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Research on integrity and airworthiness compliance of BDS

airborne receivers in NPA phase
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Abstract: The relevant airworthiness standards and integrity airworthiness test process of GNSS are not fully appli-
cable to BDS airborne equipment. According to the integrity requirements of different airspace in the required navi-
gation performance (RNP), and combining with the relevant airworthiness standards such as radio council for aero-
nautics (RTCA) and industrial standards, the integrity airworthiness compliance technology of Beta class BDS air-
borne receivers is investigated. The weighted parity vector method is used as the theoretical basis of receiver autono-
mous integrity monitoring (RAIM), a standardized test environment is established, and test conditions, test meth-
ods, test procedures and airworthiness compliance indicators are proposed. The test uses a fault-free receiver with
a detection and elimination probability of 107 to receive the broadcast ephemeris of the BDS B1C signal on Febru-
ary 4, 2024, and evaluates the RAIM performance under static and dynamic scenarios globally for the BeiDou-3
system and based on the non—precision approach (NPA) phase, and gives the fault-free receiver test results and air-
worthiness compliance criteria. The research results can provide corresponding theoretical and methodological sup-
port for the airworthiness verification of the integrity of BDS airborne receivers applicable to the non—precision ap-
proach and the following operation phases.
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Table 1 Analysis of domestic and international demand for airborne receiver integrity
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Table 2 Performance requirements for integrity of BDS
airborne receivers applied to NPA and below phases
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Table 3 Definition and values of the components of BDS satellite observation noise
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Fig. 2 Integrity airworthiness conformity verification process
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Table 4 Static Test Location Setup
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Fig.3 HPL calculation results
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Table 5 Static fault detection test initial condition setting
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1 542.03 9 2.86 €20 15:45
2 391.65 10 1.96 C19 17:00
3 303. 41 9 1.85 €20 16:00
4 253.43 9 1.78 €37 12:10
5 266. 91 9 2.24 C34 07:05
6 213.39 11 1.68 €37 11:55
7 277.67 9 2.26 €23 09:00
8 268.08 9 2.32 c21 00:15
9 199. 79 11 1.62 c21 00:50
10 304. 35 8 1.98 C41 15:30
11 285.08 11 1.96 C41 12:00
12 280. 25 8 2.19 €22 02:50
13 283. 81 8 2. 04 €25 04:00
14 176. 51 9 1.75 €37 08:15
15 363. 92 10 2.35 C43 13:05
16 282. 61 9 1.85 €26 05:40
17 440.75 8 2.24 €26 14:45
18 472.31 8 2.22 €32 04:15
19 438.58 8 2.05 C45 10:00
20 539. 26 8 2.00 €29 06:35
21 372.91 7 2.77 €37 19:00
22 538. 12 8 2.26 €36 01:40
23 150. 71 9 2.15 €29 02:55
24 380. 23 8 2.18 €36 14:55
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Fig.4 Dynamic Fault Detection Test Flight Path
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Table 6 Dynamic Fault Detection Test Folded Flight Trace Initial Conditions

MRt R SN i e S T T Wi/

5 i T CUE S B R g L /m im)
25 N20. 05/E56. 59 08:30—08:50  08:35 C28 Bk 300m Jc J 0 3000 80
26 S20. 05/E57. 80 08:30—08:50  08:35 C20 #HE 3.6m/s x Jc 0 3000 80
27 N34.66/E92. 21 12:00—12:15  12:06 C36  BrEk 300 m 12:08:00 12:08:30 0.2g 800 100
28 S12.36/E96. 26 18:35—18:55  18:42 C22 Kk 750 m 18:42:30 18:43:00 0.5¢ 800 100
29 N49.83/W52. 11 22:50—23:05 23:00 C46 #HE  3.6m/s 22:52:40 22:53:10 0.2g 1500 120
30 S3.09/W80.73 02:00—02:20  02:12  C37 &Mk 5m/s 02:13:00 02:13:30 0.5¢ 1500 120
31 N34.66/E92. 21 12:00—12:15  12:06  C36 Bk 300 m 12:08:00 12:08:30 —0.2¢g 6000 100
32 S12.36/E96. 26 18:35—18:55 18:42  C22 Bk 750 m 18:42:30 18:43:00 —0.5¢ 6000 100
33 N49.83/W52. 11 22:50—23:05  23:00 C46 ¥ 3.6m/s 22:52:40 22:53:10 —0.2¢g 3500 120
34 S3.09/W80.73 02:00—02:20  02:12  C37 &Mk 5m/s 02:13:00 02:13:30 —0.5g 3500 120
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Table 7 Dynamic Fault Detection Tests Circle Flight Trace Initial Conditions
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E 7 B Sfl)

