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Abstract With the rapid development of Internet of Things (IoT) technologies, Low-power
Wide-area Networks (LPWANs) have emerged as a key enabler for large-scale, long-range
wireless communication. Among LPWAN technologies, L.oRa has gained significant attention
due to its advantages of wide coverage, low power consumption and cost-effectiveness.

However, [LoRa networks face challenges in energy efficiency and network lifetime, particularly
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in complex data collection scenarios with dynamic environments, diverse communication
requirements, and fixed gateway deployments. These factors lead to uneven energy consumption
among end devices and limit the overall performance of LoRa networks. To address these
challenges, this paper proposes an energy-efficient data collection method for large-scale LoRa
networks assisted by multiple Unmanned Aerial Vehicles (UAVs). The proposed approach
leverages UAVs equipped with LLoRa gateways to enable mobile “air-to-ground” data collection
from end devices. By formulating the problem as a mixed-integer non-convex optimization
problem, the coupling between UAV-L.oRa communication parameters and UAV onboard energy
constraints is considered. To tackle the complexity of the optimization problem, a series of
techniques are introduced to decompose the original problem into several sub-problems. The
proposed method jointly optimizes the communication scheduling strategy of end devices, the
three-dimensional flight trajectories of UAVs, and the transmission parameters of end devices.
Through an iterative process using block coordinate descent, successive convex approximation,
and sequential linear programming, a high-quality suboptimal solution is obtained. The objective
1s to minimize the data transmission energy consumption of LoRa end devices while ensuring
collision avoidance among multiple UAVs and satisfying the onboard energy constraints of
UAVs. Extensive numerical simulations are conducted to evaluate the performance of the
proposed method under three different scales of L.LoRa networks. The results demonstrate that,
compared to existing fixed gateway schemes, the proposed multi-UAV-assisted approach
achieves an average improvement of 26. 65 times in overall end-device energy efficiency across
various network scales. Furthermore, in comparison with fixed UAV flight path schemes, the
proposed method attains an average improvement of 6.2 times in overall end-device energy
efficiency. The research highlights the advantages of exploiting UAV mobility and multi-gateway
deployment to enhance the energy efficiency and prolong the lifetime of large-scale LLoRa
networks. By dynamically adjusting the positions of UAV-mounted gateways and optimizing the
communication parameters, the proposed method effectively balances the energy consumption
among end devices and improves the overall network performance. The adaptability and flexibility
of the UAV -assisted approach make it particularly suitable for complex IoT scenarios with diverse
terrain and limited infrastructure. In conclusion, this paper presents a groundbreaking solution for
energy-efficient data collection in large-scale LLoRa networks by leveraging the capabilities of
multiple UAVs. The proposed method significantly outperforms traditional fixed gateway and
UAV-assisted approaches in terms of end-device energy efficiency and network lifetime. The
research contributes to the advancement of energy-efficient loT data collection techniques and
paves the way for the deployment of sustainable, scalable, and resilient LoRa networks in a wide
range of application domains. Furthermore, the insights gained from this study can be extended to
other LPWAN technologies, fostering the development of energy-efficient and robust IoT

ecosystems.
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BRI
[T O W\

:/H\:I:F‘ ’Uz':/2V/:'W[+2\/V[iw[+4(2{014) 1&%

KV RAT R S . AR T 94T E SNk 1.

R1 HEXFSREX

5 S
T PN YENES
M Hﬁlﬁ*‘i%%,/\/[:{l,---,]‘,---,M}
N SR T N={1, -+ ,i,-- N}
K TIMEES L={1, =, b, -, K}
A WAFES R T a, ; ERA
R TNHL CATH = 4EF50 r,  HIES
14 TENHLHE v, A
P L p, WA
Sk LAY IR - SF RS
K IR S W I N EET a4
S TE NI 5 B 45k 1) S TET AR
v, UAV 3 F TS i
A SEROT AR IETR
0 EREE
w UAV &
Vtewet UAV K- AT
Cp, iV EY e
v, IR AT 75
Vi SR W ST S

