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Supporting and Evaluating Performances of IEEE 802.11 Cognitive Radio

Networks over the NCTUns Network Simulator

Student: Yu-Ming Huang Advisor: Dr. Shie-Yuan Wang

Institute of Network Engineering
National Chiao Tung University

Abstract

According to a report about the utilization of spectrum, not all the range of spectrum is
fully utilized, especially in licensed bands. In order to solve this problem, the concept of
cognitive radio is proposed. Cognitive Radio is a.technique which allows cognitive radio
users to use channels that are ‘not ewned by them without interfering the primary users of
channels. In other words, when a cognitive radio user is using a channel without any
authorization, it should switch'to other channels - immediately if a licensed user wants to use

this channel so that the licensed user will not be interfered by the cognitive radio users.

Nowadays, simulators that can support the research of cognitive radio networks are
very rare. In addition, most of them can only simulate the physical and MAC layers of a
cognitive radio network and lack the ability to simulate a cognitive network with high-layer
protocols such as TCP/IP. In this thesis, we implement an IEEE 802.11 cognitive radio
module on the NCTUns network simulator so that researchers can use it as a base to test their
novel ideas. We also study the effects of hidden-terminal scenarios on the performances of
cognitive radio networks and propose several enhancements to the basic scheme to improve

its performances under hidden-terminal conditions.

Keywords: Cognitive Radio, Hidden-Terminal Problem, Network Simulator
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- Log File Pointers: FILE*
- Related counter:Integer
- Contention Window Size: Integer

- epktTxBuf: std::list<ePacket_*>
- max_size: Integer

- Related Timerg: finms

[~ Related Packet Butier. ePacket_*
- nav: 64-bit Unsigned Integer [0..MAX_USABLE_CHANNEL]

- mhSense: timerObj*

- mhWait: timerObj*

- mhRTI: timerObj*

- mhSIFS_CR: timerObj*

- epktTxBuf: TxQueue*

- epktRTS_CR: ePacket_*

- epktCTRL_CR: ePacket_*

- tXOP_CR: Integer

- channel_ctrl: CRChannel_Ctrl*
- action_state: enum ActionState

+ Enqueue(ePacket_*): Void
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+ IsEmpty(): Boolean
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+ SetSize(unsigned int): Void
+ Clear(): Void

CRChannel_Ctrl

=

- mac_module_: mac802_11dcf_CR*
- wphy_module_: wphy_CR*
- current_channel_: Integer

-,

+ init()
+ send()
+ recv()
+log()

+ SwitchChannel()
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- sendCTS_CR(u_char*): Void
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+ BackToTheControlChannel(): Void
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+ GenerateChannellnf(Integer&, Integer&): Void

+ UpdateChannelStatus(Packet*): Void

+ IsCurrentChannelldle(): Boolean

Wphy_CR

- Log File Pointers: FILE*
=

[

- channel_: Integer
- channel_ctrl: CR_ChannelCtrl *

+ init(): Integer

+ recv(): Integer

+ send(): Integer

+ command(int, char*[]): Integer
+ log(): Integer

+ BitError(double): Integer

— TS(). Vo

+ SwitchChannel(int): Void
+ getCurrentChannel(): Integer
+ InitChannelCtrlPtr(CR_ChannelCtrl*): Void
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PRy dte FRGE A HMEFLD S OTRBEREN I REEE T I

DR H LS B R @ BIE T A BB RE 7 T B

pLeb s BT AN G BESFRG A Q@?ﬁ@@?&?%@ﬁﬁ%i%ﬁ’%ﬁ
R EMEF AR B mhWait 2 R > T AR D E R i PR pE
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RS B o n B0 50 AR FRR RS 2 S RIOCRES v RS

& ﬁi%l B FIP AN R OR TS R A ER RS FER R o
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®H TR TE M N Ry R Homae A 2 T a0 B S Rt e H e S

25



4.1 RGP onis H34

- ¢ e 7[10]2 S AR TR RS IR F R B BIP AR B
FH R T R S LB o P T LI E i R A A T

LE A S - R R

O PFAFER RIZ AR PE S 4

% 3.1.2 ¢ % 3% 3| P-id 4 £COR P (Fast Channel Sensing) =841 > iz B #84] AF 17
A& BB Bk UG Tz £ (Initial Channel) o # P EBe- BT v FALEE
BT B2 fch RGBS el o S ek e AR 2 7 R AR R
FRPER LY R I P L e e R T BP0 v R AR R
PR EERERRR R ek A2 DR R DER BRI AT
R AT AR R B g R ERRE R o B G iiRT o Fa

Fl-far ke FAMROPE € TR il %o
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£ % 1 4% (Hidden Terminal Problem) > B3k A& = 5 f— fES4]a0 & 17 B850 35 )
Boif ¢ p 2 MR e d YRR e R T AR R R F R Tl B
iR PR A SR e 3 RTS 413 8 o it A <& 2R > R IR L7 4 2
Ao

Flob o GRS R endia MR A F - B SR LR AT L
AABE] 0 BB BT R R AR TR R F B A L TR R S R ASAIR
e RTScr & CTScr ek 3+ i (B iZ ¥ rodl i 6 f 2 & * ePHf£35 48 RTScr
oy o A ol bt pF g Fcd THEECR RIE-Pe (Channel Sensing Snapshot) | 7
B @ FE T AR 20 R R AR Y R AT O B oo L3R

B L - TR M - f B 421 ¢

o FHUKEER ML B

TR PR eI RS RIS A P HOY TR B R BRI aie BN
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Control ‘
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Send Tmer
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|
|

