ%ﬁ’;mmm (Generator
Matrix) Tugurasnyuinsaniila (Generator Polynomial) tazluguvesiumindsiniialy

TaLuLUag (Transform-Domain)

3.1.1.1 Tassadresiamaulrgiulusunanauauasdunad

2t sianeulagiuduszuudaduiilivusivasunaaan (Linear Time-
Invariant System) Fa101AnRYBaszUUAINTafwIalianmsvhaeulgfufuseing Jeya
fidanfunansuaussduinduesszuy fafufadenstawuuih swaneulgiu uazmsssy
lassaavessiaannsaldlaeainranevaussmaduiadvenaastansavilalnenis

Uoudoyavdrmduduiad Ao u = (1,0,0,0,..) WlU udrdunaAmdoyanuaen
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o a

3.1.1.2 lassadresianaulagduluguiaunindaania (Generator

Matrix)

n1sirualasaievessiansuligduatunsavilalagnisseyumingsn

A o Y w o Aa

ALe Tneas1elaann1sunNanaUaLaIBUNAd 1508 1A UAIN I EANLS 89dUTENININULAT IR

[

Iegluguuning desvia (2,1 K) awdeulanail

(0) () ®q® Oq® .. 0)y@®
0 0 1 1 2 2 m Im
Oq® Oq® ... 0) @ 0y @
G= 0 Jo 1 Y1 Im-19ma m Im (3.1)
[UP R 0) 4@ 0) 4@ 0y @
0 0 gm—2 m-2 m-19m-1 m IJm

o a

gl a oo o o [ a e o < . ..

Fuunsndmiindavessiansuligtuaziluumingnsetiug (Semi-Infinite
Matrix) ilesandeyaiteudrsianeulgduivuialidndin wazisfanlandvuialidife
1% ] % a n‘n" o yd‘ o 1 | a s
fe Il sngnlglun1sAUINEIUNTvE LT84 d9nAIT LOIANTDUUNI NGV
dunisi (3.1) dgnwazgrduunivulasiinisideuluwindu n On Megradu %a (2,1, K)

P a < k% a 6% v e a o I o £ A v
AZLRAU 2 UA W UUAY LUNINVNIDUUALIZUTUIULAANINY PUIUTDUAVILYINN

[

lunsAnuAsiaaansavinlalaen1saadunsng sail

(3.2)

3.1.1.3 lassasnesanauligtulugunyuindanaiila (Generator

Polynomial)

o

Tun199iAT 1T UULRLHUTNENAINL AT 1w Lulal un 1A e 69
aunsaasierlulamuitasls lagndnnis fe nsreuligdululawuiiaiasiieuwiniy
nsaadlulauwlas@mannisiiaunsadiunyssendldiunisidisianeulgduld lne

s 1 o v s

lassasivassialulauulasagseylusunununiiadudssansunannuaneuaueduiad

1
1 Y

lneisennyunuiinnyuiusiiile (Generator Polynomial)

Meg1svemunumnuiavessiailonmunlinaneuaussuiaduasia
Ao g =(101) war g¥ = (111) azlanyundiniinvessianil g@(D)=1+D? uag

9®(D)=1+D+D’
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dwsudwiutndeyavidn u=(10111) alddwuindeyavidilulaiy

wlaswsenyuiudeya u(D)=1+D’+D%+D*

AnuduusTEnIna svalulamuwasar Undeyaviinlulamuulauans

I sEunsi (3.3)

v®(D) =u(D)g" (D) (33

e lAHaaNSa8EREMAY NAUINATHATINALI AN

v(D) =v?(D")+ Dv¥(D") +...+ D" V" (D") (3.4)

3.1.2 sapeulgdulugauuunn
3.1.2.1 weunIwedaI1ue (State Diagram)

lunsiansauasidnlafenuanvuere9Rsnsiaan saldununin
@01ug (State Diagram) #39913138NIMMNUNINLEAINITIURBU AN U (State Transition
Diagram) ¥3slun1sesungld Tuguil 3.2 uansurun1nniswdsuaniugednisidisianay

Tgtu (3,1,2) Wnefmunbidaugnuiaiivaivasdn S; uay S, MAvedlududsdames

(% v v
[V Y

= Yo o a ° Q{' N
Quu‘ﬂ\imaﬂ’]uglﬂm\‘iﬁu 4 g@nnuy @13']EJﬁ3L@Bﬂﬂqiﬂqﬂu@aﬂ’]ugigﬂau@’]?‘lqm 3.1 nslagy

[y

anuzvenvesinfatuedivindeyanleowdngaas Wulssmnefadeyadafiiundu o
a

Y

wavduiiununetsdoyadaidinndu 1 dawelnadufermsianlaannisidisia

1579 3.1 NMSAIRUAANE NS ULRazan1uy (State)

GRRNIH S

i
w
N

A

0
0

B
C 1 0
D
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/ . .
0/ 1OO)I/ Y Gadveen Tneit x=0,1
nfondn Teed x=0,1

————— wdendnisiawdu o

\ (0/101) —  wudmdniidendu 1

\
(0/001) ™ (1/010)

(1/110)

5UT 3.2 dregununmnisilfguaniuzvesasidisiansul g (3,1,2)

3.1.2.2 wHuUNIWNSaaa (Trellis Diagram)

INUHUNNLAAINITIURBUADUE ALiuwAUNIIa ludn Y TN Lans

7 ' | < v v a o [ =
anurveITTULNIaaluLAazatedlusE Uy nanleagiidnvaedauandluuin 3.3
WHUNNANANEUTENTY UNuNmmnTada (Trellis Diagram) 9NATI9ALTUAUVBIUNUN NG
agluanuy A laue ntulnvayanleudigrasinsiassinlisasasuaniugly 21n
sUdunndlassasnmesnun nnsadaassugmawindey 3 saiuddudanudndudes