ZETC ML RATHE , HAEHERERE M] 7m N -

EUAV:JP<‘U<[))dl‘. (15

AR SCAE FH R 1) 25 A R AR e AL IR SRS
23 B AL . AR EIRTRIE B T R IR MRS S
(8] B9 TE AL RATRERE AT EE AN «

Evav=p Jrﬂzi‘ (vjj‘b’ “Uf) ‘2 +l@”’i‘ (“Uf, U?) ‘3 +
j= =

i it 2024 4%
M 1 ) y
/’)42/ (o on) | e = (o o) | 8207
i= Z
(16)

Hro, 20 A28 AKEXEALDT .=

1 1 1
*CI)H[OAV’?‘Ty 182:*C[)(‘{0AV'[5k9 ﬁgzgpfaa 34:

8 8
2

V2 W,

> kWS, 3 =14 20 By = W8,

3.4 [O)fREE

AR H bR A i {5 2 T =4 &
TPl DA S RATRERERI AT, e/ MET A LoRa ¢
Uity 158 2 B A% S BEFE L B R 2 2L E AMLTE R AT
() AT A UM R AR 56 T A 19 B0 0 9 EAS & A il 43
R B, o ALY AT REAFEZEAIL 28 H Yitb 7T 4L B k1
W BOES £ TE ML CATRERE Evay,» BRI
NI 3. 3972 Erw WENDUILEER . I T T
LERRFTME S A={a, VIENEM,EEL},
R={r,,YjeM, ke L}, V={v,, ,VjEM, kEL},
P={p, Yie N}, SF={SF,Yie NV'}. J& T ¥ @&
SEH TR AR A R RE ] LAFRR R -

P1. min E

A,R,V,P,SF
Cl~C4
N
C5: E=> pit,,
i=1

o 2D, +4 oS
C6: z‘z—<20.25+5{5F12 1}) R

S.t.

YiEN,

CTl:p;— 1Oa,,j,4,log<H W, 2>+a>
7(,'1SF,'+C2’ VZEM]EM, /\76/6‘9

K M
C8: > > a,0=1,ViEN,
F=1j=1

K M
C9:> >, d<t,+ 0, YiEN,
=1j—1
K
Clo:zai.}.k< 13 Vle-/\/" VJGM,
k=1

N
Cl1: > a, <8, YjEM,
i=1

Cl2:a,,,€{0,1},YiEN,JEM, FEL,
C13: Evav, << E s YVEEK,
Cld:| oy — 1o, [F=d% Y EM,

m, kE K, m+*~ bk,
C15:H,,<ri,;<H,..YVjEM, kEK,
Cl6:r,=r,, VREK,
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Cl7:r,, =r,, VREK,

C18:SF,€{7,8,9,10,11,12}, ViEN,

C19:p,€{2,5,7,10,12,14,16,17}, Vi EN.
o, C5 h 2 REFE L B ; C6 Shy 2Ry ise £ i Bl 1%
I [R) 23 s C7 Sy 23 18 45 BN A% B v D R L
FVEL AR A 29 R 5 CS. C9 gl 15 I Bt InE K 6 0 24
s C10 Ry 38 (5 I8 B 29 3 C11 R I A T2 o
C12 M3 15 M T8 C13 N JTE AFLAEFEL o 5
Cl4 TN AL B2 C15 B AL AT
JEAH ; C16.C17 AT AHL KATHU R U 5 2 3
C18 2k LoRa ¥ i Al F 29 3 ; C19 °h LoRa f& i D) %
2. WKL PLRE—MRA SN Ak 8, B
AT R 3 2 A R0 10 532 AT A SR H a2 ) g e 1
fift . A ARSI T — AU B AR RR
—41 PR R e A . EL AR, AR SO ke i
AIIASIE A o) A BRAYTE XL SRR I A I 9T &
S 1 18 B AL  JC ML= G Ul A 1k A& A4
SHRAL A58 10 B3 gt Ry = A 1), 3 i — 2
B TR A AR i e ) |1, D) ARAS 5 [R) R A TR
Do . RN T AR I

