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Abstract In cognitive radio networks with delivery deadline requirements, secondary users need to opportunistically broadcast
messages using the channel unoccupied by primary users (PUs) within a given delivery deadline. For this scenario, this paper pro-
poses a new cognitive radio network dynamic broadcasting strategy under delivery deadline, which allows each secondary user
(SU) to adjust the transmission probability according to the observation of carrier sensing in each slot, the remaining time before
deadline expiration and the PU traffic model. Based on an ideal assumption on the observation of carrier sensing, this paper ob-
tains an optimal broadcasting strategy and the maximum network reliability using Markov decision process (MDP). Then,accor-
ding to a practical observation capability of carrier sensing,this paper proposes a heuristic broadcasting strategy and uses another
MDP to obtain the network reliability of this heuristic strategy. Simulation results verify the accuracy of the analysis and show
that the network reliability of the proposed heuristic strategyis very close to the maximum network reliability under the ideal ob-
servation,and is superior to that of the optimal statics trategy.

Keywords Cognitive radio, Delivery deadline, Dynamic broadcasting strategy,Markov decision process,Reliability

W #5120 (Cognitive Radio Network, CRN) 2.4 3 #2 4L i

CIRFR A ) DL 4 3 428 AR B 42 AU P (IR R 2 D

LR, bt 25 0 2 24 o 18 2% 1) ORI B T R I 4% IR 45 0l 55 o7 FH BRI R A% A A% A R R S T % A AL B R 43
BA R B S I G 2 1 T A RO D A RIS TG A T 0 R AR Fic ' ke (1 JR e PR U A AR T N B A T Ok

15 H P R T L TR M %K R RT, AL R S T, Tl T R R T PR B M A R A R B

1 B

B H I :2020-09-01 3R H I :2021-01-09  ASCEMAFFEELE R (OSID) 3 F14# L7 — e 3R IRAb R 5 R

FELTH [H 5 A AR 2 FE 4 (62071236, 62001225) 5 ok i A JE A BE APl 55 28 3% (30920021127, 30919011227) 5 VT 45 41 H A B 2 FE 4
(BK20190454) 5 7R g K 2 % 3l 8 £ [ 5 T i 50 30 2 T OB 52 2 4 9 B iU (2020D19)

This work was supported by the National Natural Science Foundation of China(62071236,62001225) , Fundamental Research Funds for the Cen-
tral Universities of China(30920021127,30919011227) ,Natural Science Foundation of Jiangsu Province(BK20190454) and Open Research Fund
of National Mobile Communications Research Laboratory.Southeast University(2020D19).

WEMEE K — % (vijin. zhang@ gmail. com)



Do 08 A — T % I BT DA TE 4 L I 4 Y Sl 2 R

341

I B SE | 5 T 5 R A Bk ST AT 4K S CRN YR A P 52
AU B TR A A ok B i Bk 75 Ok P L B e
RPN LA e A e 326 BB o 7 UK £ 2 i IR 5 I L 2 3
LTI R R T,

1o At Ay B R TF JF [1 5E % ABE SR I R P I S AR
WA — RFVFR TAE ., e R FRIE R T . SCkl5 145
BT ALOHA ML B b B . 76 3 BRI R, 3
BRL6 4 S T S AL AT ALOHA BLHI 4 4 AUk 25 F 5 s ol
K AL A DL RO R ) SR P AR . T I TAE, SCERLT 9
5T ALOHA HL B9 10 F0IR A5 T 8 8 5 5 80, Scik([8] 4
FTHEBAR ST ALOHA B 19 55 85 7T 3k w] 5 P DL KO B
B s AR, SCHRCOJHE S T ALOHA ML £ 5 4 GE &
ARG R TR S, SCEkC1o 0 Sk (5 1/ TR R =
Yy B2, BRE NS 6 22 FH A I B R TR Bt T 4 i 22 A e
MY . o A SCHk(5, 9] % 1T CRN St A ME R 52,
SR 5 SCHR L5 S FA 30 Bk = R o D 100 2 A 3R 00 220 i it
S, DR I TG 3540 1 1 20 R 2 B0 A8 T 0 e ofe ke 3 T A
1M SCHRCOJMIAL % 8 T B804~ P a5 TR e = X o R
Z IR 354 B 40 M