= 5 o - o7 D) > = a a a1 ¢ v o § v
Beug1dn wazilledeulnteyaaunuauiinzinisnfvtianundendugudidiluawilissuy

o
U v [

nauludaannue A Snassialuduasadunssuunmsdisfaneulgiu

(000) (000) (000)
o o)

,x""m@

(110)

A = P a D a a
uen 1 uen 2 usn 3 Ungame UANN UAUN

P a o o Y o v aa a 9 =
EU‘W 3.3 LLNUQ']WLV]ﬁaaaa']WiU’NQﬁLGU']ﬁwﬂﬂQUI'JQ%UWNLLNUﬂ’]Wﬂ’ﬁLﬂaﬂuaﬂqugﬂ\‘igﬂ'ﬂ 3.1
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3.1.3 528213 (Free Distance)

=3

WsdimesuilaniinaseUszdnsnavessvianouligiurie sseens (Free

'
1 [ LY o

gaseninAsiaaesilusianauligiunilen lngguauns

=

Distance) @a.uszazvi1anvios

Y

Waulasall

d..=min{d(V,v"):u' =u"} (3.5)

free
We V' uag V" Aedsiavedeya U’ war U” auddiu lay U =U" uag d(v,v") Ao

S2UzUaUIN (Hamming Distance) $¢#119ANSA@NISADY

d' o %3 o a 1 o [} 1 v a d‘y a
Wesndrsansuligtuilaruenlalddrdawslunisidauaseideyad
o cij 6’5 a a & Y 44' Y 1 o [ v [ a
uudugatuaziinisleudnauditnlumeliteyaluniheanuiignidisiasenudude
wmLLazU%’USLﬁumamﬁmﬁﬁmLﬂuquéﬁqw,mﬁaﬁua’lmiaﬂﬁ]ﬁmﬂéf'j’lﬁﬁﬁaL%mmﬂamuz

1

AuduagaugaianUzaudiate Svansaldununnimsadatiglunsmmsiamaiilla

3.1.4 sianaulIgdunIENgn

9

U aa & ° o Y] o 19 a s
ﬂ']ﬁ/ﬂi‘maw@I@EJV]'JIﬂa']MiUiMﬁﬂEJUIQQGU‘Uﬂ@ﬂqiﬂquiﬂﬂﬂgllwrﬂmgﬁ LNINE

@

invdnvaurauEnvuzauELTRLUUTIYAdaNa1LNTaldas T anilseasnEnNf eI
19 Fefregnavassiaunsdludiuniderunnlinas [27, 28] LaA9AIN15197 3.2-3.6 LagsLa
wiazndntupeduy @ fa g azuandduglveuaugiu 8 Fadunnmesnlduaninig

DU DUDIINASLUNTNA

A13197 3.2 sareultuvINEAian (Optimum) Milensisia 1/2

Constraint length K g g e
3 5 7 5
4 64 74 6
5 46 72 7
6 65 57 8
7 554 744 10
8 712 a76 10
9 561 753 12
10 4734 6624 12




M13197 3.2 (sin) SiamaulIgTuMvILNE g (Optimum) Nilens sva 1/2

a2

Constraint length K g g A free

11 4672 7542 14

12 4335 5723 15

13 42554 77304 16

14 43572 56246 16

M5197l 3.3 sianoulgiuTivanzdiga (Optimum) 7iflsnssa 1/3

Constraint length K g® gt g® 0 free

3 5 7 7 8

a4 54 64 74 10

5 52 66 76 12

6 ar 53 75 13

7 554 624 764 15

8 452 662 756 16

9 R 663 711 18

10 aa74 5724 7154 20

Uil 4726 5562 6372 22

12 arer 5723 6265 24

13 42254 43364 77304 24

14 43512 73542 16266 26

A9197 3.4 STianeulTUTMANETIan (Optimum) 7isidns e 1/4

Constraint length K g g g® g® 0 free
3 5 7 7 10
4 54 64 74 13
5 52 56 76 16
6 53 67 75 18
7 564 564 634 714 20
8 472 572 626 736 22




M13197 3.4 (sie) SiamoulIgTUMINNEgn (Optimum) Nilenssvia 1/4

43

Constraint length K g® g® g® g® A free
9 463 535 733 745 24
10 aarq 5724 7154 7254 27
11 4656 4726 5562 6372 29
12 arer 5723 6265 7455 32
13 44624 52374 66754 73534 33
14 42226 46372 73256 73276 36
M5197l 3.5 sianoulagiuivanedign (Optimum) 7ilsns1svia 2/3
(()0) E)l) (()2)
Constraint length K o - e e
5 1 1
6 2 6
2 3
2 4 4
7 1 4
! 5
2 5 7
64 30 64
4 7
30 64 74
64 ¥, 52
5 8
26 66 aa
63 15 46
6 10
SZ 65 61
A9197 3.6 STiaReUlRTuNINEIgn (Optimum) Til8ns e 3/4
(©) ) (2) ®
0 0 0 0
Constraint length K o o @ @ 0 free
(©) (©) (©) ®
2 2 2 2
4 4 4 4
2 0 6 2 4 4
0 2 5 5




aaq

M13197 3.6 (vin) iAol TUINNENgn (Optimum) Nienssva 3/4

0) 1 (2) (3)
0 0 0 0
Constraint length K © W @ ® e
(0) 0) (0) (3)
2 2 2 2
6 1 0 7
3 3 4 1 6 6
2 3 7 4
40 14 34 60
4 04 64 20 70 8
34 00 60 64

3.1.5 n13nensaAaulIatuIeIsUaImasl

a

n1TneAsHannInsuatulIsanseilalaedsvesimastms iz uis Nl

Usgansainuwaziuildanulad n15vin9ueedisimesd endeununiwinsadaidunaln

4 o ~ a v A i y) o 6 v
Wu;ﬁsWUIUﬂizUQUﬂqiﬂ@@iﬂﬁ I@EJ"USLUiEJ‘ULV]EJ‘ULﬂUVHQV]LLWﬂWW\‘]ﬂu 2 Laumqqmwaﬂqugﬂ@\i

