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Abstract

To help reduce the shortage of lab equipment for digital transmissions, this research
project developed educational tools together with learning activities for one semester (16
weeks) to support a subject related to digital communications. The hardware-based lab kit was
developed based on the software defined approach, which enables the use of a common set
of hardware to function differently for different labs. A student can connect the lab kit to a PC
through a USB cable, and then use a program on the PC to configure the hardware before each
experiment. The lab kit was used on a trial basis in three vocational colleges. Pre-test and
post-test scores on the basic knowledge of digital communications indicate that using the lab
kit can help increase the test score. In addition, college instructors observed that the lab kit
made students more intérested and enthusiastic in the subject. In addition, a web-based
simulation program was developed to give students opportunities to learn despite having no
access to the lab kit. This program can be run on any common web browser, and can even be

run on a tablet PC or a smart phone.
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NI Digital Communications Teaching Bundle
Hands-On Experimentation in RF and Communications

M. View Daia Sheet
= Affordable teaching solution that scales to research applications

= Ready-to-teach digital communications courseware by Prof. Robert W Heath Jr.,
Ph.D. PE.

= Transmitreceive pair of NI USRP-2020 transceivers (50 MHz to 2.2 GHz}
= Covers FM radio, GPS, GEM, radar, and I5M hands
= Nltechnical support and 1-year extendable warranty

{+] Enlarge Picture

Ovenview % Pricing | Resources

Credit card payment will be hilled in USD, which is subjected to the prevailing bank exchange rate. Price does not include
custom duties and taxes.

Digital Communications Bundle

Bundle Contents

Estimated Shipping Days : 7 - 10 Price: B 223,100
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11



SUN 2.3 UaRIYANAEBIAINUTEN Keysight Technologies Faliifismuansluiuled uaainnisd1saa

wuiiisalinniiganaaesainuisn National Instruments Wesningldnuazsesiigunsniiedudu q

an Wwusoadalaalay

KEYSIGHT

TECHNOLOGIES

Products,

Homs > Produsts > Details

Divital Moculation

Rt

UM 2.3 YannaedniazuanuiEm Keysight Technologies dmsuiiugiunisdoansuuuaavia [3]

ogslsiam Avesganaaesdiazudinandiiu dilisunavesensuaiiesdeddlumsy
Tyaarumiveneuiomes Wusanaws Labview dwiuyanaasiveauien National Instruments

{1511 62,000 U (fiquigy w.a. 2559) [4] anmafigannvesganaaesdusazy vilranudnull

annsadnulaludsunaiiisanasosuutingne fadufiuvedasinisised

Wuiihdaunnd ganeassuudiioguiu sxanfugiionisiseunsaeunazlunudmiunisnaass

ey mMavanaiienisieunsaeuiglddivgavaassiadudumiwedlasinisiisiag

12



el

EENELYLYITINANMLLLAINLAL]MEUA] 1AL 6 0T REIMLRGIENELAIMIELYRLLT (PRLVISANLALE

PEY ¢ RBIMELUNENINLULENELY 2) DY ¢—C eLUBNEADRIENCBEAY] (LLTVELE) PRBBABRALN (LL11W Ghy)
rfsb n o ;: 2 o o - ) 5] K K] o

D@QMMELUQML‘@BLL‘;NQU‘TK[‘LIH@ RE[LPLLATEL LENELNYELERENELTMCHLAUT 2&[1{&:.%3%12LUG}5LYLMMQLUUL[‘;L\E,VL

BiteRU] MELRRLWIEBUREN SULRRLMBIALULLY Z°¢

[L‘l\téfg%flﬂl@@@ RERLEMNY

EWIRMIPBELEUYIRE BT ¢ DML&UQC&L@BELBVL&L\GIIQ’%YLB%‘IQLU@gQLUL\@(l?l‘tl,tléggﬂngtéﬁML%LLUQWFLU{L}

1958-681-680 ‘UMPLAIRIRLIA
OTGOT “TEAU EITUORT METFLETIDERT LBUIIWIIG 8T UItK ¢/ UWRET :BUUANLLL
UPBLGL ANMYLU C THLLIALBALNMRLLELE

EWMLIAN URILLAGIILURBLRUL ¢
L1£1-018-860 V699-/80-€80 UMBEUIREIRLIEL
0£Z0T TEAU MEUBDIRT LAMBEENDERT 9G LUNEELNRCE TT Wtk TT/TT UWAET BUBELNLLL
IEMIEI EQTOI G ALMLLIEREANRELELE

WARLEUMELIMALEELURBLAUL Z
T19£9-18D-680 AMBELIALEIRLIEA
0TSOT “TEAU ENMTLWRT EAFIENLAT CURLEMUBIIG /G ALY (BBBBLANLLL
PLBELRAREM WHITE MLMLBALNMRLLELE

b

EMNTUNLIAIRELRAL T
MNIEWNY bun ¢ bgtra,tgmmgb@mmmwxgn}:ﬂ@;wt@@gebm&z@ﬁn,M,Lgn

¥ RU] BRGIZLRY|LLUBCYIELLYLTGRLAUYEMT BAT ¢ MABELBUALIERRILLIIRELILIIEA RRENLLULLELSM
[Z] WELEBRILRAL MAIBEURBLRULLIATE 13 9567
I BLRMY JZ WNEMY BATT b MALAUBELURALBIMLEKALLALALLUULLIELIRL] turLure uRigLnefaLy
RULRALALN BALLEUMIEMMALEELURBLAAL RMLUTUIBELAIAL UNY] MAEUBRLRULLLIATENUGTEEES

FELEWTEARATT ¢ LﬂUQl&L@B{?LBl/LQ’L‘LL?rIgL(é@ﬂ,fl’ﬁLLB@gSLUHLEHMgHBSELU GEELUPCWITLEYLLELETELUREY]

@’I‘{ngﬂﬂ‘ﬁ&LB@g&LU?‘LLEY‘LM{.@V‘LB%‘I&LU@&QLUL‘@’l?FﬁLf,Uﬂyt,BQQ&@,I}LFLUQQLU 1T'e

RLEELUMHILLGE

¢ AN



uenNtu Mmvaaasldganaaaduanufinuaie InTuninerdensendnuiiunsyia wasinendy
MgYaWAlen Wuas Ineddwuin@ny 8 auuae 12 Aunuasu dmsuinerduwedaliugg Weswin
InenavlilalladauisinelveatunisaedswuufIvaUN1AYaNeIUNTANY WA, 2559 Aanssulu
= o P Yo e v 1 v a M MY & Y o e P
lasamsutuiisamsnaasaieliindnunldusvaunsaldstayaass udlidliiudeyanindnwiie

UUNNATITLADE19L

3.3 manuuanIasdanldlunisiniudeya

mMavsziiulusinsuinasinanisvinaes (vevlawss) wasygavnass (a15awas) Tunseusidslfjuiams 14
LuvdsunueuAniudlineandensgluenaisiuy n laaldunsanudssiumseinieyeansldnu
wazUselomiluwivosmaasuanudilanugiu

dumaszidiulsvdvinmuesnsldyanaaedunsssunsaeusss lduuunageuanusugued

MeaziBanegluenaisuuy ¥ JaduwuunedeuuuuUsiediuau 20 9o

=] v a
3.4 ﬂ']iLﬂUi’JUﬁ'JSJ‘U’éJHﬂIUﬂﬁi’Nﬂ

mMsdneusuljuanmsildllsunsudiasawanisvnaes (enawas) uagliyanaae (a15aua%) dalugas

Weulliguisu-nsngiau w.a. 2558 lagn1seusiuarnIsiusindeyadnuuudeuniy anliunisinedi

v
v

ATl drunsdamsBsunsasutislinedeentifinwsmfiamsinasuyssiliuanuiiiugu

aiunsiagenseRaeuivIiietacluusiayinedy Tudiadiousunau w.e. 2557-flurnu w.A. 2558

Aaaiﬁl 174

a ¢ v

3.5 ﬂﬂi?LﬂiqgﬂﬂagaLLazﬂﬂﬂ‘ﬂ Y
\iesnndnnudidreusindafiinisuasinnuindnwildganeasdunsissunisaeuassiduiulinnn
LY a o dyd v o 1 d' < [ a
10 (20-30 Aw) lasanTIdetdaddieertadersonesuusnlumsTumumLiuLarn1sUsEIEiY
UsgdvSnmuesdenisiieuingnimunau

agslsiany uenwileannsiiudeyanuuuasuay fueildvernuiiuninennsddaeuly
a Y o e = & ° a PR v ¢ v < v < ' Ny o W
endeeiifnw Fulumade telieransdiaeuaunsnsenanuiiuldedrufuilaglifivedinla
9 Tudnwazvssmaunly

¥

3.6 NMsIAvinEaNTSISBUIWSaUNIANle
3.6.1 msfimuaiadefanssunsiseuidmiu 16 dua

msmuueiteianssunsiteuiiulasiistesi 1 davhiundenniinaulaidouruuazseusnmann

14



219159 INBFEDTIFNYT 3 WHE UBNIINUU AunuldfadenilamainIvssuudsanshaia e
3105-9009 TundngnsuszmatiedninTndugs (W) avndvdiannsetind w.e. 2557 nadwide

LY

AanssuMEFsuidmiu 16 dawi 9 az 1 Hilue defanssumsieuiiugunsiedsuuuadva 3

A ya o 1% (v o w0 &
sulsiugIuANuIiineIves warsunuumsdsteyalaevialy daseludl

14
e/ A

1. dygruniugiunaznuads

2. MsldyanaaosdtoyaluUAIvia
3, mansesdmnanioty

4. mslgmnsesiue

5. mydsUnveyauuy PAM

6. msdsdavayauuy PWM

7. msdsdndayauuy PPM

8. msdslndayauuy ASK

9. msdsdndeyauuy FSK

10. msdsdntayauwuy PSK

11. msdsdndayauwuy QAM (Poud 1/2)
12. msdsdndeyauuu QAM (meuil 2/2)

[

13, msswlvvesdyaruuuy TDMA uay FDMA
14. nsldesdynauuy COMA
15. Masvansadudeianain

16. MswinsaLslutelanas

fawsifanssunmaaesazAndienlenananivssuuiearsiava lundngas Uad. uananssums
naaasiifinnuiavidululasmsidel aansehlvlglilaeiil Saaudnshlldiemsaiounsaou

luszdvgaudnwdnaay (nweraduduniiiesnsvaaewismadmiuiviiieades)

3.6.2 N15ANIHUSHANTUTUNTUTNDIMANITNARDY (Yanaas)
Tulassnseiesi 1 funugaiannldsunsudiaswanismaass (gewdws) Tranunsaldldnmulusunsa
winlweslaglifuegfuszuuujuinmsveaaistnouiimes upsdaunsaldiu tablet PC uag smart

phone lignee lneiinasudanmeluil

15



1. IUiLLﬂimﬁwaaamamimaaamamquLﬁamﬁ'«j"mﬂuﬁugwuﬁﬁw fayveamsioansuuuAIvia

2, Iﬂ'ﬁLmsummsaLLamé’agzywm%'a;gaﬁfhuma 9 YBITTUUADANS wWudyandeyandads doyayro
iUl uardaaiitnunisussianaiisadu

3, _deiLLﬂmagamiﬁcﬁsﬁ”muLﬂgauﬁmﬁagaﬁwgndmmﬁaLﬂmmaﬂiwvﬁtﬁmﬁu Wiy udoua

Hasuly

e

4. Tsunsuanunsavinanulaviasuuainesaspsuiwesiagliiinisitendedumasiin wasuuuniy
LASDUIBUWBSLTR

5. mswaulusunsuludianlganenisdudnsveswensuisiineides o

Tunisiaunlusunsudanan Aunuldannnanius JavaScript) [22] Feanansaviaulavulusunsy
W sNlUiuunIvans WU Internet Explorer wag Google Chrome TulUsunsudnassnanisvnass
gunsaivanlussuvdeasgnifwuiluannaniud Jaudwiads dfu dudhaiadedeya foensiade

Y o o @

Toya Mueguandyan Mdvequadyyiu Masedyyramad dnseduy uasvesdyayin

'
o <l

uennMImwIMiigIvesiumsszanadyniu Wsknsuduansgudygramumivensuiumnes

a o/ '

Ingmsuansgudyan ordenduuesids flotcharts Nldansaniaridusing 1

v

3.6.3 MsamvidaUszanyanaaee (3n§auas)
lulesamstiondl 2 fusuimungamaass (915u9) Tnedlgunsaindndadeluil
1. gunsalievliidie (field programmable gate array : FPGA) T¥dwsuusvanadyanauuudia
(digital signal processing : DSP) lng7inauldienindiagu Cyclone Il 99nU3Ew Altera Fadu
druuszneundnues development and education board ju DEO [23] lulasemsi] fusudede
gUnTnitiaN3EN Terasic
2. gUnsaldled (digital-to-analog converter : DAC) ldudasdyqrandviaanenidiedudymiaume
urden Jadugunsaiidndumnedyauigdeiuasds Jesntagluguvesdyauueuzden
Wity Tulassmsilfiunuianngunsaifiedtuestugudiss BU-CROCCS (Bangkok University-
Center of Research in Optoelectronics, Communications, and Control Systems) Tu
NNINYENTUNN TN YR Tedn
3. gUn3ailedd (analog-to-digital converter : ADC) THuvasduaameuzdoniisnsuiuldananeds
Lﬂué’zgzynma%ﬁalﬁww%LaﬂixmaN@Lﬁ@%’Uﬁm%@;&ﬂﬁi@l@J wudeItugUnInifled audidy BU-

CROCCS lunmninedunanmmnanansawmutgunsaidudildios

16



4. TUsunsuivuaninivesenidevislsmduasilamiu I muamihivessyuvdeasanuiien
19479NITUNMIFBUFIUEUAMA 9 vesnraitou Tulasinisil Aunuiaunlusunsudumsny
Verilog uazldmanlniass (compiler) vaswawauwas Quartus Il Web Edition v12.1 3mnuSem

Altera 3slifiinaedndla q lunsldau [24]

dunuanifvesyanaasdlunissunisasuy MyunlidenadesiunuaudAde 1-3 dwiulusunsy

BDINANITNAADY (FaNALIS) A lanansliluiidenudn

3.6.4 M3davinglienanssunsiseu;

a

mslddenmatsudednilussivinm szdesligiionsldnuuarlunudmivusasianssunsiious tnslu

'
<2

unazAansIu ﬁmuléﬁ’%’m‘h@ﬁamﬁﬁauﬂsxnauﬁwialﬂﬁ
1. TngussauAvasusiagianssunsiTeu;
2, msmumummé’ﬁ’u@uﬁLﬁm*ﬁm %qmuﬁomsmauﬁwmuﬁugmﬁawamﬁmﬁmﬁ’umsﬁmm
o
3. wuuinsialunsdifilifimsvaaes wiedavnnismeasslunsdifidnsvnaes

4. meuﬁﬁfﬂﬁnm%ﬁaaﬁuﬁﬂNaLLazmavﬁmmLﬁadﬂﬁmmsé;jaawﬁaﬁansiu

3.7 msihdeliienansdfaaulanaaasly

dnsuganaaes (@13uad) MdlumsiGsumsasuaidlulasinstendl 3 fusnilddweuganaaes (wu
T wieugiieliunenansdfaeundoutudneusuuuuisesiinedelurag 1 ieudeunisihluldess
(waerdmeu-Sunna w.a. 2557) ey vdimseuss enasdaeuansaliyamannsiouitaenuiesnny
foendle U7 3.1-3.2 uansinegamsihganaaesludsouninerdeedafinw wasmsiinevsuornsd
TGLIN RHGuTY

