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Optimization of Total Energy Consumption for Unmanned Aerial Vehicle-enabled

Wireless Sensor Networks

LI Min' BAO Fu-Yu' WANG Heng'

Abstract To reduce the total energy consumption for unmanned aerial vehicle (UAV) enabled wireless sensor net-
works (WSNs) and prolong the network lifetime, this paper proposes a scheme to optimize the total energy con-
sumption of the system within the energy budget of ground nodes. Firstly, a clustering algorithm for ground nodes
is proposed, where the optimal number of clusters is determined according to the objective function, then a fuzzy C-
mean (FCM) algorithm is improved to form the energy-balanced clusters and a receding timer mechanism is em-
ployed to select the optimal cluster heads based on the affiliation and energy values, so as to reduce the energy con-
sumption of ground nodes. Secondly, the flight trajectory of the UAV is planned according to the locations of the
selected cluster heads by employing a genetic algorithm, which cuts down the energy consumption of UAV. Finally,
the transmit power of the ground nodes and the UAV's hovering positions are optimized jointly by a simplex search
algorithm and a successive convex approximation (SCA) algorithm to decrease the total energy consumption of the
system for data collection. The simulation results verify that the proposal outperforms the compared schemes.
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(4 fe/e)® , BRI (pr) TELBE py (36 KT IR /N, Ty <
p(Gr) | Rl 7€ X Pmax = min {p(Gk'), Pmax}. HZ R
FIFO<p, <P 0<k<K W5 NO<p <
prx 0< k<K .

T UAV 8547 B Mk R D)% B ARG,
T EE R AR (25), BMOR I SRAlEAE R T4
Sk R AT TR & PO, 3R PO J5, 2 (25) W]
I ARAL b, B

K Gl (P + Po+on)

Pd+Pc
i h X

K ) p](:")
logy " | 1+

s.t.
0<(H—hk)2§l~(p§f)),0<k<K (27)
i 5 B AR & ¢, 30(27) AT ON:
min ¢
h,¢
s.t.
(r)
Pd+Pc K le<PZ+P0+¢pk)
" kz::lhk —(+ B X
K ~
> fu(he) <0
k=1
0<(H—hk)2§l~(p§f)>,0<k<K (28)

RHF, fulhy) = logg ' (1+ ) /(0%(H — hy)%).
fz) =logy " (14 a/z) NIMIEREL, B fi.(hy,) /& (H—
ha )2 FITSTER KL, IR — R ZE R TF %, 3B R,
f(@) < f(zo)+ f'(x0)(x —x0) = f(wo, x) (29)
L= pi/(so%) @ = (H — h)? w0 = (H — b))
4
fulhe) < f ((H— hf])2> (H — hk:)z) = F(hlY, hy)
(30)
¥ hlel = (Bl Rl By R A e kAR e
PR AL e B, 38 (28) ATk

i ¢
s.t.
K Gl (P + P +¢p‘”)
Pd+Pc k ( 0 k
i hi —
Uy ]; FoCH B .

K ~
>, m) <o
k=1

O<(Hfhk)2§l~<p](;)),0<k<K (31)

WP ERHET TR, T UAV BN ES
SR I R S DA B A, HaC (25) AR A
ML EECR . AR Al R R IR SCA Bk
BA AR R T70m WSOE RS 3, Mk
e ) A T VR . SR SO PR Al
R EVE, A3 L R AT IR B T3, ARE K
1R R Th A, 5] N5 B A AR AR AR a) 2
—r R EIT A, REA R A, KRN ) R (25)
B EACR AR IR @R (31); 2R)E, R SCA &
ORBRAT UAV i Bf#hrE. UAV BiEfiE S
15 Sk R DR B A AR FE AN SR 2 .
B2 UAV BEUESHELAFINERKEMR
WEZE
BN VIgat PO,
. SRR P ne
1) A5 FH B Al A R E A R AT H AR s U S/ PO,
KRS RBIN PO AN (31);

2) WIEAME RlO) BB K e = 0;

3) ¥ rlel AR (31), FIA ML T BA KRR (31),
R ERAAR nlet1;

4) e=e+1;

5) EEDE 3) ABIE 4), HE nlett] — plel < 0.001.

