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Abstract: For a multicarrier full-duplex-relay secure communication system with imperfect loop-interference
cancelations, an optimal power allocation strategy with the statistical delay Quality-of-Service (QoS) guarantees is
proposed, by using the delay QoS constraint with the concept of the secure effective capacity. Considering the
statistical delay QoS guarantees and aiming to maximize the secure effective capacity, an optimization problem is
formulated with the constraints of powers of both the whole system and the loop-interference of full-duplex relay.
Then, in order to study the power allocation strategy, the original optimization problem is simplified by Taylor
approximation and the problem is solved based on Lagrangian dual method and Karush-Kuhn-Tucker conditions.
Therefore, the optimal solution is obtained by the sub-gradient iterative algorithm and simulation results are
presented. The results show that the proposed optimal power allocation strategy can not only get the largest secure
effective capacity but also satisfy the upper layer delay QoS requirement.

Key words: Full-duplex relay; Secure effective capacity; Power allocation; Lagrangian dual method; Sub-gradient

iterative algorithm
1 38

TCEAL RIS I TFIBOEAE A3 0 e A7 W) 45 1) 2
e ] ORI B R B R A %
A ILRAE B R, O A
e g B RGMERAMBTEMHAIZR, LL Wyner #2t
(R OR T AN FEAT . IR T BRI B 2 AT A A
G BRI IR RURAG T ) R E L R, SR

Weke H 1 2016-05-09: R H HT: 2016-12-02; W45 i fi: 2017-01-22
SEEESE: DAY mapiming@sdu.edu.cn

BEETH: ERARE 4 (61571272, 61401253)

Foundation Items: The National Natural Science Foundation of
China (61571272, 61401253)

T BREAR IR TP 4R L s R, X
TR GEH A RS v R R 2B UEASH 7 &
AR I Z B EOR, BRI R0, Hagik fe
Ty, AL R AR 2 M . Ao
B 2R TR gk e A R G, SCHR[6] LA
KAz Al A0 H bR, WEFUE PR AT K U 2
73 e )

3 U710, AE I RE R IR R 2 N R S,
FER 25 I 1 (Quality-of-Service, QoS)Je Jok /4% 5
T RESRARTY . ez b, TR A EA AR
P, AR M I ZE QoS ZUHARME. KIE, AL A
T LGN E QoS M. il et i 4k



CRES EFNES

BT QoS BRI AT 4k 2 B 22 4 R G 1 D) % P ot 861

QoS ZERIRHIEXS T4 ISR, REae Ir
UER I B LM%, LA I T A Mt il R ¢
L5 N A SRR R 3R o SRR [7) 32 LR AT R IR
WE, IR T AELRUE— € GV E QoS BRI TE
OUT, R LSRR KA mE 2, RIAERSE
R S ST AE QoS MIJCER, LEBTYR /) Be J7
TP A 22 O g2, B A
RET, SCHR[L1)FNSCHR[12) 5K F 2k M 45 (15 2 B &
A AR, R RESAAERIKARLE R, 4
22 AT R ) E S ST (DR o)
W M~ B o) RO A5 ) 5 Hodi B 6 T2 1 BA 271 22 47 1) )
R e Efil e /et nae gt
IHE QoS BRI FR, RAE T ZRRGHIMERE. U
WM R BEAt, SCER[11] AN SCHER[12] 8047 13845 R4
BRIE ORI AHE,  BTRE4 0T 2 B (1) 22 42
ARG, XJ7 MWL ETT

BRI, ATRANIA WAL, ASCE X R A
A BRART-HH B 0 A0 T 4R 1) 22 3800 2 Al &
e, LER TR TR 2 R D) AR BT BRI 55T T
FIBGETHINAE QoS #E3K, LA KA RG22 41 3L
N HbR, WP ARG E I E RN, @i
), BE—2, RAZREREM I, f s I
AT, 3T B BT H R kSRR, 159 3
PEf AT 07 FLEIE
2 REEEMZEEYERE
2.1 RIFRE

