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Hrb, dy, () FonEE 5 m 5T AR FERS Zt 2 (8] 1)
KRIREEBS . BT ZAMA, A ORI SCER([25] H i B
TCHRS 77 1) B S R R B T BRI 25 G i (8) 5
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PRARIAE. HEIL, T AL TE I %0 ¢ B2 3 335 (1)
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BENQn, € RPXP, Joisg (i, ) MR [Qul, ; FTE
NHUBEF M g I 5 2ol O BERR I 25, 15N
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BT H5E HILoS /NLoSHR 25 Kbt B % 42 B ke
B, B AT 45 B BT A M A FE il B B 25 A0 B
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FET RSO R B RSINR LA, R TE AML
TREANG VY 230 AR IR N AE 3, BN Fo v R A M A A A
A ® AT, HEBEVIEE. & XHED KA
At = AV, WTENHLE AE 55 56 B 18] T v 4% 25
BUL AN, AN, BIT), = NpAt. AN, HiE
SR B A N B EOME R 81 Uy = {uk(n)|n =
0,1, Ny} o BLEF, ZEnANBLALEE) ) E RS TR

Ly (ur(n)) < ym
Yi(n) = {0’ i

BRI, o A AL A P e 308 A5 DT IR I () ) 275 Dy g
HOR AR Do = ALY wiln). 221, Lk
i P 1] B N B AL 1] P2

(13)

Ny,
P2 : min max | NyAt + 7At n
fun(m)} k ( * 2 vl )>

s.t. C1: ug(0) = uy 1, VE
C2: up(Ng) = upr, vk
C3: 0 < zp(n),yx(n) < L,Vk,Vn € {0,1,, Ny}
C4: Jug(n+1) —ur(n)| = A, Vk,
Vn € {0,1,, N — 1}
C5: ||luk(n) —wi(n)|| > ds, Yk #1,Vn (14)

Horr, £ CURIC2 R 25 i BB N B B J&] o

n=1

I AL AR o LR CARNE T I8 ANHLAEAH &R IR 18] 25
HRERE B0 28 DU I8 AR 35 P IR A S
] P2 A 5T bt — AN 22 B RE AR BR AT UK )
Fr BWE LI CH, 1% ] J AR A KA [ B L
B BRAT IR . AR, RREAWRCIIAN T EARE
2 e, R SCR AR Z A, AR SO T SINR
R —FIICBSH . MEERHXZ 1 R 5880
JiKJZE B ST R C1~ CA LR AL S 12, & )2
W] A7 5 K 3 Jz C5 BB S PR R R AR 2 o, 1A
K2 EFR, B R R TG SR 4 R A A
4.1 KERNSMBERREEL
R LRI S5 IR O 55 R TR 2 = B AR I 1
MRARHEIRT, NBEELANEER %K REM
Rt DRI . B, WA M E G =
(Vb, Ep, Wp). HA, TEEVE XN
Vo = {um: i,j € D} (15)
R ] @ P2 2 R C4, o ANALTE A B (1]
A WA R #% 3 22 DU 38 <0 380 A (1) AH SE A% w0
KL% Ep € SUN
Ep = {(uij,wiy): |Jwij —uwiyl|=A}  (16)
AL E W 2 B AN AT SR A, AT
B[] AT DGR R) SR Rl e e« FRVE S, IAMIERRIL 2
IR mEas L SR 2R EC, H#ILE X
X(20). A TLANETE R0 B AEBAL Ty, W
FERS ARG e LR E T
Wo(wij, i 1) = At + TAtYE(n + 1) (17)
FT L, AR A WA ARk AR )E
FAALER AR R ) B AR AR,
BE R R F, BRI TRIREKE
TUARTH o B [r] A A50925 08 I 7 R 2 i [] Bf h
ITHATH R, HIERIDMERATIEER — A5
FHIE I SRR 2l T2 2 4 R E] . R
SR 2R — BN AN PR s %, B AN AE Y
AT TR RV Al BR ESOE SN

fe(w) = gi(u) + hy(u) (18)