DATA : :
P

|

CR
Sender

RTI
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ACH,
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Channel PU
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B 13 B4 REFTRALT B ERDELF o
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gwaﬁﬁ%ﬁwﬁmﬁﬂdnamﬁmw%’“ﬂﬁUMW%Péﬁﬁw“““fé%
& 1% 2 Mbps edk s ¢ R B F g LT R Y 8000 Moy R YR (T ot TR At 2 @
@%J v PR E R B2 ] T TR E AR TR At T R
TR AI e T AT L R AP Tl G BEAE R 0 Tt E o gt L B H ] Fe
WE R ERRE R R FHOG R > ED L FRAARY Food hitd R
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4.2.1. 95 B HE 4]

GAFEPEEAY - £ F A B B o BESFIAL LA B %o BRI

BRSPS ] o R T -4 WA - Wi i i P B 1E S N

® FEFA B

AR EEA Bk A R HE Y - FACY R TR N ke EEA 0 A
B FALBLB IR > T - B AR AR g H —;f C TR Y R - BAEEE G -
32 AETER B e Brinio g B e m S aHE R R BP0 € [ AT SR E o A B
T > FEFE S Dt el BT RS F - B F TR AR EKELST
B - A2 g WRIPEER S B R IT & Looa BRI T Bk RIS 0o
4eB] 14 #7o1 ¢

31 30 29 28 27 26 25 24 23 22 @1 2018 1847 1615 14 13 12 11 10 % & 7 6 5 4 3 2 1 0O

oy [110]1 0 1 o 1 0 1]0o[1]01 0[1]o[1 o 1]o[1]0[1]0][1]0[1]0[1]0[1]0

Recordin-1)

Record(n) |1|1|D|1|D|1|D|1|D|1|U|1|U|1|D|1|(}|1|[}|1|D|1|U|1 oT1To[1T0]1 0 1

IDLE Grade (n-1)=1*31+0*30+1*29+0*28+1*27+--+0*2+1*1+0"0
= 256

IDLE Grade (n) =1*31+1*30+0*29+1*28+0*27+--+1*2+0*1+170
=271

Bl 14~ PP % 2edraimh 2 N2 T LB -
BII3ET 1 - Bo|+ » k- B B jefhdisdp 5408 ¢ 5 IDLE
Record(n-1) #75% » p % 5 ¢ 1010..10 A 2= » @ &7 - BREFE B 2 RAR TRE
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PRl SR TR B AR A dd F T MR (R
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ARG GAREY TER oG A A R I [ - R 16 B s WA

FHEEL S PeiE N AP o @odk BR R iz P4e B 15 Y

| I | I I | 1 | 1 1 | 1 | | I |

Frams Frame . Selecied
Recats e Bt FCS
F—— uration ecatsar Addrags ranamill ddress c I a5

ggﬁ@%&&%?ﬁiﬁﬁ%ﬁﬂ&Rmmﬁﬁﬂﬁég’%ﬁ%%ﬁ%ﬁ@ﬁ
EREJIEARE > T SRR RE Y P § A B AR o @ P e 5O
BHEETA NI R AT BREEERE IR RIEREA A ER L2
oo dlasp e g T KRB R R ¥ THFEFREAE » CTScrendpdldte p o & B ix
HAERT ROFTRBEEEHOER Aot PIT d Blt ARG Tl s Z AR o @ 130T

{6 e CTSCR enlg Rl 4o B 16 #7177 °
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Frame Frame Chanrel Hopping
ool urahon Racatwar Addrags FC3 Order

| | | | | | | | 1 | 1 | |
1 2 3 4 5 L] T ] k] o 11 12 13 14 15 16 17 18

B 16 ~ 2 zxis é’f‘JCTSCRif‘:‘F',—"f# °
® R BIE-RS
- BN R SUE A B AR O R TR P Y R TR R R e B AR P

Peregs Al eni@ % > S B 4IA & 25 0 SR RIF A S RCERADIS R S R et R R

L P B R IR o

e O] RTScr 2 14+ 42 fcsh § Ao PR 4 2 000 3% 5 “HiE 41 o b P oo
§ B BR (7 e R R e 0 BT R BRI S 100 Hcf) o ¥ &g 100
Hegy P B i AP AT B jedSe s 5 2 46 TIT SRR Bt B PR B B
PIE RS E AR 5 7 LB e Y F 0 A G W T L @ A Tl E e dte o Rl

THIEE KL ;ﬁﬂ PR R A B N NV N Pl e EE T H B

SRR A E 0 1 18 Bl MR 2 TR S R A

422 FH ORI LR RIS H12

w4l 12 ¢ BIEHSTHMEEARRIF DR AEANR SRR AL LF L i

BRPIFFE I ACK o 2 Byt ACK2 f8 » L & & * Jﬁ" RYPFPNIDA @ F PR o

il

S PEE] G0 ACK A ERIFELR * L e R R S 0 Fpt hend S ket B AL

FEGRAHE P FOHERT R LE R .

