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Abstract The optimization of secrecy rate is studied in the full-duplex relay-eavesdropper channel in which the nodes harvest en-
ergy. For guaranteeing the secure communications.an artificial noise aided secure beamforming design is proposed under simulta-
neous wireless information and power transfer method. An optimization problem is considered aiming to maximize the secrecy rate
(SRM) of the system by jointly optimizing the beamforming matrix.artificial noise covariance matrix and the power splitting ra-
tion at the relay subject to the transmission power and energy harvesting requirement for relay. Because this problem is a non-
convex secrecy rate maximization problem.the objective problem is decoupled into two subproblems. First, this paper recasts this
SRM as a two-level optimization problem to optimize the beamforming matrix and artificial noise covariance matrix. The outer op-
timization problem is solved by one-dimensional search,and the inner optimization problem is solved by semidefinite relaxation
technique. Then, it fixes the value of beamforming matrix and artificial noise covariance matrix,and once again uses the one-di-
mensional search to solve the power splitting ration. Theoretical derivation proves that there always exists a rank-one optimal so-
lution for the SDR problem,the relaxation technique adopted is tight. The simulation results show that the proposed method can
effectively improve the security performance of the system by 2 to 3 times.
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Physical layer security

_— 2 L3R w5 B AR A& A TR B TR IR 22 2 0 O A AT
FEo AR SN AR S AT R O 0 26 15 B T L R A E] 2

TCLE AR 1) 1 4 1 1515 AR 5 B 07 W 3 8 B, 3X BT H BB AR TH B M B Y R M2 S . BE AT
FETRLR MG 0L A RO A D AR SR, W] 7E 4 B i (Self-Interference, SD H Br 42 AR & & . h 4k Sk FH & W T. T

i

FHG HI9:2019-05-21 & B HIH:2019-09-06 A SCEIATFEFMATHR] (OSID) , 314 B 77 — 4R RS2 17 L .
HETH ERARBHAHES (61762010)

This work was supported by the National Natural Science Foundation of China (61762010).

WG F 2 (tshli@gxu. edu. cn)



AR, » 45 R e WACAR 42 0T Hh 4k 28 49 v (19 222 2 U ol OB B Y

317

FE 7 SR R T RE 4 B T 4k R g IR il & (5 B 48 TR B
BHCR W R T 5G M4 X F M BOHE 45 v o K W
REY RIS E T3 £ 05T WL R 2
KTE . SCHRLS ) YK 2 T 4 312 %2 & (19 N T 75 (Artificial
Noise, AN)FH B 53115 H 4k W 4% 1 45 &, 52 56 2 W% 7 ik 1
MKRBRE LiE TYHERN R e, k6 14 xR &
(Amplify and Forward, AF) 2 H 24k % 2% 3t — Ff 2 A & 4 M
B AR I SRR AN T e R G AR 1 T ik L S 06 2 W AE TR
BHAEFEZ A BT WT A B B0 T 7 e K b3R8 & T RS %
S, CERL7IFSE T BA — A @M TE M Z A2k TR
BT Y 24 4% i 3 G0 R T 28 G A8 Bt B R i 22 4 i R i
K. CHR[8I7E 4 X T (Full-Duplex, FD) B[ H 4k & 45 b, B¢
H AT N 2 B3 AR RS A AN B 22 M ORI R S
MW, B R RS MG T H#HTOIR KA
2 TE R 1 57 BRI 45 v B St I AR 1 IR) R, D) 2% 1 AR A I TRV A
HE e,