4 EHixigit

4.1 [E)BTALE

2D;+ 4 2D,»+4‘_ .
% 183 [SF,—Z_ 1—'< SF,— 2 EN YA SN
2D, + 4
F R EME/ANT 1, ] LU SF —32 By

W C6 ) FRCEFRIRA . R IZERAE AT LU O
73 4380 175 P B 8 SR KT 0000 0 90 A2 i P 1)
SRIG « AE T O 293 CLO v (B 50088 o p, A it
SR e A] g | 0T [A)

P2: min F

A,R,V,P,SF
s.t. C20:E>2pi 20.25 + 52?:1 %

C21:2<p, <17, ViEN,

Cl~C4, C7~C(C18.

AMEFR 3 P2 AT — > ME LI SR AR 14 25 1 e B A
G R A B BERE N P ) . Syl AR S o
He Ak F5 F B (Block Coordinate Descent, BCD)P |
¥ 22 " 3 U7 (Successive Convex Approximation

SCAOF™ Fn ¢ #1) 2k 1 # K (Sequential Linear

Programming., SLP)“* 455 A Sfe i T F R AR . A
A% ACA Ak H 28 ity 08T S 6 I O 43 B SR s A 1%
i SEOMEZ AN = 4E AT . AR, X AT
BAEM{R, V,SF ) ALEF R { A}, % 1) i
e — TR A B B P BRI 1) 5 AT R A A
{A,SF}, th 4k 2 Jo A HL = 4k Bl € 47 o B
{R, V), iz ] B Al & — A~ B ] B, (0 AT DL
SCA $ A 3 A b SR R AL 5 X T4E 2245 5 1
{AR, V| AME RS E P, SF |, %[ 2 — 1
A 28 1 5 BRI 17580, ] DL SLP $ R gk 475K
fife . B IR B R ER (P LU
WA R AR
4.2 BIEREAEMRKL

U E ZIRTE AALY = 4 CATH0 LA S i
WS R, V,SF |5 . 8 P2iR .
P3: min E
s... CT~C12, €20, C21.

AT fa Ak ] @ P3O d A E X w2 max

ok

(10ai‘j,/glog(H T W, Hz) —¢,SF,+¢,— 0() WK IE

LAl 0 C7 N C21 b A — ANl 2 45 2L
S A

C22: p;=min(2, w,), Vi.

B B 7E ] {8 P31 e L Ak s 290 C22 AN 12
MR 2 ST LA p, BOAE L (EZY PR C7 8 C21 W B 22 5%
AT (A s sl 20 H A R B . Rt 7 SR A A
b A C22 W0SE . ARG » 51 A—ZH Pt A & o, B
P31 p,s P3 AT HT 7R A LA T ] .

Pa. m\inE
g 2D, +4 | 2
s.it. C23: E= 120.25+5— s
vt C ET( - SF,-Z)BW
C24:7,— 10a,-,,-,;\,log(H Th, — W, 2>+a>

—oSF,+ e, YieN,jeE M, kELX,

C25: 0, <<17,YiEN,

C8~C12.

SR At 1) 15 PA T A5 30— 2H 30 A5 8 SR @, 14
R E TR W W 205 T A s 1 R R B L ok LA
SE T E— (1038 175 W O, IR B I e B4 T T A Rl gy
Bt . IR v] 70 24 SR G 7 [ R P3 B — 2 i o A ]
FH#IT 7024 5 281 LAY A S . P4 & — M hr
WETR A B M R 1) A0, ] L 3 BRAS Ak vk



1978 12 N S/ R R 20244F
af T H- (N Lingo” A ROR . BRI A IF AR T < ( . r21)r'+4) 2k
14. delay[i] <pi|20. 2545 SF,—2 BW/ 23 i 4L