Wy & B 3te hE & > 23] - B RTS4te ~ CTS 4+¢ & DATA 4t¢ - ]

ANEET RE PR - B ACK 2o POA e R SUAEE o Bt P &) AR
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BB s - Ba3e RATHEFVURY AR - ¥ 3t BRI FTEFFGO 25
- Bite K72 2 AMERPIFFSA D4R E > Bl 5 7 @FLFZHapkiw o Flpt

6 AR am @ AR E o U T TR R T R kA& T

Start to receive a packet/
None

channel Start to receive a packet,
BUSY or receive a RTS, CTS,
DATA packet. / None

Receive an ACK [ None

B 17 ~ % e ts ot B R IRl 2 A K s

4.2.3. SIFScR 14 *‘P'@ﬁ?].iii

417 > BA3E T A RS BT RT > § SIFScr e E FE TSV S
515 R U MR AR FRWERFTRA D P F A E T A3 e R O
Ao fEAS Zean i pl A3 I L Xt e - #pEaE (7 RTS-CTS HE £ # 1% | 1™ R i

Y og&moal 3 oo)
r}ﬁ*}i‘_” = °

AiERe? RAL LT A EBERRNERERTHRIREY > RFILL LTS &
Beafe BT 3 & copE K L 600 M) o Ht t LA 4% 7 & DATA % 2048 bytes s ™ >
bopt T A AER L F AR b o I RTS &2 CTS cnifelbs @ 457 iR H w # *
BRI TG AERY FREFRE REATSBET FL HE R H
FAEA M PR R G WA A RTI GVRIE g R B AR Y F AERET L 8
MAET PG Ry SR DT R REERAME TR DBEALR L TR 00 N
TR R F TR o 40 SR AN T R R R Y A

BT il i S S -
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Meit bemlgiie F A 517 > ABEHTMANEE L FRAEFEAE L BT
Ko BRH R RIER T A fEE 0 4 B 5 D2 GhE MR R M AR S > &
BB R F SRR e R F AU BT SRR ¥ BRIES3 5

HEZF 2B EBEBP ALl oB IR EAFRAEFENF AaRR v

A E B Bt A R % K357 IEEE802.11bAd-hoc Rz # * ¥ - H
n‘iifiﬁi%l & F L PoissonF A mandte AARFEKAL e o3 2 & F R _MAC

A A4 H BMPIEY 2 e om AR ES G E B ER 3 2 2 35 IEEE 802.11b e 4 E -
F F
H

EH 5 landte > mipipdlafe A WS LR FRY iofp o Hite RR B

# & 4% IEEE 802.11b # e chfin ™ & & & & 2048 bytes - frip— #FA|hfF B T KT 5 )

AERRYFAFERENLINERLCERRE F PP S BRLEELF LR
Bt Az A e o et AN A RALIESg v F e AP A S T GRS S

TCP 2 UDP 4t¢ - fa g & ¢ #@ * H %% %74 4 1500 bytes 2. TCP 4t ¢ *ﬁ“ PR

Bt @SR TR BT > A F R E R TCP e A2 7

A RRRDER Y T FEF kiR b F IR PR P AR R

PP RTS-CTSHELEHFRRFE o RT 5 A=U2tiy 1756 ¢ #7% 20 Sfic !
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FELH ® e
TR R B 5
(N DataChan nel)
LA B2 Bk PR @ g 5 (Mbps) 2
B R PRI R (us) 2000
Peig HE B R R R-PR PER (us) 100
100
SIFScr (us) (10 * SIFS)
RTS-CTS #54 % Al (us) |00 WM Ff i :Scll: SR
B B R Two-Ray Ground

Fo 1~ Pl P R BGk Te

|z

51 BEHE2 e e

21
F

i

LRSI EL ﬂ\-ﬁ- ﬁ:ﬁi-;}{,:fg_%m T e %1«“‘ jiﬁ-f'?ﬁtﬁl‘%a‘ SRTE 0 M 2

AASLH G R R FE AR R R A5 B R A2 RN R e
T

® LER¥E (MAMAREY A

B OFHAL e d MACAZ - Sz Tl B B -
B <] 12048 bytes
B n8 A2 3te g4 PR IR S Poisson & 4 #F 5 b % 40% R B o

@ AR TR (@ * K ﬂ

[ | 71:3’; ;Y -
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& FHALLfE ] MACAZ - i T b @ -
& FR <] 2048 bytes (MAC Payload)

& REAZC IRy THRAL o

@ FHAL W YRS TCPH kT 7 A

=
&
<k
%

BAESN SR L0 lEM kR R FHEN FASAHE LB T At

7R T K

1.

Bk T F A3t e 30 R X ] o AUt ALY ACK 5 R E
TCP & IP 4 S35 m ¢t 2 ff e 2 )t Z 255 £ & 5 20 bytes -
RS

i~ BERASHEBN T R RGBT LT kA B UK B

F_L
s
s
34
i

i AR 0T BEES e 0 F f LTI 6
daR A B2 gL o
i~y B E BARER AR~ BRI ST E G - fi?%q*—ﬁiéi’gf%i%% .

VNEE S AR

Y
e
o

d

by
~my

2 Tpoin R g 0 T A0% HHE B o

a1s
i)

0

BRERARAL S SR EL BR G A MRS R S R
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Rz e AL B g AFE B R R F S E I A0 T e E o A

Gibm LR 5 OB R S RT KRS BT BT kRS TR Y

ks
£
7

A LpHEER ST BT Tl BT A TPREN S R

=

® Y TR 2 SBcTHBIE
B prdlate @:%}J”’“F% PR (Trrs, Ters, Tack, Trri) -
LENack : IEEE 802.11 ACK 2. 4 & £ & (112 bits)
Bandwidth : #f f &+ 7 @ﬁ%]i AL W 2 Mbps ©
TereamsLe = 144 us
TpcLp =48 us
Tack = Ceiling(LENack / Bandwidth *10% + TereamsLe + TecLp)
= Ceiling( (112./.10%) / 2 * 10° + 144 + 48)
= 248 (us)
B MAC Data 2048 bytes 7 #! @@?J 212 R (Tpara)
LENpara = LENmAc-payload + LENMAC-Header
= 2048 + 28
= 2076 (bytes)
= 16608 (bits)
Toara = Ceiling(LENpara / Bandwidth * 10°) + Tereamsie + TecLp

