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ABSTRACT

Cognitive Radio is a system designed to use radio spectrum in the most
efficient way possible—as demands for radio spectrum have been heavily increased
nowadays. The system works by allowing unlicensed users to use radio channel on
the licensed users' spectrum without interfering with the licensed users. The system
needs spectrum sensing to verify the usage of each specific spectrum. In ever-shifting
environment, Reinforcement Learning is also used for establishing spectrum
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2.2.1 n1Ins293ualUnasy (Spectrum sensing)
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31 FEnsasedundsnud i ldlunsidendsll Fsavedursegraziden

Tuundaly
R(t) — (¢ - T
T et | e . woiine LY 5 wudtgene
|:> 2 E> aNANAIADY [:> BUNILNIA |:> E> nnIRRduY |:> anglin
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2. Cyclostationary Feature Detection 5le1ddeyalunisudsvasgldanuvan
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2.2.2 msianasusamnu (Spectrum sharing)
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w(n) : Hy

x(n) + w(n): H, g

y(n) = {

o o a ar i v A - . '
Tagnanunsafvunauuigiulunsnaduls 2 vefe H, Aie Hypothesis 0 wiain
Liwudyaauvesldnundn uag H, Ao Hypothesis 1 udadn linwudygravaldnuvean
Y] Y ) ) P - v o
MANN1TVBINITATITULUUATINTUNG U 91ngUN 2.12 fe ldsesiudygnlu
1 A 2/ ;74 dl at s at U ot
21nA vudasdgyauidesayldau Wiedudyyiudinaiiun Aegnsesdyyiusunueen
J @ 7 o a ] o 10 ar o = =l U as (c‘
neutdudusiuusn idhdymranlaluviinislamdass uazdrlumduiiingm szlanadnsnay
TuluiieuiuAunad (threshold) sigluingesdygiadinisldnueguiall

Handumamdsnunesuiluwieudieu

N-1
1 E 2
— 23
Tin) = Nn=0|y[n]| (2.3)

2.3.2 suuvuarninezduitlidmiviesmsinameduaunaiu
Wafumsliansinsanaivaneiu hiledddsuuuumsnsaiy
awnaduuuula meddednnldanninadulumsiensinsnnduanedudsieluil
- auesfulunisnsaadugndies (Probability of Detection: P,) aSuneidy
aunsleian
Py = P(H,|Hy) (2.4)
- anuasdulumsnsiaduiiauuu Missed (Probability of Missed Detection:
B, Aensiadulddnliny wiruaisdedifldvdney efureduaunisledn
Pn = P(Hy|H;) (2.5)
anuazdulumsnsiaduinuuu false alarm (Probability of false alarm: Prq)
Apnsaaduladnnu winuaefedlifidlivdney eurealuaunislea
Prq = P(H,|Ho) (2.6)

2.4 n3FgUTUUULETULSY (Reinforcement Learning)
n1si3eujueanses (Machine Learning) witeeniliu 3 Uszinvdae
1. Supervised Learning fo fiFsufainuadwiaflogrouuds wu Iadeadouiuas
wsuendeyadn Yeyailsun Wuduas wieds
2. Unsupervised Learning Ao lLiflnadwéneumii udarldnisdmnguuasdoyaiile

v 2 1 173 dy ] U - at o 1 AJ v 1 ©
UL MNURHALUVUBYNGAUAEINUY LLE%E‘l"l&.l'ﬁﬂLﬁE]ﬂ'i\'?'u']uﬂQMVIMBQﬂWiLLUﬂﬂLBQ
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3. Reinforcement Learning fig \38u3annisnszyiuazlinzuuuainaisnssyindu 3
v L7 [ o ada v ' o s
Tinadwslaigniomialil dudunsnseviifisglvinzuuuiuuin widhnsnsgvinly
Wudalsid svlvipsuuufinay
v - H. i v v - A - d GJ 1
m3TouiuuuEsuuss mnfindandreu Aedunsdeuiveaniesriianiiiu
90NN supervised leaming waz unsupervised learning n1sissuiiuutaiuusaduns
a vl = v a ¢ A4 o v o« 4 o oo
Feuinonnienlainfenisassiinaognatnaniunisaluiadaiindeui agent wIRINvin
-l 12 = € as o Lo ar =
msseuinurelagnisidenanunisalinluanmsnsgvilullagiumesiela (Reward) uie
unadlve  (Punishment) A2MM@3130Y8INTLTHUTUVULATULTIADITNE AT AUAA
' ° - aa - v o ada 1 ad A Y .
sEnINMIdTadmeuduY nind1 wiensldAmeunanitAngauuu (Exploration and

& " =) ) v Aaa v o o
exploitation) Famunzautunsuidgymniidwwedsufivainuats Wasuulamasaan

[ o]

AN

wisanumsaifliuiueu

State (S,) Action (a)

Reward (r,)

Y

[ Environment J

J = v -
E'LI‘VI 2.13 ‘E‘LJ L UUTBN ﬂW‘iLSHUELL‘UULﬁ'ﬁJ SN

drulsznauvainsifeuiuuuiasuuse
N - (Y] g - ° : P -
1. ulguie (Policy) Aa M3IUATBINTIABNNTINTENN (Action) ikavaausvugay
4 agent lasuitunandsandeuinivun Inelidydnwaliiu n

2. m3fmuaseta (Reward function) uniswisuaaueilaiuidiun wionsiug
o 8 v w a = ) ¢ o
vesanusuaznsnIsibiludauien fedldydnwalildu r
3. msimuayas’ (Value function) fidydnwalilu V agedeiu reward Lileausinis
Avuayardunsimuadiiiutgvitue lussezen vioeavuieinmsAim