H—Jr 1 .CRN W H M s & AR e B a8z
WFgE . AFRME AR SOk C12 4 30 3 00 I 5 2R W) 5k pe 58 ok
F2# (Partially Observable Markov Decision Process, POMDP)
Xt CRN (K 7 WL 2 2005 T8 B A E 47 A, i 45 o P AR i
15 T8 LI Ak s B8 O A 1 T8 R AN B A k. 32 SCik[ 1209 )
K XHRL13-15 106 F & A 4 0T 19 & ik 2 W S R 45— R 5
Ak B A5 X CRN sh 7 #: A S il i 1 3lF — 25 0F 5%, (0 SCk
[12-15 0¥ R % B A BR A 2w . SCRRC16 148 R T A
RAFRIFR ERHP T AZ A RS R T & R Kk
[i) 70 A B A A A7 7 v S R R AR 4% o R P o A A
DU HEA TV S 91 4 vh 2 M ol 25 U P S 4 £ 3 RN R B R AR T
R, H R AT AUR G BB 00 I s R N B SR 43 A X
T 534, SCHERET7 3T B B 43 T | 2k ik 43 T AN 2 5 4 T 12
TT T CRN 545 A B 48 4 37 50 T A9k A P sh S UM 4 ABLL
AEA 2% T A i i B Xk = FH P T AR e O P B R

g LTk . B AT 0 £ X 4% i i R DA TG 2R L I 4% 14
WH P A RBET BRI, KT, AR SCIR T —
AL 4 BR R 1 CRN Bh 25 T 1 S m , Jir 42 5 s A 17 45 vk
R 8 U 0T T 94 SO0 I % B st I R A e RN 32 R O o AR
TH AR A S A R R R R AR A SO e dE T T R AT R o o AR
(Markov Decision Process, MDP) 38158 T — F 4 3% 4 7 34 48
SRR 152 T B9 5 O 3R Wk R 5 O O 4% T L AR S R AR R T
— bl T I T T S PR OO 8 1 04 s & o SR e, I A
MDP FRA% T e & 2 5 W6 A o0 245 v] Sk, ELZ5 RRE T
BRI 5 BT 0 00 M L W) R A T 4R S A 2w Y TR kR R
FET T BAR N T 69 K AT SE L JF BOL T A SR e

2 REgEE

W 1R AR Se A R AL H s B B9 CRN BRI L K
U P 3R AT UL BE 7 L R 5 IR L T BL i ) FE SR I 15 2

ERPEA P ARE AR

ZE2 il

—

[ a
| ~ D

|

|

|

I\Q:kfﬂm el ) | | d :
\ |
|

|
1 0 0
W e ] e | aedm|n -
[ S W10 E

N WA P2
N

|

|

|

|

|

| o210 30 4 o 1Dl
I N
I

I

I

I

b
=
R
©
\

(e —s)  Msstsanmsal
| FETEEEN
A A et s |
KIUE 3% i, ST
gy T‘E)Ez%é o [ &4 h |
5 ARA P o [ &teh |
L - &%

e SE APV S L

B 1 Ao

Fig.1 System model

2.1 fEHEBR THY CRN 5

HIEEA B BT (F B CRN, BB ¢ 095
BeEMP SR N, €40,1),0 FoREHE AR
FAPE 1 R S e B AR = S . B
RETER B R RE TS DRI R, K ¢ =0
T =1 WEBMAR a.c,=1 F ¢y =0 BEBRBEE R B,

I CRN A5 N=2 AW . & R DUAS B 52 1
[#] 5 K BT R T Sy 1% i 28 14 L 7E A R WU R i 220 7 A — A>3
I 53 21 5 AR A RN KA R A B T R R
RV QENRIE S N i B A 2 W N i E = S o O S
T A 2B e B S TR E T B D(D=D)

B AR AN A7 A Hh g 8 B2 2 B 58 O B 25 R P A% L D) 7 A
— A B R O B B 2R A 1R 26 R P e T A
TE A TT BIE R R R U DA — 5 R 4 A R
PR 5 I 32 BB L 5 D R e R R 58 R R R 0)

BB — A~ B0 43 21 24 LAY Hol A 7E — A B BR N lEA T A%
Ll e i Y I G E A A el ) Y E A L R €
SR BI04 A R SR A A B Y L
2.2 EH 1T 0T Y SE AR gk

R 18 28 I AT IUT 114 S R O 0 R 7 5 8 SUAT — 8 T R ¢ R
A5 U P %o VR P A DR O 1) 2 O T T I O, € (0GR A
KA PR LQR AP BT, x QRA PSR w5 ).
XHLO, =0 KW o+ 1 TF 4G i 2000 75 & 2% O P8O E
THFB ¢ TRERET 2R A A8 4K, O, =1 R BB BR ¢+ 1 IT 45 15 %)
15 S 26 O PV BRI G F R BR ¢ R AR 200820 1,10 O, = =
R B 41 JF 4 i 20 19 157 36 W P BOME LE T I B ¢ I
L %) 2 A b 2,