& A v

JamosneINy lngidunivnfianaggniaennaiinsiiandunieiiassesuauilsiosign

Y

b

wagl3end LuNmaees (Surviving Path)

n13nensiavesa1siavrldmiegreetuie laanmualidrsianazleluns
08A39d Ag 111 010001 011 101 011 101 100 Felaainnsidnsiadeya 110101 lay
afpndnsalugun 3.1 Weliiiunanirsianeuligtulidannuasalunisuiluay

HANAIAT81NNAVUTENINNTEHUTD I e e Az auuR AR SWEN lAS ULl AnuRanaIe

al

WnU 5 Un nennualudniazinlukiunisaensiadiauvianu 101 000 001 001 111 011

100 100

TuN1509AWAILSURNINSUNTNADIUL A LALD TULINRINTUAUNIILARLLEUN

L AATULATULNUN NN SARE 3 SLAU FILTLAUN VUM 8 LAUNY WAIRAITUIINTANU

[y A o

AANEARINUYATAN P SUNINTREYINLS 1aga1AEN1TIAAISL oL kaUTITENINLAUNINETU

9

Furatnisule 9 Uausn wanalaran1s1en 3.7 3nAlszezwauiianlaazantiiuusasuieu

9 Y

Y '
1 = al

Jugvianun 4 ¢ lnsusasgaziianuzaniusduaniediu wu idunsndugaianius A Q2

Y

LAUNIG D AAAA Ay ACBA TAgfLEUNI AAAA TUUNAUD9ITLELLINTNYINAU 3 F98UNIN
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ACBA fatuidunnanduninazgnidensenarvinduneiiludunisiiwions (Surviving

Y

Path)

M13197 3.7 MImssezkauiiaseninagndnfsula 101 000 001 Wiz 9 Tausniuswians 8

LU
LE%JVIN 5ﬁﬁ STYZLIUNY Survivor
AAAA 000 000 000 3 \don
ACBA 111 101 100 5 laiiden
ACDB 111 010 001 2 \den
AACB 000 111101 6 laden
AAAC 000000 111 4 laden
ACBC 111 101 011 4 \den
ACDD 111 010 110 5 \den
AACD 000 111 010 7 laden

2

lunstivetdunisidugananiue C idumansaeslifnssesiaudavinnufe 4

= & v v = & v Ql' a v v
ﬁ]ﬂaqmqiﬂlﬁ@ﬂLaum’]ﬂ,@Laum’]ﬂ‘mu@LﬂULaquQWQﬂLa@ﬂﬂ‘lﬂ

ludunaudnunazgloyaiiay 3 Unnseiiganilatureenisiaeuaniugain
Funns 4 dunnsiignidenannduseuusn Inednaausgareesusazidunniugasudu

P a ¥ ! ! a £ 1Ay v o (% !
Woldlunisiansanidunisasly mssesusullisvosdunisdudiilaazgnul Usiuiuan

Y
A

SEeLLaUvaALALLAwIIN sFaaulaL AU IdUN1IdUNITE Tnes1eazd unuastunauns

Ronsaundafl 10-12, 13-15, 16-18, 19-21 way 22-24 @uandlun1sei 3.8-3.12 muansiu

Y '
[ =

A15199 3.8 MsAwIMMEUNNdUTaaEiaRasanTng 10-12 FadiAindu 001

- . EH N DI -

o TYTLLTUUIUDY A9UVDY . o FLYTLLTUUIUDY

LU - Y | duvdREUNIg Y 2 Survivor
Survivor LQd L’duVI’IﬂW&I , LEAUNIININRUA
Tngd

AAAAA 3 AA 1 il laliden
ACDBA 2 BA 2 aq Ghh
ACBCB il CB 1 5 laliden
ACDDB il DB 0 il Bhh




1Y
[y

46

M13197 3.8 (sig) NI IEUMNTIdUNaalofiasandni 10-12 FellAnviriu 001

R , FELYLLIUAUANE -
o FSYSLLTUUIVDY AUV , o FSYTLLTUUIVDY
LHUNIY - Y | duvadunIg Y 2 Survivor
Survivor iyl | sdunielng . LEHUNINIUA
Tnai
AAAAC 3 AC 2 5 laidan
ACDBC 2 BC 1 3 Ghi
ACBCD a D 2 6 Ghh
ACDDD a DD 3 7 laidan
AT9T 3.9 miﬁwmmmﬁumqﬁguﬁqmLﬁaﬁmﬁmﬁmﬁ 13-15 GalAwviniu 111
R . FEUTHIUNWANIE | FEusuaudla
Y FTYSUIULIVDY | dIUVDY 2 - h
LEUN19 A - ( AAUVBILAUNIY UYILAUNIY Survivor
Survivor i | Lunelua . Y
Tna Y19UA
ACDBAA il AA 3 7 laiidan
ACDDBA a BA 2 6 Bhh
ACDBCB 3 CB 1 il Bhh
ACBCDB 6 DB 2 8 laiidan
ACDBAC a AC 0 il Bhh
ACDDBC 4 BC 1 5 Taidan
ACDBCD 3 D 2 5 Bhh
ACBCDD 6 DD 1 7 laidan

4
[y

M15197 3.10 NMsAIUMLEUNNTIFUNgAaNasaNTnN 16-18 FallAviniu 011

. . seazhanily EFLI U HEN
o TYTLLTUUIUDY A3UVDY - o
LEIUN19 - o , LRANISFAIUVDY UBDILFAUNIY Survivor
Survivor idl | iunslal . . Y
v un19lug NINUA
ACDBAAA 6 AA 2 8 laiidan
ACDBCBA il BA 3 7 Bhh
ACDBACB il CB 2 6 laliden
ACDBCDB 5 DB 1 6 Ghi
ACDDBAC 6 AC 1 7 laliden
ACDBCBC il BC 0 il Bhh