P31 AR AR AT DL 5 Y — > S A AT A7, A )
TR EENRE . WA, PA R — MRS BB
XJ 5] &, J& T NP-hard [R]85 , Lingo P & 53 (1) &2 %
JE i A R B AR BRI A S, AR R
T — Mg & X B % ECSM (End-devices
Communication Scheduling Mechanism) , {153 1 fif
N BRI R PR R L L HEA A T AL
FE A4S B B r 5 1A 2% s 1 3 A U, 45 8] — A
P31 O S, PR IR R - n) A AT A7 e, OF 72
MIFLEFE A . £ ECSM H, i e A
HILIN 5 55 28 Sty 22 ) A7 2850 14038 A B 85 5 LR, 44 i e
S 029 D D) Ay g A 2 B e T IS I T S A £ g I
BN TE AN E I 2 . AR A BT AL
fFIE U WIBERET — A R0 5 S5 i s R A A T
S3EL . ECSM AN HT M4 G I AL A T8 300 F1 28 v i
T o 2R LA S B B 43 L » T3 B RRARE LoRa W 4%
[ B R T3 02 2% B AE P4 Y BBl P A4 15 S B g
FH R A 19 26 1 388 {5 OB AT TR % . 2243l
1, ECSM SR 6] 52 2% 4 O (NK* M),
L1 Z A ML B Y 2 {5 o A
% ECSM.
A T BB BORE K LYY B 2T AL 6 AT B
(P} HTL S A T (SFO |, K3 B0k N K
7 8 {w, ) B35BT b S M LR K 6 8
PR T TRD, 43 R RS S FE BW
il I — AP M o [N ][ M][K ]
1. FORA2=1TO KDO
2. FORi=1TO NDO
3. FORj=1TOM DO

4, dis[ (k—1)*M+ ][ j]<

)

[ S 5 T L A R RN

10log(H T, — W,

AR/

5. END FOR
6. END FOR
7. END FOR
8. FOR k= 1TO KDO
9. FOR;j=1TOMDO
10. munz‘[/e][j}e&

[ AR b A I B A R A T A/
11.  ENDFOR
12. END FOR

13. FORi=1TO NDO /« R i 3B A5 i</

PR e/

15. num «{‘M‘g[ﬂ S AR T B

16. FOR%.£=1TO K DO

/L SR BRI LA R A5 2 1 B S/

17. FORj=1TO M DO

18. z'ndexDz’s[(/e* 1)*M+j][1]<—k;

19. z‘ndexDis[(/e — 1)*M+j][2};j;

20. z'ndexDis[(k — 1)*M+j][3]€
z'ndexDz'.s‘[(/e* 1)*M+j]|:1:|;

21. END FOR

22. END FOR

23. SortRows (indexDis, 3);

/=44 indexDis ¥ =B A 17 P HE =/
FOR;j = 1TO M*K DO
/MR A RHE B F E F)  i /

24.

25. IF num << 0 THEN
26. BREAK;
27. END IF
28. IF count[ind(exl)z‘s[j][lﬂ
[ indexDis[ j][2]]>0 THEN
29. a[i][indeIDz's[j][Zﬂ
[z’na’exDis[j][lﬂe 1;
30. cuum‘[ind@xl)z’s[j][l]}
[z‘ndexDis []] [ZH -~
counz‘[z’ndeIDis l:j] [1] }
[z’ndex‘Dz’s [j] [ZH —1;
31. num < num—1;
32. END IF
33.  ENDFOR
34. END FOR
35. RETURN «[N][M][K].
4.3 ZHHTMRUL

X TAE R4 A B2 Semg ML i 280 A, SF
P2iRAb A P53 i 2K PS5, BIFT LAk 242 Tc AHLEY
SYEHGE A AT L AR FROR T .

P5: rlguglE
s... C1~C4, C7, C13~C17, C20, C21.

55 0] P3Ab FESEALL  E ST I ARA AR i, UK

Do BUE P5, AT 407 )

@ Lingo Software: http://www. lindochina. com/1g01. html.
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P6: min E

R,V

N ZD, 4 25]:(
s.t. 026;E>2u,<20.25+5 i )
i=1

SF,—2 | BW’

C27: 0~ 10a,, dog [ v, — w.[ ) +a=

—SF+c,,YieN,jeEM, ke X,

C28: u, <<17,YiEN,

Cl~C4, C13~C17.