342

Computer Science FTHEMLFI2:  Vol. 48,No. 7, July 2021

2.3 JTTHERBIEE

T 5 T AR A v R T B AR R T B 220 AR R A
M SEAER M E P RE N REE MR, KT, EF—
AR TR A IR ¢ 09 FF fh B 20 A R R % T P AR AR E i 2
HEAT I R ¢, PR BR ¢ Z W M5 3 Bk 3= O o ARSI T L ¢ s
coaneese, oI BR ¢ Z TR A A 3% AR SR 07 o2 L R R ¢ 22 i
YRH P A AR B B LI 7 52 Oy, O s o0, O,y 8T AR IR B89 %
MR, B, W] DUKE R BR ¢ 0 R R R RN N

P Cerapr ()00 s sy s pioy (s pr Cer s O ) 5o

101 e D

AR SV KA R 45 T AR S E bR L AT — A T Py A B
B¢ (9 3% AR AT AR

IR D SN ML RFELS SN =8
RLOHNEEARAFRGREAEAARAFRNARER ., KT AR K
T AT AR ALK S F AR DR N B4R C R L I
PFEBIUE—ZS] D M N BUE T 15 mg 6.

3 HEEQNTHRMET HERE

NS 2.2 Y TR U P A A A ph g SRS
AT DA 25 155 22 3% R P 0 8L R o —F 457 306 W T 00
W JIC 32 W B E M AR L. DR, 7 2 B POMDP X 15 18 K B
FH P bR — R 5% R R 3% K PR R 3% 3 AT AR
ik .5 POMDP (R i th BREm it B E 4. BT Rtk
G35 A5 1 FR AR AL b B3 45 R R 3% IR T P BRI AR 4R D7 s 4k
T X {5 2, o B K AT — Bt R T 4 S 200 B R A % R
Hht , B0 AR AR b B AR A5 1 R 6 UK P IS A RE I HE R R N 2
T A O T A% By Y8 A B — A ok FHL P i L RE 8% o 0 AR 2
T K 5% A% i B i o R P B DATRT AR K A & 5 R
PR IR AL, R 6 68 A MDP #:48 POMDP 3 17 B i3 8
T, A A5 AR UL T 0 S LT 47 S e DA B e K P 4% P S

FeF UL AN, W] DL E R R R RO TR R B ¢ 1
S 35 MR A I AR A BR ¢ B RS AR B e T IR
BF 20 R % R P B0EE n, DR, R AT DUKE Kk 3% R 3 (L
LD T TR N

poCeosn,) (2)

B8R e, =08 n, =00, p, (c,on)=03¢,=1 H n,>1 i,
0<<p, (e, n)<<1, 5340, R TR EIRIS BRI K. =
=10, W& p (c.on)=1,
3.1 EEWNTH MDP #4#

HE R P S N B R D #AE B g P SRR
A TR ] Kb B 5 o, By I HLAR I 45 15 2 3% R 1 P RE 45
T AR 260 e 26 YRR P 80 3k — AR OR 0 35 0 55 2 1 Bk T
FERME AT MDP #2468, 3 %5 HOR 25 L SR DO H I IR 5 %
RO ME S 01 0 4 il LA R I0T B R i ik AT E

R 8 SCRE S H S h .

sUt—2 9

S E {(com) € (0.1} n€ {041, N} } (3
B TR ¢ BRAS s, M
s, é(c‘, ) €S 4)

Horfr, e, AR e A EE BT P G RS 0, B OT IR

B Z0 1 e 16 U P B,

e LB fEZS Al A Sl .

A=1{0.1,,N) (5
Hr,a€ A RIR a NI P AERTBR ¢ &35 5 .

DL AERT B ¢, 2 ¢, =0 T n, =0 B}, p, (¢, on, ) =0,
PRI B PE a=0 FERT B ¢ B8 8 AT FERTBR ¢, 2 ¢, =n, =1
B AR AR F P 5 ME— T BRI P DR p, (s
n) =1 KL WL EIE a=1 7ENBR ¢ o & P 3AT S 78
BB .2 ¢, =1 AR 0, >1 B A5 B R FEH TG H oo AFF
RKFEWH P LUMER 0<<p, (1,n,) <1 KEE, N IAT—3)
YEa€ (1,2, ,n,  fEHER .
("’jpt (L) (1= p, (Lom))m 6)

a
AT AR HAM a € (0un +1m, + 2,0+, N} RS HAT .