FIBALE — AT R R B R S R
e, PREMFEIET RS MUS1ET /M D Z [ BE B4
&, A WAL AR R 4R A R 3ETIERE,
1fR. gilrty i B EE —RRZ, il
B ART RRAE R e AR L E AR EOR Z R
—IRRIER L, KHfEISH: ) (Decode and Forward,
DF) B, W BAFEFR R I mifE BRI, 1045
15 RURIEAF

I, e IRICEAR BRI BRI PR, &R
GERM Z BB, RFBEAMMFE K AN IEAS

()
ELI%
() e

Q =7
hrg
{0 pealye

B

B 1 AR A gk % B e A RGp AL

MFEIE, I KAT8EEe WS E DT,
R U AR AR R IR AT 500 500k =) Rl )
FARLEE S 1P T2 pl) B plt) o RIS, %58 &
AT, RIS BT ARTT AL TRk RS
T AR R RO 3 MR AR T B,
SRR RS B, ki s AT T SCRIGTIE Y
RIS 5 73 R
o) = 1t + ) )
) = il + ) )
Ferr, i) F nf) A £ 16T RORIGT W R o
R, WD N o Fl o
T AE AT PO BR, R i A R
HTPE, 58 kA7 80 LR R4k S BT PR
AR S 7 By s UE S & AN T b rp by
SRS 5
)= 0 L 1l (@)
S, nlf) A KD o B
FARHL, XFER kAT 4 SRR S5

flo 59 455 W b 5 000 A = ) o) L Al =
L T e Y ) B R
Jo) o b, AR (R AR A
o 5 F 8 He 0 A = o1+ e
7 = ploid B = piaf o AELLEIERE L, R
T e -5 2R S0 3 o e A M R
22 REEEMREBUEE

R R 2 R R B K e
S A0 T RIS I R A RS, MU SCHR (3] 3
HR[SIRISCIR[15], 55 & A T4 8 A
14 min {7%“),7%’)} :

1+v9

7 (k)
hiy

R% —

sec

(4)

log,

b, fert Rt {2, 0} B KA. L, ARG
(DR A A< N T AT 1 e B 0 PR R 2 R, mT LA
KIRN

K
R = R (5)
k=1

gy Ui, ARG LR 2 Al A DA A AR R
N HEA, AT RS B A A B e R v R B 3 1)
DRIE, B0 I SERRUR 1 2 AR AR SR e, R o4k
W2 S R A A AR, (S B A AR, i
B AT RGN IR S R R IR R %
A R E AES E NEFR R AR, RGET
PARATH 0 oK 2 A Al ) 1



862 BT 516G 8 %R

%39 %

BRGU W N B, BEWUN AN T, , B2
[P AE QoS $5EL 0 , W2 A Rk it e oMY
1 —0BT/R,,
Qﬁwz—gmmﬂe ¥ D (6)

o, B RS EE R TR S HOR B .
ATLLEH, ZeHUREE,, (0) 2 QoS fr% 0
(%) R 3265 ok R B o O T ISP A BBURK ) 22 ARV 55, 4
SENIEFREL 0, W A R R N ISR £ 0 B
N, FORIIE QoS ZRBAL: KRz, 08K, W
QoS RNk .

