1007-4619(2024)09-2240-12

#1558 E R iE Z 1R % 5 GNSS-MR F iR

RER, MAER, EXF, ®REF

VR M BRRL S TR B, B AT 211100

W OE. T4k, BiESERTHU TR RS GNSS (Global Navigation Satellite Systems ) MR, MET —FMIET(E
ML SNR (Signal to Noise Ratio) [ GNSS £ }¢43 1% /B4 R GNSS-MR  (GNSS-Multipath Reflectometry) o 4 AR F|
GNSSFWHLEN A RIS S T 5 R, TP A SIRER | RERE SIS (B2 HATFZ GNSS Ik
BLIEASIE 5% SNR I o O T sk e WL B A TR I Ae 0y, SCRAR I T —FpJE 7455 38 2 SST (Signal
Strength Indicator) [ Z 245 GNSS-MR 25 VR i @il & 77 1 o SEBRiF o2 BEHRSE [ Bl o SG27 Ml 5 #5415
B, 4 REHRTRERGMEZ N SSIEIE Y BE R SR . K2 B2 CNSS-MR T IR L il 5 )5, SSIR IR S
TR FF (8] A3 I i 1 22 0 2.36 em, FHOCREH 0.98, [FIRT, SEEGHFFEMSEAT T 5L F SNR U 1) 2485 2 50
GNSS-MR LRI, A& B SSUR AT R M SNR ISR BAT — Bk, SCE g0k 12T SSTAY Z LM GNSS-MR &

National Remote Sensing Bulletin i & 5 4k

TR Rl 5 77 75 B AT AT PR A S5

KB CNSSZHHREIR, ZHEI, TW, R, Fo5mE

HESHES: P228/P2

SIAKK: BRER,AER, EXE,REF 2024.FI BESEERESEZS I GNSS-MR iR B EFR,28(9) : 2240-2251
Chen G Q,He X F,Wang X L and Tu J S. 2024. Multi-mode and multi—frequency GNSS-MR snow depth inversion
based on signal strength. National Remote Sensing Bulletin, 28(9) :2240-2251[DOI : 10.11834/jrs.20233041]

1 5 7

I RBOK SCIRHR ARG P s S
ER, MEHRERERE LS, HERER SR
XF T T i AR BROK SCAE A AU R G B O
o AT S TR BORE B 2R IR T H LB S IR
ISR R TLAE o LA 5 TR o SO B
B JC 2 EAT R AR, 25 6] 73 R A AIG ;B 1
T B R, A7 73 T R ) T 2 T 2 M AR
TRz A8 o (H AT WO RE B AR S A2 A 5 &2
ZJZFIRZTEW ; BahiE 5 5 Bl 5 iE =
2, PR RER IR 22240, HHAS 0 5
PEAREUR, XN RS BRI . P,
Unfap bR S AR AT T P e B TR, 43R
SE—DRAFR AR L, AR, D4R T —Fh A H]
Z W A AN GNSS 22 % 422 3 J& £ R GNSS-MR
(GNSS-Multipath Reflectometry) 4% AR . Z A F
FH GNSS $Z WL RV AT AR U S i 5 L, 78 35 TR S i

rim B HA . 2023-02-17; FENZR: 2023-07-03

THAFSEEE . RERR . SRS,
HRGER VAT T IR MR A T — Rk i T
1E GNSS-MR H AR BRI T RGN, [ A ohy:
HCRR HOLRAE T A T(E ML SNR (Signal to
Noise Ratio) [ GNSS-MR #% R =5 ¥R i jii . Larson
45 (2009) B UCHI A GNSS B2 ICHLH Y SNR LI
PREE T H WA AR AL, UESE T AT SNR O R 1Y
GNSS-MR A B T E WM vl 154 B S
FET AR T ST B2 L1 C/A AR By
JE 3 HoAb A B (Larson 5%, 2013; Larson, 20163
ORI AR, 2019). TEMCEERN I, SUZWTH GPS H
RV NRZRGHE (EFER 4, 2018; Wang
4%, 20205 TufF, 2021), fE—@EREE LR T 1
FEECHE RO R 3, (A5 S 8 45 SRR JBE AT 8] 73 Bt
RGBS HAh, e8I A B E AL
PERE DT AL IS T RAEFAYHEE . Wang 55 (2020)
ol AR T )y VA A R 2 RGN E s SRgR R
R T 2 RG-S AERG BE T A A ] 2y

HETH . FXEHABEILE T ST H (955 :41830110) ; [ 8 # S AF5E & BT (435 : 2018 YFC1503603 )
E—EEE N FEE P, HFSE )7 17 8 GNSSIE . E-mail: 335179752@qq.com
BISEERE A 055 X, BF58 7 0 TALE A AL PRI T A2 R . E-mail: xfhe@hhu.edu.cn