REFHEBMR KRE s HBEERE s WIERKRR R
Pr(so ls)o TERTBR £. % ¢, =0 B, X FAE— n, € (0.1, -,
N} #5155

Pr((c,o1 =0.n41=n) (¢, =0.n,))=1—a (D

Pr( (e, =1ymir1=n)(c,=0,n))=a (8)
RSB .2 ¢, =1 H n, € {0, 1B . E 5135,

Pr((cey =0,n,6,=0) (¢, =1,n))=p 9

Pr((cey =1,m0,=0) (¢, =1,n))=1—8 (10)

TERFBRE ¢, ¢, =1 B}, X FAE— n, € (2,3,
{1’27"'7711}75.[‘[/215‘%?“:

NP HAE— a€

n;
Pr (Cc,i1=0sn41 =n, —a) | (c‘,l,nl))( jp1(1,

a
n ) (1—p,(Lyn, )" “B an
Pr((Ccopr=1lsni=n—a) | (c,=1,n,))=
n,
[ )pl(lynl)“(l—p[(lyn,))”’”(l—ﬁ) 12>
a

55 A L8, Pr(s,q |s,) =0,
WX il A BR ¢, 58 SCHIER B J3l r, Cs, ) N D 4% i 1Y
Bl oy BRI I R L B
np, (Lan)A—p,(1yn, "'y if ¢, =1,n,>1
r,(.x,)A{L ife=n—=1
0, otherwise
(13)
WIER B 2l - 8 SO EE RO RGO NI IR ES s 41
T BB 1 F B D O] K A% i B S 2R B
LR,
RGOZE, (Br, o)) 14
3.2 EEWNTHREMRKL
e RAL 3.1 5 Fr i EE MDP () 3 28 5 5 Jih 45 4 T B AR 0
MR SR R A R 45 Rl S i, PRI AR 90 4 8 26 e R 0 2 2 i
K AH B B e 1 R W
FE S R w, GO RRIIR IR s, 2T, I B ¢ 1

B D 391 1) 1 T A% din %) 50 0 2 B R 31 2R L |
w(s)=E {%ry(s,f)} (15

s
St

ARG =wy (1) o JE—25 AR /R & 07 #2 7] LUK B ¢



B 08 A — T R I BT DA TE 2 L I 4 A S 3T R

343

B {H PR B D B B ¢ %) BRIV B 2 Jgh FHR B 2 -+ 1 B9 eR B0 B
fE 2, B
w () =r(s)H)+ 2 sPr(erl [s) w1 (sorr)

€
B, 3145 45 B B ¢ (B eR AR BB BR AN 1 BT R
Bk 1 (HRE GRS R
LRE =D, X FAHE— sp €S, 3k .
up (sp) =rp (sp) an
20 MR t=1 45 % AR WA BR 3,
3.4 t=t— 1, % F{E— s, €8S,k
ul(sl):n(s()‘ﬁ\ ZGSPr(s‘H [sOu Cser) (18)
4R B BE 2, h
BE— 2 BT LLAE T2l 245 9400 J7 12 5k K45 a0 5 SR w1
R E B, B FRTFA 1<<<D,1<n, <N LT
po(Lan) IRAAE . p7 (1on) AFERTBR D 2 1 09 I00F 5 KAk
R E R T e KAL A B8 S . B 3R gy
%2 R,
=S
1IHE =D FAE— sp €S W cp=0 T n, =0, 315 up (sp) A I
KAE uy™ Csp) =03 412 cpy=np =1, 3K up™ (sp) =1; & W 5H I
e %A R

pp (cpsnp) =arg max
pp (1.n;)) € (0.1

ok AT 18 u)™ Gsp) e
2.0 1= 1, W5 IR AR A5 W AR 3,
3.4 t=t— 1.0 TAE— s €S, MR ¢, =0 5 n, =0, 3K u, (s A FRRK
B u™ (s R
u‘““‘*<s‘>:wE€SPr<st,. [sOul™ (siep) (20)

(16

up (sp) 19

IR co=n =14 u" (sO N

W (s =14+ 2 Pris.y | sou™ (s @D
sit1 €S
W R R A A
ps (1.,n)=arg max {r,(sp)+ 2 Pr(sl+1\sl)u:‘ﬁ
p,(1in) € 0.1 s+ €S
(1)) 22)