H2U(5) AN (6) 2, WX L2 HIE LR
G2 A A =,
*"BTfiRifc)

L e k=1

E..(0)= —gln E, (7)

G AMARINA) B2 AH DAL i i
EHERA R, b T AR HE BA G FE 5 P PR AR 45T
MR FR. Kk, IR TR AR, P
2PN T4k 24 2 G0 2 H P G I IE QoS
TRIUE T 1 2 2 53 B S S o
3 ET QoS EXHIINEHECRER
3.1 [ERmAK

W) BE 2 5 EH B i a0 e A A A O
Bo 2508 %A M BB, #2475
BN Rt v LU A N RS ST I ZE QoS B3R .
Ik, % BRI RREIN &4 T, I RUES
KT R A5 BRI AT S, b gk BafoR 2 B e
AT RN T AR AT IR, I LR R e 4
HRAR R EH bR, AT SR, 152004 )
H

Jeeb, Ak R TR SR py = (o))
(U R R KA p, = (0 ), By

UE PRI AR K KRS R, By P gk ARELAR
T BRJEAFAE R B KT

SR FH BCAIEE: B o ) B 1 e BB, 24 HAY
v = AR I, ) (8) M HEAT ik, HAFAE SR AR
R AAFANI(4), WES kA7 2p B pR s A
H5 N

I e
e = 1082 (5
I+ pr' e

(9)

H(9) R TT4T, 2My0) > 0 i, {2 4 54,
HEIRFAE & AN T3 vl LA SR HEAT B, A e 3
AR T 2R BT BRI s RAE AL < A8,
B R AR D, RIS & AN TS RS AR T3
WAL, SRR N 0.

Bt AN 1 SRR, AT AN R
BN

S an®)
Rscc - ZRSCC (1())
k=1

B2, BTy =40, ATAHMEUE S gk
TRV DRI R N

0 _ W e L W w
Ysr Ysr
¥ (10). KADRAK(R), YLt s

max — %ln {]E [e_eBT/ﬁ”C

Py ! }

s t. szjm“@?)+Bmmﬂ}<aw (12)

k=

1
S (k) - (k)
ZPR YL

k=1
N . . N k k
Horfr, AW =5y /v, BY =14+ A8 e 7T

RN, ) R (12) ) F bR el EON M eR K, RS
PER R RREO e R R (12) 2 A e A
FEAEAUMR, HIRRE . RS, 260BT, — 0
I, 8 H AR s BOR T R ) A S, [ Rk i
KAEFAC A S ISR de ML 1AL (12) A2 ek

E

ol SPLI

min [, {1 — HTfBJA%sec]

Py
K
s.t. EW{Z

1

A“@?f+BW¢ﬁ}§%\ (13)

k
(k) - (k)
;p}z YL
AR, ) (13) A ) R, ELA st
BPE, AEfEME— ISR v R s B H S 77
MR KKT 45, KT 4 R G 4k
5 RLTE A3 T W
3.2 JMAP LT SINE DB REE
IR A (1), 8 SR = (A, N,) > e,
No 50590 hy 5 AN LA SR A A I B A B L 3R,
PR AR . ) X (13) AR B H pR 3y
L(p,A) = E, [1 - 0T, BRu.|

E

ol S PLI

LS. 2 N
o {E >[40 (o) + B ‘PT}
k=1
S (k) (k)
+X Eq ZPR i |~ Pt (14)
k=1




o4 1 AWIAE:  JET QoS BSR4 XU T Hh 4k £ 4k 242 R G D3R4y BUF 5T 863
PR ESEAII] 3.3 FHE THEKEZX
D(X) =minL(p,,A) (15) BB RAMINIE QoS T6%0 .« 4 4BEN
P S R 7 T 2 . N WAV IS b
R 00 2;;[7;# T ZE BUETHE RV PR 2. AR
max g(A) R ‘
A (16) BOEAR = 0, WIIAHXHEZEE A (n) > 0,
st. AN>0,\>0 A1) > 0.
R s s B H B vk, ar s )= (13) 1) F 1 H WG E MR R An) = (N(n),
B B, — (551%),5%)’“_’5%()) HUXT % i) 155X (16) 14 /\Q(n)) o MR U (22) oF B b gk N A R U T &
e . PAM))

A=0 (17)