3 MhHEERSHH

NIRAIE AR SC R R Y, BEAT B L S5
WHE N=1000 Y s B A6 E T A AT km x
Lkm FIA FEIX IR, 75 Sk 1 5K R 5 Th 3 poax =
25 dBm , fRLREETH N Ey = 0.2 J. UAV AT
(500 m, 500 m) &L O R, WIAE AT RS H =
100 m , fRIK K E 5k Eas RS, A5 A UAV
REFESHS STk [13, 20] —2, HADSHOR B WK 1.

3.1 EIMFEHIEIE

K2R 1. 3CHR [13, 20] B9 HOHE A2 34 1
Grlpe/Ri < Eo, 0 < k < K X}30 (19) BHTIALE, 15
B R RN 37 < Kopy < 44, FERELO7 H S50
o OB FRSR BN 36 ERAE S 45, HEAT —eREIL, ARTH
BB R G A REAEWE 2 s, W LLEH, &
BN 40, X 53 (19) 25 B4, UM% bk
S HRD S, BARIED T UAV RERE, (E38 N T 7%k
SRR I RERE, AR5 T Mg A .
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Table 1  Simulation parameter
ZH ZHE ZH ZHUH
[e% 0.03 Uy 10 m/s
B 10 Eeap 50 J
nLoS 3dB l 1 Mb
’qNLOS 13 dB a1, 2 0.5
do 1m é 1000
P ~174 dBm/Hz vy 15 m/s
x10°
3.122
3.120
=
¥ 3.118
=
IE 3116
Jm
o
K] 3114
W&
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B AL
2 AFBRAE R G SRR
Fig.2 Total energy consumption of the system with

different numbers of cluster head

HRSL B 2 I, BARREK T4 A R Y (EL 3
T UAV BERE, 258 UAV AEERE ML
R SSIEAET
PSRBT A
WX OCM-FCM 5441 IEECP &%)
LEHF B AL (Variation in size of cluster, VSC)
(BRI AETE P FE B8 B AE, PABRAIEA 3¢ SHM-FCM 5
R BT EEREIROR . 548 FCM 579k BE WLk B %
JR AR, OCM-FCM 5352 AR 5 55 % R IR B
GRARITCY, A3 RO 4 28 PR 80 052 5 v 1) IX 5.
e, THE AR R IR T AU R S I X A
R ARG, IRIEFE O, BT E AT SRR
R BRI RUET HAR R B, TR AR RE.
IEECP L E e A A£G FCM 532 T8 v s 45
B NG, IHE SR SRR R IO 5 &7 SR EE Y
B JE, K PR S I I AR A PN BB T A N &
IR NLAERE, TE R A E. F VSC ERAE
BT IR] B0 m B E 1 22
K
> |G — 2l

k=1
VSC = %

3.2

(32)

A, 2 RoREME AP IT R TME. VSC EU, i
AER ML SR A 2 A P, AOR G, LA R
K 3 FI5E 2 P,

500

[]
400 k

/e

S

—O— SHM-FCM ||
—A— [EECP
—++— OCM-FCM

e

2 4 6 8 10

K3 SRR

i

& 300

VSsC

200

Fig.3  Variation in size of clusters
* 2 AFRFER VSC AL
Table 2 Comparison of VSC values for
different algorithms
SZIG VOB OCM-FCM IEECP SHM-FCM
1 428.40 52.85 48.50
2 362.35 49.05 46.70
3 271.15 66.55 57.65
4 254.20 51.75 43.45
5 272.40 58.65 50.50
6 387.50 52.90 31.75
7 329.15 49.35 43.54
8 289.45 58.45 62.55
9 290.25 55.80 55.20
10 319.15 46.75 37.50

H DT (B VPAl SRR N RCAE, RRAE AT EE 3
FEITE X TR 8% i B RE 1) B -
K G
DT = ZZCZ(.’I?“ Cj)2
j=11i=1
Z—EEEP, d(l’z’, Cj) %%%‘,ﬁ xT; @Jﬁ%}ﬁ'b Cj E"]EE% E
TE P ), DT (B RN, 387K W 4% 8 BERE U
RORERT ) Ee s Rl 4 fos.
H & 3 A6 2 AT %0, SHM-FCM 5951 i 4 1
) VSC 18 B &/ T OCM-FCM 53%, K& ¥t/
F IEECP. H& 4 741, SHM-FCM 2/ DT 14
BI/NF OCM-FCM HiZEA IEECP #%. /A 3.
2 2 MK 4 43 el &0, SHM-FCM H3%: Al IEECP
B VSC /N T OCM-FCM 432, {6 SHM-FCM
HEA OCM-FCM 3% / DT {/MT IEECP &