I AR ASEE 1R 0™ ()
AR IE LB 2.,

K2R N=3,D=10,¢,=0,a=0.7,8=0.3 8 g=0.1
WL 1SR 1<t<<D, 1<, <N EMNT p,(1.n) Bl
fHR LR &, A AR AR R T p=0. 3 B} (Y i KT 2
B wb ((0,3)) = 2. 098, B AE WL T B A R 4% Al 5
Hwr=((0,3))/N=0.699;1f f=0. 1 B A9 F K8 BN
ut™ ((0,3))=2. 259, FAH ML T 5 K X 2% FTEE 4 ™ ( (0,
3))/N=0.753,

050
—o— $](1,2),a=07, =03

04511 o~ £5(13),4=07,8 =03 L
T 040 f, g s
s - £/(13),2=07,8 =01 Lo
S o035 z
- i
o //}7,
g 030 o
S 025 //,@//v
2 020 =il

. g =
= e /g

015" =¥

Olovﬁ ¥

1 2 3 4 5 6 7 8 9 10
Slot, ¢

Bl 2 N=3.D=10.c; =0 F0F T et & 26 A 0 R ffpid 72
Fig. 2 Procedure to obtain optimal transmission probabilities

under N=3,D=10,¢; =0

4 ERTEERNERERAT BRME

5 3 5B MDP AR IR I T 45 15 K26 YT RE 48 90 ify 2R
R — Bk BT 4 Bk 221 B9 135 242 2% W T P B0k i — S AR 0L 0
B BRI AR AR S LT #6 S mE I A& T T4 2. 2 T ATk i 52
PRULMRE T . 4T UL, AT 25 3 W TARM S A AR T —Fp
T 2 BR WL BE A1 B9 R 2 AT R S, JF il 5 MDP A K
AT LT HEE
4.1 BRAFRET

ZF WA P ERTBR ¢ (6] B & 2% 55008 43 401, Bk Oy BB
KAETE S, R 1A N SR O 16 5w 1
J o 5 A 7 ELARE SR L B IUR X il 10 Yot Sz 4 L L A
HAFEE 107 AWPBA SC 90 2R B, ik 1 s fE AR 2
BUH AT R AT 0P 5 Y B R 0. 056 0, 3% W] B4
N 0 X O ) B 1 A SR A 2 i )™

Fl R N ) 0

Table 1 Simulative probabilities of occurrence of severe collisions

N=10 N=20 N=30 N=40

D=10 0.0462 0.0538 0.0553 0.0560

a::00..7% D=20 0.0162 0.0531 0.0543 0.0547
D=30 0.0063 0.0351 0.0541 0.0546

D=10 0.0286 0.0307 0.0311 0.0312

a::OO..t; D=20 0.0215 0.0306 0.0309 0.0311
D=30 0.0121 0.0302 0.0308 0.0311

FET LN B GE AT BB I R U S BR I BE ) R
B g DI 5 3 W AR 2D 3 M T b g, PR AT AR B T e
SR P2 5, B ABH o, TR B TR 2
FET LR RO AL TR I R R R PR IR HRUE ¢ =0
5 v, =0 W, % fp 28 O] P TE I B ¢ 1 2 RS k% RIS
e, =v, =1 B, &5 R BE U P TR B ¢ i MR 26 B0d  HoAt
T OLI 25 5 3% R P AE I ¢ DL 3. 2 T BT S A A R
bl Cervv) BIEBIE .,
4.2 BREXKWOTEESN

Y E U P AN AR R BR D FIE T B T P R
B LR REESH o, B A3 1 MDP XS |37 % =X
R A HEAT AT AR BT . HORAS SR L e SR DU PR A e
FEMER IS ALl L) SR B R o AR

R 8 SOREZH H R -

H/;{(c,v,n),ce{O,l},v,ne{o,lq"',]\]}} (23)
BB ¢ RRAS 2, R
h, é((‘/,v/,n/)EH (24)

Hoi,e, B FES TP HRE o FREEL 0 IF
T B Z20 AR I S o 0 0 Al T 45 2 49 17 % R P B, BB
¢ JPHR IR Z0 92 0 R R 2 W P . AR, il T 2 B 0L U A
ARSI S5 s R R P E T LIS B o >,

. X5 3.1 WAEE L,

PR AEMEBE .Y ¢, =0 B v, =0 W, p” (¢,20,) =0,
R L ENE a=0 FEWS B ¢ BEOHE PHEIAT . TERSTBL 2.2 ¢, = v, =
10, fE 2R W P UARR p (e h0) =1 KEEIE . H L 1E