AR 5G4 1 AL T T BT £ ™) 4% BE 6 Ay P
B8R, DT 7™ 5 i 240 BE A7 BR R 45 19 T A0 LB 2 B R R U
AR AR R M JE BRI R BE TP A R L S T R S A AE R TA] R
SR OBy 2 S AR SR LR EL AR e 2% . — b DA AR (ra-
dio frequency, RE)F % il IR BE &= 9 AR 51 T WF 7% # W =
B2 8 . RF 55 A 68 R B A2 28 05 B A &, th UL 7 A8 TR
FfE & B¢ & 15 %y (Simultaneous Wireless Information and
Power Transfer, SWIPT)™' . SCHk [ 11]7E 4 8L T fft b % &
(Decode-and-Forward, DF) JE £k {1 #1114 v 4% 5= 4¢ v, o ) o6
SrHF AR BAREE RN AR 2 RE T4 RG T, SCilk
C12]7E g B g R 42 b, BE A O Ak T 43 D R B k2 B O g
KIRE ARG WA, k(1375 B4 i i AE fE2E £ h gk
R LA G A R B, Hoh 2 R4 4kl LU S AL 5
e RE R . (R SCRR IR IR AT 2 R T £k {E 1Y % 4 )
SCHRL14JBFFE T — Rl 22T AT b 48 45 19 b 00 38 15 1) 30, o
gk ok B IR A0 RE 554k, 3% F P AOR [ Y B it i 4R
WG , B LT I 3 (Power Splitting, PS) Y 1 4k Bip 13 0 i)
] §] 4 (Time Switching, TS) &Y 1 4k P18, H 43 5 % 18 T PS
REOM TS ZEBIE L 380 T P ad B 5 ) R 2 1 N | K
AR 5% BRI Tk . SCHRC L5 13— 25 B3R T A 8 6 To 4R W 4%
15 B 065 W7 5 0 B3 L, 3 i B 0 A 222 4 D TR U R A% i 1
RAOTKIE R REN LR, MIFEAHER XA TN
o, SCHRL16]7E FD Jo4k e i v 4k B % rh #2101 — Bl i
BB i, S B T H 3R 68 i 8] UL (self-energy recycling) AR
] W 15 5 5 B . SCERL L7 7E {5 BRI BB I A G 5 1Y AF rhgk
o £ vh i 1T T % A R U AR TE Hh 4k A A AR BE

AR SCE AR AE 22 A 55 W A5 BB B IR AR A L L gk R
g5, B — Rl B T E BRI AR I A R 0 N TR S A Bl Y 22
AU A RUE T v 3% 7 v TE U R W A AL T S b 4k R
W 5B R I SF A A F R L G B A O AR R TR AR R LN
TR FEEGEMDESRE FESHERARFEL L
R KA,

2 RGBT ) B R

2.1 BRGHER

— ATk BB R 4R RE ) B R 4k I 4Ll — AN TR
FUS A AF PR R — D H TR D K A5 0T AR
Ec HAAE 1 Fi, BRT gk i & MR IR &
N R GRS KR AHMARL KL, SER WFEHE
M A hs sR 2D ME, WG &2 08 hro »hee, »R 1 H
THAFIEN Hee €ECMN, AR S F D T 15 1E 5T & 22
SEDRIN L O A . R ANIRTER TLURAY A S KR B Rk
F P4k 05 R, 5 bR, A4k R OB 0B (9 15 B & F)
BT 5, 5T S R 5 B gk R R R . Bk
FRGITA {518 B B VK (5 18, B0 (5 RS 7E — 1 B P 5k
ARPRFEARAE 1 N — A B PR 2 55 — AR A R AR AR, HOBT A
WRMEEREFEEHET AN,

SN
((+) Y Y

&

heo D
. .
hse M N____hREI___>( Y
"V Y
== P o
R Ex

1 RERZBRA X T Pk R 5t

Full-duplex relaying system with energy-constrained

BEA P46 TARTE A XU T A n A B o gk 3 /Y

Fig. 1

yrn]=hsgxs[n]+Hrexg[n]+ng[n] (D

Hp,os[n] FTRBETTE S EXRMHRERFE, HE (| 25
(2] =Ps,E C YRREFE s xpx[n | FR P AT S &
EAF S sne [n JRRFE R 47 S Ab = A b m i e e s,
1 o A BN ng [ ] ~€ NV (0, Iy ) s RISA(E A O Wb 5 25 5 1
I Iy 2 N B 6B . Hpdky 5ok A PS Jr 20K i 210 1Y
G5 yela ] W 47, — 3B H TH LG B FEMAE IR
= ENERIER S FMAE ER T, p€ (0, DN
Ty Rl B R AR R4 P gk SRR E S R
shgk T SR IR RS A R

yi[nl=+o (hsgxs[n]+Hyexr[n]+ng[n]) (2

yi[nl= /1—p(hsxs[n]+Hwxg[n]+ng[n]) (3)