= Ceiling( (16608 / 10°) / 2 * 10°%) + 144 + 48
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= 8496 (us)

W TCPPayload 1474 bytes 7 @ 7 3 P¥ & (Trcp-pATa)

LENTcp-pATA = LENTCP-Payload + LENTCP-Header + LENip-Header + LENMAC-Header

= 1474+ 20 + 20 + 28
= 1542 (bytes)
= 12336 (bits)
Trep-oara = Ceiling(LENtcp.para / Bandwidth * 10°) + Tpreamsie + TrcLp
= Ceiling( (12336 / 10%) / 2 * 10°) + 144 + 48

= 6360 (ys)

W TCPACK F# @ sr 3 & (Tropack)

LENtcp-ack = LENTcpHeader + LENp-Header + IEENMAC-Header

=20+20+28

= 68 (bytes)

= 544 (bits)

Trep.ack = Ceiling(LENTcp.ack / Bandwidth * 10°) + TpreamsLe + TrcLp

= Ceiling( (544 / 10°) / 2 * 10°%) + 144 + 48

= 464 (ps)

AR H DT 400 F 2 R R G 2 B (Tou)
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dig s > T EDE LN & E ] 40%0F R @ﬁi@?} r R R BEaR
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LENTotal_para = 0.4 (sec) * Bandwidth (Mbps)
=04*2
= 0.8 (Mbits)
= 800000 (bits)

Fleb o Bt F O EI e LN 0 AR '*FT & B 7 DATA Frame 4 i &

Npara_rrame = Ceilling(LENTotal_para / LENMAC_ payload)
= Ceiling(800000 /2048 /.8)
=49
d 6 I Npara Frame ¥ AR TN B R Fog n 1A 10 F & @3F 49 i DATA Frame
FaeE I 0w f- 4 IEEE 80211 ¢ ¢ MAC #t# f%ﬂia?]ﬁiﬁi ¥ % %@ RTS
Threshold sk je™ > v A ¥ & 7 & ﬁ = RTS, CTS, DATA, ACK E'?"J@@?]ﬁiﬁ« 10 F]
AT BEEROTHEE S LERY FFERY PR Teydo AT 243 AT
Tpy = (Sifs + Trrs + sifs + Ters + difs + Tpara + Sifs + Tack) * Npara Frame
= (10 + 248 + 10 + 248 + 20 + 8496 + 10 + 248) * 49
=9290 * 49

= 455210 (us)
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K APT UEEIAR R KRR 4B4T20 pso A i@ X F R @R B IR
FAMEA0% 5 @ ipr R4 T B mREEDR Y F bt LR S BRAT
i P (Te)
Tcr = 1000000 - 454720
= 544790 (us)
SR AR 'iz £ @,ﬁ;}ﬁ‘\— g 2% B (THer1)
o F AR SRR R F BRI TR R (TeR) BT RGO IR

SRR R A FREEGEE > L FRE RN GERFR P T ¥ Data 50 #c

<=

Ner-Transmit © @ & 7 F IEBE 0 A= B4V PG & R0 AT @,%J 2 HFELPEE (T -
= ?#—':ﬁﬂi&l (T SRS ol R 5 o R xﬁﬁiﬂﬁﬁﬁxﬁa b TREIER Y FEW
EAlate GRS B (Toba) °
Tcr-pata1 = Tsensing + SIfS + Trys + SIS + Ters +
(difs + Tpara + Sifs + Tack + sifs + Tgyy + sifscr) * TXOPcr
=2000 + 10 + 248 + 10 + 248 + (20+8496+10+248 +10+248+100) * TXOPcr
= 2516 + 9132 * TXOPcr

W R TXOPcr 5 — ®d 8 > HiE 5 1,2,3,4° F|pt » ¥ 10 48 Terpamr 40 F ¢

20780 (us) , TxOPeg = 2
29912 (us) , TxOPeg =3
39044 (us) , TxOPeg =4

11648 (us) , TxOP;r =1
Ter-patar = J

“—1 r —L —L%@—- v ¥ «‘T":"! lE"E;EE?FE"& F\ ¥ @ 33 Data jrhf[% ﬁi NCRl—Transmit ey 1«”‘ * f’? iﬁ
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é/i'i ’\‘5{},@; '/f‘f':@fkﬁ%-f% * ’:Fl]z é‘—?#"‘ @ﬁ‘%”tﬁﬁ;mf@ﬁ‘%ﬁ % F%Fé&(TPrepare)lfia * j\;‘l’—?-r ?/E }ﬁ}% r

F_L
M

PR Y F R R AT E DAL IS LR By Data B gcoTY b
#f 24 30 3% f1(Tcrpatar, TXOPCR) -
TPrepare = TSensing + Sifs + Trrs + sifs + Ters

= 2516 (us)

TDataSegment difs + Toara + sifs + TACK + sifs + Trr + SlfSCR =9132 (,LlS)

Tcr%TcR-Data1— Tp
(0,  Tcr%Tcr-pata1 = 0 V TR < ]
Tpatasegment
TcrR%TcR-Data1— Tp
1, Ter%Tcr-patar >0 A 1< e ——
DataSegment
fl(TCR-DataL TXOPCR) = < T %T 8 T
0 < CR/01CR-Data1~ !Prepare
2, Tcr%Ter patar >0 A 2 < <3
TpataSegment
TcrR%TcR-Data1— Tp
\3, Tcr% Teriparar > 0°A 3 < = A < 4

Tpatasegment

Ncri-Transmit = Floor(Tcr /- Ter-patar) * TXOPcgr + f1(Tcr-pata1, TXOPcr)