— (& (=02 N —(k

WS ) s mm]-m )0 s
k=1

3 L —(k) . (k

A2 [Z p(R)’7£I) - PLI] =0 (19)
k=1

0BT, (1 — 1)
21+ g it )1+ P07
+MBY 42 =0, k=12, K  (20)
X (17)-K(19) RN (20), HEHAG KT 5]
IR By BT S 10 7 R Ay
D (ﬁ))‘”’ L g® (pﬁ—f))Z FFEpH L g® — 0 (21)

+ 22 AP B

Hepr, DY = 20495, BV =224 (1) +1i )
i (Bl ), FO = (NBY 4+ 3t} )
(W + )+ 220a®, 6 = 0BT, (1{f) - f) ) n2
B 4 R

SKAR(21), AIAFHP AR LS & AN ER K
3 B

A A (k)
—(k) __ 4w ;‘Mz ‘ jLx ;‘Mz ‘ E
pp =e N e — 3p® (22)

H, z=—v2+Ja ,2,=—v2-Va , a=
ﬁn7+fm,u:—@NV£ﬁﬂﬁ+JﬂVDW,v:
(E(k>/3D(k))3— E(k>F(k>/3(D(k>)2 +a® /D(k) . e
Lx R @ FARAL .

WRAE(22), ARG E TR X, A IR
T AR AF PG R T DY o IR, 2
BEATon, Ak R AT DI ) ST R0 G, 0
WK, AR BN DI IR, R m] Bhil 2 e
TR EIGETH I E QoS 2K (EHHATHUE TSI, B
R BUOR B IR S AU

RHFHEIE T BRIEACHIE, e MR A R Y]
BRAE, AT IR XS T DA SR A 0 % 22 (1 5 A0 A
AL e IFEEATE] A RGN )3 7y WO SR o

AR N(n) (I TRERE, IFEEH A(n) « THRIEEM 54

K

A)‘l(n) = En/ [Z (A(k) (pg)>2 " B(k)pgf)) e (23)
k=1
S k k

ANy(n) = Eq/ Zpga)V{I) - B, (24>
k=1

55 n 1 Y R AR T
A(n+1) = [\ (n) +a(n)- AN (n)] (25)
M(n+1) = [N(n) +a(n)- Ad(n)]" (26)
% 3% HBUREHERVIRE, WAL,
WS 1. 5 2 20 WeRvr e, WfEEkik
£, Har R AR B SRR X = (A, X2) , HETTAT T
S T EST KU DR FIEI IE QoS #740 T
(¥ d5 K 224 A
4 (FEERMAH
TN THDR A SCHE HA 1R 22 4 ZR 48 1) Ty 28 43 I SR wes 0k
AT ELRI T . oSt R, B A T0fE /AW
BABK =16, RGWIEB =1kHz, WK T, =
1ms o [, ABBEH S 2K A5 X M VI 7 2550 11
St ) oA, HA I T S (RSP R 1 W
SCH T BLES SRR AE 5000 KSR B EG TS H
G, BRI AR SCHRE R R A ) 8 43 IE IR 42 XL
Tk ailigE R (RHC A 2 G RS A5 S
HRH R gk A RGN, B RS L AEH
RPN SRR R, W 2 s, Hp
EWRH P =5 W, THINHEMHI P =05 W.
AR R B AR AL D343 B (2 X b 4k
RY, RGBT AU XA, A
—MRRE, W B VR R, S5 N B A
TR IER . BRI, PR SRR IR TR 4
SEN ISR, FEENFEZIREMT, MR R4
AR, IERA RS, AT A 4615
AP TR A ZATE RS C KRB 1 #ik
RGN, TR, FEANTE 8 SR {5 8 11
N, I T A R SR AT A R S R IR R AT )
FA, FEHRGILAEAE R 445 RT3k BRI D,