ZBEIETS 5, 4k R WE R RE RN

Ex=pT—p)(Ps |l hse | *+Pr || Hee | 1) 4
Hop, B IR BB B W BOR s Pr Fom P4k S R R ST R
[« Il » F/RHFFH Frobenius 54X,

gk SR AF TAE 7 20 FE 5 R AR 5 B R SN TR
FLORCRTIG . SRR RN A TG, P4k
M RMREGES N,

xe[n]=JoW (haexs [n— ]+ Hexx [n— ]+ ng [n— <) +

z[n] (%)

Hor  we NNy e kA A I SR I R B xe [ — <] T 4k
A AFE A A TGS ;=0 AP Y5 5 A0 BT AL, o 59 (E
INTT B AT s 2 [n ] o o 4k & 5T 0N TR 75, B B9 20 70 I A



318

Computer Science THEHLEIZ  Vol. 47.No. 6, June 2020

2[n ]~ € N0, 2, WIME R o Wy 2256 00 Z>0, LB, P4k
8 R MRS LR IR N Pe="Tr (E (lxx[n]]*), 0B,

Pr=p(Ps | Wh || 2+ Tr (WH Q@ HiE W) + | W | 2) +

Tr(X) (6)

Horh TrC e ) FER B 305 5 C » )™ 2775 58 B 1 FL B0 56 85 Qe

Fomos[n—c BB I7 2256 BE L LI 2 Qe ~ € N (0.0 L) 7
Ly Fm M S, TR, 6 U .
Pr=p(Py || Whye || +0k | WHee |5+ [IW 15+
Tr(X) 7)
BFEERXOR/AR @B,
Ex=BTA—p)(Ps || hee |5+ | Hie | 7 Co(Ps || Whg |5+
ok [ WHge |5+ IW I +Tr(E)) (®
HFL LRGBS, B A D RGNy s E, IE
AR 54 BN -
yl)[njzﬁ/;h}(II)W(hSR‘Ts[7171']+HRRx:<[717T]+I1R[7’1*
D +hhz[n]+np[n] (9

v, [n]=vohls Whgexs[n—c]+ Huexe[n—c]+ng[n—

oD +hike, 2[n]+ng, [n] (10

ot hgp € CNFI hge, € C V43500 i gk =5 A5 80 B 1997 s s

B ASBIWT A 045 8 1 R Ln ] ~ € A 00 1) H m, [n] ~

CNCOL, 14 B W T S A R A5 U S A B

WA S, BB W DR R A BN W
oPs | ki Whg | *

(
w.E20 1+ po% | Rk WH g || +p [ BEW (| +hi Zhg

PPS ”lzlell-:A Wh s ‘2

15 T W Lo 43 50 2R
o ,Ops ‘hEIWWSR ‘2
1+PU£*1 ” h}ell)WHRR H +f0 H hJI?IDW H +h}<11)2hm>

_ PPS ‘h}gEﬂ_ Wh s ‘2
1+PU£‘I H hE[I)WHIdf H +P H hl]jEkW H +h1z(ﬁk2hkh‘r

12

7B (11)

YE,

2.2 R

A% 3C H bR AE T4k WA AR R A% i D) 1 St R 2
T 3 Ak i SO B N T TR T 25 R B R 4 i A
TS BB A ALk 52 B AR HE A7 B A XU P 4k & 40 4R 2% 1
R, B, B3R ()8 R s i a5 R .

R =anlg}3(a Ergi’rg[log(lﬁL}’,g )—log(1+ye )]
s. t. PR<P,,;X‘

Ex=E.un

0<Cp<<1 13
H, Poow=FEr/T 4k S KR F I, T gk
MU AT BT U B0 SR S e B R A
5T A Y B BN BE O T A Ak Y W AR B i s R R S 2, B
PP 6 HVAETY 5AL N % B — A B I B, A B R IE
55 4 40 A b A% A 3 AW A R UG, T kT SO 1Y g
HORNBE/N TR B R/ i (B, B Ex=Eo .