M15199 3.10 (H1B) NTAIUIUNEUNN

4
[y

ar

duiigailefiansandni 16-18 Fallawvinfiu 011
- , FLUTHIUN FEUTHIUN
. STZLINNIVDY | HIUVDY . .
UG - Y | wazduves YUFAUNIY | Survivor
Survivor 1A | Lun19lng . . y
U9 lnd YIAUA

ACDBACD il CD 1 5 Ghi
ACDBCDD 5 DD 2 7 laiden

4
[y

=

ANANTUIUNN 19-21 FaTAWNIAU 100

A4l 3.11 mﬁﬁnmmmﬁumﬁauﬁqmu
FEULHINAY d9uvaq PEASEAEFUIN, FEULLIUNS
WWun1e | @99 Survivor | LEUNY lwizdues | Yaudums | Survivor
LA Tvaai L un9 s havian

ACDBCBAA 7 AA 1 8 Lsilden
ACDBCDBA 6 BA 0 6 Laen
ACDBCBCB 4 CB 1 5 \don
ACDBACDB 5 DB 2 ¥ laiiden
ACDBCBAC 7 AC 2 9 \don
ACDBCDBC 6 BC 3 9 laiiden
ACDBCBCD 4 CD 2 6 \don
ACDBACDD 5 DD 1 6 Laiiden

" Y
o

A157991 3.12 MsAMIEUNNIFURgadleRansanden 22-24 adldawviniu 100

seZULINIY a9 FeaZILIULY FEALALG FIETR
LUNIg Y89 Survivor | LW | lewigdauves | vaudunie | Survivor
LAY Ty L unnlugd Waviun
ACDBCDBAA 6 AA 1 7 laden
ACDBCBCBA 5 BA 0 5 \den
ACDBCBACB 9 CB 1 10 laiden
ACDBCBCDB 6 DB 2 8 \den
ACDBCDBAC 6 AC 2 8 laden
ACDBCBCBC 5 BC 3 8 1aeon
ACDBCBACD 9 CD 2 11 laden
ACDBCBCDD 6 DD 1 7 \den
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diaiasudunisauasuyniaudagldiduneilivioogianun 4 1dumia

ez lal B ULTIE ULEUNNS 4 LfUnUINdUN1NTuUTIan Ao ACDBCBCBA BeilAnsvesuauils

wihiu 5 Jenduladndunisdsnanifeduniawnuimsiangneies wasiilowdasiduniaill
aglusuvemndnagladeyaidu 111 010 001 011 101 011 101 100 Fegneewmsaiumsia

Adunsladean nueanundanianainliluszninenisasnutesdygius 5 dalasu

nsunlulvignieauas

3.2 sWianauligtuwuulsudnsviala
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MSIUARANAINT AN 19

See

\Wesnmsdeansaniiieutudesnsnisadsinudeyand U

Qe

n1sisadesdyyudgnihunldmeunladyniseweinisansnsiinianain 8ns

] a (3 45 = ! v Qll o w 2 QA' U d‘ d! ¥ LY 1 [ gj
AT BUAIULY NTT e snasunInansAnanluung 2 Ganisidsae sdey gt
uennazansalnlalynisesdnsiUndanainlanas dsarunsaannidenlalunsdanu
v Y a 6 o 1 lel
Joyala 31NNITATIZIRWBLUL

1
¢ o (4

3.2.1 N15AATISHNIAEIVUAT (Minimum Transmitted Power)

v

WaNsUNERTIAUNMSIdesdy M awwesdygasuniy S/N U

v YV

ANnIAsUABanIsazansasandlusuves E, /Ny tulassaunisy (3.6) laeh E, fe

nautuisensdweyatn wag N, Aeauviuuiuaunasuvesdyyasuniu

N NB N, (3.6)

~ A o Y | a = = sa o &
e R F"I'E]E]G]i']ﬂ']ﬁﬂﬂ“ﬂ@%ﬁiﬂ%ﬂ?ﬂ ‘Ufﬂﬁu’ﬁ/] B ABDLLUUNIDTUBIAY U LAY 77 AB

UszAnsnnnsdeinudmiliaingnsndinvesnsinisdslayasonuunis

Fyausuniu N azlUsiunsssodygIasunIuausoulazluunis B [29]

LOG
he

N =mkTB (3.7)

1ne?l m AoAPIdITUNIY, k AoAtAsvesluanauiuil (Boltzmann Constant) Lay

T Aegaumgilduysallumiteiaala @9 Noise Figure ¥8101A3U (RNF) lumiiendiua



a9

A58 UNNTAIUIUMIAIASRFUIUSUNIY m 19 e m>1 wag m =107 Tag

nsainasugauARliAn RNF=0dB asld m=1

'
o w LY =

Mawesdyaunsuls Sy, =S Nszezriaainnieds d aunsauanilalag

o

AUNTTAIUYDINT A (Friis Transmission Formula) [30] Inenuualildasainimluuseu

Panawazlifidsninving

1 A2
Sx =(4ﬁd2)EPTX (3.8)

Tae?l 1 Ao AUEIIRAUTEIINTanlaINANd way Py, AD A189ds

INAUNTTN (3.6), (3.7) haw (3.8) @hsanimasadetusn Po, fideanslugy

93 S/ N Tpq Nszazgviag d ledad

S (4rdY
PTX[\N]:NN(%j
E 4rd
PxW]= nN—" mkTB (Tj (3.9)
0

INEUNI5T (3.9) MAIAIVUANILHUSHUN TINUTLHENI NN AIFBITENININAG

LATAASU LahUSHARUAU A% FIMU18D9USRHUASINUANND f AIUUANS I UNALDN

£
%

geluagaealdmaslunisdeiiasiunng

17 ' [
[ o o % a

ﬂl a o U 1 T ¥ L% o U dl
WaRansaunmasdstumamsuseuunlifinsiinsie muruasaunisin (3.10)

E 4rd Y
Pr Uncoded W]l=n, N_kaB (Tj (3.10)