Wl IR 45« R

{555 B 2 18 A 22 1 GNSS-MR iR 2241

%%ﬁﬁﬂﬁﬁ%%ﬁ?%ﬁﬂmmoﬁiiﬁ
(2022) Kelal—REHLBIMN G, ERIFFE T
FESCAL A BE X 7 R B T8RS JEE A R i) ?%%%,

P 2 WAL 22 000 0 S T8 45 R A 25 6 R T 7E 3 em
LA

SR, T4 DM A TA], LIRS GNSS W
)32k B A48 7y UL SC 4 - AS B0 15 SNR LI . 3
BT 5 M L 19 35 TR T R N T 3k S AR TR
FHo BFRFTF I, Ozeki MlHeki (2012) #£H T —Fh
BE T RO 2 0% AR A8 TC LT BB 25 416 ORI ) L4 =
TR T v, SCI 2 B2 7 vk nl DL 7 35 TR AR
H R ORS B P AR TR MR L k. R T IR AR B,
YuZ§ (2015) FEQCIERE FAR-H T —FRh LT =004
A WLIUAE Y GNSS-MR 333, 1% 7 R BR T HL B2
FESRREM, ST MR F IR . H RS
T =0 A WL i GNSS-MR Bk b i i 2%, il
T BT R R R BRI . Uk, ] B — Fp sz
B W ey, Ak 3D R SR 1Y) S R BT AT AR
Ty EFREX AR, Yan g (2018) $EH—
P I F {5 558 )& SSI (Signal Strength Indicator) [
GNSS-MR F AR H T S i 3N A, UESE T SSULM
E 0] LUK S i E 8% . Wang % (2022) #i4H
—Ff 3L T SST Y GNSS-MR 43 A FH DA S v A 55 )
ST BRI S, TESE T SSTLINAR W] LA
FHR B A = B H An g SSTOULI {01y FH 31 55
U5 T RYRIFFE 7 anfar 4 5 SSI S5 R I i 4 %Mﬁf
FUE ] 43 HE 322 H [j ¢ T3 7 1A 58 1 e
L

R, N7 dE— 30 GNSS-MR % A A W i
EVRTT I, AR SORF SSTIRIIMEL 5 | A 21 25 %
BT b, JRFE L EERE LR — R T S0
JE 1) 2B 22 5 GNSS-MR 25 - S il il ik o 14005
48 ] GNSS WL S 4 v A S A7 72 19 SSTUL I AR,
M B B B T A G R T Ay, SR AT
Lomb—Scargle 4 i 7 A7 345 2450 -4 L A iz ik
MLZ S S8 T s B, AT A 8 T BRIy 3 .
Tk 2D A RS B R[] 43 %K AR SRR R
AT (%) i 0 2 2 0025 R W ) 3 A T il
AN, X F— %T%ﬁmRM@ﬁ%ﬁ5,$Mh
Wﬁ B R AN GNSS-MR A 1 B i A AN 2 0],

— 254 e GNSS-MR FL AR i H] o AR STk v] 2 )
ﬁ%ﬂMWﬁWM@u TR | AP K
TN RS

2 WX

h T A SO R R I AT, e HSE [ B
FrHTINM SG27 Ik Z2 A 24 SSUULMIME B 1T T 55 1%
SIS0, BT FH R RS2 5 SG27, r T3 [ Bl
Bl , &b T4 156.6103°W, 4 ¥ 71.3229°N,
SR T AR e B X 4% (hitp ://pbo. unaveo. org
[2023-02-17] ). iZuli A [) B SR R R AE Rl 15 s
M4 RTBERENES . A SCTHBEHSG27 I vl
201847 H 15 HE 201941 H 15 Hit 6N H iy 24
2R, TIRSHE R H T SG27 M %52 7 km
()5 H AT R4 A AH T 1Y PABR 480

B 1 (a) A1 (b) & SG27 i ik J& [ 2R 55 1 b
ﬁﬁﬁﬁﬁﬁ,M®1$ﬂu%$%mWﬁﬂﬁ
BN TE R, O W, A AT E R
SG27 I3l J&] Bl iy e 2 AR T L1 (o) i B
AR RIAR ] Sk T 3Bk G SG27 il D AN RN b T
Py A LA S 3 W S, SRR T A A 907 —180°
(Hu %, 2022) FTA & B 5°—25" M Eds k17
smug o K’ (d) AR E SCHR (Roesler 1 Larson,
2018) ML FETF Google earth B2 il T. 2.2 il A9
FETRIR RS IX