35 N20.05/E56.59  08:30—08:50 08:35 (€28 Mk 300m I I 0 3000 80

36 S20.05/E57.80  08:30—08:50 08:35 C20 A&y 3.6m/s I I 0 3000 80

37 N34.66/E92. 21 12:00—12:15 12:06 C36 Bk 300 m 12:08:00 12:08:30 0.3g 800 100
38 S12.36/E96. 26 18:35—18:55 18:42 C22 Bk 750 m 18:42:30 18:43:00 0.58¢ 800 100
39 N49.83/W52.11  22:50—23:05 23:00 C46 &}  3.6m/s  22:52:40  22:53:10 0.3g 1500 120

40 S3.09/W80.73 02:00—02:20  02:12  C37 #Hk 5m/s 02:13:00  02:13:30 0. 58g 1500 120

41 N34.66/E92. 21 12:00—12:15 12:06 C36 Bk 300 m 12:08:00 12:08:30 —0.3g 6 000 100
42 S12.36/E96. 26 18:35—18:55 18:42 C22 Bk 750 m 18:42:30 18:43:00  —0.58g 6000 100
43 N49.83/W52.11  22:50—23:05 23:00 C46 R 3.6m/s  22:52:40  22:53:10 —0.3g 3500 120

44 S3.09/W80.73 02:00—02:20  02:12 €37  #l¥ 5m/s 02:13:00  02:13:30  —0.58g 3500 120
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Fig.5 Receiver failure detection test results
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Fig. 6 Receiver false alarm rate test results
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Table 8 Receiver integrity airworthiness

compliance test results
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Table 9 Fault detection test compliance criteria

WA R ENERN RSB RMEER || W RRRW BRI REHB EHR
R i %) i %) i %) i %) R i %) i %) i %) i 21
1 15:46:12 15:46:30 15:46:12 15:46:30 23 02:56:00 02:56:18 02:56:00 02:56:18
2 17:00:59 17:01:13 17:00:59 17:01:13 24 14:55:37 14:55:49 14:55:37 14:55:49
3 16:00:38 16:00:53 16:00:38 16:00:53 25 08:35:01 08:35:07 08:35:01 08:35:07
4 12:10:37 12:10:51 12:10:37 12:10:51 26 08:37:07 08:37:34 08:37:07 08:37:34
5 07:05:40 07:05:51 07:05:40 07:05:51 27 12:06:01 12:06:23 12:06:01 12:06:23
6 11:56:11 11:56:26 11:56:11 11:56:26 28 18:42:01 18:42:16 18:42:01 18:42:16
7 09:00:36 09:00:47 09:00:36 09:00:47 29 23:01:17 23:01:36 23:01:17 23:01:36
8 00:15:35 00:15:48 00:15:35 00:15:48 30 02:13:20 02:13:36 02:13:20 02:13:36
9 00:50:54 00:51:06 00:50:54 00:51:06 31 12:06:01 12:06:23 12:06:01 12:06:23
10 15:30:48 15:31:03 15:30:48 15:31:03 32 18:42.01 18:42.16 18:42.01 18:42.16
11 12:00:50 12:01:03 12:00:50 12:01:03 33 23:01:17 23:01:36 23:01:17 23:01:36
12 02:50:53 02:51:09 02:50:53 02:51:09 34 02:13:20 02:13:36 02:13:20 02:13:36
13 04:00:52 04:01:12 04:00:52 04:01:12 35 08:35:01 08:35:15 08:35:01 08:35:15
14 08:15:59 08:16:14 08:15:59 08:16:14 36 08:37:05 08:37:32 08:37:05 08:37:32
15 13:05:43 13:05:56 13:05:43 13:05:56 37 12:06:01 12:06:39 12:06:01 12:06:39
16 05:40:40 05:40:52 05:40:40 05:40:52 38 18:42:01 18:42:12 18:42:01 18:42:12
17 14:45:45 14:46:01 14:45:45 14:46:01 39 23:01:13 23:01:38 23:01:13 23:01:38
18 04:15:51 04:16:05 04:15:51 04:16:05 40 02:13:17 02:13:37 02:13:17 02:13:37
19 10:00:42 10:00:54 10:00:42 10:00:54 41 12:06:01 12:06:39 12:06:01 12:06:39
20 06:36:26 06:36:42 06:36:26 06:36:42 42 18:42.01 18:42.14 18:42.01 18:42.14
21 19:00:46 19:01:00 19:00:48 19:01:06 43 23:01:13 23:01:38 23:01:13 23:01:38
22 01:41:09 01:41:23 01:41:09 01:41:23 44 02:13:17 02:13:37 02:13:17 02:13:37
4.2 REZFMNLEMFEEFE 2 B TR R Rl R S B AR