864

BT 5 HR

A
=

{5 %39 &

PRI AT T4 R %, & 2 i LG
t, AE 3 Fhcah 4kl s Ratth, e sl ,
SR AR SR H 1 e D0 ) 28 4 T SHEmS 1 4 XU v 4% 2
PAAERG A AT DRI BRI 2 O &, BAT
BALHIPERE. [FIRT, B ES 50 (35K, B 4E
QoS ZRBORB™ I, RGN A SR B b
iC, SHECSC B i — 5. P4kl s R4 B,
HCR BT 250 B, AR i T 4k TARELE XY
TH, REMZEABERILT 2 LRS A.
KHEEDY #2200 R g C, gk L
TAE, HAEEEFEN O, PR T8
B BCAHSE R R DI, G MR IR, RS
()2 AT AR T AR

B0, BURARSH, R AT T 4k
LA RGN DRI RS HEATIRANESG, &l 3 F
Kl 4 Frose K3 4 i R4k R s K TR
B Py =05 W, SRS P ARy, 2
MR EFR 40 Aty Ze. ATLLE . 455E
TG, RS BTG, REETh T
BHEE, ZBAMEEM. We=1x10", &)
KERE P43 3 W, 5 W Rl 8 W I, e A7 R
HEE 7 5A 1.25, 1.58 F11.84 bit /M. & 4 45
AT IRG P =5 W, WREIREE TP 2h 2 BRI

P, W, e A bE I S FRE 0 AR L i 2. mT
LB, MRS BIIEAL . TR KN,
BEAR T 0 FR 4R SR B TR sk, B2 1Tk
AJ DU R BT Bdin AR, T 2 10 D) 2459 20 80R H
MG K T RGN e A MR B, iy
W, 2M0=1x10", THIERESH P, 254 0.3
W, 0.5 W F1 0.8 W I}, #3245 %08 F 1) Dh 24553 31
J2.15 W, 2.26 W H12.37 W, N RS ZEH
R EEE N 1.43, 1.58 Fl 1.64 bit/Mi. HIXHFT
HINZRRE 0.3 W, TGN 0.8 W K,
MINFHAEAG 0.25 W K, 12ef s
0.21 bit/M¥IHE 5

5 ZEig

ASCVE T AR T 4k 2 8 e R g b i
P I, $EH T —FhRUER ZE QoS ZEK I )2
BT, BRI T 4RI % TR T %
BRI, SR s R, TSR KA
ZRENGEOEARL, AT R, sk g . i B
WIFERSZIG B, RIZHRA T o B SR s ANH
Wi LRSS R RS, I AT S N i
FER T DR LAl D D 3yR 3%, S s AL Hi A 4%
PE K2z A ml 5

2.0 2.0
i
= 1.8 @ 1.6 4
= =
= 1.6 4 = g
< S
i 14 18
Ry 1.2
& 1.0 -o- Pp=3 n Plund - P;;=0.3
& < Pr=5 & 1.0} —< Py=05 .
A X 0.8 -8 Pp=8 X & Pp=08 ]
0 . ; 0.6 - - - 5 ?
107 10~ 107 10° 107 107 107! 10° 107 10~ 107 10°
[} 40 i 4iE 0 I 426

2 3Ahrh gk s AL

2 % x M

[1] WYNER A. The wire-tap channel[J]. The Bell Systems
Technical Journal, 1975, 54(8): 1355-1387.

[2] ZHANG Haijun, XING Hong, CHENG Julian, et al. Secure
resource allocation for OFDMA two-way relay wireless sensor
networks without and with cooperative jamming[J]. IEEE
Transactions on  Industrial Informatics, 2016, 12(5):
1714-1725. doi: 10.1109 /T11.2015.2489610.

[3] RIIHONEN T, WERNER S, and WICHMAN R. Hybrid full-

duplex/half-duplex relaying with transmit power adaptation
[J). IEEE Transactions on Wireless Communications, 2011,

10(9): 3074-3085. doi: 10.1109/TWC.2011.071411.102266.

