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ABSTRACT

Cognitive Radio Ad-Hoc Networks (CRAHNS) enable to overcome the shortage of frequency resources due to the
increase of radio services. In order to avoid interference with the primary user in CRANH, channel sensing to check the
idle channel is required, and when the primary user appears, the time delay due to handover should be minimized through
fast idle channel selection. In this paper, throughput was improved by reducing the number of channel sensing and
preferentially sensing a channel with a high probability of being idle, using reinforcement learning. In addition, we
proposed a multi-channel MAC (Medium Access Control) protocol that can minimize the possibility of collision with the
primary user by sensing the channel at the time of data transmission without performing periodic sensing. The
performance was compared and analyzed through computer simulation.

FIHE : QA o =5 vES A, w A Ao, AL, Zeteks, QEld

Key word : cognitive radio ad-hoc networks, medium access control, channel sensing, reinforcement learning, Q-learning.

Received 11 May 2022, Revised 2 June 2022, Accepted 7 June 2022

* Corresponding Author Hyung-Kun Park (E-mail:hkpark@koreatech.ac.kr, Tel:+82-41-560-1176)
Professor, School of Electrical Electronic and Communication Engineering, KOREATECH, Cheonan, 31253 Korea

http://doi.org/10.6109/jkiice.2022.26.7.1026 print ISSN: 2234-4772 online ISSN: 2288-4165

€9 This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License(http://creativecommons.org/licenses/by-nc/3.0/)
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
Copyright © The Korea Institute of Information and Communication Engineering.



.M B

CRoFRE Al S-§ATH| 0] F7hE Fulss 2po] of
3 507k S7b5Ha ik, U A AEEY AU
Algkelo] glof ofo] that 8715 weirly] o2l 4
oft}. o2 A5 SIFH WO §F AHEYS T
BHs ANFAYEZ e, A4
Y=Y 71&e ARtE FAGUS BRHOE S
371 913 S/ AFGAPE AHESIA S A7k 2
HERL FHOB AT 5 YRS Sl FHFA
ok, QIAFAL o =3 U] =9]5 CRAHNES thef
3 RA A S AT S YRS T A2 A
=998 14T 4 o 7w e FUEet
A YEYAES Bax) gonE YEYS F4o] K}
Sasha o A 97 0 2 o] 2hgo] Golsitt.

AAFH Y EYAL Fhe ALg 517HE W AL
8} primary user) 2+ £F4) Dol A 3t Abgo] 7h
35k 7 ARgA}(secondary user) 2 LAHC. Q174
YESIZ AL F ALgAto] that Holut FEo] W
QS Q% AL AT DS WA o 2
£ B % AGAA TFlof ath. Eak i AHE
A7} 5 AH8A] Z AL QA HR vk vhE 2
Eg B0z Agsfof gk o2 Ssh Aol ot
71814 42 Alofshs MAHLA of WAl that o
T s W= T QeH2[3). CRAHNO| A 7
Aol Thgk 2H 9 SH2) F 52 H2eks Alo] )
AgEA el A L) 8 1Akl Hit.

e] A Bol A Tkt 71812 AE 4
o ARkEIG Nt ALgAL] Ede B4, 2 AU
S QST § AL Aeshzy ALY BiE
7} 27 F7ksHe £AS Z=THe). 53] 2 Arelq
TRk Gl AATA =S Y=Y T Fo
WEBhE EYTT ZASHA 9] uho] Tz
2 =913 sdo] thet AR A F55a g
sk Aol 7144 #AP} Ea ek,

oot 2 BAIS S A5}] gIaf Hel QA TA
E91zi0] akote A gskn sk thapet ¢}
A e 3 Ies-7]. okl Foldl Lael
o o4 Bof chel 9 dolgE Ao
Fozu vEZY Watel T 4|25 £
b4 oAl BT £ Aol A Aty

I

Irt

o

X
s
1
ot
[0 o

)
X,
r
(o3
1
T
ot

IX|FM olE= HIEHIE 2Is Z3tehE7| 8o HElxE MAC Z2EZ

2 olg3to] A TAUES L] GrSo] 3] §7
I} AFoRE AT 4 g B 2 WAy
MACELZE2-2 HAsHh o] & B3 QA4 o=
Foll 4 71A|5e] EASH S TIRke] Hakse
Qo)A AR ] Tt 1 e Hasksta A
SEESEY S s ALY LA TN =

g

I, UXIFH HEHIoAM] H2MY

AAFH YESZE R AGAES FAGAE
o e A28t 918 FA AER S So}
of 5t o] 2 Fal Fuks Abg H RS Fhet shok 3t
oh. 1L 5 ARA7E F ALg A Tt 2H glo]
A S ¥l FE Fot AFAEL AR oS
Holzth HAGASE ADAAS B3l T Aol
% ARgAL SIS WS T AR gl 28 A
2 Bholgh 3o AFALR BE5HA ek s Aol
A FAAAET A S AFA DS w9
ohE A d 2 e 0 wafof gtk