Yaymlusuanlasnee
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2.4.1 m3F8uiuuuAl (Q-Learning)

57 agent wt‘%aufg’ﬁqcﬁhqq LLUUﬂﬁL‘%‘ﬂu'}fLLuvﬁfnf'u agent VLADILNUIAINAN
wiawSouiisulaluanevasau mheaudives agent lunsieuiuuudd Ae weing Q
Feusznoudounamneivaniugiagiuees agent  uazasusivuisfanisnseviniielug
anuedaly Fsmumneveaussnd Q farumnowmilou wesnd R delssunisaundls
u ssuueta daunisi 2.6

Tuduusn agent wgnauniivilifeslsuineu Forfu wesnd Q elidndu wednd
Aud maFoufuuuimaunsodinunvioanuitunndlelafls dwuiriianuslmidiedy vih
WigangusiansiFeuiues agent

a w a & v v a ¢
LIUAULUNTNY Q IﬂﬂU'iz‘UUﬂ?EJu.m‘iﬂ‘UﬁUU

A B C D E F
4 [0 0 0 0 0 0]
B 0O 0 0 0 0 0
Q= ¢ (000000 2.7)
p |0 0 OO OO
E (00 0 0 0O
F |00 0 0 0 0]
aunAsruuiialduwssng R
N1TNIEN
Pl o o om g e
- _ - 0 — 100 (2.8)
R = c SRV ST | I
D - 0 0 - 0 -
g 0 - - 0 - 100
F | — 0 - - 0 100_
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Q(seap) = a - (R(se, ap) + yMax[Q(se41, aqu)]) (2.9)

s

s¢ Aa anuzdagdu
a, Ao m'iﬂisﬁ’]ﬁﬁﬂﬁﬁﬂamuzﬂﬁli}‘ffu
@ A 8n3IN193U3 (Learning Rate)
y A 9m31N138A (discount factor)
S¢41 79 @nuzinly

Qg Ao Mansevivianualumesndnillviidenluaniuzdaly

o a o a ¢ v a v )

9Inaun1sn 2. asuneladn wesnd Q wildain weind R uInee NanuuedIsng
nsseudivanluining Q AflAnisnsevihuniigavesaniuzdnly

nsidenaniusiiuiureInisiseus wdenvnaniusiiduseiandululd de
w1nn31 Aud Tngddiuinndy 1 aousidululdnlviden andendienisdu

TURDUMIUTBINITFBUSLUUAIAEE5I3 (explore) dDugyNanIUEAUNTINTT
witgmiszdatmune n15d1999 1 58U (episode) wuefiamsdrsvanuzisuaulyauds

a4 A = o ° ' =

anuzidmie Faledadvnglunisdisia 1 seu agent awvinisdrsiaseulud laeisu
o a v a o = = i & o <
Avusan uzisusudniasinuuisanuztmvueluEos auninasfsmvuanisdsam

i mualinsusiwsn Asuandlugun 2.14
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2.5 msUszsiudszansn1mnisnsaduallnaiy

251,  N5MUEAAUFUNUSSERININaUINTTIuasHauInUaau (Receiver
Operating Characteristic curve - ROC curve)

n31M ROC #81197n Receiver Operating Characteristic {Ju ns1n ROC a5y
anufisalfiietaussdvdnmeemainvanginguszasd 1wy lifunsnsaadudygraiiada
Us@nEnmuednsin1smsadugnaed (hit rate) wazdninn15nsaaduie (false alarm), 19
Tumsmaunng msshw msidedelse Wudu

ROC GFuandymmsdavinavyisiiies 2 vinevs] Inefludagfatng (instance)
uwilidudaydnual I Uszneuludeien {p, n} eunefamnevyiiduuin (positive class)

]
1=l

] -4 ] . dim &g
wagnuaanyiiliuau (negative class) iaidunmsuenssninspanaiuiaieiuaaiangniin
e Junudgdnvalnisdamunanguan, au vesrataiuviaialu {p,n} uaveatangn
o I = = o & - w oA Yo  w ch &
vinnelu {Y, N} fsfimnuvinsunuaaiainiuuinavmiloudiuiiewslddydnualaieniy
31nN139AnIANY (classifier) waz AI8E4 (instance) AziinnadnsAlulula 4
HAGNSUUAD
¥ i a a [~ @ [ =l i [~ a S
- 01RYNNITITULINLaZNIRINUULUIN 2L38ANTNUU UINTIA (true positive)
) i ad a d o 1 & a Vo o N
- ey uduvIniazgnInIluay 1z158n0u auma (false negative)
¥ o 1 a a d o 1 = )ik o e
- awlegRTLluauLazgnInILUUaY I8N INUU aual (true positive)
o s T -/ w1 & = ' o y
- 01MRYNNITUTUAULAZYNININUUUIN I2L38NT7 AU (false negative)
TugUuuuinly szunuenvesiiegeuazignvasfannuiangiluuning 2x2

-l [ =Y € . .
N2 WRsngANEUAY (confusion matrix)

ﬂl a L4 s
M19199 2.1 LURINYANUAUAU

i e raTLuase
HaTiinn153nnaY
D n
Y yInase (TP) UINa (FP)
N auLia (FN) auasa (TN)
NATILAALA P N
e (2.10)

True positive rate = 5




i9

FP
False Positive rate = = (2.11)