3 GETHIHEME By =05 W
TSR L BRI 1) 224 A

4 B RYPREMRE P =5 W . iR

IR TR BRI 1) 22 i RO
[4] LI Zexu, LI Yong, WANG Jun, et al. Resource allocation for
multiuser two-way full-duplex relay networks[C]. 2015 IEEE
International Conference on Communications, London, UK,
2015: 3299-3304. doi: 10.1109/ICC.2015.7248833.

YIN Sixing and QU Zhaowei. Resource allocation in

5]
multiuser OFDM systems with wireless information and
power transfer[J]. IEEE Communication Letters, 2016, 20(3):
594-597. doi: 10.1109/LCOMM.2016.2516999.

[6) HUANG Xiaobin, HE Jing, LI Quanzhong, et al. Optimal

power allocation for multicarrier secure communication in

full-duplex decode-and forward relay networks[J]. IEEE

Communication Letters, 2014, 18(12): 2169-2172. doi: 10.



Ham GAWAE: 5T QoS BSR4 XU T 4K 2 80k 42 R G )34 BEwF AL 865
1109/LCOMM.2014.2367527. 6814188.

[7] WU Dapeng and NEGI R. Effective capacity: A wireless link [13] HAN Xiao, CHEN Huifang, XIE Lei, et al. Effective capacity
model or support of quality of service[J]. IEEE Transactions region in a wireless multiuser OFDMA network[C]. Global
on Wireless Communications, 2003, 2(4): 630-643. doi: Communications Conference, Anaheim, California, USA,
10.1109/TWC.2003.814353. 2012: 1794-1799. doi: 10.1109/GLOCOM.2012.6503375.

[8] TANG Jia and ZHANG Xi. Quality-of-service driven power [14] BOYD S and VANDENBERGHE L. Convex Optimization
and rate adaptation over wireless links[J]. IEEE Transactions [M]. New York, NY, Cambridge University Press, 2004:
on Wireless Communications, 2007, 6(8): 3058-3068. doi: 127-272.
10.1109/TWC.2007.051075. [15] JEONG C and KIM I M. Optimal power allocation for secure

[9) LEILA Musavian and QIANG Ni. Effective capacity multicarrier relay systems|J]. IEEE Transactions on Signal
maximization with statistical delay and effective energy Processing, 2011, 59(11): 5428-5442. doi: 10.1109/TSP.2011.
efficiency requirements|J]. IEEE Transactions on Wireless 2162956.

Communications , 2015, 14(7): 3824-3835. doi: 10.1109/ [16] DUNHAM W. Cardano and the Solution of the Cubic.
TWC.2015.2412542. Journey Through Genius: The Great Theorems of

[10] WANG Yichen, REN Pinyi, DU Qinghe, et al. Optimal power Mathematics[M]. Hoboken, NJ, USA: Wiley, 1990, Ch. 6,
allocation for underlay-based cognitive radio networks with 133-154.
primary user’s statistical delay QoS provisioning[J]. IEEE
Transactions on Wireless Communications, 2015, 14(12): A L, 1970 4R, R, WL, EEWSUT YRR
6896-6910. doi: 10.1109/TWC.2015.2462816. i B AR,

[11] WANG Tongtong, MA Piming, and MA Yanbo. Adaptive Bog A, 1991 F, WA, FRT R OV EZ R AR
power allocation with quality-of-service guarantees in secure BRI
wireless communications[C]. 9th International Conference on S L 1978 A, RIBUR, B, EROT R OVIEE R
Communications and Networking, Maoming, China, 2014: G R BT .

508-512. doi: 10.1109/CHINACOM.2014.7054348. FRER: T3, 19814, M, EEWFROTRONELELE. P

[12] AKIN S. Security in cognitive radio networks[C]. 2014 48th AL BEHTIE.

Annual Conference on Information Sciences and Systems, BB T3, 19824F4, PRI, FEHTIUS VIR M E AR S

Princeton, NJ, USA, 2014: 1-6. doi: 10.1109/CISS.2014.

PRI i



