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Fig. 1. Energy cooperative content offloading scheme for a single cluster head multicast scenario.
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J

[ m

RY = wyaly - [plh+(1—ay

J

j m
(21)
e(T aJ GBJ + Z Z Zijm * e(T aJ : Gjm) e (22)
(aj + 6] azBlOg (Zzzum e(aJJrﬁJ 7i) . GmB+nO) 5 (23)
EJ® = Z Z Zigm * (aj + ﬁj - Ti) -elay B =) . Gjm R (24)
@
P
— B;) - logGip — (1 — aj — f3;) - log (e(lo‘jﬁf) -GjB + no) +o2 |, (25)
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R]@ = Ig,ifllcjma?m “p

(21)—(26) sk R IHL T FH 14 B3 (5)(10)
KA. EATEA MY G2 M AR e AR
T 2, Yy BUE VG OL T FETE), AR 240 PR AR f
M, PAM log-sum-exp(x) FIFEELPREL (e¥) B
(21), (23), (25), (26) XEXT L {a, 8, T, P}
FROIE B 191 bR B, (22) F (24) 2 S0 ek K. [ B
(27)—(29) KIF A& .

\Z)
PB;

wa (sz (i — ;) -elm a7)><Pt}3‘» (27)

©]
PiB

Zl‘z‘j Ny + By — 1) - eleatti=m
J
(1 ) eT8 | <t (29
ZZ%' jm | (7 — ay) - e (o)

p@)

a4+ By —m)-c@ B | <ED. (20

(R, T 2T, I T8 Bk B0 P I
B R B R, A AES (30) 2 M
SRR X HZANTEAR 2R P

@

(1_aj_gj).em <EY + EY + EP. (30)

ASCGESGIA— AR B, H TSN
BRI jHRERR EY + EP + EY . RN, T
AL Y 2, S S RN B R E + P+ EP 2
[ REBSRA B, R B + B2 + ED %M. it L ED+
B? + EY — B, <5;. Wi, (30) XAl LM T
ek (31) =X

minimize : J;

S.t. )
(c1) (1 —a; — ;) TR < Ej,
(02)E®+E-®+E-®—Ej<6'. (31)
P FAMT, A (15) St 5 &R 14 4
EIJEUZF’%{MUTIEU@

O+( — ;) - 10gGjm — (1 — @

—B;) - log (Z x;

e<1ﬂj—BJ) sz+n0)+b ]

(26)

max1mlze
{x.¥,Z,a,8,7,P}

>3 <Bf§9+6j>

J

S.t.

(c1) R%i + R%)i > R‘i‘g,

(c2) R;% + R;@fg > RY,

(c3) R > RY,

(cd) @i - (1i — o) >0,

(¢b) zij - (o + Bj — 1) >0,
(c6)X,Y,Ze{0,1},a,8,7€[0,1],P >0,
(7) (16)—(28), (30—cl), (30—¢2). (32)

b prik, [ (32) J&—> convex-MINLP
(R, HELA DU R B DL —(E 7 X,

e PME _MEHE T Y LIRS —{HR T Z [F

FEIF, [ (32) S — 26T (IR ] B 0] o e 4

i) MELEAE dk {on, B, 7, P} I A T 5 d KAL)

A, BRI H b2 M ek A 2900 (e1)—(c7) 3

MR, A AT AR AR B A M e, [R]

(32) Al AR IS S i {a, B, T, P} I

B s L.

BRCR A convex-MINLP [ %, 4b
1T (outer approximation, OA) /33 ESE (bran-
ch and bound, BB). J” ¥ bender 4} fi# (genera-
lized benders decomposition, GBD) 45 #4] & £5 4
FLR T2 335, GBD M T OA HI BB A M
AN BRI 1) GBD AT ZEXHMAL B Fr Al
R T AR R T 2) GBD AR EEENT 405
FE SR, 0 Y TR AR 4R BRI PO AL
ASCE T GBD Xl (32) A THG KA.

T I EFA GBD ISR AR (32), AT
IR (32) i AR TR F(X, Y, Z, 0, 8,7, P)
£, WX Y. Z,087P) =Y (R +4;),
WARA TR G(X,Y, Z, o, B, 7, P)HEATH
s, Hob, s=1,2, -, 8, S ONZAIRIENEL N, G =
RY 4+ R2 —Rb >0.

fii, GBD ik iy R —UGE B ¢ 2R,
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1) GBD [
ST LA, GBD 5K (32) Y
FRR A RIB N

maximize : F (X,Y,Z_,a,,@,T,P) ,

{a,B,T,P}
st.G, (X,Y,Z,0,8,7,P) >0, (33)
(S: 1725"' aS)v

IEATE R (33) MhiA% BT H R (34), iR
RS A H AT a! = { s }:
L* (X1, Y:, Zi, )