B T=1.4207) . XLAD XA AR A3, 5 AM

A o, A F

)*log(i)
T

s. t. <L7Vk€K

1+PG.231 H hI]gE/: WH gy ” +P H hI'gE,!W H Jrh[I?E,‘EhRE/:

p (Ps | Whe |5+ 0% || WHee ||+ W I+ Tr(2) < —p) (Ps || hae |54 || Hoe |5 Co(Ps | Whe |5 408 |
WH gy H iTL HW” i—)ﬂ’Tr(E))ﬁ(l*p)(}% H hse H §+ H Hir H i‘(P(Ps H Wh sk H ; +U§l H WH gy H i+ H w H i)+

Tr(X)) =Eun
M5 1 % 28 Tr (B"CDE) = vec (B)" (ET ®C) vec (D) ,
A AD T LIRS
whA w
1+w' A, wthip Zh o

wiB, ,w
1+WHB2‘/¢W+’1REZ'EI1REA

wiCw+ Tr (X ) < D+ w' Ew + FTr (X )
D+wHEw+FTr(E)=E,, (15)
Horf o w=vec(W) svec( « ) 78 FiFE 1Y 51 1) AL 34

Ay =pPs ((hiph &) @ (hpphi )

Ay = 0% ((HggeH i )@ Chrphip ) +pChrphkpy YOIy 5

B, =pPs ((hixh &)@ Chp ph ks 1))

B,.. = pok ((HigH k) X (hge, hige, )+ oChge, higs, Y Iy

C=p(Pshixhly +o% HigHiy + 1)Ly

D=B1—p) Ps Il hs | 3

F=p(1—p) | Hy || %

E=pU—p) | Hy || to(Pshixhl + & HigHig +In) QL

3 MERMMERE ANTRENGTEZHEEMIIESE
EFREREMHUE

e QD) AFAE H AR B AR A RS A IR &

R’ = max log(1+ ) —log(-)
W.X>0 T

s. t. log(1+

)<log(%),Vk€K

14
F QDR — MR B HOR B AR D R, R, A SR

Sy A AL AR M ) B HEAT SR MR, w0, e o KUK
A ] WORL AN B O 20 0 X5 HR G AR IR AR B W
mE thiko.
3.1 fiewhnx

FRAE SR 6 10 S8 AR, A SCHE 2 (15) #% 4k Sy XUZ AR 4k [
W, HAMZE R — A A G A Ak ) B, TT LR B — 4 R
R A 5 P92 R — A2 8 BRI, BT DR N SR . Ab
J2 B AR Ak ) G LR

R$ =max 1og(1+u(r))*log(i)
B T (16)

S.te Tmn<t<1
R T WIZ AR IR R .

(D=m WA w
VT W.Ealz((l 1+WHA2 W+h1‘;(p2hkn

w'B, ,w 1
k <1,
1+W”B24kw+h1\’l€:12h1\‘l€k I VEEK an

wCw+Tr(X)<D+w'Ew+FTr(X)
D+ wlEw+FTr(X)=E,..

s.t. 1+

o T3S RS =0 7351, 3 RS =0 aﬁ,u<f>>%,z%u=



W LI » 55 - R 2k IS0 4 XU T v 4 R G5 TP A 22 G Dk R U F 5 319
> 1+WHA2W+h}<II)EhRD ﬁtﬁﬁé(W",E")Jﬂﬂﬂ‘ﬁi%ﬁ(w)ﬂ’ﬂﬁfﬁﬁ’io At
T 1w A A whE Ry Tr(A W)
Vretax (T) = ' (22)

wl A, w
“wl(A FADwW

>Tmin (A, +A) lAz )

= Tmin (18)
W52 ) A1 2 2 (16) J& — A~ 528 1 (%) L Ak Il 8L, W] LL3E 3
— R IREMN . HSHFEA,XAQDPREENY, T
I 5% A SDRM S fig e itk X (17) .
MR SCHR [ 17-18 110 LA L & XW = ww' . Gop = g bl FI
Gow = hiw hige, » ZHEF 9 1 A9AR MR 45 25X Q17D 1 f it
[ 2 .

Tr(A,W)
Vrealx (T) = max —
w0220 1 +Tr(A,W) +Tr(GopX)

s.t. Tr((Bi,—aB, )W) —aTr(Go,2)<a. VEEK (19)
Tr(CW+XE)<D+Tr(EW)+FTr(X)

D+Tr(EW)+FTr(X)=>E,,
Hp,a= /o) —1, FIH Charnes-Cooper 28 #, 8 2 (19) #%
bR —A " A SDP [a] @500, Bk, 5 AR AR i =0, 8K
ﬁM%%%ﬁéﬁ=%£=%&UmﬂiEﬁ:

max Tr(A, K)
K.J.p
s. t. #+Tr(AZK)+Tr(G(>I>J) =1
Tr((B,,—aB, )K) —aTr(GoJ )<pa, Y LEK