NAITNA 2. Udnadauuningmuduau aun1si 2.9 True positive rate Ag8ns
[ 1 o o G & a as Il
msdanmnanyfign (Vunegn) aun1si 2.10 False positive rate ABSRIINTTIAVLNIAVLTIRN
(virunera)
o w gl a o v ow = o w1 &
mdwidue AngatesiumsiBauns iy ROC fawsluil
wy . 1 s s as ]:J
- Al (Sensitivity) Wiy dnainsdaviaaaviign

o

- AnuduwIe (Specificity) Wiy 1-8051M53AvsnAnYIHA

nsml ROC ilunswaesfifdadngnisdaananygn (TP rate) aguuwnu Y wavdns
NISIAMIIANRA (FP  rate) sguuunuy X n31w ROC amnsneduteanuduiugsening

naUszlend (benefit) wag yarn (cost) mﬂgﬂﬁ 2.15

0.80 o

0.60

0.40

0.20

0.20 0.40 0.60 0.80 : §

FPrate

Uil 2.15 fegnanisdounsm ROC
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3.1 NIAUALUNASH (Spectrum sensing)

Cabric uazamuz [4] lavinn1sveassUIouiisulszansnmusinisnsinduanasy
wang Mdusuwuulunisdnudslutiagtu Ao mavihuumdiawmes (matched filtering), N3
MTIITUNGNU (energy detection), LLa::mwsné’ugﬂu.uwaaﬁrytg'\mﬁﬁaw%'auﬁ'uming'l
doyeyrau (cyclostationary feature detection) waslavuwundenvaidevesusaznannis lne
aqulddail

1. myiuuvdiawes dedfesesiudnndiudygyrudaidsssuniulagege Tedune

Aeufiwgyimsuumdiawmasdosiinnuinounti (Priori Knowledge) islu PHY 1a

woikar MAC Lalwes sndiatiaitu EULLUU'Lum'sng"nﬁry:mm, sUkuudAunTa,

sUTevesndudryIn, JULUUNSTaunALG

2. minsndundanu deraidiunisasiaduiiie ligesn Lisesideyanoumth laid
sUsuudyaenduedls Aaunsoldnismmadunuuild uiesivssavsambia
dlefidhsddygusdadessuniulies

3, m'msna"fugﬂl.l.uwmf'i’cgfm:uﬁziqw%’aur'l’umsngwﬁ’q;fym Jonmeiiuszansninly
n13m3293uTia Lidreeiidygrusuniunan M‘%aé’ryrgﬂtugnnagﬂm-ﬁ’uﬁamﬁmim

Wesusidunsnsaduidudeu fnssuisgaen
mMvaassUszansnmues [4] lvhnmaasslaelddyaaildiunsnadygiaae 4-FSK
n13n293ULUY cyclostationary  @1m7130u SNR lddnands -20d8 Tuveil energy

detection nuldwA 10dB

ot al d -

3.1.1 msaRduanaiulagldanuiizesnsteuiuvuiaiuuse

nsesduanesulaglimsFouiuuuiasuusuasmadildusslonivesauna iy
verzuuingiAnlasumsiaualu (7189 Taewlu (7] uaz (8] ladnauenisnsiadu
awnasulaefinszatearuddgliiinisnsiaduis, mssudand,  uwaznisduwasu
doadgygraulvidugdly CR Tusvuulvldldegiaings msidulu (9] [WnsiSeuiuuuiaiuusg
wuumsiFeuj Q lagldn1svinnuvesiaaiuAuanduna (fusion center) $3UAY WALNIS
donuuu &-greedy lasusnnisnssyiteenidu 2 szas luszesusn Marvauandiunanive

v o ol i W w oA o a a
W CR muauanudndngasemsnsIsdualnaiuien CR sxlaldussdnsnmusanis
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o 1

= = M vas v ] ) 1Y) ¥ A
Sudslduniian luszesiiaes CR filasuidenliiludnsiadvanaiiluszezusnazsiodl

mahezdulunsasaduiiananbidesigawinfinzdulula

3.1.1.1 mms‘ma‘fualﬂnm%’ﬂﬂa’l?’fﬂ'muﬁﬁaan'ﬁﬁauﬁumuﬁq

Zhe uaz Robert [10] lauiausidouazn1snaasauesnsnsiaduainaiy
Tnsnsldndnnisnisdouduuuda Tud a.m.2011 muddeiesnuuuluaalunis
vnaae vmsvaaeddudygin Wi-Fi wuvaaiun1saiase luvesta Taeldgunsal
Udsednaas Wikl W@ensedudumedidn vinnisarniivandisuuuis 2.3
wnngludsadund warlfianeinia 4 du Tunisilusunugldauvdn 1 du uazly
d15949 3 du ldoeadlaalrufdneavinldarsiSosunas (Digital Phosphor
Oscilloscope - DPO) l#dudgeraluniimeass Insdudygraluszeziiai 40
88Ul LaTLARINAAIBNTINULAAILIA

MAT8989 Zhe war Robert Hivdnnisuasiulsuasnisnsisduanasu
AfunsFeuiuuun el

2 @ =

- fmusdnuaniugesinisiieuiilunisilegvialivesaneiy e
annuzilu 1 vueda mﬂnm%’mﬁcﬂ‘ﬁmuag, antuzulu 0 Ae anasy
wiauldu aunisit 3. 1Wunrsmdwnuaausimiluldlunsieus

WUUAD

N
= , oi—1
St.f = E ditf 2 (A1)
i=1
o as = v o ' a & 1 ol
- mwuqua'umn'ril,iaugmu A lnouuadu 2 NGUANEANNTTN 3

r:{RP ke (3.2)
R, a¥*c

- Wdmsnsiseudidu 0.1 wazdasnd@uanviniu 0.1
- l¥aud Wi-Fi 91 2.418 Annuidsnd
o
1o
a fe NINTZINEDNNTZIN
C fin A0UZUDITOIFY YAV