~ F (X0, Yi, 2,0, 8,7, P)

+Zus~Gs( ,Y,Z,a,,@,r,ﬁ)

X
= mln{ maXA {F(Xta}_ftaztvavﬁvTaP>
H {a,ﬁ,‘r,P}

+3 e G (X,Y,Z,a,ﬂ,r,ﬁ)}]. (34)

Zaidk GBD Bk =2 1) B3R i, 4 1o B
B 7R SR IR (32) 10 F LMl B: Fiow =
LY(X,Y,Z, o, 8,7, P). tHF (AR B
HUHE, 2 1) B0 SR 0 SRt BRI 0. R AT AT
AT, Y FE RSB TR, “(E2 R { X, Y, Z,}
fy B5 {1 75 ) BB (32) f9 2 B W9 R ok,
Gows(X, Y, Z, o, B,7,P) < 0. Wi}, A58 7717
B PR, A I A SRAS AR 3t D {1, YR
{ER Ak

L. (X1, Ys, Zi, A)

=Y -G, (X,Y,Z,a,ﬁ,'r,f)) o

mgnL max {Z)\S . GS(X,Y,Z7a7ﬁ,T,15)H

a,[ﬁ,‘r,fi’} s
s.t. Z)\S =1, Vs =0. (35)
2) GBD FE [l ] 70}, SKA# GBD FA5H mas-
ter [R] R

max imize : fy
{X.Y.Z,fo}

s.t.
(01> ngL* (X,Y,Z,[J,t)7

(2) L*(X,Y,Z.\F) <o. (36)

GBDEBEITHR:

witRfk. & L GBDA—UGEAR IS b t, If
WA AL A 15 kR R BN AT A5 5 AT RO B, 1 4R
R0; A= {0}, B EMHERREIEN LR BIEC =
0.001.

S EREX NS E— A R { XY, Z},
S 7] 51 (33) 11 (34) 43 Il SR A5 I Fsf 14 32 2725 1 RN A%
W1 H R TR (o, 8%, 7%, P}, u" I B AR
WRFP(X,Y,Z, o, 8" 7", P ) RN TRU;

S AIEET 2 T AEAR R AR (33) Al AT, W
Wout = p”, IR AP i i master(n] B (36); K ] &
(36)sR A%y~ AE v SURHTI{ X, Y, Z), LA H
TR F(X,Y, Z, o, B*, 7, P*) [ - Fifo:

B3 MR D IR 2R AG 1 T AH AR 5, SR i ) A
(33), IR bR F B F(X,Y,Z, 0%, 3%,
T, PN HIN R R U

$R3(a): AP IR3WAT, FIWT| /U] < ¢, WIS
SEH I, MRYESR AR IS (34) 15 Blu ™ At =t + 1
ut =t RIIEER2;

FIR3(b): A AL IR3ANAIAT, SKAFHA S AIE (35); 4
k=k+ 1; X = { ) }; iRIPPTR2.

3) GBD B8 uER

EE1 X FEA convex-MINLP i Y 7]
A (32), GBD Fik ] 7e A FREEAREUS i 45 )
(32) WLt B ¢ (¢ >0)——fLfift.

UEHA MR 40 ) J8 (32) A1 GBD 5k 56 F ) it
(32) 1y 3= Ml e ¥ th J5 B master [A1ER, LR 4 4
W A5

WL 1 JE LA B {o, B, 7, PYIAf %3 1) /2 1R
(33) A Ay e A= B 4E, GBD & [nl
(33) Je kT8 As bt { o, B, 7, P} H™ )

NS, 2: F A (33) 1Y H BRI g S: H—Fr
AL

W 3 BSHEL (ZH) R A{X,Y, Z} A5
INFITFR, BI{X,Y, Z}| < oo;

WS 4: %Sk [26]) HE PR 2 K HAERA AT
1, IRl (32) TELRE R ¢ >0 FISH.

5 MR

A FE AR I ER G oR AR %6 GBD 5.
IR I, X D2MD BEfEPME (energy cooperation,
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EC) tLmbL #EATHERE 74T, S T 20 b EC 1£ 5L
THRE, ASCO T T3 825 (exhausted sear-
ching method, ESM) FITCRE & PME (without EC)
I FATL . 2 3 R BAAE L T M AL 5 oK e
1 GBD Bk w, A58 EC A& HibLE ) L.
Without EC &b, B KEE A & ml e
R Y HTET BN ST R AR KA R . Rk, A
T esh h EH-D2MD 5 A1 0 54k
U, HEXFHE 3 R AT U B S RO PERE s R
Xt BC 4L Al EH-D2MD 48 #4955 gL E 17 7140
K53 HT.