Tumseusuwuuidedtu lenamsgfiofanssumsSeudifundngas erosddidreusldmeudan
wuudniin UtRn1vnaes wazmeumatulumuiSsuadiousudndnwiinnisveasa iearandqlad
Panauuazaumdaulunslinnutiemdedndnusewinamsiounsaousds Iveduedfinu 2 uved
Iehgemaasdluldlunsidounisasusis Taun

1. Anendemseninuiiungyiia

9191386ADY: 0.AUMET T

anuiiRnse: laui 11/11 vyl 11 geswiaduns 56 urrswaduns wadanu nvw. 10230

WUBLAUINTANA: 083-087-4694, 098-840-1377

17



2. WYIFUNIYIUNALEN UAIUAT

91938KAOU: B.LaNWAN AMELTE)

anuNAAe: LAY 73 M 18 AUUANNGT UYNUAULAU [WRliuyS Ny, 10510
mneaulnsAnei: 087-198-8550

dviuinendemaiiaiiuygd Aunulidiadanisldyanaasses Wesnnlifienasd

pgnuadlunInlaneveIUnIsAnel WA, 2557

ANSBUNATADU

gt B

5UM 3.2: m3tlneusuensdiaou (e.onwaul adedien) luivendunigaunden umuns

18



3.8 M5USTIUANMNIMNNZENYBITINTITEUS

nMsUsziliuAmNumIzaNresdeMaIusislulssinvlusunsudnaewman1saans (enduls) uazyn
nAaas (130ua%) endeanumiuesmsandl 3 vinugdivssaumsalaeusazyhideluanurivinmsdens

LUUAIA nasalul

an

1. gnRaaMl: 56.A5.8yans ianSnana
darim: Anrdmnssumans PnansaluTIveay
Anadermey: Siussaunsaimsaey Weussmanewdy wandeuunarsilunsasmaimnnsdu
1h Tuifemvesivmsieansuuuisva
2. {n3Innual: a3, Jusius gussududiau
daio: Agdrmnssumans aﬁwﬂ'wmiuiaﬁwazﬁ)amméﬁﬁuq?
A Sussaumsainsdeuwesdouuneanulunsarsmamnsiui luiomaves
AN 1sAeaSLUUAITE
3. JNTIAANAL KA.AT.STNIY WTNYEAUINS
dsfio: madvlnseuuiay aandumaluladuaeds (elefl)
auideamey: fuszaunmsainsdeusasdeuunanulunsasmadnmstui ludemaes

INNSARETUUVAIVA

Anssnandiusazynuarldumsansanslilusunsuuazyaneaes uarliiilomaldlusunsunazen
VAABINILAULBINNUDTEAY MntuliALAnIunSsuTRLauaLULd aTILNY TnsLUUdBURILANUAALAY

agflulonansuuy A

3.9 msmnuRanumsiddenisiseu;

Mununziidsusimsssunsaeumeyanaaeduinerduertnwiliusses q Weaouomarmiiy
wazdenuvavIaUTuuiigUnsalluganaaesmuaumngas Tuuisnisennsddaeuasiiuauldaunun
iulnsdwiieduasuazudlutymilulesufsaiumslinuganaass U7 3.3 uanswinegnswesnsid

WBEUTUNTHS8UNTEDUIILUINEaBa1 TR

19



JUM 3.3: M3 ndearunIsiTouNMsaeuIsiIneI1dunyauniien unuas

3.10 MsUszliunamslddonisiteus

msUszdiudszininmesinmsldyanaaedlunisiteunmsaeuss Tduuunageunuiiugugd
Meazdensglulenasuuy ¥ midamsaeuinnnuiiug dndunisiesennsdideuvedinedy
9TIANWNeY wuudeunuiinemie 20 Jo Wumamwuulsds AlillemasaadesduilewiiuAanssunns

Seus 16 dUaninaenniaEey

3.11 mslagenisiseuiuasaiisatuauysal

U Y

[
Y

lefiugelasamaived narAnfildAedonsuiugunsdomauuuiive seuuilsunsudaomanis
vinaes (YeNAW3) azLuLgavInaes (313aua9) wienrisgilensnssuniadouddiuan 16 Aansw s
ansathldldlalumsiBeunisaeusiadunan 1 medeu

otlsfimu domsFousi fliiewtumatoud uwililimamauwnusisliniiiedesiumsaeans
wUURATE ety ansgaeudinzaesiimnuieonaissznaunisaeudmiunsiseunisaeunang el

mualuiunslddenisseuianlasinisi

20



uni 4

NaN15938

4.1 namseneAaITilasduaTEilNaRauNdan1s U3

Mmadsmuaraunn e e iiedeaiuinmsdeasuuuddvialuaoniuondifnu 3 wis lHun
Wenduwnaliaduys Wedeuliunayia uaginengauiiien unuas luansannumues lugas
WFeufugey WA, 2557 nuivingrdeendidinuie 3 wimaunaugunsainaaesdsayaLUUATVA
Tneflwandoaswiolui
1. Anendeuraidlifigunsainismanedla 1 sisdu druwiiiivdetigunnl usiisiuauiies 1-2 4
felsismetusauindnwludonsou
2. gunsalitimendefieguisduiunsldsuuineanvivelsy uaziiongidu 20 T msvsaaiatu
luafefignanwnssulnsrannaudshifminlulsemelne Wesanlullagtu gramnssy
InseanauluUsemdlngldiannlueghann wasneldnsguraiulsinngliinisinsauunesgs
Favdnuiiud (91 mssuuireludnuasiontuddithesietuldsnluewen Tasnisuinaly
dnvngdanammaiuiagiietululsemmdeuthuunm wudeuns a1 wazunY
3. mendouwis erfeiludinnuluaniulszneunisaiads samenmeaesluaniuromuies
egalsfimu nsUfvRenluaanuuseneumsanilvg) unsquassuuildamegais dndnwll
anansafisgyimsnaassuuilenadeumnuildegisagan wmzaglunsenuamnimnsliuims
VBIEUIENOUNTT
4. tinfnwwedinerdiendidinw lififuguvesmadeulusunsufuaaidndamand wulusunsy

Mdgumerondus MATLAB [8] Wldiuethwunsnanglusziugaudinw vilinnseusleenisii

gageyamenisiitnAnwidsulusunsudiaewanisuaassiueshilimadeniiaziilulgle

Y

2

WHoIInNsaeun1sluswnsNAInasssedltian wasisieazduauinnenizasradidsnden
Taan3vmiia
5. WendpnTifinwnia 3 wis Liflswyssinalusnansuduiagldindegunsalnsveassiitieides

ﬁ'ums?waamwuﬁ%ﬁaLLUUﬁﬂL%@gﬂléf

nnwmrannann e ssuldhiiymnsnaunaugunsainsnaassdedeyauuuidtariy oy

ssluaandumsinymaeuisluusamelne uardilifinnlinsuiladymidulddaaululogiu T

vz malulad “f3via” Iananedulladudfniiastuindoudsugiovestsumelng daavidiuld

21



MnuuNsABUTevensENsae “lodi” Tidunsgnmi “Aivialieinsugiauasdinn” Tudoufueou
W.A. 2559 [25]

ueniniiomnantuendadnunie 3 wis funulfaumniuaanansdaninedomalulaann

zYuoon (3 wa) Faduanituenvulutimiafieriu lneyerainse i o.anind waduna sesmh

uwnunsBiannseling (sdwi 081-427-5432) 9nmsaumnAuaAaNsERnan wuiinendeensu
fandfvszautymuaunaugunssinmaveaestuiatufuinederesisne 3 wisdinanandnedu
i Pymmsvauaauiunuliidusndua@ifinuesiauasesenay

TurniAeniu meaugdmnssuemans wnivendensavmes Adamanueaugunsainsmaaes
dmvinmsdeansuuuiavia laonnfounmsaeuiiinuandsendesisufundn Saidusedmiwesns
MaunaugunInimmaaeslussAuanufinw wenuilonnnisuaunaulussauenTafinw

MNMIVIARAUTINEIL LR ﬁmﬁmﬁummﬁwﬁzyﬁummiﬁsum%miﬁauﬁmaﬂuﬂsswm iie
andymnsvausaugunsaimsmnass SssreduaiuliAngunnuiiudundduietumalulod

faviatulszwmeing

4.2 wan13a319uTeInIngusvasA

aa o

4.2.1 Lﬁa‘iﬂ']ﬁ"\]ﬂ'i'iim'ﬁGEJUiﬁug'IUﬂ'ﬁaiaﬁ'ﬁLLUUC"I"\]‘VIa
lulassmisdendt 1 funuldfmundenfanssumatsuiiomnsiuay 16 Aanssu Famnvaudmiuns
Beumsasuly 1 maou evRanssudmudemusduesinsyuudeasiavia s 31059009 Tu
wingns Uad. anvnivdidnnsetind w.a. 2557 TasneavBonvesianssuuaytunounmaaeanatnnis
seavanaInglufinn uarnsyareivosddaeuluivendverdafine 3 wis laun medunediadiy
U3 Weden1sondnuiiiunsigiia uagivendenigaumniien unuas eg1slsinig nsihianssuns
Seudluld Lildsfnegifivsmsldnudwivivnssuvdeansidvialundngas Uia. wihdu
Ranssumsdouiifiunuldfmuatu s 16 fansay Phtefanssuuas Inguizasdvesionssy
Husemelud

(%
]

NaNsTUMSEEUIT 1: Ay aiiugiuiazanuaudn
o @nunsausvenmuLarAMIivesdyguiuguildlumsdeyafavia
o danInlEuAININIALIAAENSDUARId YR U

o ANWNINNIANNVBITYYIUNUFIUINANNINALAAANS

22



Aanssumsieuii 2: msldyamnassdsdeyanuuiivia

o mnsneusegUnininng 9 luyavaassdsdoyauuudivialdeagnies

o awnsoldlusunsufmuamihiiveseniawasmuneariansey

o @NT0lIYANARBIAIFYYIUITIATULUUANA <) warUSuidsunuresdyao
AanssuMsi3euil 3: mInses Tunandes

o  ANINVIVINENTVBVRITINTRIF QIR 9 INnTIHHARDUAYBUTIANE

o ANININUIVBNAYYIUVIDONVBIFIINTDIFYYIUMNNTIMHANDUAUDATIAMUD Tnedeyqran gl

LY

sulwinanudeing q fu

g

o anunsaliyanaapddyyInlelNuiInses Ty 1A wazadyBend mIUdy M
yudiieudsng q fu
ﬁf\]ﬂiimﬂ’liﬁﬂuiﬁ 4: msledansesiue
. mmsaﬁwaﬂé’zyzymﬂmaanmaaﬁamaaﬁm%m?amﬁLLazﬁ’Qﬂsmr{‘fUQimﬂ S[ATRTRET TR IET

o munsnliyanaaeaisfygruivszneulumenadamvasunnindeya

(. 1 1

o aunsnldyanaassdsdynrndoyanndids uasUszananadyyiuismsumeiinsedug

<o U

NANTINNTFEUFN 5: Mydslndayanuu PAM

o

o aunsnusuenindayauazdns1Unangudyyio PAM

o auNIINAAMEYYINTaNALUY PAM annTndeya Ardyau uazensidn

o musnldyavaaesdilntayannddsdludaiumedyagiauuy PAM

o aunsalitemAae ANIHANTENUTBINIHAIAT (synchronization) Tidhfulinssiunaniishes
ﬁﬁmisumsﬁﬂuiﬁ 6: M3dalintayawuy PWM

o aunsnusveninteyauazdnsinangudyy i PWM

o duNIIMANMFEYILTaYauUU PWM anndndeya Adynyn wavdnsile

o ansnliyanaassdidndoyandidsludaiiFumedyainuuy PWM
AanssumsBeudil 7: madedadoyauuy PPM

LY

o aunsnusuendndeyauazdnsinangudyyi PPM

o @unInMAN WA IUTEYaRUY PPM nUndeya Adynin wazdnsin

o ansnliyavnansdilinfeyannsidsluduiniumedyaiuuwuu PPM

23



naNsIuMSSEUsT 8: msdedadayauuu ASK

o

o aunsautvenindeyauardnsrinangudayain ASK

& o

o annsaMANWEYYINTeyaluy ASK ndndeya Ardynyin dnsdn wazaudvesauNIY
o aunmnl¥yanaaesdidnteyaaindidsludnsumedyanamuy ASK

AanssuMsseuin 9: msdslndeyauuu FSK

LY

o ansavsenindeyauazdndnaingudyyin FSK

o mnIEMANNAYIMYBYALUY FSK andataya Ardyna 8n510n waanuavesnaumis
o munsnliyavanesdilntayaanidsludniumedyyiauui FSK

nanTIuNIsEeLiN 10: mydsdadayauwuy PSK

s

. mmiaﬂwanﬁwﬁagaLLazé’mwﬁmmﬂgﬂammm PSK

&G

o ausanaamdyadeyauuu PSK ndndeya Adyaa sadn wareuivesnauwv

o munsnliyananesdilntoyaanddsludisumedynyauuu PSK
ﬁﬂﬂisumsﬁauiﬁﬁ 11: mydedntoyauuu QAM (moufi 1/2)

o aunsavsvenindeyanaydnstinaingudyaias QPSK Fadunsdinilevesdygo 0AM

. annsananmdrygyadeyauuu QPSK andndeys Adyaa Snsdn uazmuivesnauwi

o ANNIAKENAIUUIENBUBUWE wazdIuUIZNBUAIBIATIADS Mndae I QPSK 1g
ﬁﬁmssumiﬁauﬁﬁ 12: msdadndoyauuy QAM (Reuil 2/2)

o musnliyaneaesdidnoyaandeludaiiumedyainuuy QPSK

o aunsaduasewinadndeya wazadyaailu constellation diagram dwsudgydnval QAM

o @unsavsvendninuesnsdetoyadin constellation diagram uagaudnanuaila
Aanssun1sBeusil 13: mafafwdnduuy TOMA uaz FOMA

o nsauansdyIINgldNUsiazay amiumsiiafindnduuu TOMA

o annsauansdyauNglrnuusazal aviunmstafndnduuy FDOMA

) v o/ !

o aunsnldyanansdilntoyannmdsludshiumeniadafimwanduuy TOMA

Y

a v v )

o ansnliyanaassdslndayaanmdsludisumenisiafndnduuy FOMA

Ky

AANTSNNSEENEN 14: nsdafmdnduuy COMA
o anusanIALazenTaR @y anlTlunsTaRmAnduUY COMA
o annsauansdyIINGlinuLsarau dusunsiiaRmanduuu COMA

o aunsaliyanaasdadndeyaandidsluduniumenisiafimdnduuy COMA

24



ﬁ%nswmiﬁﬂuifﬁ 15: MIITHARTITUTIRANAN

o aunsahsateyauuy parity check fidads

o aunsanTITuteRana1nndafilésu ausawuy parity check

o aunsnliyaneasdiintoyanndidsludwiniu Inslimsdrsianmadudefiowain
ﬁ%nssumiﬁauﬁﬁ 16: mIsraunlatofianain

o musaLIAYEYALUY Hamming Firads

o aunsutladeRananandadiledu amusWauuy Hamming

o aunsaliyananesdsintoyadndidsludewiniu Tnetimsdrsiaudlateranaa

4.2.2 Wsunsudnaeanan1snaaasdstayauuufivia (gavunas)

Tulassmsgesd 1 Aunulaiannlusunsudasmansmaaesdidoyauuuiina Tnedemuilenilu 16
Ranssumsiseuiitldnanaduideiiuin IﬂiLLﬂiQJQﬂWWU’Pﬁuﬁ’JHf\]’]_’)’]’dﬂ%ﬂ(ﬁ (JavaScript) vhlvienunsa
L%'EJﬂi%mumu‘lﬂmmuLusﬁl,szja%ﬁﬁag'ﬁalﬂ U Explorer Firefox uae Chrome Tnglitufiu
5UUUFURANT 1u Windows i0S waw Linux wenanil Ssannsaléeulinnaeuiiamesiuunam wu
tablet PC uay smart phone yhisiagminsemsiSeuimusseduveaindnwluanuiinaylulenaning

a1l9 MsRAILIUSINSUTIaBINANITNAaRINE IRl UMIUlUSWASHIUSTIWeSTY SaazdelwminAnw

annsoldlusunssihuaieniedumesidadwiunisieuimelng (e-leaming) 8nsae

nsinlgaulusunsuy
wé’amnﬁmaanlﬂéﬁzwmmaﬂﬂmﬂiuLﬁﬂgjm'%"aaﬂauﬁumait,a”a annsosuldruldiuilaadaluéfive
“main.html” Tu folder nanvaslusunsu Aalusunsuusiwes nanUalusunsuwdy asiiuntingng
mﬂﬁmwé’ﬂﬁmaﬂﬂugﬂﬁ 4.1