TupauUMIYINUYeINIRTIITvanasulaeldnNTe NI T ouswU LAY
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ee

4 o o lﬂl
YunuUN 1. AMUIUWIIUIUAD UL S INFUNITN 3.1

nl:l - = o dal o
YUADUN 2. L‘ﬁ'z]ﬂﬂ']'iﬂi%ﬂ']‘ﬂﬂﬂ']ﬂ’l'ﬁﬂi%ﬁﬂ’]ij\‘]?jﬂ

ee

Sumeud 3. fumetasnmsidennsnszvhainduneud 2.
fupeul 4. USuupe Q(s, a@)mnaunisnisBeuduuusluunil 2 aumsi
2ol
fumeu 5. vhdrdumeudi 1.
n1snAABIYaINIINARDel s1udldifisdluguuvurelamuian (time
domain) Wiiesanldiiivseedlaalaulunisiamindu SsnsveaesiiAerfudygia

AFUAINNINE AITIATIElavanTANInd

3.1.1.2 nansavduanaduitldnisieuduuueiden (Sarsa learning)
v o | o . i o
[6] lehinauanisnszateess CR fdivaneyld (multiuser) waretapud
(Multiband) sedgmaiieuiuuuiaiuuseiiivateduiou; (multiagent) Inand1in
Walinuszansnwlunmsesisdunmsldnuvessanasu luasevievadly CR fvail
Y] £ ' 1% o & ' o o &
N3n32918M1INaT03n150 993U uAlY CR - Buq luaTedneaie vialunns
Usndanauazningnsvesld CR 1o fdeldasmsulouieminsinduannaiy
Ad 1 at E’I L} Q) e
fflahazdulumsanaduuniigauarasmnutasiduvesinmnsasduiionain
v v — = 2 v e o ) ' as A
Widesngandulule Tneldvindrasmaninnisnsindumdesdyginuuanunnd
dosdayeraun Aldnuldluedetis Cr
s d o
“anN1y [6] ULaUD
- TdnsiFsuiiuuiaiuusiitedn Sarsa medunaunuuilsidudadu
d‘ o e o d' a L 74 J o
eandifuaznisAuiundudeuluguesaniuzuazniinsyvinvedaiaun (state-
action pair) luszuuing3an

= ’JﬁJﬂ‘lﬂ%Wﬁadﬁiﬁﬁaﬂ’]Uﬂ'}‘iﬂﬂ.ﬂ‘N?ﬂEl CR LL‘LI‘UV]hJiJ AIAIUANIN

dunanavisaniiigiu iosnanunisalferafstuluiinusesiiu

3.2 MSAAUANASIUNAY (Spectrum sharing)

i
o a Ve

Tao wazAms [5] laduaniswaniteadualIudinedvsuinasa ATeT8anAL

9 v
Fudulunmsvinisnnaduanedy TngldnmsSousivuesuusadundisunuiiasasiadu
pauautIneimuanldule wagliuTouiisulsedaninwiunsaldlaldnisiFeusion
tagluntsuuinaunnudiveiulddne
$anlu [5] ledmuadidewliain 6 Ao “Ingiaaduineifudinasanaiuas
= v Y oA v a [ o v w o v
fedauandeuiisiuag, Soufinndanndeuvesiuuazyiusiitenisléiuves

m

g
annsasu
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@ v = ad o o 9 va va o w - Y 2 < =l
fesls” nilsluidnsiesiliing JAnaudinaeanainfentsnsiadunisldnuaduainud

awnmdu (Spectrum Sensing) uilunszurunisiauidemdsuuasnanduagisunn 39

O

AnAUNITNMSILUINSITaUnasusmAY (Spectrum sharing) Iman1‘su§au§§aLLamé’au°ﬂaan1s
ﬁmdaﬁammuu‘l%’maTmamsﬁauﬁ’uuum%qu (Reinforcement Learning)
daiiseivihuansouiiouussavsnmessssuy uwseenidu 3 wadelaun

1. {lddsemniimsmnaivawneiiuemnd yndesraudig

] 1 & [ s ar 1 1 o A o 4
2. wiangugltdsenihmansduaiunafulungudesanunngnimualily

u

2/ ' o a a o H Jd‘ o v
3. glddsedhisieimnssduanneiu §lidsedlddesmunngnimunlily
=i ¥ - l‘.’; o = (3 J d‘ = v
nadsuiuvuiasuwsudutunounisdiuiumeadanansivefaziiouiain
a v a a a v - W oW ' da i
wgAnssumsidneuuaziuyszaniamlunsasaduvienisuaiuldvesiesruding il

fildau Tnensldsreiadumsrdrinmsusuimin (Weight) luluiiamsle wazdwmdnilu

¥

) ' ) o w Y ' ) aa va W v
favvavendemudifguazdrduanudfguesiasdyaraningjinendily (5] ldaue