Hrdr, gy (w) Rx IS i B 2 717 1008 1 52 b RAR

o BRI S wb D4 AT N NEFEE, R

P (17) % LRI E, SEPRACHT gk (w) THE A
N’y

gr(u) = N'kAt+TAtZz/Jk(n) (19)

n=1
hi(w) 5 R SCRR AL, AT AT 2
H bR 17 BT AR AR o 8 5 3 pR B i T 45 32 1
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0, AU SRR T8 T okt B4 AT I A
A o PRI, 1208 R ANOR SR A2 W 42 32 M 5%
i, WIREERE B4R B LA
4.2 SEMREEREZL

FEE R B EYR 2 T ANLEE, Rl
THARET 259 o XA GLCBS 5% PO/ AL #E AR M
P AR B Je 2 HUP R AP T TH R R, AL
X HREAT 7RO R 5L NABIUT i R & L™ 4%
SRR E AW B B DL s MK AL
ISfa], AT DR B 25 J6 AR 55 02 52 1) S50 4 12k o

FE G ICBSEVEA AL BRI 5 vh 5% (o 4 5] — A% )
AR (R BATH) . ST, B THHE R/ ARTRE N
T PR R d, ANk S B S TEIET 2 2R C5
Ak, ARSCE AR FAERPZETE AN, I7E
BHEEP AR ||ur (n) — wi(n)|| < ds» BRRE AR

FEYE — B2 (Constraint Tree, CT) LA
RGMEFPPR . KRGIFEENG A -7 22 R-
AR FEEAERS . BARTI S, il 20 (a2
n BRI P OEIE, HETRICT AT s 2 N A 78
R AN R R — AN AR IR TR AL
kAR 8] 28 n i3t N Blag(n) RO 7 R X
B 5y AN RO G AN IS R R . B
FRERRRZ, ARG IS AT B E B — M s AL A
RPRT AR RSB, T AT 1 SR ) 75 [ B A sk X7 R A
BE B UM B A 2R, TR R L) R A
B e . AR AR R AR B AR C IR AL
BARSE, flR AR ICTE AMLE B ALK 2 C 1 s I
1o LIRERRIRN

C ={c1,c2,, ¢4} (20)

Hrr, AR RFRBEENN TR R, GOF
P AR ATE 2 A 17 RIS A OPEN,
S TRy E, BRI R R R

X T AR 775 mIR BT 2 T B0 [F] B B A 1A
B, g CBSELIEE UL/ MU A TE AYUESS 5
R TR AR AL B bR, SAT, 1% H s Al e 2 DA
P> B AWLHI AR SS B E A A  NERUEZ L[]
PNV B A, ARYE M P2 i H Aw, 40K
e 2 A R BCEE R R i TE AL B R AL (]
ARRA

Ny,
cost = max <NkAt + TAt Z ¢k(n)> (21)

n=1

i A E A T A R AT B AR S HE R

T EEME . ERmESWTET RCTY Mk,
SR LRSI FARNE SR/ T e F AR R B b
S SRR R R B OB 1], 20 R AR 2
FEAR SE R 2R B A R PR e dm 72 MR VE RE IR B A2 T
E S R = DN S R U N = AR EA L g
BOR, AHBLA M T 1 A iR ERE 8 SR =
FEHR, B X RGN RN T
TR, ISR B AR, H 2 ORI I B
) SN EE L R S W &

HPE AR R, B REREBTE R
LR g BAEIERE LG RN,
4.3 BAEERESH

ICBSHE BRI T = 2 i 5102
%o tEREEM T, CTH MR REEE Noy 2%
IO R R, ARAE AP S AR R R
SF, LRI /NTHEIR RN E I LS. A
AN RS SRR T A AU IR A LR AT, 45
BN KN B K EREAOD), B R
(0 T 85 o8 O(K2D) . TEARZE S, =
P A F T s 50 R B K [R) 25 M R, B
EAEAR G BAF AT R R BRI B AR A
O(D*log D3). %5 EFTiR, fEEBIRTEOL T B E I
HNO(Ner(K2?D + D3 log D?))