CINYS Uk S iuéﬁﬁﬁcm C13, C14 AR 2Ry .
SR & 3X B 24 o8 Yy a] L) 3 3 SCA 35 AR 347 »bkb
B XA BR R, = log (| v, — w. | ):
ZPREE TR AS oy, (19T R R 1717 T R S i —
B il U] DL Y A e B A O T RS
S (7, ) A DL F A%

R]}ﬁgR%/:log(Hf-fi

w, 2>+

e (R
|7 —w
ZATE S = 1, A ST . UERANF
WERT . BAR .Y 0ff . log () J2& MR &L, X
THEEAZEWN 2,0, F log(x)<log(x,)+

log e

—w|) an

2
’

(x—ay), Yo 18 B 57 . & I:H iy~ W,

Lo

wo=| = w, | EVATHES I AR EEE
293 C13 AR S 22 13T (B Evar) OS5 1Y

TRE AN S K FAS 3 { v, vl ) B R AR R G TF

FER MR i C13 R — AR M. O T ek

A il %AT#@M%ﬁﬁhw>oh

= /H(v;‘.,-, vi,)

ZARFN T
C29:5%, 4 2| (vt v, H —

2
. (18)

Jr/gs - H ('U/;j» ‘U%.j)
_Bs
57

MO R 8, s, 1R C13 5

Euav,» BN C29,, BRI ORAES | AR 3t A8 5 5 0487 0]
RS R R RS X TR ﬁ?ﬂ’]ﬁiﬁﬁ{rh} b
YR C27 i RI-,j,ﬁéf%ﬁm,ﬁ\Lﬁ R o FEBIAR I
y:i{sk,j},ﬂiﬁil&?ﬁﬁ%l‘ﬂ@-

PT. r[reuglE

S.L.

C30: ;= 10a,,; R, ,— a— ¢, SF,; + ¢,,

YieN,jeEM, keELX,

C31: 8, +ﬁz§:H (vipot)| +
j=1

M 5 M M
BSZH(U;’]" U/”,)H JF,&ZSMTL/?GZ;UZJg
= i= j=
E’I‘z/ ke/c
(/32[8 <SAJ+2H Ukjvv’J)H’

Vi€ M, kE LK,

C33:5,=0,Yj€E M, RE K,

Cl~C4, C14~C17, €26, C28.

LA - 2900 C317E P7 5 M fff b a0 i Jit 25 2K
JRCST. 75 WA TT LA { i, s | (S S 24 R
S 3T I RIS e AL A4 28 i 1) 15 ) it A
B RE T AL B L 2 A B AR BRI 5 R 56 22 a) i
BT LAE— 20 o DT 5 S R e, D70 208 17
I HARPRECAIME . 7E P75 263023 €29 Fai oy
R, BIAT RIS 200K C32, XA ERAER S5
P6 F1 P7 Z 18l 45tk . i F 205 C32 1 C14 2k
IR, PT AT — AR ), {H 3 26 24 53 AT DA
i SCA H ARSI K R . ik, '
JEA R LY 32, AT LATE B % 24 o A7 1 2 = 6
?{sk,,vij,v%;}lél‘]ﬂll‘zl%& Y PR — B 22 )
JEIFAAT DL ge 4 )/ Bt o8 AR R 4 1 R
%B{éfe.pw,j, "U/,}aﬁUTT%IF—EBZ_L