Frequency

Time
Fig. 1 Inter-channel handover to find white space

i

SU data

4 ol = MACE|A] el e] 27t
2 BE L skl US| S
sIsHeHg]. o)t AR O = IFt e A

- o

N

I

Lo

e

)

lo 4d
S

2

£ H o
2
SO

go) A 47t FAHERE A AA B
ek, T 2714 LA 02 913 DA A
AA) Bl A2l Zfol7h st wlo] Aal
4 A7l A Aol idle stekshE A4 AEAHel %
AgALe) Edfglo] 413 4 A ek,

B AT A et olgate] A A4l

1027



B2 HEASHS| = 2| Vol 26, No, 7: 1026-1031, Jul, 2022

e Fasto] AR YRS AYFOZA AYOR
Q1T A H2BHIeh EF 72 AL 5
oA ekt dolele] Mg Mol A Mo
A A dole] BN Aol A A

Aefsls-2 MBA(Model-Based Algorithm)¥} MFA
(Model-Free Algorithm) &2 FL53}l=1] QAX| Al o =
W= AZ014 A T4 W92 8ol o)
3 AR E 247 F5}0] exploration Fa) 5155}
A HEz MEAS) BEHQ Fohs daeiEel
Q-learning 7| %2 A1 3}tk

2] 9] Q-learning©f| A] o o] A
O HiolEs Yol E gtk

Qi1 (spa) =(1—0a) Q(s.0,) + 1)

o [7}+1 (8,41) Trmax,c 4 Qt(stﬂva”

22 ou|stt). Al A

i
£ a, B 5L 147
al

2

|
|

o]IIH as ‘61—_/_\%(2. ’Y*— &}o]
Apefe) ool HE7)
S, FHIZR Holdtt. olnff B4R r, & HE
Hol&2 dUo|E gith oju Hold o A
Sy AFHIY 0% F 7Y E 07 ElE B
H}Oﬂ?‘ﬂ—]:]-
= °4-TL°ﬂ/‘1 aHsk= ARG IA o= 5 AR
% 540 e HHo] $FALE AeisnA o
AHBHA] 9= Q-learning ©]-8-5}0]
o 2] 29 4 9k webA £ AolA 24
o AelgrroR BEEA g o4 WE RN 149
Qo] B0 AFEE B2 A FS kA = T
Sl stateless Q-learning A& ARESHCh AVel 37
St A)(1) Q%2 2)(2) 3} -2 stateless Q-learning 2]
2 5ol 4 9tk
Qtﬂ(m)=(1*a)Qt(m)+arH1(m) 2)

o) W me AHEY Ade] A ofujsia
O(m) - A e A me] OFhe: Lhebdich. BE 2 A
S22 A el et 0gke AAstaL A Hirk. &
Ao A BAFZE & ko) A 744 3 F ShtE el

2

oo

El
o

lo K

sk,
L=l A Aol idle Sk A EAOR A5G B
o w9 1)
r=-1: AA o] 24 ¥ Y A AN
% ALgALe) ARG A Aol busy T A
EE LA 0 R 13 dold Hdo] Anf
< o] WA

Houlantso M
Q-tableZ 53l Hlo|HE
Ay dee] ke 7)ma
policy S T2t}

M« = argmac,, « 1,6, (m) 3)

o, e =50] o]} e greedy-policy THe whErhH
LESO| E QLSS SES| AT 4= g7l =lof 0
kL local optimumo]] $=Z & == A E ok Olg}ﬁg
local optimum 2] A £ sl 435}7] Yol & Aol A=
-greedy 412 ARE3HCE e-greedyY Al 1-¢ 9] E,Lgi
= 0wrol i Ad-S Adelstal «0) FEZ = WS
A Ad-E Azt

V. Zatatay|g

CRAHN MAC Z=2EZ

lol

HEAE CRAHNO|A = Y EYAE A|ofdt= 714

o] TATHA| o e Tt AAR WISES WA
T A== AE S AEskar HlolE &S A sloF
bl B4 W= 912014 Aol A5 o] ek olet BF
AloIZE out-of-band common control channel(CCC)E
ARg3te) FEA Y CCCx Fa|AE it} 714 ¢t
A AL Aesh Aow stk B8RS
© CCCE S8 CSMA/CAHHA] 0.2 Y HEL A|w
3 RTS/CTS (Request to Send/ Clear to Send) 3}jZ] il
e Fo FARAS ke AABES WA