5.1 FEBESEEE

ARSCEEST S E] 1 DCHC A B 2. ANkl 3
R, %M 4% —A 800 m*800 m Y IE .
FEIZ I 55 W 25 X3l JEul (BS) 7 T M 2% g v
Ly, WNE 3 TR BAAEAE (@) B, s (c) A
D2MD FEBEHL A A 76 R 25 vpr . 853 P 4an & 3 oh
s (O) Brs. i D2MD fEC 22 Hi Ak
RIFNGTHC, B &0 e e Sk Mg 51 . IR 4,
USRS R S EAR N A% 5 g AN SN s EA R A
B (A) o, BEERHMES (%) iR, A D2D
L Te ok, D2MD #% 52 7E B B 7% 3% 50 m, 100 m,
150 m 35 F N BEDL . XT3 5 R i 5
%, BE R ACR G RIR B INER 1 s,

800

0(/1

700 b
C2
600 | 0

500 | mls
m1; AHI
*
400 1 R, D2MD]1
Am2, BS
300 F D2MD2

y/m

200

100

0

0 100 200 300 400 500 600 700 800

z/m
B 3 —AHigEsT EH-D2MD i {5 3 5tn

Fig. 3. A single EH-D2MD communication scenario example..

5.2 BEEtMEFBAREIMESS 1 EH-
D2MD B{5ZE et

Z 83| ESM Bk Xt (15) HhagAs i (f

i TAH (BEL) Ao, Es ) it e R R, K

%1  EH-D2MD @ {55 MBS R E £ >
Table 1. Simulation parameters setting for EH-
D2MD scenariol?7,

A5 YR X SR
I s P A [2-6]
J D2MD##EML [2—6]
N, S D2MDFE R BN [2—10]
T il 1s
BT BERK: [3—5],
gl FEAR VR R L D2 D#EH:
[1.6—1.8]
BW L 150 kHz
P Wt P 1)) 3 ~174 dBm/Hz
TR i T ER A
n RE BRI [0.6—0.9]
ph S B 43 dBm
P W P AR DR R 24 dBm
ph D2DJ L S A B 17 dBm
RY, W T AT AR R 1 bps/Hz
R W AT R 2 bps/Hz
RY D2MD Z 4 ki o4 B 4 bps/Hz

TR E S P ECH BAREOCR L, A
RN SRR 1, PR B H 7E 2—10
Al ews P BCR N 2, D2D SRR
50 m 1 150 m B X 3 Fh Bk FE AT 05 B X He o #r
K 4 25 3 R (ESM, EC Al without EC) 3¢
T4~ EH-D2MD F& 1Y) 24k BRI E T 5 25 575
RAKZE KRR, gl DIAEH R
ZEie:

1) ZEART ) D2D 28 %R 5T, X
EC Al ESM BB EPERERT LA BL: M B4R
fift 7 M GBD 8L R 45 A, AR R JE ) 8 (15)
ARSI AL T SRR A

2) %4 D2D Z &% 450 50 m Al 150 m A,
E WPT BARIEET, 24 51 Ge & MMER S5k N
Bor R FEm (R EC HLH) b A #4768 & P E
(without EC) [ 5L B35 255 R 43 i $2 T+ T
2 145 45%; D2D Z4E #1420 150 m i -1
ZRE BRI AR INEAR 50 m, HIFEHE: BB
BRI AR R A P A, DT 328 A i ik 28
FEARFITCER e AL e K.

3) EH-D2MD i i) - 14 24 s R Fil 2 b 4
FHE T S 1 T SO R R IS A Y S A
TET: a) P 23 s R pE A 5% E T o2
PR A 2 vh i B R BIR DI, BES S UMERIFE BN
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i [ (a) EC T 6.4} (b) EC
3 10 ESM S ESM
2 9 —A— Without EC 5 00T —A- Without EC
8 & 5.6f
< 8 ~ T [ -
t:i- . ﬁ- 5.2 i 3
RN N
= —~ 4.4r
g s ]
) =401
8 4 a)
= = 36
a 3 a
E z 320
M . . . . , B 28E , , , ,
2 4 6 8 10 2 4 6 8 10
—AD2MDJEH R FAN L A D2MD#EH 75 AN

4 3FPEENAE ZHEHE AR 4S50 50 m (a) F1 150 m (b) 3% T (1P AE

Fig. 4. The performance of the above three algorithms in the scenario where the radius of multicast cluster are 50 m (a) and 150 m (b).
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A
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S - . - s
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—AD2MDRH R SN

5 EC Hl without EC 5 ¥k 7E 5 2E 42 K 50 m, 100 m, 150 m 35 F (P REXT

AT

2.4
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N 22f Without EC #ﬁﬂéfé =100 m
= KB =150 m
wn
§: 20F
5
t%! 18 -
2
B
& 16t
z
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&
s /
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iy =y
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() Z2 A 2 e di R (b) 52 A e 3 i

Fig. 5. Performance comparison of EC and Without EC algorithms in scenarios with cluster radius of 50 m, 100 m, and 150 m: (a)

The average transmission rate of multicast cluster; (b) the average transmission rate of downlink of cellular user.