52;‘ + ZH (vil,-, 7}%,;) H2>ef]+ 25/\',1(5@' - §fc,j>

(9 0,) |+ 4(90,00,+ 9n,00,). A9

XF TR 2B (C32) By A A = A AR R R

B, PR ASE
§<§z,+2§k,j(sj— )—2| (%
Sk

2

+

4( 0l + 0v}). (20)
R AN SE 200 B e C32 J5 45 21 (1947 7]
L, FLRT AT A B 5 2 25 (AU B F R Il s /0 1, (H 2
SR AR T [ LA 28] 11— 2L it T A 2 A [ 114 e £
fift . (HZ R SR AT TR I LAY BT AT 9 o, /0T LU
oY R A ) — A AT AT . R b TR
) B, SCA $2 AR SR H 10— 28 ] A7 — B Ui e 4R
AT DI A ) Y — 2 e B i A A . T T AR AR
MR C14, T LR IR A R AN S5 22 8 5%
S TASE 1y, ) O B FEAT 5405 )R A5
{Fogo Py | AR IR BRBGIAT — B 28 SR IT, ATAR LT
R



1980 it & ¥ M 2024 4F
|y —rus [ =7, — 70, |+ k2, R P2 R AR
A L WA rll), o), p, SF ) 4 1= 0 /* R AR K/
2<r}c,j_rm,j) (r/c,j—rm,j)- (21)

RALZ R C32 BALFE 57 AR 2D A M
IR CLA AN FE ST LM A, /TR LLF
[i] 851 .

P8: r]T?n‘glE
s.z.
c34;ﬁ—j< §425(s,—5)—2
S

J

GRS
A( 0] + v ), JE M, REK,

2

+

2
(/35:H r/\nj - rm,j H >_H r/c.j - rmj

2< Thj— f”m.j)T< Tej— r,,,,j>,
Yie M, m, k& K, m7 4,
Cl~(C4, C15~C17, C26, C28, C30, C31, C33.

A LAUE B, P8 2 —> i [ i, HCde G A mT LA i
A FRESR s CVX A ROARTS . teoh . th T Bk
s AR ERAE L PS Y AT AT AR SUZ PS RO T AE . R,
TSR A P8 A5 3 1 H AR R S U0 (8 2 A
fife» AT TS ) AR )RR PS [ B 5
4.4 fERSHMRN

Xof TR 20 R 00 T8 15 1 B SR AN 22 T A HIL =4k
Bl DA R AT (R, V), AR P2 AT VS DL
A TS 2
P9: minE

s C7, C18, C20, C21.

ANHE S B s PO 2 — R A B BT Sk ML) 1)
AL ] AP e B 4 P QB A SR 32 R A £ — 41
o i DA . K PO EL S TR R LR 1)
A ]2 O P10, AR i o 228 i i) o RO VA
AR A » RV RT AT 0 A5 2 PO AU AT e
P10: min E

P.SF
S.L.

N o
C36E>2{01 +pg<p,*ﬁz>+Pg(SF,* SF,)v
i=1

C7, C18, C21.
FET R = AT R A o ik AR T T
—IRREARTE 2 TR P2 AR i . SRk 2
3 15 AN W AR B T AL A R, LoRa i £
ARG R R AR . A — R e —A )
BT R B S HU8E . B BB RGBS B
YRS R e AT B — A AR KA IR
A .

2. REPEAT
3. MFLER | rl), o), SFO |, K fil PA A I AT 47
fiEpric A { el )s
4. MFHEM L, SEY SRR P8 IF I H T 1T
FRiEA | r Y, ol )
5. X FA M (a0l ol V) i s AR
P10 & fi# e P9, Jf K¢ W] AT MR bR g A
{p(l/ﬂ)’ SP‘I(I+1)};
6. B[+ 1;
7. UNTIL WSIE 45 8 K
[FIFE b, $HAT 58 B0k 2, 3 2 i IO RN
ISR At o AL A S8 P ) R C19 T YRR E 1
RIAT A4 3t —2H 0 2 S0 Il @ P I A7 24 SR A R AL
fife . PR EAG R4S B A 2 ) P2 i BT A 2
A [) B A2 2 R C19, ] 8 2 TR [n) A P — 2
o o AT