(46, TxOPg =1
~ {52 , TXOPg = 2
~ 154 | TxOPgp=-3

55  TxOPg— 4

FIo o T 0 A RPN B R TR @ B AT 0 @ B 23 i (THewy) ¢

THCRl = NCRl-Transmit * 2048 * 8 / 106 * NDataChanneI

(3.76832 (Mbps) , TxOPcg = 1
_ {4.25984(Mbp5) , TxOPqg = 2
~ 14.42368 (Mbps) , TxOPg = 3
450560 (Mbps) , TxOP.g = 4

[ ) ﬁéﬂ}a ﬁ‘r,@}gﬁ%ﬂﬁ * —:ftf ﬁ_@ﬁ%’fiﬁ: £ %3‘";{‘5 i (THCRQ)

Ak B e oo A 3 TCP A 2k 2 7 SR T S84 @ @0
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P TG AR Fe Flpt ot (T - B BRGR: ’é_@ﬁ%lﬁﬂiﬁﬁi“ = B 2% 0 TXOPcr

B 0 @2 fcsy § Bt PFw @ TXOPcr B TCPACK o F]pt » A ia i eniid] > &

}§

BT GEEH IS TCP R 2 B A bk Bdn o s BALCRD AT

o

W2 PR 7 - AL B 00 PR (Tor Da) B 442 3
Tcr-pata2 = Tsensing + SifS + Trrs + Sifs + Ters +
(difs + Trcp-para + Sifs + Tack + Sifs + Trry + SifScr) * TXOPcr +
Tsensing + Sifs + Trrs + Sifs + Ters +
(difs + Trcp-ack + Sifs + Tack + Sifs + Tgy + Sifscr) * TXOPcr
= 2000 + 10 + 248.+10 + 248 + (20+ 6360+ 10+248 +10 + 248 + 100) * TXOPcr +
2000 + 10 + 248 + 10 + 248 + (20 +464 +10+ 248+ 10+ 248+ 100) * TXOPcr
= 2516 + 6996 * TXOPcgr * 2516 + 1100 * TXOPcr

= 5032 + 8096 * TXOPcr

(13128 (us) , TxOPg =1

_ {21224 (us) , TxOPg =2
~ 129320 (us) , TxOP;g =3
37416 (us) , TxOP.g =4

d o2 fielE o O RIGEE PR R T ¥ 3% Data c0 i #ic Ner-transmit © 12 2 e f &
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Toatasegment = difs + Trcp.para + Sifs + Tack + Sifs + Tryy + sifscr = 6996
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Tcr%Tcr-Data1— TpPrepare
(0, Ter%Ter-patar = 0 V= B <1
DataSegment

Tcr%TcrR-Data1— TPrepare

1, Ter%Tcropatar >0 A 1< <2
TDataSegment
Tcr%Tcr-Data1— TPrepare
fo(Tcr-pata1, TXOPcR) =% 2, Tcr%Tcr-patar > 0 A 2 < <3
TDataSegment

Tcr%Tcr-Data1— Tp
3, TCR%’TCR—Datal >0A3< s opare

<4

TDataSegment
Tcr%TCcR-Data1— TPrepare

4, Tcr%Tcr-patar >0 A 4 <

\ TDataSegment

Ncro-Transmit = flOOr(Tcr / Tcr-pata1) * TXOPcr + f2(Tcr-pata2, TXOPcR)

(41, TxOPpg =1
_ {51 , TXOPg = 2
" 155 , TxOP;r =3

\s8 , TXOPg = 4

FIo o TP 0 A B AR A B R B 4 i @ B 23 i (THowo)

THcr2 = Ncro-Transmit * 1474 * 8 / 106 * Npatachannel

(241736 (Mbps), , TxOPgz =1
_ {3.00696(Mbps) . TXOPcg = 2
~ 13.24280 (Mbps) ¢, TxOPer-= 3
3.41968 (Mbps) , TXOP. = 4

,%”gci PR NPT L E I RS TR T iR f@ﬁ%%ﬁ?ﬂ%fﬁ o A {S G e

AT E s et R TR K SR o

5.2. R¥AW'ES FIAPIRN B 2 2l 326

b E L] R RS AT I T HCRURIE  JR R R R R
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Total Throughput of Primary Users
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26 === TXOPCR = 4
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TXOPcr =1 TXOPcgr =2
CR Nodes o r
Original Improved Original Improved
Mechanism | Mechanism Improvement Mechanism | Mechanism Improvement
0 0 0 0.00% 0 0 0.00%
1 1.051300| 1.125995 7.11994 1.294494| 1.317116 1.75%
2 1.820164| 2.040894 12.13% 2.297984| 2.433991 5.92%
3 2.318553| 2.630007 13.43% 2.953147| 3.157335 6.91%
4 2.625111| 2.962662 12.869% 3.302856| 3.529587 6.86%
5 2.819272| 3.140714 11.40% 3.496109| 3.732275 6.76%
6 2.938658| 3.276997 11.51% 3.625996| 3.846805 6.09%
TXOPcr = 3 TXOPcg = 4
CRNodes | original | Improved imorovement  Original | Improved |,
Mechanism | Mechanism P Mechanism | Mechanism P
0 0 0 0.00% 0 0 0.00%
1 1.411434| 1.413170 0.1299 1.475073| 1.478492 0.23%
2 2.532572| 2.617374 3.3590 2.666012| 2.717138 1.92%
3 3.243045| 3.400687 4.86%) 3.426111| 3.548656 3.58%
4 3.606731| «. 3.744277 3.81%9  3.819722| 3.916882 2.54%
5 3.818459|. 13.974324 4.08%) 3.996788| 4.104883 2.70%
6 3.922764| 4.074602 3.879%  4.085972| 4.178236 2.26%