Tr(CK+J)<uD+Tr(EK)+FTr(J)

20)

D+ Tr(EW) + FTr(2) =uE,,,
K>0.J>0,u2>0
MR, 2 (20) & — AN ™ 9 SDP Ja) 55, 7T L Al % i 280 )
A CVXEI S B i i . 45 305K (200 19 S5 4 8 5 4k i AT LA

ﬁﬁ%%ﬁW=§wz=%ﬁﬂﬁﬂm%%%%Wﬁx

R AR X ADEMAAX QDR Z7TRAD H RN
#9 Rank(W) =1 fy B4 T 047 B9 9 L B A28 (19) 1Y
AT REA R RUIRAE M A AT R A SRR BRI — BB, BT

i Ty 3 e /N ]
_min Tr(CW) (21a)
W-0.5-0
s.t. Tr((By,—aB,. ) )W) —aTr(Gy ) <a, YV LEK
(21b)
Tr(CW+)<D+Tr(EW)+FTr(X) (210
D+Tr(EW)+FTt(Z)=E,, (21d)
Tr((A; — Vi (D ADOW) = 0,00 (D THGop E) 0,00 ()
(21e)
b vun (2R ADEE BRE, EEXCO R HEEED

Tr(A, W)
1+Tr(A, W) +Tr(GopX)

R B AR AR

= Vretar (T) ﬁ% @J

=®2le),
51381 RCOLMEEMEERXQD W EEM. I
BT,

Wit MR QDMK QDA R, AR QDAY

1+Tr(A, W) +Tr(GpnX)

Hoh WoRE QDB . HRIEAH AR (21d) 7T LIS
Tr(A, W)

Uselax (T) << — (23)
1+Tr(A, W)+ Tr(GpX)

WX CHACHEE .

b (D)= Tr(A, W) (24)

1+ Tr(A, W)+ Tr(GopX)
FFRL S (W°, 2 [ B 2 2K (19 1 e FA %

WA R R G AR AEE B R A R84 W] DLUAE
KD B EFERMMAEW Z) G rank W) =1 [ER ,
P, 2192 (17) A Rt (], B SR TR (2D 15
S et .

3.2 KRBEEHIL
HRAE LA 4317, [0 30020 Ak R (16) FIl (17D, 45
ol R AR COB/BNZ A QD WL ERE (o,
e AT SR AR AN2 AL (16) iy et B AR E . X% BUZ A T7)
BT KRR TR 2L SR : 1 R,
ik 1 BUS R AL IR KR i vk
WAL a= (A, +A) TA, b=1, B4 RKE ¢
1.1=a+0. 382(b—a) ,u=a+0. 618(b—a) , KA AL 2 (20) i it , 15 31
dr=¢1/1=1), ¢, =¢(1/u—1)SRJGFH ¢ Al ¢, 43 BIACEE v(o) 0T
F 20200 4145 5 RO AR 5

2. while (b—a)>¢

3. i (R(D<<R(w)) then
a=ll=u,¢=¢,,u=a+0.618(b—a), KM (20) 1 fi# , 15 3]
b= ¢(1/u—DBRJGH ¢, 10 v(o BRI AR (16) AL B b5
B 745 R, ;

4. else

5.b=u.u=1l.¢,=¢;.1=a+0.382(b—a) KM (20) . 155 ¢, =
(/1= D) BRIGH ¢ FUEE v(o)  RJE I R (16D 1 A B b fi L 75
F| Rys

6. end if

7. end while

8. t=(a+b) /2,4 «a=(1/c— DIRARX O HITKA B RME A
PR ¢ MR (W L") A5 1 ¢ (O R ¢ (o G IHE
= (16) A5 B AL H bR REE RS

9. if rank(W)=>2

10. 3R 221 {9 A A B R AR AR (WL 2 5

11. end if

12, SRR EW=ww" 28] W* =vec '(w);

13. f et (W L 2O Rt HAR(E RS .