5Ui 4.1 WunmsFenldlusunsshuusnimes Chrome Tussuuufifins Windows uenainnns
L‘%aﬂiﬂﬁﬂmﬂsmmﬂlWésuaﬂiJsLmiu%agm“fmﬁﬂuaﬁmaaﬁmmLﬂ%‘@mauﬁamaé UnAnwdsdsnTaEenty
Wsunsuanldigndnfivluiasesreuiiomes server inuaternedumediin inldaunsaussendld
Tsunsudmsuns@nunslog (e-learning) Husuwmasidin

U7 4.2 Wumsldiusunsushugunsainnniuszam tablet PC wag smart phone Lileauazaanse

nsldnuvesindnwilugaudiang ¢ uenmidoaniusesimesuuunilfy

25



N i

RV THE CREATIVE UNIVERSITY ' VAEALE

Interactive Web-Based Digital Communication Labs

TusunsudtaasmIneaasdtayauuufiva

WannTagiinguain BU-CROCCS angdminssuasns uniinenfunsamnmm

=

mMIneaaay; danaufugiuLasaaaulis

drueunngulen (Sinusoidal)
Jyaanoausifundoy (Rectangular)
Ay aiswwenusdaumdoy (Triangular)

mMInaaas: Nsnsasdyaatiiagau
msasasduanaingldinsasmudien (Lowpass filter)
nsnsavdnuanaianlddnsasiug (Matched filter)

mMsnaaay: NMsdviadayawuy PAM ,
msyusodpuauLY Pulse Amplitude Modulation (PAM ¢ -

& lerle

U 4.1: hwsmsldammdneeslusunsudiasmansnassinisasieyawuuadva dldnuausan

v

wenhiteriaulaiiellaninaduniuntsnaassdmsuidetiy o

U 4.2: madenldlusunsudiaemanisnasssiugunsainnwisziay tablet PC uag smart phone

26




A19E19NT5INABINANTIVIAADIYBITUSUATY
N1NARBA: AU LA ANENTR
gﬂff’i 4.3 wansdygnalledanuiiviniinsldnuvesnmeasdlufanssumsiFousi 2 laeindnwanunse
U¥uideumena 9 éﬁ“wialﬂﬁuazLﬁuwaﬂszwudagﬂé’mmm
o uaundga (amplitude) Fviseidu v
e 1 DC offset fvhedu v
o AR (frequency) Suheidu kHz

e id (phase) iviaeilu degree

e Sv8zIan (duration) Huaedu ms

seueunausuland

dry n_nm*;ﬂ‘bmi;ﬁué’ag{yﬂmﬁﬂmuﬁﬁaeﬂ'ﬂsxngum whiden
ainsavsuandnegaldauainaiwa 36 @d wana

-

Amplitude 1y

85 4.1 8.z 0.3 9.4 Q4.5 0.8 auF 2.8 .8 1.0
Time {ms}

4} emud (Freguency) [kHz]

3 i (Phase) [dogree]

1} szaznan (Duration) [ms]

| Update Plot | Reset |

Ui 4.3: dyaragdlaundanauasyiuasuguautalalunismaass

can

27



v
v

NNINABBY: NTNTDIAYYINUBIAY

JUN 4.4 uansmaresn1vnaeinsesdnaaleimeiinsasauden (lowpass filtter) il cut-off

frequency WAy 2 kHz dwiunanssumsideuif 3 Tugud 4.4 dyaramididienud 3 kHz tdndnw

#1500 5UANATOIF YUV LT ILALITIUNAN TENUTDINTTNTBIR YR 1A B AN TBIAIUAAN

2s o

AINFaIANMUAEN

ehnsasanuiieh (Lowpass filter) diufinsasdyanaiilsinga
avdilsynavauiigenty Cut-off frequency vasdruiniai
aanly

VIUNEE UANASURGNA BN 3% V], usnauu A AW Ian I8}

1.5 "
B fygnneudh =
-188
 Apnnnmann =
1 TR
4 H
{ /
/
a4 hé o e -g_ e
- & ] : L %, % 2 3 \
[ 1 B o \ . .,M}s.‘ SUNURS © S SRS LR REP) S . T —— S—. %*gf__ A __?\‘;s
R : i ; F 1 y: % 2 1 f%%%;& ;?:\
| \ \
i :
Lol \
L | | !
o4 !‘x i
-1.4 Yt 4. k¥
-1.3
000000 0.00025 000080 0.003G78 0.00100 000125 q.e0ag 2.00175 2.00200

newdane mfvasdunasifaniinah (frasasanufidnd Cut-off frequency = 2 kHz)

iSKHz[

UM 4.4: fygrailwividuazviesnd wiuiinsesanudeniidl cut-off frequency ol 2 kHz Tunns
vaaes lasdyaavidnluguiinnud 3 kHz iiidgaauesniiveundgamnivesdygauid

= = a ]
LHesa1aanudle ) NgIn 2 kHz WHNNIDIBN

28




N1INA[aaN: ﬂ’liﬁ"i\?‘ﬁﬂ‘ﬁﬂﬁla WUy PAM

‘S‘UVI 4.5 uansdrygradeyavenisdsindeyadiuiu 10 nlaelddyyiuiad; Uﬁm%‘ammumsuamam

WUU PAM (pulse amplitude modulation) 5'114'%’Uﬁaﬂsmmiﬁau§ﬁ 5 Femvesduanalunnazauingy

'
[J

fiAngadmivin 1 wavasileng

Usznaume “zgzgmgﬂ%m“au sUdyaaneenan@InTesdud (matched filter) NRasuazsenausiy

doyyrauguanndey

rdwmiuin 0 Tugulndeyade 1010110110 luvme

Nsudynnuteyas

unfnwanansaidsulndeya (Landudaslddayadnuin 10 ¥e9) waziuANUUAsuLUaU9Y

Frynnudeyaiignas uardaaraiieenaindinsesduduesiiiu

AsdvtauanLul PAM

PAIM (Pulse amplitude modulation) dlunisuilasiintiayaivian
ustluaedauanaiad (Pulse) T euanwiana q Ml

wsme: ta 1 <=> +1 V1o <=> -1 V}

24 ; i X
! ; ) Frpnrvn PAM
. 0] g aneesnin Metched fler
< - ‘ " [} g adrgnnnn Mathed fiter
z |
T g4 o o a o .
s 7. : ] /
£ A f{% i
£ & A a %
Z0d e " . — v A B SRS S AR
'fr £ " § ;
i o 3 § 3
2.4 1‘?%, ?f 3 3 A
%, ’g iff ! E ¢
“t % ff i y ;’i‘
09 ¢ LU ‘ # A
§ | ! -j
1.4 T——————" » 1 e i s W’L
i
1.9 { —— -
i
i
! 1 2 3 4 5 & 7 3 g
| Time {mg}
ol 1o 1 1 ol 1 1] 0: dnavaya (Data bits)

[Update Plot |[ Reset |

UM 4.5: fyeyraudayauuy

PAM fidainmuazusuilasulinuinteyalufianssunsieuii 5

29




N15nAaas: nsdslindayauuy PPM

k24

JUT 4.6 wansdygaudeyavesmsdslndeyadtuiu 10 Uasmen1sueguanuuy PPM (pulse position

v oa

modulation) dwiufanssumssewin 7 lnsavesdygraluwsiazaiuues symbol avgnuusesnidu 4
H23 Inedryaaaviianadduiuviad 1 2 3 vive 4 Juediulndeya 2 Tndmsu symbol Wy 9

Tuzu Aesdniignasdie 00 01 10 11 00 FtinAnwiausaiasumvestauasdunaanudsuulas

Yosdn Il uenanil Sdinsuansdayey '1mmanmnmﬂsmwﬂmmmiu WetinAnwanuse

Wiguieuiiudygangndsdnee

Assvtayanuy PPM

PPIM (Pulse position modulation) siiumimg_zmmﬁﬁmﬂlﬁ
é’mnnmﬁaaamaanmmwu@aw N fiu mmﬁaeé’mmmxﬁaa
uaiazadeanrdetiaualainnnit 1 da

wnEma; tunvaapeiitioya 2 Tn grd<lius arduananindfid unniunngedy
Yiouus 4 A1 ntheldun (00 <=+ 1000, 01 <=> 1100, 10 === 0010, 11 <==
1)

i
1.59
1 .25 =7 mﬁn‘irgfgﬁm Kaichad Sider
=
2 { D 5 I —_—
£ ? ;
< 5 I {
- B 5% & 1
% % Eid i
.79 i : ¢ Ea :g ; %
; 25 3 i
§ i ; ; H
H i H ¥ s
"‘ t 3 3 * Z 2 t
a5ttt { !
; E 2 " 3 ¥ ;; i
; / §
$ : 3
3,25 ! j i
: i i 4 ;
f ; i 3 € | H
aod N & G Qe N i S
a4 :5 54 FE 16.0 12.8 1680 7.5
Time {ms}

Lol ool 1101 00 fiangnss
DJ ol ol of of [ ol o o o 1 a[ o[ ol “T_:]
0] o0 U;V oj """ 1[“0 "ol o o[ 1 olol o I

O] fiaildsy

UM 4.6: dygraudeyauuy PPM idanauasuTunldsuldnudndeyalufanssunmaiSeusa 7

30



A1INAaal: msdaﬁm%’aga WUy ASK

v 1

gﬂﬁ 4.7 wang ”zyzmmmagamaamiaﬂﬁm%gaﬁwmu 10 ﬁmé’aﬂmiua@mmmu ASK (amplitude shift
keying) lnaavesdyaalduusazauinagliiuguddmsuln 1 wavanuguddwiuvlin 0 Fsmsvaass

Wldusgnaufianssunsiseuin 8

[

Tugy Aesdinfignasie 1010110110 FalnAnwannsawdsumesdauazdunamnudsundas

vosdnyqyails wenanil Slinsuansdyarnieenandinseduavessiiiuivensisuiisuiudaa o

[=1 L

ignds UnAnwdsansadsuninudvesnduniladnae

Assviindayauuuy ASK

ASK (Amplitude shift keying) tHunisdefiedayasiudmannd
@EBASRAUVI (Camier signal)

e v - [ , =
vy lurmssaesildrmuamdae 2 st s 1 == 1V S0l <=0V}

e npriey Metched fer ‘

Arnplituide Fvy

e

s

Sm———

R

pr—

o 1 Z 3 4 5

[
-

i
iRy

Time {ms}

anubuaseduwnyi (Carrier frequency): | 8 kHz
10 1. 0 1 1l o 1 1 0 dnnands
o Ul At dl Al 1l 0 fimiesy
| Update Plot || Reset |

v

% 4.7: dyanadeyauuu ASK idanauasuTundeuldautadoyalufanssunisieuin 8

31



Ioa v
NINAaBY: NTEIUAYBYAUUY FSK

£ ]

U7 4.8 uansdrynaudeyavesnisdsindayadnuau 10 dnmenisuegianuuu FSK (frequency shift
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o UaUVeUPBNRIMDS

o gUn3nllaNiiTievaIuTEV Altera Faoguu development board §u DEO U83U3®m Terasic

¥ e
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15199 4.1 uamaedeuarduiuaunsainavanluganeaes dumnaauUavans1e o vennaass

aglumni 4.2

15197 4.1: Ne¥euarduugunIailuyanaaes

aunsal | SRively
ABNNLABS Laptop (WisuanglWuaziouuas) 1
Oscilloscope wlianaiupaufILABS 1
FPGA (w3auanalv) 2
gunsal DAC dmsusigs 1
gunsal ADC+DAC dwsudiasu 1
d18un (Ribbon) 2
#@e USB 2
&8 BNC 3
Mnenany BNC 1

M7 4.2: AamautEvdnsne 9 vesyavaaes
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ALY TaiaY
- Wsunsuitaesheugndes narafeaunsaniinadqeial, modulate, demodulate, encode, decode,
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UsznaumaTud (frequency component) agluralnague (MFagiy) wunINBRERLUY PAM (pulse
amplitude modulation) Tusﬂmamaw'l‘umaammmammmawmaua 1 uag 0 snuddiu gy

8a7709 (bit rate) vesmsdadeyade 1 Inda 1 ms (Hadurdl) Fuvindu 1 kbps ( nIaumma'mw
kilobit per second)

=

1

= 01 0 1 1 0 1 1 O

a

[y

a=|

;E’ g >
< ms 1381 (ms)

mﬂsuﬁzyzywsuﬁl,aﬂﬂul?unna'w wouuaudimbeduiund) wildennsodiunnauifvesmsegly
wauATAgIU iﬂmamama”l,ﬂuLLamﬂmauummnaw Tnswanamsnszneidoadygos (umie
wFLua: d) fnsdusenoumiusng 9 vodyayins PAM IuiU‘VILLa’J amﬂuiﬂammm‘lumjmmn
wnuueuiiviodudsnd: Hz) %mulmwmawaaammmmulmy%agiau 7 udigud!

(dB)

Y

Adadeyny o

s

-30

-35

-40

40
Aud (kHz)

PngUuanimanszneidwesdyna swiildihihddnlnguesdygynazeglutisifion
Phuunuenud 1 kHz2  Teedhly miﬁq@hﬁmmm 1 ﬂ%&ﬁaaﬁmmwmiﬂﬁm?whm 5 9raan T
(el s) av'hjmnlmmmummn (bandedth) Usein 1T (mhelu Hz) Tumngeugi fa
ey niaeihy (mﬂz/ammyawswmm'z/w Fozdosldmmuniuaunamdunntuse

Hafhendlummenmaziimbifneu widsruasmnmaadamans wusassvesdgginsinussneuly
eeuifiduiiuiueide 9 Whesduuineay
2prunsauauiissdenintumuidilifaaurini luitifedas 0-1 kHz



i a
ﬂﬂiﬁJS@LﬁﬂﬁLLﬂUﬂ?’lﬁJﬂNﬁu

mﬁ/agmmmtnumwnmu (passband modulation) Lﬂummﬂawmmaua’Lmﬂuammwmwamﬂs nau
mmnaU'lumqmmn‘uaaﬂauwm (carrier signal) vvumsuamamumu ASK (amplitude shift keymg)
'lugmmﬁ“léumuauwag@ (awaauneiannaade) mﬂuamaaﬂauwwawmaga 1 uag 0
S Ui 3 wamnAuW T E U ad ey 10 ASK Teeamudvasaduna (carer frequency)
WU 4 kHz  amdiuliidygnn ASK duaidlnensiidygnn PAM (U 2) Fuaumuiigiun

w4 «
AnuuaGiuwi

»
-

<
T

mrmJ?szcywmﬁuamlm%mm wldansowuaantiivesnisegluuauawdeu iﬂﬁfy:ym;
Tudeenuideluiuanananisingn Tnsuansmsnszaemdwesdyein wamﬂsmaumm
s 9 vosdtygnd ASK'lusUmLm a~mu'lmqmawaqammwmmu‘tmwaasau 7 audvasndun

o e

eludiiie 4 kHz

X AN INUTEUUARF SUUUATYIA

40 AN

40
A8 (kHz)

ﬂ?iﬂmﬁi‘gm?m%EJQ‘LMLLﬂUﬂ'J']Nﬂﬁﬁu@]‘JFJﬂaLJW'WiUu m‘lmaﬂﬂsunaummmaqmfgmaaumn
mwnﬁmmummmawu mwmumiLaaumwmwawuuvwnﬂ up-conversion Imammwnmaq
ﬂaumm"muaanwaaammm wWumMsdEuLEonIATusEUY WIFI qﬂmauwm’(u?ﬂu 2 GHZ
Wudy “lunicwuaqmsuamammmummnmu miwmvmauaauamm'lmnaummLm‘umwnﬁm
naumzﬂszmamaa:yiymmaiﬂ f‘liSU'JUﬂ']iLﬁEJ‘UF]’JWSJGﬂﬁUﬁQSJ'WLiEJﬂ’J”I down-conversion

& & a
UiZL.ﬂVI‘UENﬂ']iNE]@,LaGILLagLu'e]‘W’ILWNLﬂN

Ranssunsieuiiifiueilfatontu wasaunqunsseneavans’s fuandumssined

wouaNuaaIld Bmswegan

upuAMEgM | PAM (pulse amplitude modulation)
PWM (pulse width modulation)

PPM (pulse position modulation)
woue Wik | ASK (amplitude shift keying)

FSK (frequency shift keying)

PSK (phase shift keying) .