0

e[ ()
0./dB 0 /Rx,dB

[ij — 1,0(SNRoae/10+RNFy5110) (3.11)

-
bUBIYIN

0
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azla
2
SNRy g5 /10+RNFyg /10 4rd
PTX,Uncoded [\N]Z?]U].O( e )(kTB)( A j (312)
N a E 1 v 4' v av i Y o A A a
lng?l SNR, 5 Pi® N—b lunidie dB 7seenisivelissuunluiinisiinsiaisnsdaianaie
0

AUTN1IUR

dwsuszuuninsinsiatesdygiad nmuali 7.B. =R uwaz 77,B =R

2
3.13
Prx Coded W]= UclO(SNRC‘dB/lOJrRNFdB/lO) (kTBc ) (_47;(1 j ( )
ANANNIASITAT IV EVBSS HALERISIAUATST (3.12)
|7 -X4E. E,
Coding Gain = 7 (dB) — v (dB) (3.14)
Dol 0/c
azle
47d ?
10(SNRy 6 10+RNFyo/10) (1 T
/e (KTBe)| (3.15)

Prx ,Coded W]= 1QCeding Gain/i0

FeauIaguann1IMasdslun1vese vunin s sialuguresindededu

AeURISZUUNMITNSIsHa LA aaun1s (3.14)

_775 PTX,U ded PTX,U ded
Pix codea W1 = 77CUBC 1OCodingCga?n/10 y 1OCodingr;C(gaien/10 (3.16)

(- .. N

AMasas Py annsawdasdundsnuildlunsdsmedoyaniadnldlaenis

1 Py m1361e dnsinisdstaya R Un/Audl agle Eb, =B, /R Tuniiy 3a/0a

(%
Y

a1unsaasunasnuiidenisdiudidetayatind msussvunldidinisidnsianazinig

[

Wsatesdyalangdl

P
EbTX,Uncoded = TX'UF;COded (317)

P EbTX ,Uncoded

Eby Coded — & i;Oded = 1,0Ceding Gain/io (3.18)
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NAUNIIN (3.14) way (3.16) aztiunnsidnsiatesdyyiuasylniasd s

wagnaanunldlunsdateyatuianauilonintaredns1venevessiia (Coding Gain)

3.2.2 9N351981898935%4 (Coding Gain)

BRIV VBITHARIUITAVLAIINNARIIUDILDALDUBDISVBINT WA LTINS

WNSIE LaENSANNNISIINSIE M SEAUDANSIDARANAINVDITEUUNAULD

Coding Gain = (%JU (dB) — (E—Zl (dB)

0

Eb P st Na T Y @ Eb a Aaa
08 | =2 | Aowedeus s unsmnluinsnswe way | —2 | AsLedLaunsunsaninng
0/u 0/c

WINS9E

Uncoded
————— Coded

Coding Gain

UM 3.4 N5MUAAINISNENTIVENEVRITE B SEaUans1UnRANaAN 10

3.2.3 YunaUN1TUTUINTITMaABUL QT UNMNN S ANAREN TN IR NN

NTIATIEYRavINRNUSEANEA N S utayalagnsldsianeuligdu

uwiimsanmdmilddmsunisdaiudeyals Jagnihuausdussuunsidisiauuuysu

1Y v

dnssvdle lawonduan E, / N, fTalaainanniniaiufudsdinasodnsidadanainves

v )

Joya wariuimuadnsisiansuligiu wag Constraint Length (K) Nianunsaandnsln

Y

Aananliteeniiivuald euussdvsannisdanudeyaresnniiieufivwem wag
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farsansianlimaslunisdaudeyatosiign 1nnsAnmuannsiliesugluide

3.2.1 Ingunouveamsdsinudeyaaunsauanslansgun 3.5

1
1
|
1
|
1

Request communication | Check channel environment including: SNR and BER and
channel .| analyze the optimum convolutional coding condition
including: code rate (R), constraint length (K) and
transmitted power

Send convolutional coding

Appl lutional codi ith cod
pply convolutional coding wi e chdliba

rate (R), constraint length (K) and
transmitted power

Transfer image

+ i AR —

sUN 3.5 Tunounsasinuteualaelisianeuligiuwuulsudnsviala

Y v

gauneTIgazdatunauaIn1sdeaslagldsiareuligiunuuUsuansviala dadl

1) WeanniisuAiviensoinisaiiuteya giin1sTesveiouluvenis
WihsiavesdyanaainaaimeiiuauianIgun1sasmudaan mney

2) anilnaiuRuazyinnasusediu E, /N, vesdyaramsulaanainasy

v 1A

voadyIuiNe Ilun1TIAIIEWNI9NS19aE Constraint Length wagA1asdsiimunzaulu
ANNLINADUVRITDIA YY1 84 ATl LT TR ULIQTUIENT S TasN9 Fausiag
saaziiuszdnsninnisandnsitaianatnne E, / Ny 193dyg1aiiunns1anu szuuazyin
a ) v a o = O 1% A o

nsdendnssianansaansnsinianan (BER) lamuainiunun

3) ndsndlasianeuligiuianunsaandnsidnianaralamninmnuauaa

a o o dl 1 1 ¥ o U ¥ d‘ o U

sruvazUsailumasmlglunsdsiudeyanunisauinluiite 3.2.1 wenmsviaasulgiu
A9 Yo o ] 1 v 4 a = [ a a a al o w
algidelunisderudeyaeengn adunisiiudsed@nsainnisuslaAniaaeueg
ANATULAIULY

4) wleanidnaiufuaunsaiionsiansuligdunmanzaudoaninuIndoy

Yosvosdy U o natuld aanllneiuiulrneunadueulvvesnisidrsiade sdyy e
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(%
[ Y

lgun dmssiameuligdu Constraint Length (K) uaziasdsdusiililunsdeiudeyaluds

AN BAYUAIULYY

'
1 a o

5) AniguAUkenazinnsUsuteulun s siate sdy raunvinlinig
deiutayaidninianaimideenitimnun wazldidslunisdeiudeyatesfian aud
anilnanufulavinnsieszim