%
Y o ™~ v

o 1 é s ¥ o ‘J o ‘J
A1 pre—play 'ZN‘VI!J']EJaQ ﬂﬂ']u%‘llﬂx'lﬂ'ﬁﬂiﬁﬁﬂEJG'I'J’U’END;J:L‘UWWBQVIH']ﬂ\iﬂ'li!ﬂ?lﬂﬂuaﬁﬁﬂuz
icial & 2

nUsraunsaivean1svnaanangauu (5] wiuglddrses wie CR Wwinlugiau (player)

|
o L L)

na1171 luanug pre-play 1u flauazdrsisnauanudnaunsaldaulalaenisdnfiswuy
é v 1 = ] [-¢ o A Jq =J 1 as .’5
mMeam Faiauusazauaziiimnunisdulunsdissrduanudingivinduimun uag
a 1 = s s =i| v v c.:r -J v o . : v [ ar ar AJ
srdfuAniminveminensignldudiuiedidumariazdesgnuiviednemdnini
1 -l v 1 5 s =l ar é’-ﬂ q‘ 1 :,’ ar ar -
H1unisiseuiudazaaluluiuil ndnnasideniswdsuardminluiudl (temporal
. w - @ v o -
difference) AMuNANNITVBINITIMAZLUL Yintinasanisidalnasunivuszaumnudusavie
) w = ) [y v [ ° o o 1% ) Y]
msldaunafuiifuanesuiildnuldasdowinisusuiuatimn waglunensaiud
v ¥ a ] ] o 5 1 v v L5 ar ﬂ]
gnstdanedulivszavanud iy awnnsutuinwa bilald vie Widawnnsund
¥ 1 ¥ o s 1 ID‘ a é‘ v " = -l v
Alfusgue agsalasunisuTuananimin Tnelunuil fauniedly CR svdpaiouinig
denvesdynlunisindedoasiia
Junaulunismaassdaneadiiy veannisuusawnasuldsrunuves [5] lavianasg

a ' a 1] 1 a ; ldld A = 5 s A‘
"\]Uﬂﬂﬂ'i'i'UﬁQ‘UE]\‘leaﬂ'lﬂuﬂ mxmanuaq’luwumamaau LAZLIEINIUYURNDUMIU

Ussilluaniue  —| asaduaunnsy —  A1uam SINR

b4
o/

= ' s W1 @
3un 3.1 JumnaunswutaUnasulsiuiy

[
s

Junauil 1 Usedluaniue
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v v 1] s L] v 4 . LE Vv Vs
ALY CR gnunumeguesnsiunisdsunueg Uilaedl § Asduasunugly CR 1a3u
A‘ 2/ 1 al 1 ‘o’ o l:] s I - ' ﬁ dd Vo as 1 ’ﬂ‘ o 2
msisuduArveInsusuanmiined 5 dnlunisiiadedeaisng avlasuuiuanihwinli
- [ - [ a < 1l Yas LY I :_," v
Wy waandunisinsedeansiug alasunisusuatudnluanas

a

Fumeud 2 asaduainaiu

U; 98111305293 U78AUd g1 s unuuutiead gy 1umaen 159 5399 Ul UL
asndundinued iidyyrasuniutesninnasifamsoldeutesdygyroniuld wid
asranuiiidygrasunauuinndnnasildansaldudesdygraduld wdandus
wuuRnugesdty gl

Fumoudl 3 Auaas SINR

Tuile¥uarAtuan SINR ieuiuUInuA BN sAnsedeansvastasdyryn (5]
agfwIn SINR Adunasily uduna SINR vesusiaz U; 61 SINR wes Uannnda SINRi
Dunast wahmsdewsvaunadudon wazasiuailitunsusudminTiiidniutu uid
SINR was U; tesnindwnast Uazvinisianisansetesdygraiufisuazufuaimin
Hunsadne wevhliausuimindesas

1NNTNAGBIYDY [5] HaN1TMAaBINU1 N1saTIvdvanaiuiiedlaednnguily

drssuvdldanasiuiirinuaringu Mnauaswdinutiosndt manssdvanaduvesld
drsesfunnainaiuis 23 Wedldud widlanFouiisutunisliviinisasesdvanadu ms

I o ot a o 173 " -y Aq
livimsasiaduanasuvilinisidauanasulusiuseansaining

3.3 N1IAiiun139198938UUIMY3AN (Implementation)
ieannsruuingdanlilsidumodingsssunvialy uddunisldudnnis Software

Defined Radio (SDR) iuntagliszuvingdanilviduszuuinefivigaainviuals u

HaguiimsfinwuaznismaassszuuingdAnunnune 1wy $1assszuuingain GNU [11] 3

\ussuudaadingiliennivanling, nsvaasduanimase fmsiu-dedeyasss luene

Taefii3asiioras Wy USRP 831910 Universal Software Radio Peripheral

System Model and test bed description

as

Adeves  Gulnur wazamg [11] lavihnisneasinisnsiaduaunaiuuuunis
ATIdundlu wasmadnisanaduuuulaundin Tneldguninl SDR Y031 USRP WWeuse
Aupaufiawed viauluing mudiulusunsy LabVIEW® vuan un1saidanindonsi
wazdnisadedygrusuniunauisalsuineiauszansnmlunisdiasslaniusosnisuas

= [ 1 o W o &
asaunay lasluman Gulnur ainavuiniivannisasselul

- 19 USRP siafupeuiiawmes \u dldnundn 162

- 14 USRP sefupauiawes 1u dlddrses 1 6
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- 14 USRP safumsufimes Wu dinsiaduaiunasy 1 M
- 14 UsrP rerumeNRIMes (Tu fadwdyyimusuniu 1 M

Fyaadlasuiidnsatuanadududsil

rsu(k) = h(k)xpy (k) + f (k) x5y (k) + np (k) + ng (k) (3.3)