=

202 e AR R SRR TR R S LR M AR R

£ 3 APHE R G PRI RSET R LR R F it BEES- S

@ g5 il

L °

(¥ = : Mbps)
51

p
it e @éi%lféﬁ P 2 2Pt 5 @ﬁi%lf;;:;; g o (H = @ Mbps)
CR TxOP =1 TxOP =2 TxOP=3 TxOP =4
Nodes Original | Improved | Original | Improved | Original | Improved | Original | Improved
Mechanism | Mechanism| Mechanism |MechanismjMechanism|Mechanism| Mechanism | Mechanism
0 3.976733 | 3.976733 | 3.976733 | 3.976733 | 3.976733 | 3.976733 | 3.976733 | 3.976733
1 3.988418 | 3.982299 | 3.992050 | 3.972824 | 3.999664 | 3.988892 | 3.992445 | 3.995801
2 3.968007 | 4.004723 | 3.982102 | 3.983325 | 3.961611 | 3.977680 | 3.991419 | 3.997696
3 4.003341 | 4.017278 | 3.988853 | 3.968442 | 3.986523 | 3.989050 | 3.961020 | 3.998486
4 3.987313 | 4.001210 | 3.994380 | 3.990274 | 3.977088 | 4.004684 | 3.960269 | 3.977996
5 4.000736 | 3.989524 | 3.984194 | 3.996946 | 3.971166 | 3.979417 | 3.958374 | 3.983089
6 3.988497 | 4.001841 | 3.987866 | 3.986286 | 3.969389 | 3.981312 | 3.969823 | 3.987708
~ B

B



Round Trip Delay of CR User
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WP RS TR Y FATFRB AT LT ER - B
Bod P 7 F A e Wb el H BT G B F et g o bl 6 H R AR
TR LR (T x?;ﬁi%l_'rh kT o BB ER AT K20 Mgy oo st A FEWMaRTL S g 0 A

4ARE B 10~20% %+ o € FER SN L E A & R FlendR i Rz Ad 4 4.2.2 an

BT R o BT LIFR T S o R E i (B HAEF AN R R MR

TXOPcg = 1 TXOPcg = 2
CR Nodes | Original Improved Original | Improved

Mechanism | Mechanism Improvement Mechanism | Mechanism Improvement
0 14.523 14.523 0.00% 14.523 14.523 0.00%
1 18.473 14.875 19.48% 18.995 15.635 17.69%
2 24.179 20.120 16.79% 29.575 20.930 29.23%
3 32.660 27.913 14:53% 42.011 30.458 27.50%
4 43.491 38:271 12.00% 59.439 45.728 23.07%
5 51.293 46.361 9:61% 75.128 61.290 18.42%
6 56.503 55.235 2.24% 83.543 76.419 8.53%

TXOPcr =3 TXOPcr =4
CR Nodes | Original Improved Original | Improved

Mechanism | Mechanism TNy Mechanism | Mechanism Improvement
0 14.523 14.523 0.00% 14.523 14.523 0.00%
1 21.255 14.992 29.47% 19.381 15.465 20.20%
2 31.142 21.473 31.05% 33.745 22.851 32.28%
3 44.221 38.577 12.76% 53.254 41.448 22.17%
4 68.266 54.182 20.63% 79.375 61.350 22.71%
5 89.862 79.895 11.09% 112.579 87.269 22.48%
6 104.693 95.709 8.58% 135.999 114.498 15.81%

A4~ T AP IR R BAIE R SUS R SR S BEF 1AL MAC K 2 XS

BEHALE @ﬁ%lﬁﬂRound-Trip Delay ‘“ #& - (H = : ms)

o
bind
q‘\
)
U5
f:c
.
Iy

P RARE fr*i%.né’*-*" @ﬁ]’}i‘z 3“5 TCP4t# o
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Total Throughput of CR Users
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Total Throughput of Primary Users
(Improved Mechanism)
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TXOPcr =1 TXOPcgr =2
T | e morovmend US| e e
0 0 0 0.00% 0 0 0.00%
1 0.641253| 0.721959 12.59% 0.883140| 0.915881 3.71%
2 1.085894| 1.279962 17.87% 1.522860, 1.656472 8.77%
3 1.376510| 1.604029 16.53%] 1.947094| 2.114505 8.60%
4 1.559113| 1.778758 14.09% 2.206231| 2.378309 7.80%
5 1.689105| 1.891323 11.97% 2.329771| 2.496637 7.16%
6 1.745889| 1.971469 12.92% 2.425653| 2.569888 5.95%
TXOPcgr =3 TXOPcr =4
CR Nodes Origin_al Improv_ed Improvement Origin_al Improv_ed Improvement
Mechanism | Mechanism Mechanism | Mechanism
0 0 0 0.00% 0 0 0.00%
1 1.005344|  1.005902 0.06% 1.067659| 1.068200 0.05%
2 1.764372|  1.836655 4,109 1.916835| 1.940230 1.22%
3 2.258417| 2.352536 41794 » 2.429528| 2.504623 3.09%
4 2.493995| «. 2.618327 4.99%  2.716149| 2.797973 3.01%
5 2.651758|. '2.763544 4.22%)  2.879361| 2.913220 1.18%
6 2.697166|  2.816842 4449 © 2.920930| 2.933091 0.42%
Z 5 s A H1 2 R G ISP E SR e b BB R AP  EAR oL Y
¥ it @ﬂi;—lf,&ﬁ NE ﬁv@ﬁ%]f;;:;; g o (H = @ Mbps)
CR TxOP =1 TxOP =2 TxOP=3 TxOP =4
Nodes Original | Improved | Original | Improved | Original | Improved | Original | Improved
Mechanism | Mechanism| Mechanism |Mechanism|Mechanism|Mechanism| Mechanism | Mechanism
0 3.976733 | 3.976733 | 3.976733 | 3.976733 | 3.976733 | 3.976733 | 3.976733 | 3.976733
1 3.996505 | 4.000381 | 3.987037 | 3.987313 | 3.969942 | 3.976575 | 3.985655 | 3.984391
2 3.978430 | 3.967179 | 4.012027 | 3.968678 | 3.985339 | 3.980522 | 3.960111 | 4.009777
3 3.980009 | 4.006776 | 3.980009 | 3.992287 | 3.954150 | 4.010803 | 3.995525 | 3.981865
4 3.993116 | 3.998328 | 3.968639 | 3.986050 | 3.996472 | 3.976693 | 3.991340 | 3.976851
5 3.968284 | 3.980404 | 3.980996 | 3.982496 | 3.967415 | 3.971916 | 3.986207 | 3.981786
6 3.972429 | 3.977443 | 3.981431 | 3.703063 | 4.004407 | 3.972350 | 4.001918 | 4.011632
06 UL R SRS BPET R LR F b WSS i