3.3 MERSEREFMRL

SR 1B T RO 2, HIk, EE X A6)N .
whA w y—
1+w' A, wt bl Zhey

R/ =max log(1+
wh B, w
1+ w'By ow+ hge Zhie,
s.t. 0<p<1 2%
BB W R Ex AR RFRH—4E8ERI7
Eo R R o .

log(1+ )




320

Computer Science THEHLEIZ  Vol. 47.No. 6, June 2020

4 MEXBERRKRSH

AR SR SR IR W S50 T kT 4R O Tk 0 A 4 Tk g
FT05 ELBGAE . FLdh f A T 5 J7 vk R JE N T s 7 ik A
ST R T P Al T AR 2R AT R

GWRAHRREIL TELRSHERENT H TR AR
I P, =10dB; a4k 2 & I MBI K& M=N=3; it
R =802 GIIT 1IN K=3,04 =1mW,T=15,
T T8 T R R Ry d R R VR SR T A O FLE SRR
1000 ¥ Bt LA 18 15 31 52 46 45 3R 09 - 1.,

& 2 L8 T A7 I8 N Mk 75 7E 4 S R0 2 B L PR AR 77
vl OB R E I R A 7 N i RPN (DS oS S D = o
BT R ZM N, 4 Py ki AR, Y
P, =35dB B}, A SCHT 4R J7 3k B4 B T 00 N TR 7 ik L2 3L
TJE N T W75 J5 3 43 il 5 1 0. 1399 dBm 1 0. 665 3 dBm, iX
U N T M P 7 3 R IR T {5 0 T A 1 ) B S xS vk AR
T LR, TE VR SR S T SRR /NI, N TR R T vk R R
M 7 7 v 9 M BEARUT (RN T A O s s A T S N T AR
B X R MR 5 5 D BB/ Nk v gk iy R 43 2
FHIENEZ ARREGREN L EET., NBELF, 2N
TIF R e I WAL T2 XL 07 &, 9 FLB 25 U5 5 5 1
% B T E A B8N A LT e A 3% 3

3 2

N

&

~N

%

& Ce-ARIATHA |

i —— AR LEALRF
- ERTATHRRE
—— ¥R LEATLRA

5 10 15 2 2% 2 35
P,/dBm

B2 PR s ) 3R AR AL I R [F] 0 v 1 28 4
Fig. 2 Secrecy rates of different methods versus power of source
& 3 L # T A J0 N Mk 75 AE 4 U R0 2 B PR AR T
T v 4k Y 20T 5 B AR A I AN ) 7 1 9 R R

20

- e -ARXIATRRE
—— AR IRALRE
054~ PRIATRS
—— AR IRALRE

4 4% % /(bps/Hz)

5 10 15 20 2 20 3% 40 45 50
Ep/mW
B3 A gk TR R L AL I R [R] 77 7 9 2 4 R
Fig. 3 Secrecy rates of different methods versus energy needed

of relay

LB 2 Er<30mW B, EEEN T TAEF AT . AL A
T P T R R 14 A TR I A AR A (AL AS SR 0 O vk
BB T AW TN Tl ik, HIEHEE T, R H 42N
T AR 2 kAR AT AR T d L e m R T AN @ T
PefF 5 P ERE R . T kT AU R BRI T Y B BN R
235 H R s A AE MR L1 B I . 2 Er =30 mW Y, 4 By
T 0 2 A R B T L B2 LT T4 7 3 2 45 10 4 4 R A

55 BT T T AR D UF AR S T e, X
kY A Y BE B A 0 P Ak R R AE T I D AR BT T
BB R B fE I LG, DT B AR 17 R B A &2 Ao, TR A XL
TAETS 3R P gk 70 R A% 4 i B AR WS 42 AR 1 L T 2 Ly
ATk A — L BRI R e R R, XU AT LA A
TIAE T L R i XS P AR RE 7 AR T A R RS

4 PR T AR R R AR R R BT Y 4 Bl vk
B % Ve ATLAE B EAR IR B S B PF T A SRR A 4
BTN T W J5 1 RG22 e ME e fc b . R R BRI 3
I 4 T 7 1 09 22 S 1 BE H AN T 0 i L 3K R I 24 R 2 M H ok
22 I e 2T R 2 () R R A, TR T AR 4 5
TR E T AF R A X A 2 AR e W (A T
o7 FH R RS K 2 W 41 A R 3 op 4 WSCBR BB ok, 15 v 4T R A%
LIRIE S DN