5 SIS Y

5.1 XWZE

AT 38 o A SR VEAG BT 4R O 2 (e M-
Flyingl.oRa) 7€ = Ff LoRa M £ KA 1 (1 PERE . T A
{ff B 5B 43 AT 76 2055 T 64 Windows 10 HIHA
128 GB RAM 1y Ik 45 #& I, fi H 35 55 o Matlab
R2014a 8. 3 FICVX 2. 2%, sZ8v, B AHL KATHE
M FRKSEN B WNR 2R . SERESET
TE ML =4t CATREFE . U S LoRa il 5 ff o, 2
2% 7[12,29,39 1% 3CHk . LoRa 2 i BEHL 5 A5 1
2000 m > 2000 m Y 1E F7 B K I N . 15 B> 2
(B AL i ELA FE A AR ™, PR T MR R AR R
M B N A BOE A% S5 0 2 A mT LS ZR AT f Ak
T . BB A BN N 3071 . LR A
W T {5 18 43 LR WS L 32 T LoRa M SGAE7E 8 i 1E
AFIE L M CLURAIE T A B 247 842
AR, BB IR R B R R 1Y

D5 BB T R =20 TE AL I SR 4R
BIER R K =3, £3IHH T ZRIEAIE A
() RAT S AT R0, . S e B AR TE ML)
RIS IS B0 R)  HLA8 L Tth i 2 ¥ 9 2 A 200 KJ.

@ CVX, Version 2. 2: http://cvxr. com/cvx/.
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N TR ST TTE L E L we, ={wi, wi, 0 R RH
RS RSB WI UG B

x2 HESH

280 LI 280 CEILE A
T 60 [s] Cp, 0. 0006
o0 1. 225 [kg/m’] A 0. 503[m?]
Vi, 120 [m/s] k 3
w 20 [N] Kk 1.1
S 0.015 09 [m?] H,, 30 [m]

Hpan 200[m] GL 0
o’ —123.0309 [dBm] BW 125 [kHz]
) 0.5[s] Vi 30 [m/s]
V., 10 [m/s] e 5[m/s?]

=3 STANMBRITHNE

i (280,280,50)" e (1720,280,50)"

or (1720,280,50)" Fop (1000,1720,50)"

o (1000,1720,50)" ryp (280,280,50)"

T BEAT A RO HOAR s AR SO I T R B A%
J5 % . (1) M-Fixed Optimal, fij # MFO. % J5 &+
2 W AT AE T AR B AL . N [m) TEAALAH
Ykt Z2TC ANHUHE B 5 T i 5 Ry B A i $i5 o i
15 P OG0 106 G DI A 199 3 T 54 W R g P #8382
B BRTRR B AR > N AR TR A MR SR A
(2) M-Flying LoRa, i #8 MFL. A SCRT 47 42 .
ZATC NHLI B Bk 2 004kt i B AT, JF AR R
DI ) 228 S 08 15 9 J32 SR 700 8 DX 53 S s I 22 St
K4 B 5 (3) M-Fixed Flight Path, i # MFFP.
I E T B RATEE AR % 5§ MFL 5 & Je ABL
BRI AR AT IR R G S R A L /AT
BN 50K
5.2 RWHER

AR A =2 S DA AR SO D ik
AE . X LS A AT XN R R = AR LoRa
Do 265, L 2 B DX A T 2% i R i RO B 53 A AT
RAG T IH PR 7 58N By e 4™ 43
PR~ F- 45 1] IBCRE A