v B DU 1 b R L A 2 WA B 7 3% 2R 2 Wk Y iR
R M b PR R BN T A8 KL I B A
AR A H B BN T A Uk, B E AR
/NT3.33 X 1077, WA LT A NPA By B 58 4 Pk
AR AT MR RBHR AR 23K .

5 & g

1) ARSCHF A RGREE E R et —
SR IE A Tl AR ofE DA B RAIM Bk J$2h T
— B RRUEAL R Ak 0 A S BIL AR U B S 1 S
FULAF A Tk 56 UE R L I 2 LA R A 0 4K ik A
TR K AT ARG o K 5T R A DG I A A o Y

2) I FH TG il s 2 ML T 5 S A T 3 T ik
PEAT S E , A B IE RS T M ls &R R 121X
10, HEBR R M HE N 6. 06X 10 538 SRS F Y
I 8 o 4.85X 107, HE Bk K W % 4 5.15X
10, 240 35 0 0 4k Jor 2R A 1077, IR KN
1.01X 107, it 12t 3 At I 3k iy 25K 1 3. 33X 1077,

& % 3
(1] A ZE, ek, XA . GNSS 7 i A 358 b 1 i
WLk T]. Mz 24, 2013, 34(3): 451-463.
XU Xiaohao, YANG Chuansen, LIU Ruihua. Review and
prospect of GNSS receiver autonomous integrity monitoring
[J]. Acta Aeronautica et Astronautica Sinica, 2013, 34(3):
451-463. (in Chinese)



5 XX X 5 4

S5 T NPA B B b ) HL R opL 5E b Ml AT & PE R R DS 11

(2]

[6]

fLIEV, F3CHT . GNSSHZUHLINAR RAIM Bk w5 [T].
BB, 2021, 42(6): 71-77.
KONG Longtao, WANG Wenli.
weighted RAIM for GNSS receiver[J]. Journal of Teleme-
try, Tracking and Command, 2021, 42(6): 71-77. (in Chi-

Research on algorithm of

nese)

RSy, WG, R, BT N AORT I B 0k
BL A 3 58 b M 0 5k D). R 0 4 55 0 Bk 8l ) 2,
2023, 43(11): 1188-1192.

WU Linyi, XU Shaoguang, XIONG Yongliang, et al. Im-
proved receiver autonomous integrity monitoring algorithm
based on internal coincidence accuracy[J]. Journal of Geode-

sy and Geodynamics, 2023, 43(11): 1188-1192. (in Chi-

nese)
I, BB, TE, 4 BLN0SR 2R 58 IR 55 1k fE VR4S 7
W [T bt i a8 i R K 2% 2 it , 2024, 50(10) @ 3062-
3073.