Toed
xpy (k) Aadyqnauitdanangldanumdn
x5y (k) Aodyqaiidananglidses
h(k) ﬁaﬁqﬁ’uﬂisﬁwéﬂdaaﬁtyryﬂmﬂaan'l'sdwaa{q"['ﬁ’mwﬁn
f(k) Femduussanidosdnymnvedygiusuniu
np (k) ADEYYINTIVNIUIINGTTUYR

ng (k) Aedayeyrusumuainmaiisdyarusunmuduiuuindidou o?
g ey 'Y
k fe Yoaan

[

a o v o w v w o Y] '
USRP vt gldaudrses szdudeyasindnsiaduannduin desdyeu

Y

'
s <

3 13 1 L o = ] ar 2 s a o
tuldlaniold uardemiiiunisre Mnsieduilielasudygiuainaunisi 3. 8ng

Va o :d

a ar @l o A L4 o s U dv L7
asrvduanaduuuunsadundsnu Agideilidenldnisnsiadudenaniildumsyld

ningnsuey uaviinugentey lneliauudgiu 2 wuu Ae Hy Winumsldauvesdldven

] 2 L il L (] 1 8/ v L= L a :
ot annsaldenilel uag Hyfimsldenmdney Liaansaldauls ssuielaibuaunsdail

HO:rSU(k) = f(k)x_g'u(k) + nn(k) + Ng (k) (3.4)
Hy: sy (k) = h(k)xpy (k) + n () + ng () (3.5)

° 1 - ° a 2 @ Ao W o w
murAmnazthlufisuiuanulagldnasiuvesdygiuniudiunidsass

k
T(k) = Z lrsn (D13 (3.6)
i=k-w

Wa w Asuuiantinm1auean1snsiaduanasy WediWenduasiesmaaaundl A
uisuiuinus wasiveinuseansameesluwa Adsilainanuuiszidulunisiinnis

M5IIIURANAA LLazmmﬂwmﬂwaqmimwﬁ'ugnﬁaq
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N1501329IUAUNATUVBITZUUINYFANUULATEY USRP

Tuunilasdunisesuismssrnismaasinsrsduanaiusenisnsadundsay
TngldudnnisnisiFeuiuuuAsiniig mmeaasldanmuindensis megunsal USRP uay
1#lusunsy LabVIEW® lumisdamisanfiunisiades USRP vinnsasaaaussaviznmues
szuumens il ROC sewinanuiiazdulunisasisdugnipawazaiuiineidulunisiin
dyravasnduuni 2) Tasasutassuveenidu 2 drwfe nszvaunsiivauelunis

asvdundsnulaegldnmsiFeuivesfitite uasnisiamisniawiissuuingan

s s d -]
4.1 NITUIUNITATIRIVAUNAIUNUNGAUD
ar v : o 4 o a s a a
Tukdeilinavenszuiunmsimitaueninssduanaiuuuun1snTIadundanu
NTPUIUMTTEUFVDIAY NTEUIUMIUTUUTITEweTvesing seninnssuumaiiung

[ I’; L3 3 = Ve A -] é‘ L
NIARFRIEITALITVBITEUUIVY IAANUILAUBLUBIAU

4.1.1 NSZUIUNISASIVIULUUATIVIUNAINY

Re

ar ar e s s s d - ol
ﬂ’l‘iﬁl‘i']i]ﬁ]Uﬂl.‘lJﬂF!'SNLLUUCﬂTJ'i]%UwaﬂdﬁutﬂugﬂLLU‘U N15RFIIVAUNATUNIIUINGY

\Fenld e nitediae lﬂiwﬁmzywmﬁlﬁ%’umwLﬂugﬂu.‘uumingﬂﬁmufyﬂmathdi a
a135005299uld Weewsuszansamlunsesedueranandlefidnsanuduvesdygyia
pudleifisufutudygiusuniu (SNR #1)  Sngusrasdvesmsvinideilde uiuugslinns
AsrsuaUnnSuUUATIRTuNSsuiiTiusEavs nmiinanndtuiu

Taunszuiunisasndvawnesuasuiedulaezunsulasai

R(t) i
- t . ’ i o
prepmnr 1 : . —— e i ki
iy yNAAIADa |:> wANaAY Li) i |':> MIsAdY [:> gl
Finpanng NTISERAY

winudols

d s o s e
Eﬂ'ﬂ 4.1 NTLUIUNTITATIVIVALUNATULUUATIRTUNAIU

4.1.2 NITUAUNFTBUIUUUA?
4.1.2.1 WIEARTURINTITIUFUUUA?
a ¢ <l v a v a o = v a o <
wis1fweinldnulunisisouivesds aundnnisissuivesdafindraluuni 2

ANU150UT8ALBEALANIUAIIT 4.
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= a v a v a
A1919% 4.1 wWsd LmaﬁUﬂW{L’ﬁQWUﬂnﬁLiﬂugﬂ 2dA1

W15 fines ANYBINITTADS
Agent Algaud1ses
State Fesdyaaniaualunsnsiadu
Action gosdyaaiiululddmsu state ueq
Reward wiriu 1 Wewugldaruman wiriu 0 WelsiwuglFauman
Learning rate 0.25
Discount factor 0.2

& = a a0
4,1.2.2 'uuﬂaun'm'stlufg’l,muwmu'uaua

-

TUADUNIIYINNIUYBITEUUMSISBUFUUUAINnTzvilae agent  Aogldeudrses

Y

annsnesuelial

Funoudl 1 fvun Q-table Wiluwnindeud

dumouil 2 Fen state (sounsnidunisgy)

Jumaud 3 den action 1NA1 Q-table  FiAnTigaTannIdululndy
anudaly

Fumaudt 4 vimsesedudyauutesdygadidonain action TWTU udiwa
TUAuIn reward Aums19i 4,