@gﬁ]ﬁ;; o (H = : Mbps)
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TxOPcr=1 TXOPcr =2
CR Nodes | Original | Improved Original | Improved

Mechanism | Mechanism Improvement Mechanism | Mechanism Improvement
0 14.523 14.523 0.00% 14.523 14.523 0.00%
1 17.604 15.631 11.219% 18.490 14.939 19.21%
2 23.569 19.660 16.58% 24.903 22.053 11.45%
3 27.834 25.182 9.53% 31.910 28.708 10.03%
4 34.735 31.974 7.95% 39.482 38.521 2.43%
5 38.710 36.045 6.88% 49.085 45.886 6.52%
6 41.679 41.648 0.07% 62.848 54.501 13.28%

TXOPcr = 3 TXOPcr = 4
CR Nodes | Original | Improved Original | Improved

Mechanism | Mechanism Improvement Mechanism | Mechanism Improvement
0 14523 14,523 0.00% 14.523 14.523 0.00%
1 20.377 15.716 22.88% 19.913 15.226 23.54%
2 25.454 22.104 13.16% 27.866 22.851 17.99%
3 37.363 31.266 16.32% 43.311 35.588 17.83%
4 50.458 43.170 14.44% 56.564 52.182 7.75%
5 59.737 53.283 10.80% 76.402 66.867 12.48%
6 75.922 68.266 10.08% 82.270 79.500 3.37%
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TxOPcr=1 TXOPcr =2

B I e i D P

0 0 0 0.00% 0 0 0.00%

1 1.022678| 1.069618 4599 0.882722| 1.246408 41.20%

2 1.783408| 1.921587 7.75% 1.648437| 2.270309 37.72%

3 2.285509| 2.436597 6.61% 2.261663| 2.908456 28.60%

4 2.580381| 2.725074 5.61% 2.669565| 3.166731 18.62%

5 2.764948| 2.871187 3.8499  2.929025| 3.392317 15.82%

6 2.891480| 2.961043 2.41% 3.054886| 3.480198 13.92%
TXOPcr =3 TXOPcr =4

CR Nodes Origin_al Improv_ed Improvement Origin_al Improv_ed Improvement
Mechanism | Mechanism Mechanism | Mechanism

0 0 0 0.00% 0 0 0.00%

1 0.895593|  1.309062 46.17% 0.896225| 1.331921 48.61%

2 1.679104| 2.398262 42:83% 1.695803| 2.447888 44.35%

3 2.311289| 3.074862 33.049%) ~ 2.352782| 3.146202 33.72%

4 2.759658| «. 3.412539 23.66%) ' 2:793926| 3.498043 25.20%

5 3.015683|. ' 3.560895 18.08%f ~ 3.041976| 3.654738 20.14%

6 3.152756{ 3.632629 15.229%) ~ 3.188840| 3.745619 17.46%

F 8 AL R G B E SUS AR R IE B AL 0 R AU iR i

fodte B80S FBIITA o (=t Mbps)

=

A

CR
Nodes

O

P=1

TXOP =2

TxOP=3

TXOP =4

Original
Mechanism

Improved
Mechanism

Original
IMechanism

Improved

MechanismlMechanism

Original

Improved
Mechanism

Original
|Mechanism

Improved
Mechanism

3.976733

3.976733

3.976733

3.976739|

3.976733| 3.

976733

3.976733

3.976733

3.997064

3.972863

3.993116

3.981549

3.953755| 3.

996551

3.975035

4.001210

3.992429

3.994222

3.994617

3.977175

3.983207| 3.

960941

3.985379

3.976061

3.981115

4.011593

3.986326

3.977246

3.980444| 3.

976416|

3.985339

4.000144

3.983641

3.984747

3.984155

4.004763]

3.959322 3.

975043

3.998209

3.988063

3.977759

3.980720

| 3.973298

3.978035

3.973061| 3.

990748

3.999986

3.979894

o OB~ W|IN |- | O

3.977167

3.975469

| 3981083

3.980878|

3.978706| 4.