QPSK (quadrature phase shift keying)

wsnllonnisnegianuate s Aenssumveasssrsmdensanionissalsvasatyg i (mul-
tiple access) Fudumsdidadayanngle 2 au lnenssalivesdygaiiiten q dwiellil

« mTlidesdygranuy TOMA (time division multiple access)
« mssldasdtynnuuy FOMA (frequency division multiple access)

« mMssldvosdygmuuuu COMA (code division multiple access)
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1.1 dngUszeasd

Y

1. gansavivanauussanivesdyguiuguiidlunsdeyaddva
2. ansodisuaumavnendinmansiveuanedygniiugiu

@ & = <
3, AUTEINAINTBIAGEY UUNUFIUIINFUATTN WALAFAENT

&
1.2 Anuiinugiu

Fygeus1eny (periodic signal) Hudnyniinand 9 fuluyn 9 A7v (period) vesnan Wudnnys
Ulw (sine) Fauandlugutreang

AT

WANWAN NVA WA
g V \/nmt

Vate  waite+ T

Tunndamand Sy st) wludygrusaviidausingy 7 Adedle w 1an & 1o 9 @
dryqnau s(to) svvirnuadynnd sto + T)

pINE (frequency) vasdygaus18AUAedIUNdY (inverse) oIy endsgnay dygi
swAuiiian 7 = 0.1 s 9edanud 1/7 = 10 Hz

dyougulediifionnd £ = 1/7 waslidiguanuazshandu A uaz —A Geuunilideaums
wandineanisasoluil

s(t) = Asin(2r ft) = Asin <¥>

a o v o & e
2 NINTTUNIITYUIY 1. QY IUWUgIUUREAMIaUUR

Fygraeauliduludesfugvlsianel juduednuansdygiusieau judmaen uay
a o el )\ o
Foyauseauguanumaey idauvindu T

o AT

%

a A

e |

2

8 lnmz
& ~A

= MU T

w 1

IANVANE VAN

g

2

N3 \/ v \/nmt
< T—A

m3deudygrus e udwisume aunsvsadnemans asgsennimsdeudygaguin
Wasnnlufifleiduniduinsifealedduiienawsavsvanudygald deduieainasiiuns ey
@ o Y & a4 o ' v v o o
Fynuneatuglamieulugdvesdyguiugudu q endiegiatu Susilifeitueismuneg

1, z>0
sen() = -1, =<0

a Y P P a s °
%mmsnwauammmsnumugﬁﬁmaawﬁmu T uariiengegauazenaadu 4 waz -4 luguves

Foygyuglendléidu
s(t) = Asgn (sin (?))

o aa o a o o o P a s &
anTBuildumsdendygrameaiugudvasufienslowdygaiugiu

I 0<t<T/2
r t)= ' -
Prea(t) {—1, T/2<t<T

o o @ & v v v @ o a .
wardeudygusemulunavinvesdygnfiugiusinanfusiifuesfinanysyis (delay time)
#ina 9 fu sananslugudneanetl sadwsAeaumsdwiviyynseaugdmdsudiolyil

s(t) =+ APt + T) + Apreat(t) + APrect(t = T) + Apreat(t — 2T) + ...
= Z Aprect(t - kT)
k=—00



vd
1.2, ATMGAUEIY

Prect(t)

| IT A ¢
-1

A prect(t + T

l_ 14

LIaN ¢

—A

—
nalsse T

A h A prect(t)

| I KAt
-A

At |_'| Aprect(t—T)

RS | I Lt
_A4 awsgle T

AT '— A prect(t — 2T)
— I et
_al wenlsedeer

oot Aprectt +T) + A Prect(t) + A Prect(t ~ T) + A prect(t — 2T) + ...

O
N Y

msdsudygramemuivaumiey lddetideilaeededygniugiuduanslugudis
anail sanguansnsadeudiygaseniuguaumdentsidu

s(t)= Y Apualt — kT)

k=—oc

1 Ptrialt)

\/T vant
-1

a o s Y & s
4 NINTTUNSITYUIY 1. QY IUWUT TUURSAQIALUS

o

1.3 Ms@guaunIsnIIANnAERSIINaLEN I sy

1. seudanudefvdygragulsidsanilaodudmeulugesitg

1 ms/Div (sAUUBY) kay 1 V/Div (Lmuﬁuq)

muvesdgngUled mbedu ) feudu| ]
rndvosdgoiguled nadu v dendu] ]

fvuals ¢ uwuanan (mhedy ) warld s() wuaeesdygia (hodu v) aunisnie
ANAAARSUD s(t) Ao

s(t) =

2. seudmaimfudygiuseaugiBvientvanillnedudneulugesin

1 ms/Div Wag 1 V/Div
rvvesdyges onhedu ) diendu [
W Prec(t) wnudygeusiolud

1, 0<t<0.001
Prect(t) =< =1, 0.001 < ¢ < 0.002
0, t < 0u38t > 0.002



1.4, MISTIMNTHYBIEYYINTINGUNTTN NAGINAIENT 5 6 ﬁvnﬁumsﬁaug”ﬁ 1 ﬁ“:yfyvm‘vrwmmsqm;/u‘?ﬁ

fvuati s(t) Lmuﬁmmmﬁﬂmugﬂﬁmﬁau AUNMINNALRAENTUDS 5(2) 'lug‘uévaa Drect(?) 3. ﬂmﬂmwﬁ'zymmswmugﬂﬁLwﬁam s(t) = 3sgn (sin (5007t))

A

s(t) =

3. udeuaumsneadiaeaniiouanidygaglledafionud 4 kHz uasfidigegauaziigaiu
500 mV uag —500 mV muawiy

s(t) =

a a ¢ o Y o o P o a
4. ssdeuaunsmandamaniiiiouanidygusienugldmvdoniidenad 4 kHz uazlirigen : »
wazaamdu —500 mV uay ~500 mv TuguresdygagUledlaglifeiduiniomne (sen) 1 ms/Div wag 1 V/Div

s(t) = 4. amanwdyguneeuguammasnfidanu 2 ms uasdadyguguaauasiandu 1.5 V
uag —1.5 V aude

14 MINANNUBIRYYININAUNITNIIANNAIENS

1. asnanwdgyeauguled st) = 2sin (10007¢)

A 1 ms/Div uag 1 V/Div

] 5. ananmdygasgausuanudenludefiud8na3 uiwdeumbe aunudisuasunuuey
fananslugudreansdl '

1 ms/Div (Wnuuow) wag 1 V/Div (LNURY)

@ cda < ' 'y v o v o a ( a
2. wreawdygagulniafionudilu 1/2 whessdygradudeiiud Tnedadygrouvindy

o 0.5 ms/Div Loz 500 mV/Div

1 ms/Div wag 1 V/Div
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N3 idyanaaasdedoyauuunidig

2.1 InqUszeeA

1. awnsadeusiogunsaising 9 lugavaaasdidoyauuuiivialsdegagnsas

2. ausallusunsuivuanifivesensawmsmuvanaaeianssy

3. a0 iYeneaeEdygIUTIBAIULUUAN 1 wasuSuudgunturasdyg

&
22 Aanuinugiu

govaasdsdoygauuuitva gniimundulag finenideuas Wmuivasrudide BU-CROCCS (Bangkok
University-Center of Research in Optoelectronics, Communications, and Control Systems) fus

Amnssuemans anTINeNdNTUNN MUK software defined radio (W3aFanlininduliily
software defined communications) &sfidensiderinmigaiderrimsvaaevaty 9 MNAae

= 3 o & '
Tnewiivewanaastszgnauaulaegevidusiviaenndosiuiionvesusasnisvnans

judnauanslassaiwessruvaayauuuAdvialuuuivig software defined fogasine 4 gn
deagagluguvesindeya (Fuav 0 uay 1)

Onteya Fygna Sy Foyqyeu Ondoya
00111 | qunsal | 19708 | qunsel | ueuzdon: | qunsal | A9799 | qunsel {02011
DSP DAC |} Wide ADC DSP
dida v

muguuthillasvonsuad

8 Aanssunnieuinl 2. mslvyavasesdetoyauvuiana

. mamummsLLUaoummauaTwaQIusﬂﬂumammwmmummauummmaumam‘saamuaa I@m
msmsauamrymuwumﬂmsﬂsvmawaammmwu DSP (digital signal processing) uavdu
qmmemﬁLuJaaammmﬁwa‘lmLﬂuammmnauwaanmaaﬂnim DAC (digital-to-analog con-
verter)

« Tumanduiiu ffuaslinsudasdygramsusdenliludygaidvasegunsal ADC (anatog-
to-digital converter) auAIEA15¥i1 DSP Lﬁamimiuﬁmﬁay,anﬁuﬁum (detection) :ndeyey ey
Ul

Tuganaassiignimundy qunsaiussnadygauuy DSP Aidduasiisiu Aogunsel FPGA

(field programmable gate array) ¥99U3EW Altera Feiurudsfonnuiem Terasic Al FPGA 284
Altera slainauneasifoms#amn (development board) fu DEO @ugunsal DAC uazgunsel

DAC tunnfinnliiamnduies sudnanuansganeeesiigniaundu dumaduauanssede
uazdnugUnsallugavaas

gunsn 17U
paNwas Laptop (wWSawanslWuazviioudas)
Oscilloscope winsiafiuaoufinmes
FPGA (wiovanglw)
gunsnd DAC dwudhds
gunsal ADC+DAC dmdudasy
AU (ribbon cable)
18 USB
g18 BNC
Mlananey BNC

—

=W R RN e RO




2.3, mudousiagunsaline 9 luganase 9

2.3 nsWeusaaunsaling q luyavaaas
W um. ansaeuiigunsailugavesssasuiulnedaanmaauanigunsaluas Snaulufideiiud

winule ue. Geusegunsaling 4 lugenaaswugudisdni lnelngasBeafinmudsaluil

- madensteaeuniuguneni FPGA Ju DEO vos Terasic Wildvsie GPI01 Fvogwisunienes
Wsio GPI0O

- Wisedygannidudrgisiennsian 1 @wdies) vesweadalaalay (oscilloscope) Lagsio
Fygyramndiudhgisenneiay 2 (@) veseeadalaalay

- a1e USB dwiunisiusunsasuenutinfigunsnd FPGA du Tiasusaiugunsnl FPGA asaa
fou Seanfidaanisarlusunsugunsal FPGA vasdifudsmaséneas

menanadnoyol

AouRIAES

uduftey _
@y USB | 2od9a-

AR, e 155

#18 BNC a8 BNC
@dyyua)| [ (edygrudu

aunsal | eun | gunsel
i @e USB FPGA d

i (Wsunsy
{FPGA dide)  nmadedyny o

ATenN

S gUnsal| @euw | ADC
@ US.B". iFPGA < ]
(TUsunsu
FPGA #13U)

masudngu

a

10 Aanssuneuii 2. msldyannassseteyauuuaing

o

2.4 milusunsundifigunsal FPGA

U um. Wannsuninfivasgunsal FPGA Tngldtunausialuil (muneie: lumsnnassiitigunsnl FPGA
2 1 dwisuddaaziiiu TWlusunsumwiinives FPGA fiazéh)

1. Wagunsal FPGA wazdagunsnl FPGA Auirasnaufiameaimeans USB
2. Walusunsu Quartus I Programmer

3. TumbsinansTdauass Quartus Il Programmer nm "Add File.." fia¥iazidonnd dmsy
TUsunsuvdfivas FPGA

4. Fanlvdfimungauitnianaassfiauls wu 148 102_Tx. sof Amusutiil FPGA vaeasly
AanssunsEeudi 2 uaeldlvg 103 _Rx. sof faviuanihil FPGA vesdulufanssunisdeud
3

5. wdwndentvd Tuniiwhsmslden na "Start' Welusunsugunsel FPGA Srluswasudnda oy

N . W X aa 4 v v
wiudani "100% (Successful) vuwudideiyurnuwremihenemsidau Tunadssun
a a w ° ' Y o a v o
2-3 3unfl wdsnlusunsudds amnsanenans USB sewine FPGA flursesnauiinmasiéiiie
° a 2 ¥ o o
wlvldilsunsy FPGA Sndiamils (dhdndu)

6. winldanansanady "Start" Wludumeudl 5 enadumswilusunsulilansadousiedu FPGA
a3 Felunsdldl wiifenrn "No Hardware” agdne 9 Y "Hardware Setup..." fiyudeuu
waahenansTdnu duiiudendiuil Tne "Hardware Setup...”