FHXFE ) AR T4 51 BB 2 s ) R T A/
b) -3 4 B 5B TR R
T BRI IE R R e AR 5 B 2, B 5% B L 3 A 3]
e 25 TE R PR IR, (BRI 25, R
iz TR

4) 14 EC A HME R e b, 2%
TRy 2 B P53 BB (R T oL G
TET: BHENRABZE, A5, M2
FH P R At AR e, T B R T iR ) Ty 22
DIV

T ESM FvAE 24 SH P BEEEOCR P,
&l 5 {045 Y EC 1 without EC 7E#E2E42 K 50 m,
100 m, 150 m 5 T, 5 K&l 4 FE5 B E it
REXT EL A B, [R) 3, 5@ 5 1B 5 v A B E 4 R X
B #l C W5 W A PERESS &, J34b, it 5, B80T
LRIV 451t

1) WE 5(a) FR7R, HiE D2D 280
HK, ZREHT YR IR Z W) 3= P o 24
WA G IR B T B I T R 2 (R
HPmi 2, s Rt b 2 5 ).

2) [AAf, EC 3L 5 B EH-D2MD il {535
b FEARR ZIEFEEART, BE R UMER LA HR
BT TARE ; X458 EH-D2MD HE47#% K1) 43
WFFT I A 63 S E5O0 R S e 3 S il 4 —
A~ EH-D2MD ZHk #4172 H - ie s UME LS T
R G ERET, 23N R R R 6 LA
I, AR 2R AR R A B AT

3) i 5(b) R, EC Bk T without
EC B &, Weas TG sk, B
3HARFFEEET =T, BC A kA 80 & Hk s
FEBS AT L R A R IS A I A
W 2% K 2 MR UMELREPLT. K 2 thoZne =

168801-10


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 16 (2022)

168801

PMEBTBERE 5 AR s FATR B, BURS JE R X
ZAER R Z AP et DMEr A R, T R
BEBT B B, $ETF 2 H P RR i DMERCR, Lk
FEFEA A BT, DT FECFTH RN R B,
TR 5T, EC BikB UM R 2
W B AT R TR RO TR, SCRe 2 H P e P
1R, B FB R R T s e T 11718
et A LA ).

K 6 45 T EC kAR 2825
TR RE R PMERE 5L LL B AT, AT LLA B

. s s 4 s+ {100
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Fig. 6. The proportion of the cluster members participating
in energy cooperation of EC algorithm under scenarios with

different multicast cluster radius.
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Abstract

The cluster heads (CHs) will face the contradiction between the lack of available energy and the demand of
high energy consumption in energy harvesting-supported device-to-device multicast communications (EH-
D2MD). Wireless power transfer (WPT) technology is a possible way to address the above contradiction. The
members of a device-to-device (D2D) multicast cluster can transfer part of their available energy to the CH by
WPT and jointly undertake contents unloading. As a result, the transmission robustness of the multicast cluster
can be improved. Therefore, a transmission scheme with energy cooperation (EC) is designed on the premise of
cellular spectrum reusing. The EC scheme designs elaborately the energy harvesting, energy cooperation and
data transmission of the spectrum reusing process. To realize the EC scheme, this work is to maximize the
transmission rate of a multicast cluster and give the joint optimal solution of multi-domain resources including
spectrum resource allocation, cooperative time factor planning, and power control. The rate maximization
problem is a typical non-convex mixed integer non-linear programming (non-convex MINLP) problem. To
investigate the performance of EH-D2MD communication scenario, a convex approximate lower-bound
algorithm is proposed, which can transfer the non-convex problem into convex MINLP and can give a joint
solution. Simulation results show that the proposed algorithm obtains a lower-bound solution of the rate
maximization problem in comparison with the exhausted searching method. Furthermore, compared with the
scheme without energy cooperation, the established EC transmission scheme can increase the transmission rate
of D2MD by more than 45% and enhance the robustness of EH-D2MD.

Keywords: energy harvesting, D2D multicast communication, energy cooperative communication, convex

approximation algorithm
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