000815

3.999749

3.971126

200 s A R B AKRESEE AR AR R

EES T

o (Hix:
65

Mbps)

=

f

At e B - By



140

120 A

80

60

Round-Trip Delay (ms)

40

20 4

Round-Trip Delay of CR Users

100 -

=== TXOPCR =1

e=fl==TXOPCR = 2

=== TXOPCR = 3

=i TXOPCR = 4

ESN
o 4
(o]

1 2 3
CR Pairs (#)

B 36 Rdoz 3430 H B2 R 2 BT 0 EARR SRR # ¢h Round-Trip

~

k2 3R -

140

120 A

100 -

60

Round-Trip Delay (ms)

40

20

Round-Trip Delay of CR Users (Improved
Mechanism)

80

e TXOPCR =1

—#—TxOPCR = 2 /
«=#==TXOPCR = 3
=== TXOPCR = 4 /

r\

\\

S
o A
=]

1 2 3

CR Pairs (#)

2 WHE G BBEFI R T o AR TR Y # ¢ Round-Trip

wE2 Fp o

66



B 36~37% % 10 R

B et

BT R4S e LT A e

7~

* -‘F*f A Round-Trip 2 2 pFRF e g B > A B 36 27T R do4| T et B e w > 4
%t 100 Hefy 4 2 fH B TXOPcrenfiin ® ehficim g 5 7 @ B 37 Pl &%
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AP R TN BRER ) hE Al o REEF bR LR
TXOPer =1 TXOPcg = 2
CR Nodes | Original | Improved | Original | Improved |
mprovement] mprovement]
Mechanism | Mechanism P Mechanism | Mechanism P
0 14.523 14.523 0.00% 14.523 14.523 0.00%
1 21.110 21.327 -1.03% 20.588 21.310 -3.50%
2 27.800 27.227 2.06% 25.881 27.418 -5.94%
3 36.900 39.701 -7.59% 32.039 45117 -40.82%)
4 43,727 53.490 -22.33% 46.174 61.716 -33.66%
5 57.774 57.507 0.46% 62.852 72.120 -14.74%)
6 59.281 75.501 -27.36% 64.577 104.922 -62.48%)
TXOPcr =3 TXOPcr =4
CR Nodes | Original Improved : \ Original Improved | .
mprovemen mprovemen
Mechanism | Mechanism Mechanism | Mechanism
0 14.523 14.523 0.00% 14.523 14.523 0.00%
1 20.434 20.887 -2.22% 22.486 20.747 7.73%
2 28.181 29.779 -5.67% 25.990 28.598 -10.04%)
3 34.192 42.809 -25.20% 32.783 50.039 -52.63%)
4 49,130 70.539 -43.58% 48.529 69.975 -44.19%)
5 58.185 92.674 -59.28% 60.306 98.749 -63.75%)
6 80.269 118.892 -48.12% 84.550 123.855 -46.49%)
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%11 s B I R PGS TR R AR R N AP R TR R

TXOPer =1 TXOPcr =2

T o e morovemen | SO | g e

0 0 0 0.00% 0 0 0.00%

1 0.619182| 0.649157 4,849 0.651074| 0.844597 29.72%

2 1.065771| 1.152897 8.17%| 1.175949| 1.516164 28.93%

3 1.333450| 1.459410 9.45% 1.579856| 1.906222 20.66%

4 1.499937| 1.581370 5.43% 1.832405| 2.125807 16.01%

5 1.616272| 1.653590 2.31% 1.984077| 2.216411 11.71%

6 1.676195| 1.718147 2.50% 2.087723| 2.240826 7.33%
TXOPcr = 3 TXOPcr = 4

CR Nodes Origin_al Improv_ed Improvement Origin_al Improv_ed Improvement

Mechanism | Mechanism Mechanism | Mechanism

0 0 0 0.00% 0 0 0.00%

1 0.691602| 0.918683 32.83%] 0.713053| 0.954609 33.88%

2 1.258489| 1.661375 32.01990 1.327734| 1.736743 30.80%

3 1.699493| 2.113943 24.39%) « 1.767601| 2.213310 25.22%

4 1.957895| . 2.323139 18.65% ' 2.082798| 2.441061 17.20%

5 2.166563| 2.399220 10.74%) = 2.247513| 2.513088 11.82%

6 2.264252|.~ 2.468913 9.04% 2.375278| 2.598715 9.41%
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WA BARER S e o BEARALIET £~ > R4Sl B4k EF W hF L& §

2

b BnA AT e BT A A1 B B oci & TXOPer > 1 anfiin ™ o vt 2 R g

o B @R GRS PR o b

Rietpdlkend - L EERFIH T FHEDHFPEF L A

R NCR PR i P

TXOPcr=1 TXOPcr =2
CR Nodes | Original | Improved Original | Improved

Mechanism | Mechanism Improvement Mechanism | Mechanism Improvement
0 14.523 14.523 0.00% 14.523 14.523 0.00%
1 18.705 21.069 -12.64% 20.021 18.759 6.30%
2 29.055 25.255 13.08% 28.631 28.100 1.85%
3 30.879 34.104 -10.44% 37.667 39.945 -6.05%
4 35.477 39.608 -11.65% 41.637 50.627 -21.59%
5 45.988 46,511 -1.14% 44.635 55.404 -24.13%
6 56.123 50.328 10.32% 53.638 65.452 -22.02%

TXOPcr=3 TxOPcr=4
CR Nodes | Original | Improved Qriginal | Improved

Mechanism | Mechanism A Mechanism | Mechanism Improvement
0 14.523 14,523 0.00% 14.523 14.523 0.00%
1 20.135 21.970 <9.11% 20.433 25.062 -22.66%
2 24.211 28.558 -17.96%9 26.547 28.219 -6.30%
3 32.613 38.681 -18.61%9 35.673 39.994 -12.11%
4 42.442 55.776 -31.42% 44.031 53.549 -21.62%
5 53.050 63.297 -19.31% 53.207 67.268 -26.43%
6 61.947 74.099 -19.62% 60.455 82.611 -36.65%
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