6) anieuArduevyinnsdesiudeyaludanridanausu
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NANISNAFEDULAZILATIZIRNITNIY
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o

WEVTLAAS1NUU BAZHNANITIATIENUTEAVENINT0TRaRaUlITUN NI ITRAR19Y Nidn13a

Y

WnUsEANSanvesnsaeutayakavaiusaanmdanldlunisdeinudeyala saufenns

T1a99n15d9N un N ludeedy U ruTUNIUNIATIURUVU1Y (Additive White Gaussian

'
o [ @

Noise : AWGN) Ingldsianouligiuidnsisnasigg wazgavineidunanisviaueesssuy

nsiihsiareulgtukuuUsUsnssalanaus

4.1 AMSNAEBUNISTINNUVBILUUIIABINIIAINTTUVBIANITTNAIUUYY

Tun1sneaauNI5AE1ITENINBUUINABINITIFINTSUYBINITHNIUY IR A B LA
wrnAuanIiA1ANuAY lanaaodlngn1sUILUUI1a09NI9IFINISUYDINITHIUYBIA L TAEL
AduevAulunssAumINEIUTENIa 35 WAT 89 40 AT IINNUAY WAWIIN1TVIRaRIHeENS
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LUUT188IM93MNTsUDIATIBN ATLEnafIgUR 4.1 Fadunissudygyrudeyaain
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LUUA1ARININIAINTTUYRI YR iguA Tl lokA A md1gnnaesdienIn Jayasnn
wuwe fndlranngniukandna Usenaume Jui 1ian diwliasAgauarasiignues

WUUTIABINIIAINTINUBIUIAT AT qmwgﬁ AANUTU AIUNABINF AINEN ATAIULIY
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3 unu 43 Pitch uag Roll audwiu lngiuviiagAgnauasanidgnazgninaianInauuway

Y
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U

X
N

' Ground Station |

RESULT
Date | Time | Latitude  Longitude | Temperature (C) Humidity (%) Pressure (hPa) Altitade (m) Gx (8) Gy (3) G (g) Pitch| Roll
170435 | 183937 13 436397N100 63160%| 3050 8% 143640 391|101 | -021 | 0&1 [573] 1936
170415 | 183939 13 426597 M100 46 3160 250 €990 | 1640 391 | 103 | 02 | 055 [6002| 250)
170435 | 183941 ‘ 350 80 | 18640 3991|106 |23 | 0% [6237| 247,
170415 | 183942 113 436597'N100 463160F 2050 6100 149640 3991 | 106 | 023 | oas [6329] 2581
170415 | 183944 13 416597N100 46I160E] 3050 B0 | 1w 025|107 | 023 | 0As [6353 255
170415 | 183945 3050 400 143634 w5 1w |07 [om 5511};155
GPS
'
14

4.1 HanNIFUdN

Temperature {C)

oW oW WwwW W w
W O L N W kRO

gm‘/’i 4.2 N3N

Humidity (%)
[ B [=)] 03] g
(=] o o (=] o

sUn
Y

fUUDHAUDILUUY

1%

o

Temperature

a

Y

[

o
AUNIN

Humidity

1AL UUINBDINIIAINTTUVDIA BRI RTINS U ULIAN

4.3 NIINAIUTUY

AIALPNLUUINRRINIIAINTSUYBIALATL A wsnL s Ui ULaN
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Pressure

1500
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1494
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{edy) ainssaid
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OL:e2al
LEiaal
OLideal
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Time

o

SUN 4.4 N5ANUNABINTATNIAL
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a

L3

ANLUUIIRDINIAINTINYDIA AN UAIVLENLNSUAULIAN

a

a

[

1%

Altitude
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u
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Son o
s mTm

(w) apniyy

u
o

=]
(3]

GO9ERL

9ESEBL
eLcER|
EFpEnl
GeREal
Loresl
BEEERL
FlLEEBL
0ggesl
gagel
ElERl
GELERL
SLLERL
Z50esl
BEDERL
EDDERL
OEGe sl
G588l
GEBZ AL
¢lBaal
GRddal
clidanl

FEcal

Time

o

LY
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(4

ANLUVINADINWIFINTTUYIANINBUAIUUINL NS UAULIAN
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a

o

niake
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A Study and Implementation of Miniaturized
Satellite: CanSat for Space Activity Enhancement

Chanathip Roeksukrungrueang®, Sorawat Chivapreecha!

!Department of Telecommunication Engineering, Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang, Bangkok 10520, Thailand

To build a satellite for countries with a modest research budget and little experience in space technology is very difficult. The
concept of CanSat reach every country the opportunity to learn space technology of design, build, launch and operate a very
small and simple satellite. This paper presents a CanSat which has been used to teach practical space engineering. The
mission of our CanSat is to collect and transmit data from the sensors that are equipped in CanSat to ground station. But the
problem of wireless communication is noise that make a lot of errors especially large data such as image. Therefore, channel
coding, the extended Golay code, is applied to our CanSat for error correction. And with experienced from CanSat, we are
ready to share CanSat education with space activity in our country. This is an excellent opportunity for students in Thailand

to take their first steps practical in space technology.

Keywords: CanSat, Channel Coding, Space Education.

1. INTRODUCTION

At present, small satellite trends are moving toward
more regular use in a constellation setting which is
inspired by the strategy Skybox Imaging® used, where a
small number of satellites are used for technology
demonstration purposed in earth observation missions.
Small satellites using off-the-shelf technologies for
missions as an opportunity for countries with a modest
research budget and little experience in space technology
to enter the field of space-borne earth observation. Small
satellite technology is a major means of bringing within
the reach of every country the opportunity to operate
earth observation missions at a low cost and to utilize the
acquired data effectively, as well as to develop and build
application-driven missions.