£4 FRGET=HHERMTHSFE

¥ SF /NS L KA
MFO 9 10 10
MFL 7 9 9
MFFP 9 9 9

5.2.1 /NEIAE LoRa M 4%

TEARZHSZ 5 L 54> LoRa 28 Stk 34 B 16 R il
Bl R4 X B . K2 F 2435145 1 T 4T
R 2 T AN =4 AT DL TR AT
Lo R N L S AW G 42 AN R Gl 45 A SIPA RN 5 A2 s
RFE BT AN UAVLE =T AHLUAV2 il
5 =B ANLUAV3 B RATHIGEE . 41 0 7 HEREAR
FKUAVI WG RIT0E , FEE 2 UAV3 I & ET
S5 5 [RIRE L W (507 HE FIZL 0,75 HE-t 23 AR Fe A [
UAV BYUR A RATALE , B b B 5 2R 2 38 2
(L. XA PR 4 T s £ R SR s L 2% 1Y)
KT . HARGR , &40 = ML KR Ko 5
UAV it £ 2 % ¢ (9 38 15 BB, i B 2(b) W] LR
L R EDL S W26 1 il (5, W6 — Mg
218 = P 43 AR L 55 N O 2 M G 3 47
{E YB35 ED2.ED3 1 ED5 5 R 56 2 {5 , &
Ui ED4 5 W56 33815 . AMER 1 T Kim i pliag
FE TP — (R385 0 5C , thog H T ELAR B4 3 £ L, AT
DA SR )7 ZE S BT 4 Y 19 60 e A S i £
PEEE . A, I 2(h) FR il = AN S AR T SR fif 1)
P11 RAF I Z W BB . nT LR .
Hh A I G 1 e AR A L B 2 i EDL R 2% v
ED2 (7 B IE 4 A, 45 1 17 5753 P> 2 1) 45 4
RS B sk A R L3RR ) — G HR 51 R 4R
2 ED3EDA4 A EDS A% 1) 854 2% fie 38 5 7
EARUF A AE LI = A2 B S B = F IR I 2%
i IWE 2 AHMER . FEMFO T T, firdg i
(SR fifp e AR O I S R 25t T R I DG 1Y B
FETSBA B T — 4 LAY 0 O 43 L SRS 56
WE TR AR .

Ak B 2C) 45 T =R i N BRI RE
FE, = SRR B 1 K F HE LR A3 AR TR TRy %6
THERIRERE . AT R 0F 4 SF AR 455 %)
Fin . TR MFL 75 %8 e A3 28 ity 35 ] 4 d5e
/N SF K 1% B B4 £, Ho 1k AR I O A8 F MFO K&
MFFP 7% . £ MFO 77 & . A3 PIA™ W G A e A E K
BB 52 EDL FIED2 (A bR 4 o BRI
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Background

In recent years, [.oRa has become a widely
recognized Low-Power Wide-Area Network
(LPWAN) LoRaWAN, with its

advantages of miniaturization, easy deployment,

technology.

independent controllability, and high data security,
has found numerous applications in industries such as
smart agriculture, intelligent manufacturing, and
wildlife monitoring. However, the Chirp Spread
Spectrum (CSS) modulation used in L.oRa networks
requires low data rates for distant end-devices to
communicate with a L.oRa gateway. This leads to
transmission  times

prolonged and high energy

consumption, potentially compromising network

integrity if devices drain their batteries too quickly.
Therefore, ensuring energy efficiency is crucial

for LoRa networks. This paper investigates the

impact of Unmanned Aerial Vehicle (UAV)
mobility parameters, such as trajectory and speed,
on LoRa network energy and data transfer

performance. The study is based on CSS modulation
technology and UAV characteristics. It aims to
identify how these parameters affect l.oRa networks
and to develop strategies to improve energy
efficiency.

This paper addresses the issue of unfair energy
LoRa

transmission. In order to tackle this problem, we

effictency in end-devices during data

propose a novel scheme called M-Flying [.oRa that

is industrial Internet of Things.
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LoRa
networks. M-Flying LoRa dispatches multiple
Unmanned Aerial Vehicles (UAVs) equipped with

LoRa gateways to retrieve data from lLoRa end-

enhances the energy performance of

devices within a given time frame, taking into
account the limited airborne energy. Our primary
objective is to minimize energy consumption during
data transmission by optimizing the 3D trajectory
of UAVs, transmission scheduling strategies and
LoRa end-device transmission parameters across
the entire LoRa network. To evaluate the
performance of M-Flying LLoRa. extensive simulations
have been conducted. The results demonstrate that
the use of multiple UAV-based LoRa gateways
leads to an average improvement in energy
efficiency of 26.65 times, compared to using
fixed gateways. This remarkable improvement
highlights the high effectiveness of M-Flying
LoRa.
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