3 HLOS 5k

3.1 ETSNRHEIGNSS-MR EiR &iERIE

Ul 2, GNSS-MR Ty ¥ S AR R ] — AR A7 i
[E 4% ft RHCP (Right Hand Circular Polarization) K
2L [ N W BN AR SR o
FHE ST B G 2 A — DAL E
iR, M2 ¢ AT LIFRIA R (Larson 5%, 2009)
¢_21TD 4Tr-H);sin9 (1)
X, DRAHMES S HEHES ZMBE2E: H
ST REARNL PO 2 R T Y & EE 5 A R 6 5302 T
BB TR S A,
HSHE TG S S TE LN T,
PR —MEGE S, HIhRN
P=P,+P +2/P,JP cos(¢p +¢) (2)
[, PONEHIETHINER, PONRHE S
R, o NEGE TR EHHE S AL
SNR 7 GNSS WL S e SRR
SEPERY A (AL 45, 2018)

M



2242

National Remote Sensing Bulletin

#ERRFIR 2024, 28(9)

(a) SG27 Mk J& BBl PR

(a) Schematic diagram of surrounding environment of station SG27
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Fig. 2 Schematic diagram of GNSS-MR snow depth inversion
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Table 2 Accuracy statistics of multi-mode and

multi—frequency inversion results at SG27 station

TAERY KL Wi STD/em  RMSE/em #A5EFRAL

61 6.54 10.00 0.87
SSI

71 6.62 11.20 0.88

sk

61 5.90 8.46 0.90
SNR

71 6.12 8.43 0.89

1C 4.10 9.47 0.95

5Q 4.47 7.64 0.93
SSI

6C 3.73 7.46 0.95

8Q 4.01 11.30 0.94

Galileo

1C 3.61 6.00 0.95

5Q 3.48 6.74 0.96
SNR

6C 3.46 6.49 0.96

8Q 3.64 7.22 0.96

1C 2.60 8.10 0.97
SSI 2L 2.73 7.89 0.98

5Q 2.79 7.79 0.97

GPS

1C 1.98 4.84 0.98
SNR 2L 2.26 5.36 0.98

5Q 2.37 6.06 0.97

1C 3.18 8.58 0.97
SSI

2C 2.76 6.34 0.97

GLONASS

1C 2.33 4.74 0.98
SNR

2C 2.54 5.76 0.97
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Fig. 12 Inversion results of four systems fusion at SG27 Station
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Fig. 13 Statistical histogram of SSI and SNR fusion inversion results

®3 SGI MRS HME RRERBEST

:|: N
Table 3 Accuracy statistics of multi-mode and 5 én e
multi—frequency fusion inversion results at SG27 station AR £ 0 5 B/ SNR BRI % . A Sc i
PRARYE RFERM REJIE  STD/em RMSE/em HOCHREL b L T SR B Y 2245 2 00 GNSS-MR & K
e sl 236 236 098 TRl s o SCEE A 32 [ BTz S i G277 0 il
AN

" 2 SNR 221 247 0.98 LR 220 SSTEUE T T GNSS-MR 25 VR 52 18 S5 56,




2250 National Remote Sensing Bulletin i & 54k 2024, 28(9)

PRI T HE2 h RAE—IK, BTN 2.36 em 1Y kG
JEBVRREE, S0 T SSTE N FH T35 T S 8 45
BT ATHE R Sk, ISR T LR 458

(1) 45 T A R G SSTEE Y e A7 3k S i &
W, HEERGEZNFEZSS . NSRBI
SRE . GPS uEAE REHAM R G H A, Jbk %
IS 25 IR DR R AR R A M X b ) T AR AT
AR, PR .

(2) [7) T0E: R Ge AN [0 A5 SSTAE 4R AT &%
ROEETE, WS AEE 25 fln, S
J& GLONASS AR RGEHY 2C K., FRifE2E2.76 em,
B iiR 2 6.34 cm, MHRFRE097. H&EMEI
TR RGN TUN A, FRfEZE 6.62 cm, HJJ7HRER
#11.20 em, FXFRE0.88. X —IE 0 2
Ji PR 2 FH AN RS AS A 5 i IR Dy 3 IR
Aihis . RS R . F5 P AL B KN
PRIZERTA], DA 5 350 R T 25 SR A RS B AN [)

(3) XL SSI S K& Ja , S
SRS BE RN B 8] 3 BE e A9 24 5 . b, B[R]
STHERIREN TR 2 hRAE IR, M EERE AR bR IE2E
2.36 cm, HHRIRIE2.36 cm, HIKF%00.98.