The idea of CanSat was first introduced by professor
Bob Twiggs of Stanford University in 1998 at the
University Space Systems Symposium (USSS)2. A
CanSat is a simulation of real satellite that used to teach
basic knowledge of space engineering and to experience
engineering challenges in building a satellite. All of the
components are required to fit inside the volume of a soda
can and have a mass below 350 grams. The CanSat will
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be launched by a rocket, balloon or multi-rotor and
released in the air. Using a parachute to slowly descend
back to ground as it performs its designated mission.

Since 2011, it has a program called “CanSat Leader
Training Program (CLTP)”® which is designed for
researchers and educators in space engineering to learn
the basic concept of space education, and also to
experience  practical  hands-on  training,  system
engineering, project management and teamwork.

In 2" CLTP*, Dr. Sawat Tantiphanwadi from National
Science and Technology Development Agency (NSTDA-
THAILAND) participated this program. After that, he
supports space camp that would train children in fields of
science and space technologies in Thailand using concept
of CanSat. We thought that this is the first step for
improving capacity building in space technology. With
the low cost of implementation, short preparation time
and simplicity of design make of this concept an excellent
practical opportunity for students to take in space. It is a
basic scale of the design, creation and launch of a real
satellite. Therefore, the students who experienced the
CanSat project can join the development project of pico-
satellite such as CubeSat. A CubeSat is a nanosatellite that
is cheap and simple to integrate when compared with



larger satellites. Each unit (U) of a CubeSat is a 10 cm X
10 cm x 10 cm cube with a 1.33 kg mass limit®. CubeSats
are popular with schools and amateur radio satellite
builders because they are cheap and relatively easy to
build. Many CubeSats used for scientific research, for
example, the NSF Firefly CubeSat used to study
Terrestrial Gamma ray Flashes (TGFs), their link to
lightning, and their effect in producing energetic electrons
that may become stably trapped in the inner radiation
belt®, the Quakesat was set out on a mission to help
scientists improve earthquake detection using magnetic
signals’, the DICE-1 and DICE-2 (Dynamic lonosphere
CubeSat Experiment) are intended to map changes in the
Earth’s Plasmasphere caused by Geomagnetic storms®.
Some CubeSats became their country’s first national
satellite. The first Swiss satellite is SwissCube-1, which
was designed to conduct research into nightglow within
the Earth’s atmosphere, and to develop technology for
future spacecraft®.

Our target is to improving capacity-building in space
technology for students with the concept of CanSat. We
are planning to apply this concept to satellite
communication system course. Moreover, we will make
space activity camp for students in Thailand. In the future,
we will use knowledge to develop project of pico-satellite
such as CubeSat.

This paper is organized as follow. Next section
explains the CanSat overview. In section 3, our proposed
CanSat & ground station are presented. The experimental
results of our proposed CanSat are presented in section 3.
Finally, our work of this paper is summarized in the last
section.

2. CANSAT OVERVIEW

A CanSat is a can-sized satellite which has been used
to teach practical space engineering for student or people
who are interested in space technology. The CanSat
consists of the major subsystems that found in a real
satellite, such as power, sensors and a communication
system. The CanSat is launched to an altitude of a few
hundred meters by a rocket, balloon or multi-rotor.

There are mainly two types of CanSats. The first one
is “telemetry” whose primary purpose is to collect and
transmit data from the flight and weather information in
real time to a ground station. The second one is
“comeback” whose main task is to land in a controlled
manner as close as possible to a target marked by GPS
coordinates. The microcontroller is the heart of the
CanSat and should interface with variety of sensors as
well as sending the data and receive commands from
ground station.

CanSats have the major subsystems found in a
satellite. The main subsystem is a microprocessor. It is
responsible for receiving signals from sensors and also
processes. The commercial microprocessors used in
CanSat are arduino and MBed. They have battery to
supplies power for operation of all systems. Another
subsystem is the communications subsystem which used
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for receives the commands from ground stations and
transmits equipment operation data to ground stations.
They also have sensor payloads which are devices or
systems that installed in satellite for operate the mission.
Usually sensors that equipped in CanSat are barometer,
thermometer, GPS module, camera, accelerometer or
electronic compass. And the last one, the re-entry
subsystem is a recovery system, usually a parachute,
which used to limit damage when the CanSat descend and
to allow the CanSat to be reused.

There are many main objectives of CanSat. For
example, to launch and land the CanSat to a predefined
target point using motor driven propeller and servo
controlled rudder'® or flight back to the target by a
paraglider* and rovering on the ground on wheels?
which are a type of comeback mission. To deploy the
CanSat from a launcher and have it landing within an egg
safely without breaking®®.

The biggest problem of wireless communication is
noise which is added by channel, the noise make a lot of
errors while the receiver received data especially large
data such as images. The channel coding is used for solve
this problem in communication. Therefore, we applied
channel coding using the extended Golay code to our
CanSat for error correction.

3. OUR PROPOSED CANSAT & GROUND
STATION

A. CanSat

I. Mission
We launched and deployed CanSat at altitude
about 60 meters by multi-rotor. The primary purpose is to
collect and transmit data from the flight and weather
information include temperature, pressure, altitude,
acceleration, GPS and image in real time to ground
station.

About 60
‘\( meters

Fig.1. Mission plan

ii. Subsystems
The microcontroller arduino pro mini is the main
on-board in on-board data handling subsystem, which
carries and stores data between the various electronics
units and the ground segment. Sensor Payloads are
devices or systems that installed on the satellite to operate
under the mission. Our CanSat sensor payloads consist of



barometer, thermometer, accelerator, GPS and camera.
The communication part operating at 430 MHz frequency
with FSK modulation. All components in our CanSat are
shown in Table 1 and our CanSat model is shown in
Figure 2.

Table.1. Our CanSat hardware and their function.
Function Component

Microprocessor Arduino Pro mini

Barometer & thermometer BMP180
Accelerator AXDL345

GPS Adafruit GPS
Camera Linksprite Camera
RF transceiver APC220
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Fig.2. CanSat model.