5 HESZERSSH

2 38 7 B SE I8 SR B8 IR BT 7 SR B Ak .
W XA KN ENL =2 km, BRI KN EE
Hypoe = 45 m R ARG R AT . HEM =5
ANk, YR H, =10m, KEIEPYRN
41 dBm, RZ FHifop =10°%), JEAHL KATH
JEV =15 m/s, ATREEH N T60~90 m, JEANLIE
M2 4B d, = 30 m. A5 IS % B = 10 MHz,
¥15r N50 M RB, HARBAR 9 4180 kHz?, RBA
T T R AE B T AHLIA ) 43 o W Th R 5 Ny
—174 dBm/Hz. # [EEIRBAEA ] 43 F ) e /N 725
AL, ARSCRA B R WEAT AL, R R
AR . SINRHLEIFIMHSFIEEA = 10 m. [FiE
& 3BT SR FH 3G P PRI P70 1 Bl /s 3 T A 2
LoS 5 NLoSE 24 HE 77 2 7 Ko N

PLL . (t) = max{PL}> (t),30.9+(22.25—0.5log,, Hy)

-1ogodm,k(t) + 20logyq fc} (22)
PLY, . (t) = max{PL}>, (t),32.4+(43.2—7.6log, H.,)
-1oggdim,k(t) + 20logyg f } (23)

Hop, PLY () AREH B HARFE, fRREIIf
W HE N2 GHz.
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N KRB RS (g1}, ZRES {upr}, SINRMEI(R], ;, SINRBIHyg,, %25 d,

i T RERICERES (UL}

(1) bighith: PAEBASIOPEN < @, GUHERY R CTroor» BEEHLIHIE CTro0r.C = @, FFIH XA A*FEMRIBI LGB AR AE N CTroor (K 2%

ffé%é’&*ﬁ%iﬁ(Ql)ﬂ“ﬁ’fﬁmCTrootACOSty #4 CTro0t i NOPEN
2) while OPEN # @ do

11) end while

(

(3)  HHT A CTour + argmingreoppnCT.costs R CT gy BEARHE A H HIATIT P

(4) if BREETEMHSE then

(5) return CTewr FIFERES {Ur}

(6) end if

(1) forZ 5 RIYHELTAMNL do

(®) BT 8 CTenita»  CTohita. C MK CT e LI TRAE IR IHT 1P R LI

(9) T F X ] A* BRI B9 3 3 R B AR R CT g IS AR BE A FH1H L CT g .cost»  SRJEH CT g i NOPEN
(10) end for

(

BT LR SH, KRR T ERSENERY
WS E A . B @5l kR
fE, RIERAACE N RO T B R I i
LR ShRE TR ENE. B3 — DA T
TIHANL AT H, = 60 mFSINRI . % B
7~ T T AN B A2 5l 5 1 Rk (7] &2 4 (1) o 4k
FERRHREYE, FRA R TR o, DL 2k
G5B AR FEST, SRR E X I
[FISINR T P&, HETE BB i E 5 X .

2.0

SINR (dB)

z (km)

Bl 3 AT EE60 mAT [ SINR M

4R T4 ¥ATE E Hy, = 60 m HSINRBH
Yo = 2 dBAAE TR, 42276 AR Bk ) 028 B K 25
o WEATH, TERTHET RIGHRIT, Frf L AML
VIRES A RONBEIEAS 5 X, TERA PR L B] 7™ 4535 A2
AL RMFIN, mRERIA TS 4. EHA U
B, A SCSR P B STNR i & 2% 5 8 B Ak 25 1)
P, 5EIASENA R AR 2. A
(VRS B B TR E T FRI B AR AE SEBRPIAT I8 (13813 7T
FEME. B EE TR X E S R E, WA
HLET F6 T 11 768 H 050 4 30 45 D EEG IS o

KI5t — SR T AUE KRB0 B R FR bR T
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Unmanned Aerial Vehicles