7. lunthwiedosvas "Hardware Setup” nelddhifende "Hardware Settings" Wiagumaes

Currently selected hardware:" 970 "No hardware” LiJu "USB Blaster [USB-0]" mﬂuunﬂ
"Close” Wondulumihenemsdauman LLa“Wmmumauw 5 udse

8. winldawsaweuaans "Currentty selected hardware:" 210 "No hardware” 1y "USB
Blaster [USB-0]" léﬂwucﬂauw 6 E)’]iJLU‘uLWi']u’J’lEJﬂZJVL(WIﬂmdiﬂikmil} driver dwiu USB
Blaster 'Lunsmmuﬂgummwumawau‘lu website aluil

http://www.altera.com/download/drivers/usb-blaster/dri-usb-blaster-vista.html



25. mdsdtygaguled 11 12 AanssunsiSeug 2. msldyavnassdetayauuuiiva

2.5 n’]iﬁﬁﬁiy'mu’\mzﬂ‘l‘dﬁ 3. ¥ide 1 Srdmfuminud 2 kHz (wnu 1 kHz)

1. 'L'FﬂWa lab2_Tx.sof Wsunsugunsal FPGA vesas mmuu’(,'naunimﬁadaai”wa”m:mmw‘lﬂaﬁ —
finwd 1 kHz LLa~uamuamuaaama‘[aaiﬂu Taglvimdngluwiln (voltage) wmamtavaaawaa : 5 :
dyeyiod oyl —1 V uas 1V snuddy Megudyniidanaiulgluseuansia Imamamaaua
feHadl 0.5 ms/Div wa 0.5 V/Div

RUEWEY: miLﬂﬁauiui'wumﬁiyzmmmnﬁada hldlaemsnaadnduuuune BUTTON2 uu
gunsal FPGA vawnds  miswasumuivesdygos vildlasnisnaeivduuudana BUTTONL

vugunsal FPGA vassiads éﬂwiumatytmmmamu,awaqamuu anfvualivindy —1 V uay 1
v Inednluda

&, < . . Y o ' a a . a

4. AsFTauanwai 1 s/Div uax 0.5 V/Div antiugdygnsiuseadalaludwuiilasifontans
HaveINSYin FFT (fast Fourier transform) was@eushuvisanudidien FRT gefianlunsiisie
q sapastlumsntieaned

e WsduneulidhesatalaalaUliamnsadanm FFT 16

mwivosdygagUled | fumisnmdfifien FET gean
(kHz) (kHz2)

1
2

2. ¥1de 1 81 Inwserrvauanimad 1 ms/Div.wae 1 V/Div (Wnu 0.5 ms/Div way 0.5 V/Div) 4




26. mssEyIeRIUUEMAEY 13

2.6  mIdsdyiuneaugUaivasy

1. ‘Lﬂnaﬂnsmmaaamafyzymiwmmﬂamaam Fflau 1 ms wazuanwanueaadalaalay Tny
'memaﬂt,t,auaaamaaafufym agfl —1 v uay 1V ey NagUdygaiidulusenansa
Toesergauananad 0.5 ms/Div waw 0.5 V/Div

3, farnvouanwail 1 s/Div uay 0.5 V/Div mnuu@aq;gywzumuaaa«uaiaalmﬂummwﬁiﬂaLaan
u,ammawaqmsm FFT waz@oushuneruiifien FET awaﬂiunsmma 9 Fauanslumisns
heenedl
gy Wsduneuiiireaatalaalayliansadoamn FET 1§

Muvesdy s BAUIUAmMEEY | shumiseudiilien FFT gegn
(ms) (kHz)
1
0.5
0.25

14 AenssumaiSounl 2. mislvyavnasedtoyauvuania

2.7 msdedeyey wsuswﬂwiﬂmumaau

1. °I~ii'qﬂns§ﬁc?1’1a'aa%w??cu:mmwmmﬂmumﬁau fifin1u 0.5 ms uazuanianusoatalaalay
Iﬂ&lﬁﬂmmﬁmmvaaama:acy:ym agfl —1 V uaz 1V muddiv 1agudaadidididlu
Jouansua TnedeAnauantuail 0.5 ms/Div uag 0.5 V/Div

2. Tgunsaisdsairedygrasemuglaumdonduandlugudedisd Burresnuiililudes
et

0.5 ms/Div way 0.5 V/Div

L —
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1. @ansnvsuendnsiwens (gain) vessnsesdggin (filter) finnudsng 9 91AnTMkanBUALDY
Bepnnud (frequency response)

2. mmmuwanaq;cmm‘maﬂ'uaamnsaaammwmmmswwwamauaumme'mm Tnedyouen
L&muiﬂ%uwmmnms q fiu

3. amwsa‘lwwmaaaaaafy:ywmlwmumnsaaatyzmmmmnm (lowpass filter) uagadnyry o
sandmiudy e ndfiaude 9 fu
o &
3.2 AUIWUTIUY

snsevagg I (filter) L‘ﬂuqﬂnialﬁu_ﬁjuﬁww%'umiﬂizmamaﬁt;y:ym (signal processing) +57@7%730
u,amﬂmam]‘amaaﬁunsaaﬁsyzy7t;u"Léfluiﬂmaqmamauauam?omwﬁ (frequency response) Fafunsw
maaamswma (gain) wmwmmq q smma'nLtammamwawamauauaammmmﬁmsumnsaa
ATIEH (lowpass filter) wnsaammnmmn 1.5 kHz aana1ndeygyreuwdd

1.2 . ' ' ' ' ! '

0.8
0.6

0.4

0.2

i
]
!

i freqyency (kHz)

0 05 1 15 2 25 3 35 4

a = v 1y &
16 AINTIUAITLIGUSY) 3. MITNTENYQIUUDINY

IngUTnseefieniud 0.5 1 1.5 2 way 2.5 kHz 2wy 1 1 0.5 0 wag 0 madidu Sdtygs
mL*ﬁ"lﬁaniaaLﬁué’mmmgﬂhﬂﬁmmom 7 wlddyaareandareluil

aud (kHz) | dwswene | dygnoadn | dygnamisen
0.5 1 sin(10007t) | 1 x sin(10007t)
= sin(10007t)
1 1 sin(20007t) | 1 x sin(2000mt)
= sin(20007t)
15 05 Sin(30007%) | 0.5 x sin(30007%)
= 0.55in(30007t)
2 0 sin(40007t) | 0 x sin(40007t)
=0
25 0 Sin(50007t) | 0 x sin(50007t)
=0

aal e [ I3 P Y 3 v .
lunsdlfdygradifiosnusznaunatsninud awsalduannisdausiv (superposition) Tums
. y bl Y et
fMuandnygamsenls Moty Sdygraanduy

5in(10007t) + 2sin(20007t) + 3 sin(30007t)
wlddygueendu
1 x sin(10007t) + 1 x 2sin(20007¢) + 0.5 x 3s5in(30007t)
= sin(10007£) + 25in(2000t) + 1.5 sin(30007¢)
w’?lqﬁﬁawammmaaé’m;mmnaanﬁww%’uﬁmtywmwﬁmwﬂaxﬁu
Tunanensel mﬁmswmﬂ‘uaﬁ'zniawwdﬂuv"7u7urz7wfau (complex number) Tunsdlwaniive
LLammamwmaammmmarmw 28y Laummmwmauauaquauwaaﬂ (amplitude response)

waenuduvilsdmiunanauauaana (phase response)

6l H(7) wunasevaussBnud fuuilsiduresaud £ wasiduswoudadeu axlén
NBMRUAUBILINNEAADAMBNWATATBY H(f) (vume |H(f)]) drunansuausinafienwauss
H(f) (wnusg ZH(f))

v dmiuinnuddou 2 = o + b 1a 9 Aueunigauasivares z dualéan
fz| = Va? + b2, [z = arctan(b/a)
YnFDENNAIY 2 = 3 + 47 3¢l |2] = 5 uay Lz = 0.9273 rad

dwudnsesiidnanouaussBsnruddidusnouddou ihdngagUledvidide sin(2rft)
laindygmsonde

v

|H(f)|sin (27 ft + LH(f))
witilihinsaseiinaderiiengeanuazsinan uazAnave iy
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32 mwgv‘fugw 17 18 NINTIUMTITYYIY) 3. N1IATONYGY IUVBIIU

. ' il kY a Y v ' o o =] s
HNEIBENY mniaqﬁﬁwamauauamauwagmLLazwamauauaaLWam'gUmaaN wdygiu 3.3 LUUNNRANBUNISVINADY

sandlawisuiudygaguleividwauandumsns . . y "
1. fsaniansnsesdyarasiedansesnaiuigs (highpass filter) Mlnanauausiwasmigauas

hy 0.5 v samauauswanuzuineandl anty dudmeuluderitmaming

e ——
1 magnitude response . | phase response (x 2m)
S A P - A 14 e 0.25
. ; v ! 05 .o A | | »meélgn.nuqe r‘espon‘se ; ph‘ase response (x 2m)
08 - ' : o o o i S
; -1t 09 ¢ i : E ‘ :
07 - = Co ! : ; -0.25 =
06 1+ ¢ o 15t 08 i ' |
- ‘ 07tbt 1 Cob L 05y |
05 1 : 2t R Lo
o4l |1 ;_25> 0.6-!|; 078y B
i - 05 : Pl .
031 D Lo _
, v 3r S H 4
02 L T g .\ 0.4 ' i : 1.25 1
o1k ¢ | I 35 ¢ : Py 1 031 | E : 1 15t ]
ol i i\ . [ I N B 02 i ol ;
0051152253354 0051152253354 01+ ; : i 175 - 0 : ' RN
frequency (kHz) frequency (kHz) 0 R ol b b
0051152253354 0051152253354
< v = = frequency (kHz) frequency (kHz)
AN (kHz) | Hamauauas | NanauauBd | AfNIMINN dynyeuvisan
oUW e
0.5 1 -7 sin(10007t) 1 x sin(10007t — )
= —sin(10007t) aufl (kH2) | wamauauas | namauausd | dygruendn fygeuwieen
1 1 —2m sin(2000mt) | 1 x sin(20007t — 2m) wauWAge wa
= sin(20007t) 0.5 0 —0.5m | sin(1000xt) | 0 x sin(10007¢ — 0.57)
15 05 37 sin(30007%) | 0.5 x sin(30007t — 37) —0
= —0.55in(30007¢) 1 sin{2000xt)
2 0 —4r sin(40007¢) | 0 x sin(4000mt — 4m)
=0 1.5 sin(30007t)
2.5 0 —b7 sin(50007t) | 0 x sin(50007t — 57)
=0 ) SIn(40007t)
2.5 sin(50007t)

2. Asugesadinmansvasdygrnneenandinsesdygndude 1 leefmualidygrued
W sin(30007t) — 25in(40007t) + 3 sin(50007t) v Mudnnsdeudiv
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3.4

1.

nsnsasdynlaglgfinsasadnun

@eugunsaising q Tugavaaasdheiu yindulusunsufmuswihiivesgunsal FPGA fidhds
felWd 103_Tx. sof uarfidhiusielwd 103_Rx. sof

v
I <

o mslusunsugunsel FPGA Trivindisihdsriow antunenany USB 91n FPGA fdsuay

sodniu FPGA dsu Faraelusunsuy FPGA 995y

Yo v e cal a Y O] & Py o
. ThdsadedygnagUleniinnad 1 kHz fygrunnddsasgruensemiy 2 dygru dyga

niiadgddiu uasBndygramviludrdesatalaalay

e Madenanufivesdyyingyledeindias dldlaensreainduuulunn BUTTON2
vugUnsel FPGA vassde

sl suldimnseadygueuiis Senseswmuiivigini 2 kHz senly

wnewe: nsdeniiinsedyguiifiiu iidlaensnaaiaduuuduna BUTTON2 uugunsel

FPGA 903h35U Tnensunauuiedshildshnies nanilsmunefldsinnses uazn1snaniie 9
Tuillunmsaduluansswinanslduaslalddnses

dygyruvieenvesfnsesiidfusshgesadalaalay 1agudygiueidi (ndd) wae
Fyguwnean (MNF5U) B0insesruien lnudsriasuaniwadl 0.5 ms/Div wag 0.5 V/Div

20

AanssumsiSougi 3. msnsesdiyq audoiy

3. vhde 1 Susitddhdaiedygraguleiinnud 2 kHz vy 1 kHz)




H
Y <t

a =
NANIIUNTILIYUIN 4

N151UAIN589UA

s

4.1  dngUszasA

' o Y ] o < < . Y o
1. annsolsueandygnnasnvannsatanaiorioud (moving average filter) waysnsasdu
¢ (matched filter) 9ndoygyieua i

v [ ] Y o eal  a a v
2. annsaldgavaasaddygruiivssnevlushewadaviey (rectangular pulse) 3ndndeaya

3. awsaligaveassddygyadeyanindids uarUsuinanadyguidfudmemniesdug

U

&
4.2 AMUIWUFIY

shnsesfidngyuiinvils Fegrnsesanadeiniouy (movine average filter) fifintinsn (window)
o ] o v ' Y & o a e o

dwiumanadeniie T (mhedu s) Tufinsesil mdygrueieeniinet ¢ arwhiudliadeves

dyarawdilutiwim (¢ - 7,7 suiwauassihodvesdygusiduazuosnuasiingesst

sda v

Wwanedoufindvdisnsaadeniie 1 whenan

i

1 I 15 b
Hyy o1 drygyreu108n

21

22

AenssumaiFousi 4. msliinsesdug

e gasadineanivasdygneisaniiaa ¢ leun

T

= s(u)du

sutnauansdnmegnvesdygruvdiuazaneentesiinsasaadewmioui aedauniig
YaainsnAadewiiu T

3

MuT

l—— A

YN

pd
&

l VA ¢

—A

AU T

JANEANIIVAN

AN

Fynuwean

A
\VAAVAAVAR VAR VARV,

a = P a v = ¥ Y 1y Vo o oo o

#usantensdddndeya 10 Indr q fuwuulifau leelddygniaadivies (rectangular pulse)
Afiauinunude 1 wagldWadidiauunude 0 fuandlugudrdardmivin 1010110110 wiuld
Timsfmuaduin (Weeiav) sesiadudasiad Wisuialioutumsuanideyadiuiu 1 Un

1 ms/Div 4ag 0.5 V/Div

e lumsdsteyasse Indeyassligndedn q Auuuulifau awvmeesmsdwuubidavlums
neaed fiiieliiesiensdunadedoyatudygraiigndsaindds

dwnusiagiiad arwniuwindu T mnedu s) sxlédasidavesnisaedoya (transmission
bit rate) fewviviy 1/T (miedudasieund vie bit/s wie bps) fetu Sasdarvesmsdsdoyalu

UV 2 kbps
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sUieasuansmuuansssswinsdygudeyafigndsnndids uardygraiimfuiulagaddsy
NANSENUNINAYYId5UNIU (noise) vinlsadyqrafiaiauly

sl mimisl i}
0 O Q00 06

0

doyoreuigndenindids Sygnudishiusuls

WIS INAIaRYYI (sampling) ﬁﬁﬁu%’uiﬁl,ﬁ‘ama’wﬁmzymﬂumnﬁmﬂuau (@m3uln
1 LLﬁuUCﬂ 0 ausdiv) exiilemaindndanwars (bit error) 1muaumwmm’tummwammwmumum
Anndladisuiudygadeya

memsmwnnmatytymmnaiymmwwlvﬂmama msummiolﬁmnsmmmaaLﬂaauwm
munhamhsedadeshiuauniwetaddivien dafivasmanseswuumenaisfedyg o
sumudnanazgnidneeniilessindvssdygrasumutnesdunnuas fuavaduiululugiing
fiwh 9 fu gﬂﬁwa‘wLLamﬁzy:ywmaanmnﬁaniaadWLaﬁaLﬂﬁauﬁ lngauy® dygrudife
dyanudayaiigndslnadds wasdymaiidiusuld anuldhdyanitsansliunnssfuinns
wifish¥uesidygmusumuiiony

1010110110

/\/\f\ﬂ'
Vv V

1010110110

A
s

nadwsn1snIeedy sy

nadwsmsnsasdoyginidignas

v

sy madnedygradisiiuiiensiaiulindeya Tuinasihandygnwieennindnsesiivhiy
< ° o Au u @
wnufisgshandygimiuiuldleens

24 fngsuniaifeugi 4. msldinsesivg

Ls*wsunmn‘sammaamaawwm‘mmwwawmmmmaamnumwmnwaawaaamaamw
fanseedug (matched filter) Wpsinauantfivesiinsas (Armnavssniisinediaie) aonade
fudnunrvesiadildddoyn

sy lumsdsfoyass Wadillionmarlildguuden Tunsdlmant] anauiBuosiansesduafies
Yiuwdeulumusnuasrasiadiu 9

43  wuundinnaunisvaass

a = A v vo ed o o v o 2 &
1. fivmanianisdidndeyalaslinadamaen duanshedygalugudiais

1 ms/Div way 0.5 V/Div

angu Smdavesmisdedoya mhelubps) A ]

¥ W

2. aw@lvidgoadude 1 Dudygrundiesihnsesfugdwiuiadfivany asnadyginn
sanvawnsasugasuusuiieatutudygadude 1

3. snedyguiigndsdmivindeya 1010110110 unudadeyalude 1 lnglddns1daminiu 90
tadgyynisenvesinsesiugluguisientu Tnsauy@lvdygadeyadudygranid