Funaudl 5 Swaven Q lu Q-table muauMST 2.9

Fumeuil 6 aae Q Alddwmanluludumeudl 5 fud Q Aswmeanluduneui 5 u
seumsidsufrountirl ildiiatuniol f1tu Wiiuluvinduneud 8 udfudadlivia
Funoudt 7 dio (useuusn Tialuindunoud 8)

Jumaudl 7 vhmsuFuAndnsvens (gain) vasing Ssagndniluided 4.1.3

YURDUN 8 TUTNVUADUT 2 IUATUIIUIUSOUNABINNG

4.1.3 n3zurumsuiulsmniimeivasingluingiaa

NndunaunsiieuiLuuAinnanluide 4.1.2 TUwdntiu STunautosdntunauy
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1RO(: plot for Probability of False Alarm vs Probability of Detection
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1R(:)(: plot for Probability of False Alarm vs Probability of Detection
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1RO(': plot for Probability of False Alarm vs Probability of Detection
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Abstract— Cognitive Radio is a system designed to use radio
spectrum in the most efficient way possible—as demands for radio
spectrum have been heavily increased nowadays. The system works
by allowing unlicensed users to use radio channel on the licensed
users' spectrum without interfering with the licensed users. The
system needs spectrum sensing to verify the usage of each specific
spectrum and in ever-shifting environment, Reinforcement
Learning is also used for establishing spectrum allocation as well.

Keywords— Cognitive Radio, Spectrum Sensing, Spectrum
Allocation, Reinforcement Learning, USRP, LabView

I.  Introduction

Radio Spectrum is a primary form of wireless
communication. In order to reserve radio frequency, the
formal request need to be accepted by a national organization
which oversee the management of radio frequency. However,
since there are massive usage from countless users and active
equipment, the management and distribution of radio
frequency are usually insufficient. So the new method of radio
frequency management is needed to offer more efficiency and
flexibility: Cognitive Radio (CR) [1].

Cognitive Radio allows the unlicensed secondary users
(SU) to use the frequency without affecting the licensed
Primary Users (PU) by granting usage to the SU while the
frequency is not in use by the PU—using the spectrum
sensing (2] method to detect usage and look for spectrum
hole in the environment. Nevertheless, the difficulty of this
method is detecting the user’s signal within noise-heavy
environment. Speed and accuracy are also additional
concerns.

Reinforcement Learning is the most suitable method for
the ever-shifting environment; using mathematical calculation
to find the best possible spot. Even after arriving at the
answer, the system will still take surrounding environment
into calculation to find the best long-term answer.

The goal of this experiment is to learn and develop the
capability of Cognitive Radio by using Reinforcement
Learning. The experiment is conducted on the vacant radio
frequency slot, using Universal Software Radio Peripheral
(USRP) [3] equipment to study radio frequency
communication, along with LabView as a program to generate

ISBN 978-89-968650-8-7

environment simulation and assemble .m files to use in
MATLAB.

1L Literature Review

Cognitive Radio[1] was introduced by Joseph Mitola and
Gerald Q. Maguire in 1999, and keep on developing since
then: using Machine-Learning[5] and artificial intelligence[4]
to improve the system’s performance. Reinforcement
Learning is also the subsection of Machine-Learning, suitable
for learning about environment surrounding the agent. The
process is based on trial and error to finding the best possible
state; giving reward when choosing good states and
punishment when choosing bad ones[6]. All of those rewards
and punishments will then be send back to the agent in order
to estimate a pattern which can score the highest—finding the
balance between exploration and exploitation. The advantage
of this algorithm is even if the best answer is found; the
system will continue to learn from available data to try to
generate even better answer—causing the algorithm to
improve and balance itself out[7].

The aforementioned reward-punishment process is called
Weighting Factors[8]. The values of the whole factors are
shown in TABLE I. Based on the degree of success, either a
reward or a punishment is assigned to the weight of the used

spectrum.

TABLE 1. Weighting Factors [8]

Before After
il = [ oy e e —
Light i i i ]
Mild 1 0 1 0
Heavy 1 0.5 1 0

The main difference between these patterns is the values
assigned to punishment factors. Under normal circumstances,
the absolute values of the reward value and the punishment
value are equal—hence the ‘Light Penalty’ pattern. If the
attempt for communication fails, however, the weight is
directly reduced to zero. Therefore we call it the ‘Mild
Penalty’. If the user picks up a channel randomly and keeps
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using it as long as the quality of communication in that
channel is above the requirement, weights will be reduced by
50% immediately. We refer to this pattern as the ‘Heavy
Penalty’ pattern.

There are many past studies dedicated to improving the
efficiency of Cognitive Radio, including communication
simulation on MATLAB and communication experiment in
real time. M. A. K. Abdulsattar and Z. A. Hussein had
conducted Energy Detector experiment in real time[9], using
TMS320C6713 as digital processor. N. Sharma, D. B.
Rawat[10]. alse conducted Dynamic Spectrum Access in
Cognitive Radio using USRP and LabView.

I1I.  Spectrum Sensing

Spectrum Sensing is mainly used for detecting the usage of
primary user on specific frequency. There are many different
methods available for the process: Energy Detection,
Cyclostationary Feature Detection, Matched Filter Detection,
ete. This experiment, however, focuses on Energy Detection.
The main drawback of this process is its low efficiency, but it
compensates in simplicity; it can be conducted even without
prior knowledge of incoming signals. This is the reason for
many studies conducted to find a way to improve its
efficiency.