344

Computer Science FTHEMLFI2:  Vol. 48,No. 7, July 2021

a=1 TERT B ¢ B E M AT

o TERBE 6, ¢, =1 Pl K v, >1

Wy, AT SRR U P B LI AR 0<Tp," (e v 0 <1 AIEHUHE

H AT —31E a € (1,2, ,n, ) FEHER .

n,
( jp;" (1,90 A—p  (1yu))" ¢ (25)
a

BAAT S MA@ € {0sn, + 1o, +2, 00 NP SHIAT .

WEFHBRER RS b BB ERE A OBERER A

Pr'(h,i R

N}Lj& "U[e{n[7n/+1""7N}’§511%§U:

TEWFBR 2,25 ¢, =0 W X FAE— n €

{0717.'-9

Pr' ((c,i1 =050, 11 =0, sm11=n,) | (c,=0,0,yn))=1—a
(26)

Pr' (Ceoir=1sv1 =0 n1=n) | (¢, =0,9,,1,)) =a
(27

TENBE 2,2 ¢, =1,0,€ (0,1} ,n, € (0,0, ) B , EHEH].

Pr' (Ceory =050 =000, =0) [ (¢, =1,09,=0,n,=0))=
B (28)
Pr'(Ceoiy =101 =00, =0 [ (c,=1,09,=0,n,=0))=
1—8 29
Pr'((c,i1=0,0,1=0,n,.1=0) | (c,=1,0,=1,n,=1))=
B (30)
Pr' ((cii1=1s0,1=0,m1=0)|(c,=1,u9,=1,n,=1)) =
1—8 (31)
R .2 ¢, =1 B X FAE— v € (2,3, N}, fT—n €

(0,1, su, ) F{E— a€ {0,1,,n,}
Pr/((c‘,u:Oqu:

IR

v, —min(a.2) ,n,

1:771_“) ‘ (("1:

l,v,,n,))( Jp, (1sv)*(A—p/ (1,90 B (32)
a

Bk 3  (HRE m, (b)) KT
1. % # =D, % FAE— hp € H, 3.

mp Chp) = wp (hp) (37)
2 0 e= 145 1 R 75 AL B 3
3.4 t=t— 1, % FIE— h € H. 3k

m, (h)=w,(h)+ X Pr'(h,;lh)w,;(hyp) (38)

g1

4B I 2,
5 FE&R

AR 7 7 S %o b T AR O R B R O SR g AT
o SO 000 ) i 2 2O S I A A T R R IS Y T SR MR R L OF
BOUE 4. 2 T8 & 2R W BS A0 M (B e . 5 R Y e e A
SR Ay« 2 RE R 4 BB, 45 5 36 U P TR AR 3 R o A R
LM [ L B 2 A B 0 W 25 2 26 A R Rk B I B s
T 1 MR AR 3 8 R AR A

i B T HAHFH MATLAB 8%, 05 B 3 5 3 5 5006 15
ANy 82X 10° bit/s, Bf BREF RIS 30 pes, AT 07 3 PR 245 0 4T
W P A2 i AR S 7 L e ) 45 O 5 pes s URFH P A% 40 R R K
F 1 ps, A PG RO A U B 24 27, R0 0 LB
Y4 B 10 YO ST 05 B R R O BLRRFSE 10° A IR Y 52 46 7
BRI, FE07 B S8 0 A T a2 R R o =1 AR

=n,—a)|(c,=

/ .
Pr((c,e1=1sv,41=7v, —min(a,2) ,n,,

1,0,,n,))=

n,
[ jf)/x (1,0 (1—p/ (Lo, " “(1—R (33)

a
B LL S Py (e R =0,
WAl AR ¢, 8 SO R w, (R S BT % B A
B o 2B D B AE L D
np (Lio)(A—p (1,0))" !

ife,=1,0,>1,n=>1

w (h) = (34)

1, if e, =v,=n=1
0, otherwise

W1EE B < SCER B R W ) R RIIRIRAS b &R
DRI 1 2 BR D I Ta] i 4% i 0 508 - 4 AR e, B

W) =E, {é)lw,(h,)} (35)

FLFHE 3.2 71, 1l L3S FH 3 1 U3 94 325 3K 45 40 2 R Jil
W Chy ) B FE XTI 04 0 e K5 ek B ) &4 ) Sk