Re-entry Subsystem: We use a parachute to
protect the CanSat from crash. To design the parachute
we’ll use some simple physics'4. During the descent two
forces will be acting on the CanSat. Gravity will pull on
the can and accelerate it towards the ground, and the drag
force on the parachute will pull the CanSat in the opposite
direction and slow down the descent rate. The two forces
are shown in the figure 3. When the CanSat is deployed,
the force of gravity will cause it to accelerate. After a few
seconds the drag force from the parachute will reach
equilibrium with the force of gravity. From that point on,
the acceleration will be zero and the CanSat will descend
at a constant velocity.

Fp=05-Ch-p-4A-V2

VALY

‘l’ Fp=m-g

Fig.3. The two forces acting on the CanSat.

We defined descent velocity of the CanSat (V) is 2.6
m/s? and our CanSat has a mass of 150 grams. So, total
area of the parachute is equal to 0.24 m2. We decided to
use semi-spherical parachute®® because it is the most

common shape of a parachute and is not hard to make one.

The figure 4 show our parachute with calculated
parameters.
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Fig.4. Semi-Spherical parachute.

lii. Ground Station

Ground station has been developed using
LabVIEW to design the received data display. The
graphical user interface (GUI: Graphic User Interface)
shown in Figure 4. The ground station consists of four
parts: 1. Control part used to control device to receiving
data. 2. Navigation part used to setting parameters of the
map. 3. GPS tracking part used to specify the position of
the CanSat on the map. 4. Data display used to display the
receiving information from CanSat which is showed in
the form of tables and graphs.

Ground Station

conTRoL | Photo
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xxxxxxxxxx

Fig.5. Ground Station GUI.

B. Channel Coding

Channel coding is a technique used to ensure a
transmission is received with minimal or no errors. The
main idea is the sender encodes the message with some
redundancy bits. The redundancy allows the receiver to
correct or at least detect many errors without
retransmission. There are two major types of codes: block
codes and convolutional codes. The extended binary
Golay Code is a type of linear block code used in digital
communications. The Golay code (G24) encodes 12 bits of
data in a 24-bit word that any 3-bit errors can be corrected.

The algorithm?é, to generate a Golay Code vector (v)
it has to multiply the vector i which containing 12
information symbols by the G matrix.

G=[BI],H=[IB]

i = [ia, i2, i3, 1a, s, 1s, I7, ig, lg, i10, I11, i12]



(11011100010 1]
101110001011
011100010111
111000101101
110001011011
100010110111
B=looo101101111
001011011101
010110111001
101101110001
0110111000711
111111111110
v =iG

The decoding algorithm of the extended Golay code
consists in determining the error pattern u = v + w, where
w is the vector received, wt(s) is the weight of the vector s
(the number of “ones” contained in S), bj is i-th row of the
matrix B, e; is the word of length 12 with 1 in the i-th
positon and O elsewhere. After determining u, the
corrected received vector will be v = w + u. The steps of
the algorithm show below.

1. Compute the syndrome s = wH'.

2. If wt(s) < 3 then u = [s, 000000000000].

3. If wt(s + bj) <2 for some b; of B then u = [s + b;, &i].

4. Compute the second syndrome sB.

5. If wt(sB) < 3 then u = [000000000000, sB].

6. If wt(sB + b;) <2 for some b; of B then u = [ej, SB + bj]
7. If u is not yet determined then request retransmission.

4, EXPERIMENTAL RESULT
A. CanSat

In this section, we launched and deployed CanSat at
altitude about 60 meters by manned multi-rotor. We
choose altitude of 60 meters because it hard to control the
multi-rotor at higher altitude of 60 meters. In addition, the
operation time at 60 meters is about two minutes that
enough for use in the experiment. The ground station
received data and display as shown in Figure 5. The
graphs from figure 6 was shown in figure 7 to 10.

Ground Station

i

Fig.6. Ground Station GUI.
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B. Channel Coding

When we transmit huge data such as image, errors
may be introduced during transmission. The highlight of
errors in our received images shown in figure 11.
Therefore, we apply a channel coding using the Golay
code to our CanSat for error correction. The images that
we received from CanSat are better as shown in figure 12.

Fig.11. Images from CanSat with some errors.



Fig.12. Images from CanSat with no error.

Bit error rate for FSK with and without channel
coding using the Golay code are shown in figure 13.

10 ; . ; ;
; Uncoded BER
Coded BER

10 i i L L
0 2 4 G 8 10
EbMo (dB)

Fig.13. Bit Error Rate for FSK with and without channel
coding using the Golay code.

C. Launch and Re-entry

Multi-rotor was provided for launch and deployment
of the CanSat at altitude of 60 m. The CanSat landed
safely with a parachute and obtained data from sensors
and image taken by small camera.

Fig.14. Launch and deployment of CanSat

5. CONCLUSIONS

The concept of CanSat has been used for education.
Our proposed CanSat mission is to collect and transmit
data from the flight and weather information are
explained in this paper. For transmission of large data
such as images, the data is possible error because of noise,
so the channel coding using the Golay code is used in our
CanSat for error correction. This study is the first
practical experienced in space technology for ours with
knowledge of design, build, launch, operate and analyze
data. We are ready to share CanSat education in our
country. The students will get practical experience in
design, build, launch, operate the simulation of satellite.
Moreover, we will make space activity camp for students
in Thailand. This is an excellent opportunity for students
in Thailand to take their first steps in space technology.
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Abstract

This article presents the design and implementation of
CubeSat engineering model to improving capacity-building in space
technology. The engineering model uses convolution code to solve the
problem bit error rate. The analysis showed that use of channel coding
lowers the minimum transmitted power as a result of the coding gain.
This paper proposes the adjustable code rate convolution code that can
adjust the optimum code rate for different channel environments. The
code rate is adjusted to achieve the total bit error rate (BER) less than

10™ and to use the lowest power consumption.
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