The process of detection is as followed:

Hesise: pre- fiter

Figure 1. Process of Energy Detection

Test statistics
iy PU Presence

¥in)
G PU Absance

Figure 2. Test statistics

When the system received the input signal y(t), it will
generate the sampling by randomize all signals in and send it
along as y(n). Then finding the energy by times the amplitude
by two and divide by the summary of all amplitudes. The
resulting energy will then be compared to the threshold from
[11]. If the energy pass the threshold, it means there is a user
currently occupied the frequency. If not, then the frequency is
vacant.

Threshold used for this experiment is as followed:
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A = VZerfc ' (2Pp ). k =i

There are two hypotheses following the experiment:
4

N I(a2 20,,,)
ormal(ol,—— ’
" Ngp ity

2 232
Normal(o2 + GE.M) vy
Ngp

Normal is Normal Distribution, 62 is Signal Variation and
a2 is Noise Variation

The efficiency of Spectrum Sensing depends on
Probability of Detection (P4) and Probability of False Alarm
(P¢) which can be estimated using these equations:

Tgp =

Aep — (o9 + 6)

"ﬁ; (o +a?)

Pa=Q

Agp is the Threshold of ED and Q(-) is the Gaussian
distribution
IV.  Experiment on USRP and LabView
We conducted this experiment by using NI USRP-2920,
which is hardware to be used with computer to imitate the

signal process of radio. Alongside computers with MATLAB
and Labview installed.

Figure 3. USRP 2920

Labview is a program which includes many virtual
instruments for research and development alongside USRP or
creates simulation by itself. Like programming, users can
create and design their own simulation with plenty of tools at
their disposal: operator, gate, if condition, while loop, for
loop, and virtual instruments. It can also be used to analyze
incoming signal, simulate signal from different modulations,
and visualize embedded control systems.

We used LabView with USRP to send both signal
and noise in real time for USRP to do spectrum sensing with
energy detection. The result was unsatisfactory, since energy
detection is inefficient within a noisc-heavy environment with
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low SNR—according to [12]. So we used Q-learning to
analyze incoming signal and adjust gain on the radio by using
LabView to control USRP.

Theoretically, Q-learning is a trial and error process. When
SNR is low, we would adjust gain until we receive answer or
acceptable state, but Q-learning will not stop there. It will
continue to explore; using randomization to find better
answer—making it suitable for spectrum sensing in ever
shifting and unpredictable environment, as in the following
formula:

Q(s,a) = rsq) + yargmax(Q(s'.a’))

Q(s, a) is a matrix function following:

Q(s,a) = zeros(length(state), length(action))

r is intermediate reward and y is discount factor of
learning and Q(s’, @) is a matrix function following:

Q(s',a") = zeros(len(new state), len(new action))

We used weight adjustment setting from table 1 in
chapter 2, Learning rate, discount factor, and exploration
probability were used with the default setting of 0.5.

Initialization for Y, O, €,
State, Iteration

o

| catcutate Explore Probabitty |

Exploit
)

Figure 4. Q-learmning Flowchart

Explore

The communication between USRP and experimental
computer was conducted via Ethernet. We set the IP address
of USRP as 192.168.1.2 255.255.255.0 and IP address of
computer as 192.168.1.3 255.255.255.0.

We inputted the following parameter into USRP: specific
frequency, USRP’s IP address, Antenna, Signal Amplification
Rate, and Sampling Rate. From there, we generated the Signal
to Noise Ratio (SNR) and calculated with the Sampling signal
using energy detection, estimated the result with Py and Py,
and put the findings into graphs.

Below are block diagrams from LabView:
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Figure 6. USRP read, write, process signal, energy detector and using SNR
to weight for Q-learning

Figure 7. USRP Close Session and abort

Opening Rx session of USRP is showed in figure 5. We
configured IP address of USRP, antenna number, sampling
rate, etc. It's initializing for radio first. Then we obtain
discrete signal. We calculated SNR to energy detection before
use it into reward function of Q-learning that we designed in
figure 6. Figure 7 we terminated session of USRP at end of
program,

From figure 6, point 1, 2, and 3 are complex waveform
(y(n)) data lines, which we would use in a formula. The
process is meant to create waveform of time domain and
frequency domain, as well as using y(n) to find SNR in energy
detection. Point 4 is a MATLAB script which used SNR and
y(n) to calculate Pd and Pf from the theory in chapter 2. Point
5 is the result of using SNR from each iteration to calculate
weight and adjust gain of the radio. After that, we plot a ROC
graph between Pfand Pd.
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Figure 9. ROC curve between Pd, Pfat SNR = 12.0501 dB
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Figure 10. ROC curve between Pd, Pfat SNR = 937222 dB

Figure 8 is a result prior to g-learning. Figure 9 and 10 are
results after g-learning.

From the result, we can concluded that the outcome of
energy detection depend heavily on SNR. When Q-learning is
included in the radio, signal detection will become more
efficient.

V.  Experimental result

The efficiency of spectrum sensing can be compared to
Receiver Operator Characteristic (ROC) Curve, generating
relation graphs between X as a true positive rate or Sensitivity
and Y as false positive rate or 1- Specificity. Therefore, true
positive rate of this experiment is probability of detection and
false positive rate is probability of false alarm. The best result
is the spot on curve farthest from diagonal line, Figure 8 and 9
showed the best result that we had experiment and limit
environment.

V1.  Conclusion

In this experiment, we conduct spectrum sensing using
energy detection method and reward feedback with SNR to
weight parameter on the USRP in real time. The efficiency of
detection depends largely on the level of noise that real
environment. In the future, reinforcement learning will be
used alongside energy detection to improve efficiency of
Cognitive Radio system for further experiment on USRP.
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