FE B PR m, (RO

E,l {Ew, (hy) )
FHF IR

(36)
205 T L (H PR BOR i A2

m, Ch,)
U Why)=m, (h)),
Bk 3 TR,

ASHEE of Cart- BAL 2 (530 1 1 JELAR 25
08
07 | B
5 06 [ =08 ’_,»”@
= #=02 e
= &
8 05
K
404
8
B
%] A -
LA
02 @ ——  Optimal design, N =20sim
- --  Optimal design, N=30sim
o The heuristic design, NV=20,sim|
0y _- *  The heuristic design, N=30,sim
B ¥ The heuristic design, N'=20.anal
0 | | ! L © The heuristic design, /N=30.ana|
20 30 40 50 60 70 80 90 100
Delivery deadline, D
Ca) PO 2% ] 5% P i 265 A% i e R 119 72
08 T —— Optimnal dosign, D -40sim
3 -~ Optimal design, D=20sim
07 | o The heuristic design, D=40sim|
*  The heuristic design, D=20sim|
v The heuristic design, D=40,ana]
- 06 | O The heuristic design, D=20anal]
2
=
=
]
-
=
g
3
5]
4
0

Fig.

3 1E—

]

15 20 25 30 35 40
Numbers of SUs, V

Cb) [0 2% W] 5 PE B2 UCH P 8 H 9 A2 4l

Ji 2 SR W B AT 5 UG 3R W ) T A X L

3 Comparison of reliability between heuristic strategy and

optimal strategy under ideal observation

RIS HOT X T A5 & S BRI Y ) % X



G A — b I BT DA R0 T £ HL I 2% B B 3SR SR

345

T ) 26 AT A M A 0 (A B A L LA S BRARUDU N T B AR Ok
W 1 I 2% ] SRR A . AR B, S F BUEE A BT
By 00 . R T8 & 2R MR T Y A B DL R R
Briuesfitk . 5554558 Noa.f = H MBUA Y HEE D 11
RT3 0 F: 207 8 TR 5 o L B0 G 19 S IR 2 4% i i BRE 1 344
AR A% H AL 2 18 T 3 L o 28 AE S /0 o DTG B n T R 4% T
P, dE—HAT LB A E N Do/ (ot REHEEA
el ORI T | I Nl Wl T O P A
RS TR R P 0 3 4 (0 45 190 2% ) Sk vk B AE

A 5 B T R R 20RO e A SR 1 T e
e, MTLARI, B R KM A BN T R RIE A, H
%Mﬁwﬁ$ﬂﬁ¢ﬁNﬁkﬁﬂﬁﬁ%%%ﬁ%
PR AR /N . B i TR PR BT A5 TR B 3
o7 I I T AR A DT R I 26 E SR B0 A U R Y PL 4 R
AT X CE W TR EE . TN B KW
PR S WA P 22 T8 3 A 7R A5 T g B M i BRI T S &

> A e
=R W A H .
10
—A— The heuristic design, N=20sim
09 | —8— The heuristic design, N=30sim s
- A~ The optimal static strategy, N =20sim
08 || - B~ The optimal static strategy,N=30sim g
. ? 07 7
| b e Lol b
:-; B T 1 o 77
[ D
)
B b
é v
Z 4
0 . . . . . . .
20 30 40 50 60 70 80 90 100
Delivery deadline, D
Ca) X 2% ] 52 1 i 5 A i it R 119 72 e
08
A —A—The heuristic design, D=40sim
—&—The heuristic design, D=20sim
0.7 - A- The optimal static strategy, D=40sim
- &~ The optimal static strategy, D=20sim
s
A=t
Z
-8
K
-
=)
o
: S
h
Z
f
h
1
0 £=07
10 15 20 25 30 35 40

Numbers of SUs, ;¥
Cb) P & a5 it 2 vk P B0 H 9 28 4k
4R e 2SR R R L S R 10 T S R L
Fig.4 Comparison of reliability between heuristic strategy and

optimal static strategy

BWIE AV T - ML BRR 9 CRN B2 i
SEWE BT MDP 2 T — il SO R 09 4 A0 SR g, O 32
JA AR T — Al T SE B UL Y i A R e LA R I 3 g T
SEPER BT O . D7 BAE SRR %R R AR 3R Y
SEPE AR T T BEAR LI T S 4G SR B WS L R B
T B U AR . R AR i — P R Z N 45 5 R I

L hE T AT AR DL R 4% 4 R AR T B A% i R R
CRN &) #& il

% X

[1] KHAN A A,REHMANI M H,RACHEDI A. Cognitive-radio-
based Internet of things: Applications, architectures, spectrum
related functionalities, and future research directions[J]. IEEE
Wireless Communications,2017,24(3) :17-25.