T T T T T T T

1 ms/Div wag 0.5 V/Div




4.4. msnsasdnyqruiinsulagléinresdug 25 26 Aanssumniougi 4. msleinsesiug

2 '

4.4 msnsaaé’mmmﬁﬁﬁu‘lmﬂ%ﬁqnsaﬁvﬂ 5. ¥hde 4 Suslifnsesdiyguen i) @nsesmnufigands 2 kHz senly) unushnsasdug

Y

1. WongUnsalsine o lugavmasadisneiu andulusunsudwmusniifivesgunsal FPGA Aighds .
el 104_Tx. sof uavAidSumeld 104 _Rx.sof :

2. Weunsalshdeadedygraudmivddndoya 10 Sad q Muuvlifauidanda 1 kops lay
Weinduvuidiou 10 & (Sw9 v swo vugunsel FPGA) TishasimunerDa 10 Jnlviiriy
1010110110 Wdsnerimeanaueadh 10 vaeedfiagwileaind 10 fazlavieUamuanin

3. miniy mwum'[wmw‘[wmmamm ﬂmﬂammwwnnmmnmaa wazdgyanufieonannii
nsawuawmsu Tnsfsenaauanenadl 1 ms/Oiv e 0.5 V/Div uarliruveslndeyausnogly
waamﬂ’uaagﬂmm

NUENS): nsidenidinsasdygniifiu sildlasnisneadnduuulune BUTTON2 Uuaﬂﬂim
FPGA %065 Iﬂaﬂaunwmamlﬁlﬁmmad ﬂ@‘lﬂuﬂﬂi\‘lﬂu']EJﬂ\ﬂ‘W]'JﬂiEJ\WUﬂ ﬂﬂﬂ@\?ﬂi“ﬁlﬂﬂ
fdsnsesmnaiih uavmsneadisle 9 Tuunsaduluussyrine 3 madan e gUlude 4 uay 5 wandiduisnnundeadsfuresmadwinniiniesdug uazandinses
— ———— awfish Tneshnseadugdnindusnsesmuishussanuile fentnsansesrifige o Tudyyo
o S sumuoenly guiudsiuanliidufimanouausuoundgauaynanauauenna vasinzasdug
dmiuiaddwdsunine 1 ms sgniunlélunisvnaes

1.1
1

0.25 — —
phase response (x 27)

09 i
0.25
08 |
07+ 05
06 - 1.075
05 ¢ -
04y -1.25
0.3
-1,
02+ 5
1.75

0.1

0 1 ! 2 ; HE S
0051152253354 0051152253354
frequency (kHz) frequency (kHz)

v

MnsanevausILeNnAgn aniuldinuaniRvesiinsesiugiu adeafsiuanauifivesiinses
Ao Apvvanveussiusznauvesdyyuiinauligs
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n1sdelnvayauuu PAM

s

51 dnquisesd

1. awsavsvandadoyauardnsrtnangudnyny o PAM

| Y a

2. ansonanwdggndeyawuu PAM 9ndadoya Adtys i wazdnind
v v

3. aunsoliyaveassdsladayanndddludshiuimedygnouu PAM

4. ansoldyavaasuanINanIzNUTeINIIRna (synchronization) Adiulinssiunaiishas

&
5.2 AMUFWUgIY

msesndoyauwuu PAM (pulse amplitude modulation) fumsuvasdedeyalvioglugUeesdayniu
WodAiflFuounagn @umaunieianndede) s q My gudiauansinedadygiu PAM
Hliwaddwdon wioswaddedyqraidululd 2 mdwiudeioya 1 On liun 0.5 v (@msuda 1)
waz —0.5 V (dmiuin 0)

vanoi: dwsudygn PAM 51asfehidueundgaasiunin (ganiAeds) visluay Ghnd
Aads) A5

[INEEAI)

1 ms/Div waz 0.5 V/Div

o ¢ o

RngU ATIUYEIAH (pulse period) Ao 0.5 ms wiesandeya 1 Tngndsluusiaziad dnsndnves
nsdsdayadavinfu 2 kbps

27

28 Aanssun1si5eugi 5. nisasdntayauuy PAM

Tumsdedndayadundy q wuuuiininn (packet) fivduduissiomsugedusuvesdoya
Feomavegluguvesnduinfiinfms Teaslidrfuindoys  Hemuiesonisdunn yavnassds
ToyailtWadaiiuorwagailu 2 wiesiaddwiuln 1 Hudyynusngdudususazngsdn I
fm’%‘aﬂﬁaéﬁagdauﬁumauwiamzﬁuimhﬁryty%uﬁ’) (preamble) sUtndnwaninsdsdndoyalasly
ﬁm:ywmﬁwL'ﬁauanﬂm‘%mﬁuﬂuamﬁazndmﬁm

o lto1o011i01

1 ms/Div wae 0.5 V/Div Iag P unudygnanh

Tumsdadoyauvuddygruih Wewmndaya 10 dngnashedyanaiaddnou 11 Wad (5
Foyoyrand) Tuwsiagngy Sasdnvesmsdefayaiavirfiu
10 bit 10 bit

11x05ms 55ms = 1.82 kbps

Lﬁaﬁa%’ulﬁ%’ué’mmnmﬁmﬂa%a Aagldihinseadug (matched filter) Usvmnanadgygrauneusiinis
Inendeygyes (sampling) Lﬁuﬂsww%gﬂima"mLLamwaﬁwéﬂmmﬂ%ﬁ")nsaaﬁug’ﬁcﬁ'ﬁu Auns@ind
fyyassunutiseunn) asLﬁuiwﬁﬁummioms’aﬁuqm‘%um"wamajuﬁm (nmﬁuuqmadﬁ;ytywmﬁw)
Iﬂww‘hLmuaﬁﬁ:ytymmaanmﬂoﬁ”ansaaﬁ’u@ﬁfuﬁquqﬂ

1 ms/Div kag 0.5 V/Div oy P unudygud

ndaygauiiunuimogagunnauiufedidndyogin (sample) dmuudarIndoya lnomsdne
Fygranyyiidruingvesunazauveswad
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53  WUURNAARDUNIITNAADY

1. fnsandemsdsdoyauuu PAM fauanwinedoygadugudsand

T T T T T T T T

gl

i i i i i i i

2 ms/Div waz 0.5 V/Div e P unudgyayiouh

1Y

v a w °o_ @ s g a v & Y 1 &)
Tumsasdayauuuildygranhdwiun 9 nquues 10 Jadeya dandndaya (mineilu bps)
e
winguadeya 10 Selwwstaengudnde [ ][] IO

2. annflvidygadude 1 Judygradisiuiuld snmndygumesnvesihnsesdugid stuas
vunmwieniudgygraendiiude 1

3. MagUdyan PAM ﬁgnaﬂmﬂﬁmmmﬁﬂ dwsuden 1011010100 Ieeldrdgygramiouduly
4o 114 2 ms/Div ua 0.5 V/Div uagldidiygraniegdregeavessy

T T T T T T T T

v o

4. avilidygyraduds 3 Judygraimiuviuld anedygramesnvesiinsesdugfishiuas
vunmiieatudyanamdilude 3 wavamdndggrudmiunmsasaiule

30 AonssumsBeudil 5. mssidatoyauuy PAM
54 midedadayaandddudaianuiedyminuuy PAM
1. dWougunsaisng 4 lugavaassddstu nndulusunsuimuavdhiivesgunsel FPGA fidds

Melnd 105_Tx. sof uarfishiusmelng 105_Rx. sof

2. Waunsalfdsairsdqan PAM dududededoya 10 Sndn 9 Auwuulifauleeliainduuy
dou 10 & (sw9 f swo uugUnsal FPGA) fiuuneBa 10 Salvindu 1010110110 90t
sompdsdygnadfuiiu wasdunaedn 10 dafida3uiuld lasgunsel FPGA vesiiuae
waERIA TRENULNSNABALDABRATIWIY 10 Yiaen

Aeuresiad (mhedu s) wesmsedoyade[ |
adia 10 Seiisasusuldde [0

e uA. msaesdernedu q g uarnsivaeuidisuiulnldegndes

3. mﬂmwazymﬂmwmmmimmnaaama‘laa‘ﬁﬂﬂ AN wAgIeaslunwgy uazn sy Su
Tunmen Tassernoeadaladleud 1 ms/Div wae 0.5 V/Div dwmsudygantades wagldimu
yosdnyqanheglugesnuosguiing

wngws: msifengdng v v‘iﬂﬂﬂzjnﬁnmaﬁmﬂuwﬂmm BUTTON2 vugunsel FPGA
Y9Iy Iﬂana‘unwmamaﬁymmwmsmﬂm neuilseSnetadygniieananiansesiu
7 negesnsviunederndndyan warmsnaaieme 9 lulunsadulvanszwing 3 maden

Tuunensdlanvesdiyga @mplitude) ndrdsgliivinfuAwssdygaandaiu wewad ua.
Anmimildrmdygrauanaisiudie (mauldvanasneu)

e 3 mmmuacy;ymwmsu Immwazy;ymwaaﬂmﬂmﬂiawumwmwmmﬂmuamzwiu
Fsusulslude 3



5.5 AnmTnduresntsyy SYNCHRONIZATION ee9gnses 31 32 Aenssuniadeudil 5. mssedndoyauuy PAM
55 AU nduYaIn1sii synchronization ag19anNH a4 ﬂmwwatu:ywwnﬂamavmmﬂagyzymwmsu ('Lum'wmmnu) Fdunaitulsluseataladlay
¥ Tnesternd 1 ms/Div uaz 0.5 V/Div dwiudiyinuisans
1. Waunsaldsadudynyin PAM dwivdsndaya 10 Dndn q fuwuulifaulegWaieduuy
Wou 10 # (sWg fls swo vugunsal FPGA) fwuners 10 Snldviiy 1010110110 91ndu
soadsdygauiniuiiu wesdunaaitn 10 Sefidaiuiuld Tnegunsal FPGA waafiues
wansP i uuIvaanuaadfitiuIg 10 naen

- L Ao v ovd o oa W Y Py ) L w a da o
2, Laan@m«unaqumwmsu‘l&mwaswmaaga e niignduaverindynidy (lu
-l s -l o a a @ ) a . - o @ e
awifieniu) idunaiulalussadalaalay lnedsrn?l 1 ms/Div waz 0.5 V/Div dmiudygiu
visaes uaglviruvasdygadheglureusnresguiing

)

AUNELYO: nizﬁﬁmunﬁiﬁmiﬂi YAIIAT (synchron/zot/on) uunnmaa uuﬂamimnammmu Foo

v
YR

‘uaa‘uamawmsuuuqnmaa mwnma:gzymwaanmnmﬂsawummmjuwmumamwamm Lo Y P S P SN .
azWadvesindoua : ; : : : : : :

U

4. Yiurnandimsudnandyaalidnandu 30% 40% waz 50% vesmuvesiad
30%: Andn 10 Smiishiusuléde 11O 00

40%: fndm 10 Tndishiusu e 1001000
50%: Adn 10 Ddishiusuleds ()]0

3. Yuamandidsudnandygradddraadu 20% vesauvesiad

e MsUiulimsdnandygradiasildlnenisnaaladuuuna BUTTONL vugunsni
FPGA 98315U Ined1as 29 I8unuiie o Mavtinouanssniayuy FPGA vaiify

andim 10 Sedisa3usulade [ IO 100



v

NaNISUNSEEUSH 6

n1sdsdnayanuy PWM

LY

6.1 Inquszasd

1. annsavsuendadayauardnsdnnngudyen PWM
2. awnsnnanwdtygadeyauuy PwWM andadeys Adyn i wazsnade

3. ansnldgananesddndoyanndrddudniumedygauuun PwM

&
6.2  ANUINUFIU

fsaniinisdddadeyanssas 2 I Inelddygafadimbeniianuniue q fuunugdn d

uanslugudeanell Bnsdedoyadifundinisdedndoyauuy PWM (puise width modulation) usiay

W =

Ia = ' \e  a I3
andoLdunianinedeyaBunidydnval (symbol)

|1 PHM symbol |

L ]1 PHM symbol |
a.v

Ry S—

i i i i i -l i

1 ms/Div e 0.5 V/Div

desnshiudndudesinaduduresndulndoya sdduyavasesdafiadygnh (pream-
ble) Fuludygmiiegreudynynmasdndoyausiasyn  ax 10 On (5 dydneal) Fuandlugidig

33

34 AenssunisiBeudii 6. msdsdndoyauuy PWM

anvdwiudn 1010110110 lneAidyg e luieddmdesifuaumagadu 2 whwesiaddmiu Pwm
wazN AWMU 1/4 Aruvesdgydnuel

f]‘('i.;{a,b} """"
s
o

4 ms/Div wag 0.5 V/Div loa P unudtygrand

Tumsgdefeyauuuiidygra dewindaya 10 dngnadlunian 21 ms (sadygoni) Tuusiay
nau snsdinvesnisdsdoyadawiniy
10 bit

s 0.476 kbps

nsaradulindeyanindygn PwM azlidinsesdug (matched filter) Fdusnsesrnade
wioudifidaruniemtivheiialowiiu 1/4 vesnuresdydnuel @avinfu 1 ms Tugu) wndu
sasuazyhmetnandeygn (sampling) mna”fyfymﬁaanmﬂﬁmsaﬁu@Iﬂaﬂﬁﬂ 4 Adoyeyraudmsy
uslavdydnvaivosdoya gUtsauanshegnmwesmstnandygesieanandinsasdug dwmfudn
Yoya 1010110110

0.0 ., Ao .oy (1D 0.1
1

WUW /m\mmﬂ\ /F

4 ms/Div wag 0.5 V/Div lae P unudgyeyinuih

e nsudsrnurednyinwaisen.du 4 duaeandesiumsiisudyane 4 uwuiidlulddwiy

wiazdydnunives PWM fimnislizudyau 8 wuufidulld Aezudsaumesdydnuaioonidu 8
du



6.3. wuuiinmianaumsvanss 35 36 AanssuntaFeuii 6. nissdndoyauvy PWM

uragAdndeyes (sample) avunusie | vie L (Fewounan High wazs Low muaddiu) laedi H 2. MagUdgeres PWM Nigndslaefdtyey i dwiude 1011010100 teeldedygrumieudy
neferndndggraiiduuin uas L vueiendndygrafilduau snddhdgygiausiasngy 9 ae Tuda 11 1 ms/Div ua 0.5 V/Div wadlidygnnhegdegavasgl
4 /i ffvavanunsaduledeyalifieluil

Arindnynd 4 Anesdydnuel | Intoyavosdydnal : : I j ' "
HLLL (0,0) S ] _ e i
HHLL (0,1) Lo i AT J
HHHL (1,0 S S
HHHH (1,1) - .
Bu g TaRawann

nnguerdndynilddmiuusasndudeyaaniu T 000 ITIY RION FFSONS NUPEE TN NIYE NN

HHHL HHHL HHHH HHLL HHHL
S S e N e~
(10 o) (L) (1 (10

Ay

6.3 LUUHNRNaUNISNAGBY

Py

a9 v v Y o o o @ @ v do w
3. auyAlidygadude 2 Dudygraidsuiuld smedygrueenveshnsesdugiithiuas
vunwienfudygradilude 2

=be

1. frsanfismsdedoyauuy PWM Suansedtygslugudiedns
4. doudndygrauildanndygrueeenvesiinsesiuaiishiu fww 20 Admsuusiazndy
Un lauvuadndoorausazadie B wde L

(Y O | 0

5. ansidastiuansndndyg i uvesnisdsdyyiauuy PwM sadiuddndoyadiniu 2
Fydnwel (4 O)

AEndRy sy 8 A18s 2 Agydnwal | Undayauel 2 Agydnwal
PWM sty PWM Tisiariu (4 Tm)

HLLLHHLL

HHHLEHEH

HHLLHLLL

HHHLHHLL

2 ms/Div wae 0.5 V/Div Iae P unudiyeyioh

v

Tumsddoyawuulifygranidwiuyn q nuves 10 dadeya Snsrdadeua (miredu bps)
< ) e
Vngulataya 10 Saluwsaznaudede 1 ][I0
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6.4 nsdelndayaandadeludesinfunedainuuy PWM

1. Bougunsaisine q luganmasadrsneiu sndulusunsuivunuiiivesgunsel FPGA fisds
fMelnd 106_Tx.sof wazhdmSuselWd 106_Rx.sof

2. Mgunsalidsaiedyann PwM dwmdudstndaya 10 Sadr q fuuwvulifalaeldainduuy
oy 10 ¢ (sW9 e swo vugunsal FPGA) AwuaAdn 10 Selwindu 1010110110 gy

' 1 e v o w w ar I a A Ao v v yy 3 v o
soaedcdyaandiiuiidu wazdunaaide 10 Jadishiuviuld leegunsal FPGA veswsuas
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Software Defined Communication Labs Using the Audio Interface
of Laptop Computers

Poompat Saengudomlert and Pakorn Ubolkosold
Bangkok University - Center of Research in Optoelectronics,
Communications, and Control Systems (BU-CROCCS)
Bangkok University, Thailand

Abstract

This paper presents an initial phase of an on-
going sponsored project whose goal is to de-
velop low-cost lab sessions that can be used
to complement theoretical lectures on digital
communications in the undergraduate level.
In particular, On-Off Keying (OOK), Binary
Phase Shift Keying (BPSK), and Quaternary
Phase Shift Keying (QPSK) transmissions are
demonstrated using the wireless audio channel
between a speaker and a microphone that are
built in typical laptop computers. Students
can observe the transmitted waveforms, re-
ceived waveforms with actual noise from the
audio channel, and other waveforms in the
detection process, e.g., matched filter out-
put. The platform is developed using the Oc-
tave software on the Ubuntu operating system,
both of which are available for free.