25

N

ey

e

é g

N

L

] ARTATRFE

X ol
—— 2R LIEALRF
A ERTATHRE
—— AR IEALRF

2 3 4 5 6 7

M=N

P4 e K R 5 4R A B
Fig.4 Effect of number of antenna on secrecy rate

5 JETEA A G W1 a5 EORE LT 4 BT Ik % PR RE Y
FeA, T LU e BEE 67 W S B0 ARG, 4 A5 iR Y A
PERE XA BT T B LR AR SO B 9 4 X0 TN T MR 7 5 1 f %
LPERBIA AL T HA 3 Aoy vk, Hoh, 0k XL TAE 7
TR A XU AR 7 2, JE N M 75 7 R i PERE T B AR B, X
I W AT LU AR R RS e, TR T AR
o AR N T MR 7 AT A A 0 B T A TR S v R A Y
REAS 242 w5 . () IoF I8 1 57 T 739 A 5 3 A9 5T M 3 ¢ 1K %7 O e
TR T RN R TR,

20 T

JCIET:T M T o SN S oLt B SN
¥ amTATERS ]
g |——ARIXAIRF
& 161 - ERXTATHSE
% —— R T RATRA
f R s T
N o i s S
H 124
10 T T : : ;
1 2 3 4 5 6 !
G RAMU/K

P 5 B T B R 22 4 R A S
Fig. 5 Secrecy rate versus number of eavesdropper

Pl 6 25 T A T N M 7 7E A XU R ST P Al AR T
AN Pk R AR AR R R Dy ik i e el A8, W LUE b B
AR R SR D AR RN L 4 BT R Y 22 A AR B I L 3 15 B
AR R R Y BE B MU B TR R R e RE .
ARG (i EL A5 R AT A5, N W P 7 35 [ AU 6 1O 5 3 3k 9 1)
B AN 208 5 AR T 1 I . T TP Ak B D RN, O TR
5 1 R T W 7 vk AP B A AT L (EL N DR R T TR A T
ANTMEFE T g, WRR B, XU T Ry & e Bl B0
TR XU T7 58 FF A HP 4k S 3 00 B0 H e 34 i b ok



AR, » 45 R e WACAR 42 0T Hh 4k 28 49 v (19 222 2 U ol OB B Y

321

e ARIATRE

20| o ARTHALRE S S
— - ERTATRE e
= —— ¥ NIRALRSE
3 151 oA
<
N
-
k-
<
B
5 10 5 2 % 3 35
P,/dBm
&1 6 ok 3y 5 AR AL IS [ D vk ) 28 4 R
Fig. 6 Secrecy rate versus power of relay
GRIE AR TEREREN SR TP RS T,

FATEZ A G W T 04 B0 T A 22 xR i il AL, 7519 A3 A& d 2
I eb Ak SCHE B B I TR AR E R L AR SO O A e RSO 1) &

AT

W B 7 22 0 L I AR AN BE IR T A R ST % 2 R R

Ko ARSCRRGZAC T OBUZ AL T s L — HE 48 3R 7 125
24 S FA St AR b B AR N A A TR R SR T 2 A R e R A

[ia) B

(] By IR B 0 A st ) R AF R R O 1 B B O A, R R

PE M MR A B T A AR R WL R SO 4R T ik
B 22 A PR BE W O T G MR U7 ¥ L R IR T AU T T AT
AEPERE B A G WL AR )7 U A iR .

[1]

2]

(3]

[4]

(5]

[6]

(7]

(8]

9]

£ % X w

ZOU Y L,ZHU J,WANG X B, et al. A survey on wireless secu-
rity: Technical challenges, recent advances, and future trends
[C]// Proceedings of IEEE. 2016:1-39.

KRIKIDIS I, THOMPSON J S,MCLAUGHLIN 8. Relay selec-
tion for secure cooperative networks with jamming [J]. IEEE
Transactions on Wireless Communications, 2009, 8 (10) : 5003~
5011.

LIU G, YU F R, JI H,et al. In-Band Full-Duplex Relaying: A
Survey,Research Issues and Challenges[ ] ]. IEEE Communica-
tions Surveys &. Tutorials,2017,17(2) :500-524.

ZHANG Z S.KEPING L,VASILAKOS A V.et al. Full-Duplex
Wireless Communications: Challenges . Solutions,and Future Re-
search Directions[ C]J // Proceedings of the IEEE. 2016: 1369-
1409.