JIN Biao, LI Rui, WANG Dun, et al. Service performance
assessment method of single frequency SBAS[J]. Journal of
Beijing University of Aeronautics and Astronautics, 2024,
50(10) : 3062-3073. (in Chinese)

[EAZ . BDS/INS 414 it 5 45 56 - 1 i 0 1
FHEPTEID] R R R, 2017,
KUANG Shan. The test platform simulation for BDS/INS

RN AR

integrated navigation system integrity monitoring perfor-
mance evaluation[D].
China, 2017. (in Chinese)

FRH, MR, Je, . BDS/GPS A S sk el A
E SRR I Sk [T ] U2 AR G 2 4, 2018, 44
(4): 684-690.

WANG Ershen, YANG Fuxia, PANG Tao, et al.

Tianjin: Civil Aviation University of

BDS/
GPS combined navigation receiver autonomous integrity
monitoring algorithm [J]. Journal of Beijing University of
Aeronautics and Astronautics, 2018, 44 (4) : 684-690. (in
Chinese)

BA, B, WEKE,F . ETZRERENELREN
RAIM SE 8P MBS Al 17k 7], Riias £l 2024, 45(2)
328684.
LI Ruijie, LI Liang, JIANG Jiachang, et al. RAIM integri-
ty risk estimation method based on worst multi-satellite
faults searching [J]. Acta Aeronautica et Astronautica Sini-
ca, 2024, 45(2): 328684. (in Chinese)

B, A, sk, & Ak =S OUNEE R A PLER
B LR A T LT ] U RO s i R R 2 i, 2024, 50
(4): 1162-1175.

MA Zhenyang, ZHOU Zhonghua, ZHANG Fan, et al.

Analysis of airworthiness requirements of Beidou—3 airborne

[9]

[10]

[13]

[14]

[16]

[17]

Journal of Beijing Uni-

2024, 50 (4) :

equipment only used for tracking[J].
versity of Aeronautics and Astronautics,
1162-1175. (in Chinese)

ICAO. Aeronautical telecommunications volume I radio nav-
igation aids (8th ed) : Annex 10 [S]. Montreal, Canada:
ICAO, 2023.

GRAHAM J D, ENG ANDREW P. The use of raw GPS
for vertical navigation[ C]// The 14th International Techni-
cal Meeting of the Satellite Division of The Institute of Navi-
gation. Salt Lake City: IEEE, 2001: 591-599.

HSeA, ske -, A%, A dbsk =5 UL Bl e 12 e
B S5 PERE A AT C 1/ 85 b — i v [ T A 2 i SO
——S08 WK PFAGH A . WA, 2020: 39-44.

XN, SRS, DR, 5 RHLEE R Y Ber RNl A 3
SERFPE M BT S SR [T ], A dE R 222 3 (A SRRk 2 )
2023, 44(6): 605-615.

LIU Leilei, ZHANG Pengfei, MA Zhenhua, et al. Review
of receiver autonomous integrity monitoring in aircraft ap-
proach phase[J]. Journal of North University of China (Nat-
ural Science Edition), 2023, 44(6): 605-615. (in Chinese)
RTCA. Minimum operational performance standards for air-
borne supplemental navigation equipment using global posi-
RTCA DO-208[S].

tioning system (GPS) : Washington,

D. C. : Radio Technical Commission Aeronautics, 1991.

B 4L, PNVEELT, FORZL . IEAUH E ST B B A
BrlT). st il R K224, 2022, 54(5) : 843-850.
YIN Shijun, SUN Jianhong, WANG Dayun. Concept and
model analysis of airworthiness certification “three principles”
[J]. Journal of Nanjing University of Aeronautics & Astro-
nautics, 2022, 54(5): 843-850. (in Chinese)

Bsbsit, s A de =5 ARG MR [T]. M EAL
ZEMLR K24, 2020, 52(6) : 835-845.