2ol mﬂ

7 AL 3t JEARE wsgo 2 SHAY
= Y45 Vo= ARttt webA B AdSof o
S AE R8shA] oL R A F okl E Ad R
B 2 2 Al4ste] fAidoe] dEEW vie A5
T U= gk

1028



CTS

LG

DIFS  SIFS SIFS

! | channel
: ! sensing by
: e s
ch1 ‘ I

channel .
switching ! Data
; H

Primary User Data |
ACK

# et

ch.2 4

! ! . SIFs
Channel sensing Data Transmission

[ Packetfrom sU; toSU; P77 Packetirom su; to SU

DIFS : Distributed Inter Frame Spacing
SIFS : Short Inter Frame Spacing

Control signaling

CW : Contention Window

Fig. 2 Example of channel access for CRAHN

724 AQket CRAHN WA A0} TRESS
7|9ko 2 KL ARG} SU, oA - AREA} SU, 2.9 o]
B A$0] o2 HojZch a4 o] B ALgA}
Us ZEAY CCCE AL &3 HES }1
RTS‘; Z(j—/g—o}?ﬂ E]r:]— o]uH o9 Qﬁg_ 7P% 3

o;

9} 719] QS IA RTSE %aﬁ A4s }1—4_ RTSH %)
=X H AR} SU, L zjalo] kT Q)i Q Hlo]E
olgato] N/ 1 Aol tie O3S et A
o] 5 Qgkell whet N Ade] SAH91E chAl st
o) CTSS 53] ARg A 5T, A3tk % 2

Bt 0gkol 78 2

o 4

2

oMk 2ol NS FRALES
ARE AR FEskn 1 AINES g §F
C, 2 CTSSH2LE ) Agates.

G = [en e Gy “)
oltf ¢, /=i WA FHAY DO AT E oJu|gitt.
o] A7 K AF&ZVH QelolE AHE FRdl= A
to]E] FpAlol Folals FAREA} ST SU A 2
_?_

0zrel AHgholl 25} oot 24 WEo) ke 7
Al AT ol ot et gl £ 4 9l

1844l ojof AL
910 A 291

AXFM HES HEHIE

2I5t Zslsksy|uke| HE|RE MAC Z2ES

1o = = =
FEFS E 5 ou g HHEsE NFLe "ol Fa Al
ek,
Transmit RTS packet
With N candidate
channels
Receive CTS packet
€. =cos cea - Cea,.
Sensing
Cei
Q-learning

Update Q-table

Transmit packet
on channel i

success

Fig. 3 Reinforcement learning based CRAHN MAC protocol

19 38 AotE MACZREEZS] 3252 Uehd
%A% 3j7lo] WA RTS-CTSHS o] 9Js) N,

Lo
&

L 9
=N o

FALN7E TRET AP ¢
W 9o what pH o s Ay
E} o FAL - ARSAF B FA
1517 =)0, A o] idledt H$- - A
Ago] o] Fo| 2| AL ke A o] busy

I&X}EE mle] ezl vk Al
J5to] ThA] A2l 3 dlolE Mg
A=A = P—J—]' ol ®E A& Adst
Zo] ofje}idle z g0l w2 AN A= Al
3o ZHH*ﬂ“ﬁJ']' A o) ool = Hiz
- ElolEAEE f1gt At

(R
ui g ox My 1o

do

N

N

2
o
o
o Hi ox

o ML
o>

oy
__\1{
£ T

24 Ho i 2
ol

SR

'

fu

|y 2 O

ON‘
ol

L RIS
gm

o r e do wet > of

0

N

2 =olA oA AlRbshe Eeks7]Re] CRAHN
MACE 2 E 30| HLHAS 9l5te] 1839 MACE

2EZ 71HP0}°1 Matlab Al E&|o] L =35
Zkzro] Ad th =S 1.2MbpsE 715kl o 3= Ab

1029



=2X| Vol 26, No, 7: 1026-1031, Jul, 2022

221 g 9] Active A|7FHidle A7 R SHE
b ZPgstgck A9 & AgAe] Bl
24 AAskATh B AeAte] glojg= H uﬂ
Z10]= 512byte 2 3fa B whiul 58 A)
OB S Zt1 Q1 Ao & FPYFith 12 (9]

of AlEdlolde A 8w EE skl

il

_l
Zoﬂ:
DN o WY

Ty

r?ﬂ.r:l.l

rlo ool
OP
et

rulm
Y
L BN
QL

Table. 1 Simulation parameters

Parameters Values
The number of channels 5
Channel bit rate 1.2 Mbps
Data 512bytes
DIFS 50usec
SIFS 10psec
RTS 20bytes
CTS 20bytes
channel switching time Susec
sensing time Imsec
learning rate, a 0.2
Exploration, € 0.2
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