RITHONEN T,WERNER S,WICHMAN R. Mitigation of
Loopback Self-Interference in Full-Duplex MIMO Relays []].
IEEE Transactions on Signal Processing, 2011, 59 (12):5983-
5993.

LI Q. YANG Y,MA W K.et al. Robust Cooperative Beamfor-
ming and Artificial Noise Design for Physical-Layer Secrecy in
AF Multi-Antenna Multi-Relay Networks [ J]. IEEE Transac-
tions on Signal Processing.2015,63(1) :206-220.

SUN Y,NG D W K,ZHU J,et al. Multi-Objective Optimization
for Robust Power Efficient and Secure Full-Duplex Wireless
Communication Systems [ J]. IEEE Transactions on Wireless
Communications,2016,15(8) :5511-5526.

LI Q,HAN D. Sum secrecy rate maximization for full-duplex
two-way relay networks[ C]J // 2016 IEEE International Confe-
rence on Acoustics, Speech and Signal Processing (ICASSP).
IEEE,2016,10(8) :1359-1374.

ULUKUS S, YENER A,ERKIP E. Energy Harvesting Wireless

Communications: A Review of Recent Advances[]]. IEEE Jour-

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

nal. on Selected Areas in Communications, 2015, 33 (3): 360~
381.

LU X,WANG P,NIYATO D.et al. Wireless Networks With
RF Energy Harvesting: A Contemporary Survey []]. IEEE
Communications Surveys & Tutorials,2015,17(2) :757-789.
OZLEM T D, TUNCER T E. Robust Optimum and Near-Opti-
mum Beamformers for Decode-and-Forward Full-Duplex Multi-
Antenna Relay With Self-Energy Recycling[J]. IEEE Transac-
tions on Wireless Communications,2019,18(3) :1566-1580.

LI Q,MA W K, SO M C. Robust artificial noise-aided transmit
optimization for achieving secrecy and energy harvesting[ C] //
IEEE International Conference on Acoustics. IEEE,2014.
ZHAO M,WANG X,FENG 8. Joint Power Splitting and Secure
Beamforming Design in the Multiple Non-regenerative Wireless-
powered Relay Networks[]J]. IEEE Communications Letters.,
2015,19(9) :1540-1543.

LI B,FEI Z,CHEN H. Robust Artificial Noise-Aided Secure
Beamforming in Wireless-Powered Non-Regenerative Relay Net-
works[J]. IEEE Access,2016,4:7921-7928.

JIANG L, TIAN H,QIN C,et al. Secure Beamforming in Wire-
less-Powered Cooperative Cognitive Radio Networks[ J]. IEEE
Communications Letters,2016,20(3) :522-525.

ZENG Y,ZHANG R. Full-Duplex Wireless-Powered Relay
With Self-Energy Recycling [J]. IEEE Wireless Communica-
tions Letters,2015,4(2) :201-204.

FENG Y.YANG Z.ZHU W P,et al. Robust Cooperative Secure
Beamforming for Simultaneous Wireless Information and Power
Transfer in Amplify-and-Forward Relay Networks [ J]. IEEE
Transactions on Vehicular Technology,2017,66(3) :2354-2366.
ZHANG L J,JIN L,LIU L,et al. Artificial noise aided secure
beamforming for muli-antenna relay systems [ J]. Journal on
Communications,2014,35(11) :81-88.

LUO Z Q.MA W K,SO M C,et al. Semidefinite Relaxation of
Quadratic Optimization Problems [J]. IEEE Signal Processing
Magazine,2010,27(3) :20-34.

ROSTAMPOOR J,RAZAVIZADEH S M, LEE 1. Energy Effi-
cient Precoding Design for SWIPT in MIMO Two-Way Relay
Networks[ ] ]. IEEE Transactions on Vehicular Technology.,
2017,66(9) :7888-7896.

GRANT M,BOYD S. Matlab software for disciplined convex
programming, CVX, Austin, TX, USA[ OL]. http://cvxr. com/

CVX.

CHEN Pei-pei, born in 1993, postgra-

duate. Her research interests include
energy harvest wireless network and

physical layer.

LI Tao-shen, born in 1957, Ph.D, profes-
sor. His research interests include com-
puter network, network computing and

information security.