CHEN Zhonggui, WU Xiangjun. General design of the third
generation BeiDou navigation satellite system[J]. Journal of
Nanjing University of Aeronautics & Astronautics, 2020, 52
(6): 835-845. (in Chinese)

A, AR, EMG, A AUTERUAS AR I8 R A AL S LR
B AR IHTLT]. i 2441, 2019, 40(11): 323155,
MA Zan, ZHOU Zhonghua, WANG Peng, et al. Analysis
of airworthiness requirements of BDS airborne equipment for
aircraft tracking only [J]. Acta Aeronautica et Astronautica
Sinica, 2019, 40(11): 323155. (in Chinese)
Ewli, doat, e, 2 dEsk e RS
AERELI]. TRRAT, 2020(7): 17-21.
YUE Fuzhan, MENG Bin, ZHOU Zhonghua, et al. Appli-

i BB ) 1

cation and development of Beidou in the field of civil aircraft

[J]. Satellite Application, 2020(7): 17-21. (in Chinese)



12 Wizs TR XX B
[18] ICAO. Performance-based navigation (PBN) manual (4th [J]. @z ds, 2009, 30(1): 1-6.

ed): DOC-9613[S]. Montreal, Canada: ICAO, 2013. ZHU Yanbo, ZHANG Miaoyan, ZHANG Jun. Research
[19] RTCA. Minimum operational performance standards for on weighted algorithm to predict RAIM availability[ J]. Jour-

global positioning system/satellite-based augmentation sys- nal of Telemetry, Tracking and Command, 2009, 30(1) :

tem airborne equipment: RTCA DO-229[S]. Washington, 1-6. (in Chinese)

D. C. : Radio Technical Commission Aeronautics, 2016. [26] BRATHE), kI, DA . — B ekt iy GNSS $2: U HL 58 45 v
[20] RTCA. Minimum operational performance standards for WA (7], Wy R B TR AR 2 4R, 2021, 26(3) : 103

global positioning system/aircraft-based augmentation sys- 107.

tem airborne equipment: RTCA DO-316[S]. Washington, CHEN Kexun, ZHANG Xueying, QIU Wei. An improved

D. C. : Radio Technical Commission Aeronautics, 2009. integrity monitoring algorithm for GNSS receiver [J]. Jour-
[21] "HEREMAMESSENTER . T 2EREHmANTTGS nal of Harbin University of Science and Technology, 2021,

fii A B (RNP) % 45+ CTSO-115d[S]. b5t Bl R A 26(3): 103-107. (in Chinese)

5 Jay, 2019. [27] BROWN R G. A baseline GPS RAIM scheme and a note

Civil Aircraft Airworthiness Certification Department of Chi- on the equivalence of three RAIM methods[J]. NAVIGA-

na. Required navigation performance (RNP) equipment TION, 1992, 39(3): 301-316.

based on multi-—sensor input: CTSO-115d[S]. Beijing: Civ- [28] Mg, #bRAE, BEUL, &5 . LT MAGT MR R A 5%

il Aviation Administration of China, 2019. U PO R [T] b R R 2 i, 2015, 23(1)
[22] [ AT 25 A% & At o 7 ) . g sr s S AL AT e 4% 43-48.

CTSO-2¢609[S]. Jbmt: s KA R, 2023. LIU Min, LAT Jizhou, HUANG Kai, et al. Aircraft autono-

Civil Aircraft Airworthiness Certification Department of Chi- mous integrity monitoring algorithm based on weighted pari-

na. Stand-alone BeiDou airborne navigation equipment: CT- ty vector[J]. Journal of Chinese Inertial Technology, 2015,

SO-2c609 [S]. Beijing: Civil Aviation Administration of 23(1): 43-48. (in Chinese)

China, 2023. [29] T H4A . o} Lk & RATM VERE AT & 2 50 ik 4 R 0F 58
[23] RTCA. Minimum operational performance standards for re- [D]. Kt dE ALK, 2019.

quired navigate—on performance for area navigation: RTCA DING Qijin. Research on RAIM performance compliance

DO-283[S]. Washington, D. C.: Radio Technical Com- verification technology for Beidou airborne equipment [D].

mission Aeronautics, 2015. Tianjin: Civil Aviation University of China, 2019. (in Chi-
[24] #VBOL. CALSM RS [M]. dbat: B2 W Ak, 2023: nese)

360-363.

RGP, SRARHE, TRZE . AL RAIM AT JIE B0 7 123 B 5%

(4iE:MH1H)