[2] RYSZARD S. Cognitive radio, spectrum, and evolutionary heu-
ristics[ J . IEEE Communications Magazine, 2018, 56 (6): 166-
171.

[3] POPOVSKI P,NIELSEN ] J.STWFANOVIC C.et al. Wireless
access for ultra-reliable low-latency communication: principles
and building blocks[]J]. IEEE Network,2018,32(2) :16-23.

[4] BENNIS M,DEBBAH M, POOR H V. Ultra-reliable and low-
latency wireless communication: Tail, risk and scale[ ]J]. Pro-
ceeding of TEEE,2018,106(10) :1834-1853.

[5] DENG L,DENG J,CHEN P N. On the asymptotic performance
of delay-constrained slotted ALOHA[ C] // 27th International
Conference on Computer Communication and Networks (IC-
CCN). 2018:1-8.

[6] BAE Y H. Analysis of optimal random access for broadcasting
with deadline in cognitive radio networks[ ]J]. IEEE Communica-
tions Letters,2013,17(3):573-575.

[7] BAE Y H. Optimal retransmission-based broadcasting under de-
livery deadline constraint[ J]. IEEE Communications Letters,
2015,19(6) :1041-1044.

[8] BAE Y H. Queueing analysis of deadline - constrained broadcas-
ting in wireless networks[ J]. IEEE Communications Letters.,
2015,19(10):1782-1785.

[9] BAE Y H. Modeling timely-delivery ratio of slotted aloha with
energy harvesting [ ] ]. IEEE Communications Letters, 2017,
21(8):1823-1826.

[10] ZHANG Y.LO Y H,SHU F.et al. Achieving maximum relia-
bilityin deadline-constrained random access with multiple-packet
reception ] ]. IEEE Transactions on Vehicular Technology,
2019,68(6):5997-6008.

[11] SULTANA A,FERNANDO X,ZHAO L. An overview of medium
access control strategies for opportunistic spectrum access in
cognitive radio networks[ ] ]. Peer-to-Peer Networking and Ap-
plications,2017,10:1113-1141.

[12] ZHAO Q. TONG L,SWAMI A, et al. Decentralized cognitive
MAC for opportunistic spectrum access in ad hoc networks: A
POMDP framework [ ] ]. IEEE Journal on Selected Areas in
Communications,2007,25(3) :589-600.

[13] JODA R,ZORZI M. Access policy design for cognitive secondary
users under a primary type-1 HARQ process[J]. IEEE Transac-
tions on Communications,2015,63(11) :4037-4049.

[147 URGAONKAR R,NEELY M ]. Opportunistic scheduling with
reliability guarantees in cognitive radio networks [ J]. IEEE

Transactions on Mobile Computing,2019,8(6) :766-777.



346

Com puter Science MBI Vol. 48,No. 7, July 2021

[15]

[16]

[17]

[18]

NAPARSTEK O,COHEN K. Deep multi-user reinforcement
learning for distributed dynamic spectrum access [ J]. IEEE
Transactions on Wireless Communications, 2019, 18 (1) : 310-
323.

EWAISHA A E, TEPEDELENLIOGLU C. Throughput optimi-
zation in multichannel cognitive radios with hard-deadline con-
straints[ ] ]. IEEE Transactions on Vehicular Technology,2016,
65(4) :2355-2368.

XU D, LI Q. Cooperative resource allocation in cognitive wire-
less powered communication networks with energy accumulation
and deadline requirements[ ] ]. SCIENCE CHINA Information
Sciences 2019,62(8) :141-154.

THAKUR P,KUMAR A,PANDIT S,et al. Frameworks of non-
orthogonal multiple access techniques in cognitive radio commu-
nication systems[J ]. China Communications, 2019, 16 (6):129-

149.

[19] LI Y.ZHOU J,WANG J.et al. On data dissemination enhanced

by network coded device-to-device communications [ ]J]. IEEE

Transactions on Wireless Communications, 2020, 19 (6): 3963~

3976.

FANG Ting, born in 1998, postgra-
duate,is a member of China Computer
Federation. Her main research interests
include design and optimization for pro-

tocols in wireless networks.

ZHANG Yi-jin, born in 1982, Ph.D, pro-
fessor. His main research interests in-
clude sequence design, wireless net-

works,and artificial intelligence.