(33)
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Fig.4 Cost of the intra-cluster distance

e RN 8 OCM-FCM Sk #1555
AL R T AR, AT AU R AL S
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WA ERE R R AT, BAF T K DT E, He
FHN A8 N VSC 18 ; IEECP Bk FH A% 4 715 A
EES PE BT AT, i JE A P 7T A R A o |
IO BRI A REARAIE VSC B R/, A fE
{H9FE DT iR/ 11 SHM-FCM 0% R A] fg e #5648
ST R T s AT AR R R AL, R A
U S B SAT b 2 AL, AT DUPE fRAIE VSC
B f N RIS, CRAE DT R/, 7E58 8 IR SEEGHT,
SHM-FCM 5%/ VSC {EHIE & T IEECP &%,
{2 DT {H L IEECP Sk, 32 25 PR 2 ) 45
AFAEFE XYY U7 KB B il 5 L, IEECP &
N ECT OISR (R, T SHM-FCM B2
B g A L NMERE. Bz, 5IA NS %
FIEA B, SHM-FCM 5L TEF iy 52 5 A 02 7 T L
HHHE R
3.3 EAMEETMA

i e IEECP 53%:. OCM-FCM &2 1) ™
o 1 iy R HRD X 28 e AE, DABSHIE A SCERLR I R0
FEAERN LIS, TS ST REEAE 0 ~ 50 J 18] BEHLAE k.
W 28 25 i AT 42 3 MBI B, RIS 1 /N1 AR T
(First node dies, FND) #i ) @tk e B — 1
JSFET (Half of the nodes die, HND) §i [ 2fa
SER BN T HND JE M5 1 A1 migE T (Last
node dies, LND) AT IARRE M B &R 14
T A5 AU T B RO Ay IR 288 (1 A= o JE 38, U028 1 AT
FUACTC I TR A, I 4% i sfcha e B BBk G X R R
A RS 5 50 R AR AL B ) B )R
I, AV 2 AR e v, SR A IIRLER 175 S3ET
(Weighted first node dies, WFND) K BH7 mi 2

5 00 255 FRDR AT 1 245 A A
FND

WEND = -5 — b (34)

2t (34) "TLAE Y, FND ok, W) WEND {4
R, BIES 1 AN AR T I [AD R RGO 28 e ek
4f. WEND kK, EMEMHFIRRRETGE T, M
Foll D BT A s AR TG, 2% P R AT

Bl 5. 3% 3 R T ARSI TT T A7 I BRI
SROEMER LR, TCUE W, RO SRR R 2 B AL
A, 78 IEECP 1 OCM-FCM ik, R
TR A ARPRBET:. R & IX 2 P AT il Sk ik 3
JrTH, YA R AT PN 50 14D P B AR e BB P T
(P RERE, HET T SO A fE 1 R 2. 5 A
R, SHM-FCM HiEAE & FND. WEND &
& LND, ¥R B i 48 A2 e 1, JERELE K B
AT R A .

1 00(

A —A— IEECP
A OCM-FCM
800 \Q —&— SHM-FCM
< 600
i 2
"
$T 400
&
200
0
K5 A sfam s
Fig.5 The number of alive nodes
* 3 MZREER
Table 3  Comparison of network stability
AP FND HND LND WFND
OCM-FCM 1 75 154 0.006 5
IEECP 2 104 226 0.0089
SHM-FCM 9 176 416 0.0220

K] £ BEFE 14 BE A2 17 5 9 265 A 2 0 FH 6 1 St [A]
%, & 6 7l &1, SHM-FCM HiERe st e i, 76
1Z4T 100 %K, 5 IEECP 1 OCM-FCM &AM
b, SHM-FCM BiEREFRE D M 1TE T 36.51% Al
43.52%. HEEFHK A SHM-FCM 5% & il i
T A5 TR P B 2 AR T L e SR B RN A PN
{510 7 B 2 S BB R TR 2 F e A X 4 4 e 5 R
A EE O AT, R, SHM-FCM 592 () % 2% 5l
RAEERRZ, R REFRERAIK.
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3 R ORAE UAV 0% Sk 1 ERE D, ASREDRIE S £
MR GERERE IR/ . A STV AR 3 7% 2k BT 25 i dhs 4001 G
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