Keywords: Digital communications, software de-
fined radio, laboratory experiments, hands-on expe-
rience

1 Introduction

This project aims to develop low-cost lab sessions
that can be used to complement theoretical lectures
on digital communications in the undergraduate level
[1, 2]. It is an initial phase of an on-going at-
tempt at BU-CROCCS (Bangkok University-Center
of Research in Optoelectronics, Communications, and
Control Systems) to develop low-cost software defined
communication labs that can be used in developing
countries such as Thailand.

Besides academic curiosity, the project is motivated
by the fact that several universities in developing
countries do not have enough lab equipments to sup-
port students. This is because commercial lab setups
are often costly due to the use of industrial grade
equipments, which may not be necessary for learning
the basics. As a result, several students only study
digital communications abstractly through theoreti-
cal discussions based on mathematics, without having
any hands-on experience on data transmissions. Al-
though there have been many proposed lab settings,
most of them rely on either the industrial grade equip-
ments and/or license software [3, 4, 5].

595

While software defined communication labs will not
resemble practical telecom systems, they will be cre-
ated based on the same working principles. I'he main
distinction lies in the name; less signal processing is
done in hardware for software defined communica-
tions. Nevertheless, the same signal processing is car-
ried out. In addition, through the use of a digital-to-
analog converter (DAC), students can observe physi-
cal waveforms at various steps of signal processing.

In the first phase, we explore the use of built-in au-
dio interfaces of typical laptop computers to conduct
a few simple experiments on digital communications.
The involved softwares are free. Therefore, the labs
can be run without any cost in addition to having two
laptop computers.! In particular, it is possible to use
the Ubuntu 12.04 L'I'S operating system and the Oc-
tave 3.2.4 computing software. However, without sig-
nificant efforts, developed programs can be adjusted
to run on Windows (instead of Ubuntu) and MA'T-
LAB (instead of Octave). Note that the developed
platform is available for free and can be requested
by sending an email to poompat.s@bu.ac.th with
the name, organization, and position of the requester
mentioned.

This paper is organized as follows: Section 2 de-
scribes the implementation approach of the proposed
lab sessions. Section 3 presents the four lab sessions
in detail. Section 4 summarizes the current achieve-
ment of the project and highlights the future plans.
Note that all the figures in this papers are obtained
from screenshots observed by students running the
experiments.

2 Implementation Approach

The developed lab sessions utilize the audio inter-
faces of laptop computers. The speaker of a laptop
functions as a digital-to-analog converter (DAC) of
a transmitter, while the microphone functions as an
analog-to-digital converter (ADC) of a receiver. The
audio frequency spectrum of the open air serves as the
transmission medium. Hence, the audible frequency
range is required for the carrier signal frequency; val-

! Actually, the labs can be run on one laptop computer since
it can both send and receive signals. However, having two
computers can better illustrate data transmissions since one
can be the sender of data while the other can be the receiver
of data.




[
[

msdszpdnmemadsmnssuih a3 37 (BECON-37) 19 — 21 waaneu 2557 uvingndsveuudu

ues in the range 500-1000 Hz are recommended. The
sampling frequency of 8 kHz is used. Data rates are
kept in the order of 10-100 bps for clarity of vari-
ous signal presentations. Fig. 1 illustrates the overall
structure of relevant components used in the labs.

Mlcrophone
Speaker (built-in)
@ N— (bmlt-m — @
Audio
RA =) ) '
Transmitter laptop Carrier freq. Receiver laptop
5—10 kHz

Fig. 1: Overall setup of the developed system
3 Developed Lab Sessions

Lab 1:

domains

In this first lab session, sinusoidal carrier waveforms
in the audible range are transmitted. Students can
observe the transmitted and received waveforms both
in time and in frequency. Table 1 lists the system
parameters used in this lab.

Signals in time and frequency

Table 1: System parameters for lab 1

| Parameter | Notation | Value |
Carrier freq. fe 500, 800 Hz
‘1I'X duration Trx 2s
RX duration TRx 4s
Sampling freq. fs 8000 Hz

Fig. 2 illustrates the transmitted signal in time and
frequency for the carrier signal at 500 Hz. Fig. 3
shows similar information for the received signal.
Note that, while the time-domain signal looks dis-
torted, the frequency component at the carrier fre-
quency is still dominant.

Lab 2: Transmissions using OOK

In this lab session, the simple OOK modulation is

used to transmit data at 10 bps.2 Table 2 lists the

system parameters used in this lab.

Table 2: System parameters for lab 2

| Parameter | Notation | Value |

Carrier freq. ’ fe 500 Hz

T'X duration Trex 2s

RX duration Trx 4s

Sampling freq. fs 8 kHz

Modulation OOK

Symbol period T 0.1s

No. I'X symbols K 10

I'iming preamble — 1,1,-1,-1,1,
1,-1,-1,1,1

LPF bandwidth w 3/T

For OOK, we assume that each data bit is mapped
into signal value 0 or 1. To distinguish from data
bits, the preamble for timing recovery contains signal
values —1 and 1.

2Note that the bit rate can be increased to 1 kbps if an
audio cable is used to connect the transmitter to the receiver.

Tx signal
o

4] 0.005 0 01
t(ins)

A
[} 500 1000 1500
f{in Hz)

Fig. 2: Transmitted signal in time/frequency for lab 1

Rx signat

t(ins)

Power spectrum

0 500 1000 1500
f(in Hz)

Fig. 3: Received signal in time/frequency for lab 1

Fig. 4 illustrates the baseband and passband trans-
mitted signals in time, and the transmitted passband
signal in frequency. Fig. 5 shows the received pass-
band and baseband signal, and the synchronized data
signal together with matched filter output. In addi-
tion, in the plot of the matched filter output, circle
markers are used to indicate the sampling times used
to obtain signal values for threshold-based detection,
where the threshold is set equal to the mean signal
value. Note that, in the figure, the transmitted data
bits are 0001101001.

Lab 3: Transmissions using BPSK

In this lab session, the BPSK modulation is used to
transmit data at 10 bps. Table 3 lists the system
parameters used in this lab.

Table 3: System parameters for lab 3

[ Parameter I Notation l Value [
Carrier freq. fe 500 Hz
T'X duration Trx 2s
RX duration Trx 4s
Sampling freq. fs 8 kHz
Modulation - BPSK
Symbol period T 0.1s
No. TX symbols K 10
Timing preamble - 1,-1,1,-1,1,

-1,1,-1,1,-1
LPF bandwidth w 3/T

For BPSK, we assume that each data bit is mapped

596
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Baseband signal

Tx signal

02 |
04 i

. AA
, A ,
470 480 490 500 510 520 530
f(in Hz)

Power spectrum

Fig. 4: Baseband/passband transmitted signals in time,
and passband transmitted signal in frequency for lab 2
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Rx signal
Baseband signal
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VL \ j 1
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MF output

Synchronized signal
o

tins) t(ins)
Fig. 5: Passband/baseband received signals, synchronized
data signal, and matched filter output for lab 2

into signal value —1 or 1. Consequently, we design
the preamble to be mapped into a sequence of pulses
such that each positive pulse period is 3/2 times the
data symbol period while each negative pulse period
is 1/2 times the data symbol period. This is to avoid
having the preample-like signal appearing within the
data carrying signal.

Fig. 6 illustrates the baseband and passband trans-
mitted signals in time, and the transmitted passband
signal in frequency. It should be observed that, unlike
OOK, the BPSK passband signal does not contain si-
lence gaps. Fig. 7 shows the received passband and
baseband signal, and the synchronized data signal to-
gether with matched filter output. In addition, in the
plot of the matched filter output, circle markers are
used to indicate the sampling times used to obtain
signal values for threshold-based detection, where the
threshold is set to 0. Note that, in the figure, the
transmitted data bits are 1001010001.

Lab 4: Transmissions using QPSK

In this lab session, the QPSK modulation is used to
transmit data at 20 bps. Table 4 lists the system
parameters used in this lab.

For QPSK, we assume that each pair of data bits
are mapped into a QPSK symbol as: 11 < 1+ 4,
01 & —-1414,00 < —1—194, 10 & 1 —14. We keep
the preamble to be the same as for BPSK, i.e., no
imaginary parts in the preamble.

Baseband signal

L L

1 15 2

Tx signal

o

Power spectrum

o5} A
o A ,,/"J»J.\A/\f\_ A

g
470 480 490 500 510 520 530

{(in Hz)

Fig. 6: Baseband/passbahd transmitted signals in time,
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Fig. 7: Passband/baseband received signals, synchronized
data signal, and matched filter output for lab 3

Fig. 8 illustrates the baseband and passband trans-
mitted signals in time, and the transmitted passband
signal in frequency. It should be observed that, com-
pared to BPSK, the magnitude of the data carrying
signal is bigger since there are two data streams in-
stead of one. Fig. 9 shows the received passband as
well as baseband signals for the real and imaginary
parts of QPSK. Fig. 10 shows the synchronized data
signals together with matched filter outputs for both
real and imaginary parts of QPSK symbols. Fig. 11
shows the constellation diagram for 100 transmitted
QPSK symbols.. Note that, in Fig. 9 and Fig. 10,
the transmitted QPSK symbols are 1 — 4, 1 +14,1 44,
“1—i,1—4, 144, 1—4, —1+4,1+i, and 1 —i.

4 Conclusion and Future Work

In this paper, the current status of the low-cost dig-
ital communications labs are reported. The four lab
sessions including basic signal representation in time
and frequency domains as well as OOK, BPSK and
QPSK transmissions are described.

In the future, we plan to add Frequency Division
Multiple Access (FDMA) and Code Division Multiple
Access (CDMA) and transmission using Orthogonal
Frequency Division Multiplexing (OFDM) modula-
tion in the project.

In the long term, we plan to implement the trans-
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Table 4: System parameters for lab 4

| Parameter | Notation | Value |

Carrier freq. fe 500 Hz

TX duration Trs 2s

RX duration Trx 4s

Sampling freq. fs 8 kHz

Modulation QPSK

Symbol period T 0.1s

No. TX symbols K 10

Timing preamble - 1,-1,1,-1,1,
“1,1,-1,1, -1

LPF bandwidth w 3/7

missions systems using field programmable gate ar-
rays (FPGAs) together with digital-to-analog (D/A)
and analog-to-digital (A/D) circuits. This will al-
low continuous transmissions of data instead of finite-
duration transmissions as assumed in this first phase.
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Abstract: Due to high prices of imported laboratory equip-
ment for teaching and learning digital communications, sev-
eral educational institutes in Thailand (as well as some neigh-
boring countries) are facing problems of equipment shortage.
A lot of students end up learning from textbooks without ac-
tual experiments, causing them to lack confidence in their
knowledge. Fortunately, reprogrammable digital electronics,
in particular field programmable gate arrays (FPGAs), are be-
coming cheaper with higher computational powers. Universi-
ties can now use them to develop communication systems for
laboratory equipment. This article describes such activities
at Bangkok University-Center of Research in Optoelectron-
ics, Communications, and Control Systems (BU-CROCCS),
Thailand.

Keywords— digital communications, laboratory, software defined,

field programmable gate array, digital-to-analog converter, analog-to-
digital converter

1. Introduction

The lack of equipment for teaching and learning of digital
communications, considered as an important technical subject
in the age of digital information, has been a weakness in sev-
eral educational institutes in Thailand (as well as some neigh-
boring countries). While such equipment may be imported,
their high price tags would allow at most 2—3 sets of equip-
ment to be shared by 20—30 students in a typical classroom.
Without sufficient hands-on experiences, a lot of students lack
confidence in their knowledge obtained from textbook-based
learning and from simulation software.

Recently, several universities around the world have de-
veloped their own digital communication laboratories using
the software defined approach [1], [2], [3]. In this approach,
a common set of hardware can be used (or different exper-
iments, with its functionalities changed through software,
i.e., hardware programming. Consequently, the software de-
fined approach can provide laboratory equipment with modest
CoSsts.

One key hardware component in software defined commu-
nication systems is a field programmable gate array (FPGA),
which is a digital electronic device that can be used to perform
digital signal processing (DSP). An FPGA is, in principle,
configured by a hardware description language, e.g., Verilog
[4]. However, several commercial software packages, e.g.,
MATLAB, allow users to program the hardware indirectly
with a more user-friendly syntax or graphical user interface
(GUD [5].

This article describes activities at Bangkok University-
Center of Research in Optoelectronics, Communications, and

signal display section

laptop
computer ' ;gp .
cable | oscillo-
e scope
BNC BNC
transmitter section cable| |cable
; ribbon
i cable _
SB cabig —{®1 FPGA » DAC Splitier
{to program .
transmitter's
i FPGA) NC cable
; (medium)
k' ADC
USB s b FPGA e
bbon
(to program ri
receiver's cable DAC
FPGA)

receiver section

Figure 1. Structure of the developed software defined com-
munication system

Control Systems (BU-CROCCS) towards developing soft-
ware defined communication systems to be used as labora-
tory kits in educational institutes in Thailand, and possibly in
neighboring countries later on. Section 2 presents the overall
system structure, main hardware components, and key trans-
mission system parameters. Section 3 shows example data
signals that can be generated from the developed system. Sec-
tion 4 discusses actual uses of the developed laboratory kits.
Finally, section 5 provides a summary as well as directions
for future development.

2. System Components and Parameters

The developed software defined communication system has
the structure as shown in Fig. 1. In particular, since FP-
GAs are digital devices and analog signals are needed for data
transmissions over the transmission line (coaxial cable in this
case), we developed in BU-CROCCS a digital-to-analog con-
verter (DAC) to be used by the transmitter. In addition, we
developed an analog-to-digital converter (ADC) to be used
by the receiver.