ZHOU Decheng” ~ WANG Wei®  SHAO Xiang® ~ CHEN Mei®  XIAO Jianghao®

®( College of Electronic and Information Engineering, Nanjing University of Aeronautics and Astronautics,
Nanjing 211106, China)

®(School of Information and Commaunications Engineering, Xi’an Jiaotong University, Xi’an 710049, China)

®(China Telecom Corporation Limited Jiangsu Branch, Nangjing 210037, China)

Abstract:

Objective In collaborative operation scenarios of cellular-connected Unmanned Aerial Vehicles (UAVs),
conflict avoidance strategies often cause unbalanced service quality. Traditional schemes focus on reducing total
task completion time but do not ensure service fairness. To address this issue, a radio map-assisted cooperative
path planning scheme is proposed. The objective is to minimize the maximum weighted sum of task completion
time and communication disconnection time across all UAVs to improve service fairness in multi-UAV
scenarios.

Methods A Signal-to-Interference-plus-Noise Ratio (SINR) map is constructed to assess communication
quality. The two-dimensional airspace is discretized into grids, and link gain maps are generated through ray
tracing and Axis-Aligned Bounding Box detection to determine Line-of-Sight (LoS) or Non-Line-of-Sight
(NLoS) conditions. The SINR map is produced by selecting, for each grid, the base station with the highest
expected SINR. To solve the optimization problem, an Improved Conflict-Based Search (ICBS) algorithm with
a hierarchical structure is developed. At the high-level stage, proximity conflicts are managed to maintain
safety distances, and the cost function is reformulated to emphasize fairness by minimizing the maximum
weighted time. The low-level stage applies a bidirectional A* algorithm for single-UAV path planning, using
parallel search to improve efficiency while meeting the constraints set by the high-level stage.

Results and Discussions The proposed scheme is evaluated through simulations across different scenarios.
Building heights and positions are shown, where base station locations are marked by red stars and building
heights are represented with color gradients from light to dark to indicate increasing height (Fig. 2). The
wireless propagation characteristics between UAVs and ground base stations are demonstrated by the SINR
map at an altitude of 60 m (Fig. 3), which shows significant SINR degradation in areas affected by building
blockage and co-channel interference, resulting in communication blind zones. Trajectory planning results for
four UAVs at an altitude of 60 m with an SINR threshold of 2 dB show that all UAVs avoid signal blind zones
and complete tasks without collision risks under the proposed scheme (Fig. 4). The trade-off between task
completion time and disconnection time is controlled by the weight coefficient (Fig. 5). The maximum weighted
time increases monotonically as the weight coefficient increases, whereas the maximum disconnection time
decreases. The bidirectional A* algorithm achieves higher computational efficiency than Dijkstra’s and
traditional A* algorithms while maintaining optimal solution quality (Table 1). All three algorithms yield
identical weighted times, confirming the optimality of the bidirectional A* approach, and its runtime is reduced
significantly due to parallel search. Compared with three benchmark schemes, the proposed scheme achieves the
lowest maximum weighted time for different SINR thresholds (Fig. 6). Performance analysis at different UAV
altitudes shows that the proposed scheme maintains stable maximum weighted time below 75 m, while sharp
increases appear above 75 m due to intensified interference from non-serving base stations (Fig. 7). The
scalability analysis further shows clear improvements over benchmark schemes, especially when conflicts occur
more frequently (Fig. 8).

Conclusions To address fairness in cellular-connected multi-UAV systems, a radio map-assisted path planning
scheme is proposed to minimize the maximum weighted time. Based on a discretized SINR map, an ICBS
algorithm is developed. At the high-level stage, proximity conflicts and a reformulated cost function ensure
safety and fairness, and at the low-level stage, a bidirectional A* algorithm increases search efficiency.
Simulation results show that the proposed scheme lowers the maximum weighted time compared with
benchmark schemes and improves fairness and overall multi-UAV collaboration performance.

Key words: Cellular-connected UAV; Radio map; Path planning; Conflict-based search algorithm
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