The transmitted signal is split such that one copy goes to
the receiver while the other is fed to an oscilloscope for signal
display. Another DAC is used by the receiver to send the



Figure 2. Actual software defined communication system de-
veloped in BU-CROCCS

Table 1. Communication system parameters

| Parameter | Value |
Bit rate 1—10 kbps
Carrier frequency 1-5kHz
No. quantization bits 10 bit/sample
Sampling rate 100 kHz
Pulse shape rectangular
Modulation format PAM, PWM, PPM

ASK, FSK, PSK, QPSK

received signal or a processed signal to the same oscilloscope
for comparison with the transmitted signal.

Fig. 2 shows the actual hardware used to implement the
system in Fig. 1. Table 1 lists key system parameters of
the developed communication system. Note that the sup-
ported modulation formats include pulse amplitude modula-
tion (PAM), pulse width modulation (PWM), pulse position
modulation (PPM), amplitude shift keying (ASK), frequency
shift keying (FSK), phase shift keying (PSK), and quadrature
PSK (QPSK).

DEO Development and Education boards, which contain
Altera’s Cyclone III FPGAs, are used in the development [6].
Hardware programs for the FPGAs are written in Verilog, and
compiled using Quartus IT Web Edition v12.1, which is avail-
able for free [7].

3. Example Data Signals

Fig. 3, 4, and 5 show example data signals for binary PAM,
ASK, and FSK modulations, respectively. In each figure, the
top graph (in yellow) is the transmitted signal while the bot-
tom graph (in green) is the received signal. In addition, the
oscilloscope is set at 0.5 V/Div for the signal value (vertical
axis), and at 2 ms/Div for time (horizontal axis).

The system is set to transmit data bits in groups of 10, with
preamble signals between consecutive groups. The preamble
part has a higher amplitude than the data part. This higher
amplitude serves two purposes. First, students can easily
see from the oscilloscope display the beginning of each data
frame (consisting of 10 bits). Second, the receiver can use it
for timing synchronization so that data bits can be detected
and displayed through LED lamps on the receiver’s FPGA.
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Figure 5. Transmitted and received FSK signals



Figure 6. Transmitted PAM signal and matched filter output
at the receiver

e
4 iy

Figure 7. Transmitted PAM signal and samples taken from
matched filter output at the receiver

In Fig. 3, 4, and 5, the transmitted group of 10 bits are
0101001101. It can be seen from Fig. 3 that, in binary PAM,
bit 1 is mapped to a rectangular pulse with a positive value,
while bit 0 is mapped to a negative value. For binary ASK
in Fig. 4, bit 1 is mapped to a carrier signal (sinusoidal) with
a high amplitude, while bit 0 is mapped (o a low amplitude.
Finally, for binary FSK in Fig. 5, bit | is mapped to a carrier
signal with a high frequency, while bit 0 is mapped to a low
frequency.

Students can themselves select the 10 bits in each frame
through setting the 10 slide switches on the transmitter’s
FPGA. This feature of the developed system allows for inter-
active learning experiences in which students can change the
data bits and observe changes in the transmitted data signal
instantaneously.

In addition to observing the transmitted and received sig-
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Figure 8. Deliveries of laboratory kits to two instructors in
two vocational schools in Thailand

Figure 9. On-site training to one instructor prior to actual
teaching using laboratory kits

nals, as shown in Fig. 3, 4, and 5, students can observed var-
ious steps of signal processing at the receiver. For example,
Fig. 6 shows the output from the matched filter at the receiver
(in green) with respect to the transmitted signal (in yellow).
Fig. 7 shows the signal samples taken from the matched filter
output at the receiver (in green). Note that these samples are
used for detection of data bits. For each sample, if the value
is above the threshold value for detection (shown as the mean
value in Fig. 7), the corresponding detected bit is 1. Oth-
erwise, the detected bit is 0. In Fig. 7, we can see that the
detected bits in each frame are 0101001101.

4. Actual Uses of the Developed System

The developed system was used on a trial basis by instructors
at two vocational schools in Thailand. Fig. 8 shows labora-
tory equipment deliveries to the two vocational schools. The
equipment were arranged as laboratory kits each of which can
be contained in a backpack for ease of transport.

On-site trainings were provided to the instructors before
they applied laboratory kits in teaching the fundamentals of
digital communications, as shown in Fig. 9. Fig. 10 shows
classroom environments during actual uses of laboratory kits
during the first half of 2015. Students worked in groups to
perform various experiments.

Based on the feedback from the two instructors (Ekkaphot
Keawklai and Samanathorn Poompimol), students enjoyed
using the laboratory kits in performing various experiments.
In addition, the laboratory kits helped maintain student inter-
est in the subject, which can be quite abstract without actual



Figure 10. Classroom environments during actual uses of lab-
oratory Kits

Figure 11. Participants 6f seminars on software defined lab-
oratory kits for teaching and learning the fundamentals
of digital communications
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experiments. Finally, the laboratory kits were easy to use, and
could demonstrate several concepts as effectively as imported
laboratory equipment.

After the actual uses in two vocational schools, BU-
CROCCS organized hands-on seminars in several occasions
in order to gain further experiences in using the developed
laboratory kits. The audience in these seminars include both
Thai and international students, as shown in Fig. 11. Based on
the feedback obtained from these seminars, participants found
the laboratory kits easy to use. Several expressed their satis-
faction in eventually “seeing” what they have learned from
textbooks, and encouraged the use of these laboratory kits in
actual teaching.

5. Conclusion

We developed software defined communication systems to be
used as laboratory kits for teaching and learning the funda-
mentals of digital communications. The software defined ap-
proach helps keep the development cost low since the same
set of hardware can be used for different experiments through
hardware programming. In our development, we purchased
FPGAs from Altera to perform DSP and constructed DACs
together with ADCs. While the data rates are modest, the
systems are based on the same fundamentals as high-rate sys-
tems, and can be used to alleviate the lack of laboratory equip-
ment in Thailand as well as in some neighboring countries.

Future activities include the development of other types of
transmission medium, including the use of wireless antennas
and optical fibers. In addition, various kinds of signal distor-
tion, e.g., noise and dispersion, can be demonstrated by the
laboratory kits. Finally, activities that allow students to mod-
ify hardware programs for DSP will be considered.
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Abstract: Being able to interact with and visualize the con-

cept of digital communications through different forms of

hands-on experiments is a crucial learning process for elec-
trical/electronic engineering students to gain a better under-
standing of the subject. This paper presents a user-friendly
browser-based digital communications training platform that
allows students to interactively perform experiments covering
topics like basic types of signals, lowpass filtering, matched
filtering, baseband/passband modulations, signal multiplex-
ing, and channel coding. Signals along the communication
chain, i.e., at various points from the transmitter to the re-
ceiver, can be displayed and visualized on any standard web
browser. Having a browser-based nature, the developed train-
ing platform allows for both offline and online uses. Con-
sequently, it can be set to operate as a standalone, intranet-

based, or Internet-based application.
Keywords— digital communications, signal processing, laboratory,
web browser, interactive

1. Introduction

In Thailand and some neighboring countries, a lot of educa-
tional institutes lack laboratory equipment for teaching and
learning digital communications, considered as an important
technical subject in the age of digital information. While
efforts exist to develop low-cost hardware-based laboratory
kits to alleviate the equipment shortage [1], an immediate im-
provement can be provided through a web-based or browser-
based approach.

Although digital communications involves almost all ac-
tivities in modern lifestyles, e.g., talking over a phone call,
chatting in a social network, etc., the underlying technologies
are usually unseen by users. This is because almost all trans-
mitted data signals cannot be seen, heard, or touched. Without
educational tools designed to make these signals visible, how
data signals are actually transmitted over a physical medium
remains a mystery to a large number of students.

While drawings of various types of data signals are avail-
able in textbooks, e.g., [2], they are often limited to few exam-
ples, which are passively absorbed by students. To stimulate
more interest in the subject, an interactive training platform
that allows students to actively determine data bits and vari-
ous system parameters would be beneficial.

Several courses on digital communications rely on using
computational software, e.g., MATLAB or Octave [3], [4],
as a simulation tool to create data signals and perform vari-
ous signal processing steps in the communication chain [3].
Such an approach is effective when students have some back-
ground in MATLAB/Octave programming. Otherwise, stu-
dents may spend most of the laboratory hours debugging
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MATLAB/Octave programs instead of thinking about how
communication systems work.

The above-mentioned situations motivate us to develop a
user-friendly browser-based digital communications training
platform that will allow students to visualize important con-
cepts in digital communications without a strong program-
ming background. In particular, students may change system
parameters simply by inputting their values through the plat-
form’s graphical user interface (GUI). Attempts are made to
develop a system that can run on any standard web browser
on any operating system, including Windows, Mac OS, and
Android.

Section 2 describes underlying technologies and key fea-
tures of the developed browser-based laboratory. Section 3
shows the list of topics covered up to now as well as exam-
ple data signals that can be generated and displayed by the
training platform. Section 4 presents some evaluation results
obtained from various workshops organized in Thailand, with
both Thais and non-Thais in the audience. Section 5 provides
a conclusion and discusses plans for future extension.

2. Underlying Technologies and Key Features

In this section, the underlining technologies together with the
key features of the developed browser-based digital commu-
nications training platform are described. The system has
been designed with the following key features in mind.

1. The system shall cover fundamental topics in digital
communications.

2. The system shall display signals at various stages in the
communication chain, i.e., outputs from various components
along the path from the transmitter to the receiver.

3. The system shall be interactive by allowing users to
change input parameters and observe the corresponding con-
sequences.

4. The system shall work for both offline and online sce-
narios.

5. The system’s underlying application programs must be
based on free software.

To achieve these goals, the training platform is developed
using the JavaScript language [6], and can be run on any com-
mon web browser, e.g., Internet Explorer, Google Chrome,
etc. All fundamental blocks in the digital communication
systems are realized in the JavaScript environment, including
transmitter/receiver, channel encoder/decoder, digital mod-
ulator/demodulator, pulse shaping filter/matched filter, and
transmission channel.

In addition, a graph-plotting library called “flotcharts” is
also incorporated; it offers a simple usage of its application
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Figure 1. Starting window of the developed training platform.

program interfaces (APIs) for displaying different types of
graphs. The JavaScript-based implementation of digital com-
munications in conjunction with the graph-plotting library
form the interactive browser-based digital communications
training platform that can be operated either offline or online
and is license free.

3. List of Topics and Example Data Signals

So far, the developed browser-based training platform pro-
vides interactive hands-on laboratory sessions covering the
following topics, as shown on the starting windows of the
platform in Fig. 1

. Basic signals and their properties

. Lowpass filtering and matched filtering

. Pulse amplitude modulation (PAM)

. Pulse width modulation (PWM)

. Pulse position modulation (PPM)

. Amplitude shift keying (ASK)

. Frequency shift keying (FSK)

. Phase shift keying (PSK)

9. Quadrature amplitude modulation (QAM)

10. Time/frequency/code division multiplexing

11. Error detection using parity check codes

12. Error correction using Hamming codes

O NN A W=

Common to all the topics is the interactive feature of the
developed training platform. In particular, students can spec-
ify transmitted data bits as well as some system parameters
(when applicable) and see the effects of any change on the
data signals.

Fig. 2 and 3 show example data signals for binary PAM and
binary ASK, respectively. In each figure, the transmitted data
signal is shown in yellow while the matched filter output at
the receiver is shown in blue. It can be seen from Fig. 2 that,
in binary PAM, bit 1 is mapped to a rectangular pulse with
a positive value, while bit O is mapped to a negative value.
For binary ASK in Fig. 3, bit 1 is mapped to a carrier signal
(sinusoidal) with a high amplitude, while bit 0 is mapped to a
low amplitude.
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Figure 2. Transmitted PAM signal (in yellow) and matched
filter output at the receiver (in blue); students can enter
10 data bits and see the effects on the signal waveforms.
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Figure 3. Transmitted ASK signal (in yellow) and downcon-
verted matched filter output at the receiver (in blue).
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Figure 4. FDM signal (in red) with data from two users (in
yellow and in blue); students can enter two sets of data
bits, one set for user 1 and the other for user 2.



In each case, the 10 input boxes below the plot can be used
to specify the 10 data bits, which are 1010110110 in Fig. 2
and 3. For ASK, a user can also specify the carrier frequency.
By clicking “Update Plot” after changing data bits, a user can
immediately observe changes in the data signals, making the
laboratory experiences interactive.

Fig. 4 shows an example FDM signal (in red) resulting
from multiplexing two data signals from two users at low and
high carrier frequencies (shown in yellow and blue, respec-
tively). Data bits are 10101 for user 1, and 01101 for user
2. Unlike before, FDM makes it difficult to indicate data bits
from the signal waveform.

As an example of the interactive feature of the developed
training platform, Fig. 5 illustrates a change in the data signal
when transmitted data bits are changed from 1010110110 (as
in Fig. 3) to 0101001101. As another example, Fig. 6 illus-
trates a change in the data signal when the carrier frequency is
changed from 8 kHz (as in Fig. 5) to 16 kHz. Such interactive
activities allow students to become more actively involved in
the subject. _

Finally, while Fig. 2-6 show screenshots from a personal
computer, the training platform can be run on mobile devices
as well. Fig. 7 shows the same experiment as in Fig. 3, i.e.,
ASK transmissions, but on a tablet as well as on a smartphone.

4. User Evaluation from Hands-On Workshops

We organized hands-on workshops on two occasions in Thai-
land. The first workshop was held at the ECTI-CON 2015
conference on 24 June 2015, with 25 participants. The second
workshop was held at Asian Institute of Technology (AIT) on
3 July 2015, with 13 participants most of which are interna-
tional students. Fig. 8 and 9 show the atmospheres at the two
workshops, respectively.

In each workshop, due to a time limitation, a few experi-
ments were chosen from the list of topics mentioned in Sec-
tion 3. Participants ran the training platform on laptop PCs
that were provided for them. The topics include baseband
and passband modulation techniques.

At the end of each workshop, each participant was asked
to evaluate the platform through a questionnaire. The evalu-
ation results are shown in Table 1, with a strong agreement
that the platform is easy to use without any requirement on
programming skills. In addition, most participants agree that
the platform can help them understand the fundamental con-
cepts underlying digital communications.

5. Conclusion

We developed a browser-based digital communications train-
ing platform to help students visualize data signals used in
digital communication systems. Since the developed platform
is user-friendly and can run on any standard web browser on
any operating system, we hope that it can be used to immedi-
ately alleviate the equipment shortage problem, e.g., in Thai-
land. In addition, students can learn on their own at any place
at any time from their mobile devices, e.g., using a tablet or a
smartphone. The platform can be run as an offline application
or as an online web-based application.
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Figure 5. Modified ASK signals for data bits 0101001101 in-
stead of 1010110110 as in Fig. 3.

Figure 6. Modified ASK signals for carrier signal frequency
16 kHz instead of 8 kHz as in Fig. 5.

Figure 7. ASK experiment run on mobile devices, including a
tablet (left) and a smartphone (right).



Figure 8. Atmosphere of the workshop held at the ECTI-CON
2015 conference on 24 June 2015.

Figure 9. Atmosphere of the workshop held at AIT on 13 July
2015.

Table 1. Evaluation results of the developed browser-based
digital communications laboratory from the participants
in two hands-on workshops; each answer ranges from the
score of 4 (strongly agree) to 1 (do not agree).

Question 4 31211 No
answer
Easy to use for self learning | 23 | 13 | | | — 1
Easy to use for teaching 2311311 - 1
Helpful in understanding 16 | 1713 - 2
digital communications

Directions for future developments include demonstra-
tions of how random noise, e.g., additive white Gaussian
noise (AWGN), and other channel impairments, e.g., disper-
sion, can affect the transmission performance. Interesting
advanced topics that will also be considered include multi-
carrier modulation techniques such as orthogonal frequency
division multiplexing (OFDM).
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