(4) IR H0 0 14 SST 5 SNR Jz 1 25 2 25 57 3%
AN, LHOE G R E A TR A TR R s R, L
TR, THIRUEZE R AR R 22 2 EH I TE
ZKLIN

AR, H AT A BRI A AR 22 0k A D
SNR &4l o BRI A AR SCHR B il 45 125 X 3k
uli S T AR P IR T IR . WAL IR M
FEI A8 W I 4 5 T A 5 BRI Y g FH T
R TN [RGB i Y, A B 5 R 5 AT
R—P IR

52 3Lk (References)

Chen LY, AnJ C, Wang Z M, Liu J B and Qu X C. 2022. Assessment
of GNSS-IR-based snow-depth retrievals using observations from
different receivers with the same antenna. Geomatics and Informa-
tion Science of Wuhan University, 48(8): 1312-1321 (FR45: 5, %
A&, R, s, T8 /NI 2022, [F] R A R 42 b Y
GNSS-IR T 3 Sz i 4387 . a2 2 4R (15 B R JD), 48(8):
1312-1321) [DOI: 10.13203/j.whugis20210710]

Gurtner W and Estey L. 2007. RINEX-the Receiver Independent Ex-
change Format-Version 3.00[EB/OL]. (2007-11-28). https://epic.
awi.de/id/eprint/29985/1/Gur2007a.pdf

Hu Y F, Wang J, Li Z H and Peng J B. 2022. Ground surface elevation

changes over permafrost areas revealed by multiple GNSS inter-
ferometric reflectometry. Journal of Geodesy, 96(8): 56 [DOI: 10.
1007/s00190-022-01646-5]

Huang L K, Zhou W, Liu L L, Chen J and Wang H Y. 2019. Research
on surface snow depth retrieval of new L5 signals from GPS. Bulletin
of Surveying and Mapping, 7: 1-5, 11 (¥ K3, i, X177, FR7E,
T 2019, T GPS i LS 55 1 3 T VR S 9T . )
2 4R, (7): 1-5, 11) [DOI: 10.13474/j.cnki.11-2246.2019.0208]

Larson K M. 2016. GPS interferometric reflectometry: applications to
surface soil moisture, snow depth, and vegetation water content in
the western United States. Wiley Interdisciplinary Reviews: Wa-
ter, 3(6): 775-787 [DOI: 10.1002/wat2.1167]

Larson K M, Gutmann E D, Zavorotny V U, Braun J J, Williams M K
and Nievinski F G. 2009. Can we measure snow depth with GPS
receivers? Geophysical Research Letters, 36(17): L17502 [DOI:
10.1029/2009GL039430]

Larson K M, Ray R D, Nievinski F G and Freymueller J T. 2013. The
accidental tide gauge: a GPS reflection case study from Kache-
mak Bay, Alaska. IEEE Geoscience and Remote Sensing Letters,
10(5): 1200-1204 [DOI: 10.1109/LGRS.2012.2236075]

Ozeki M and Heki K. 2012. GPS snow depth meter with geometry-
free linear combinations of carrier phases. Journal of Geodesy,
86(3): 209-219 [DOTI: 10.1007/s00190-011-0511-x]

Roesler C and Larson K M. 2018. Software tools for GNSS interfero-
metric reflectometry (GNSS-IR). GPS Solutions, 22(3): 80 [DOI:
10.1007/s10291-018-0744-8]

TuJ S, Wei H H, Zhang R, Yang L, Lv J C, Li X M, Nie S H, Li P,
Wang Y X and Li N. 2021. GNSS-IR snow depth retrieval from
multi-GNSS and multi-frequency data. Remote Sensing, 13(21):
4311 [DOI: 10.3390/rs13214311]

Wang N Z, Xu T H, Gao F, He Y Q, Meng X Y, Jing L L and Ning B J.
2022. Sea-level monitoring and ocean tide analysis based on mul-
tipath reflectometry using received strength indicator data from
multi-GNSS signals. IEEE Transactions on Geoscience and Re-
mote Sensing, 60: 4211513 [DOI: 10.1109/TGRS.2022.3219074]

Wang X L, He X F and Zhang Q. 2020. Coherent superposition of
multi-GNSS wavelet analysis periodogram for sea-level retrieval
in GNSS multipath reflectometry. Advances in Space Research,
65(7): 1781-1788 [DOL: 10.1016/j.asr.2019.12.023]

Wang Z M, Liu Z K, An J C and Lin G B. 2018. Snow depth detection
and error analysis derived from SNR of GPS and BDS. Acta Geo-
daetica et Cartographica Sinica, 47(1): 8-16 (LR, XI5, %
FAR, BRI . 2018, H T GPS FIL |15 158 Lo WL Ao 5 P S8 B
HAR 2237 . 224K, 47(1): 8-16) [DOL: 10.11947/.AGCS.2018.
20160644]

Williams S D P and Nievinski F G. 2017. Tropospheric delays in
ground-based GNSS multipath reflectometry—Experimental evi-
dence from coastal sites. Journal of Geophysical Research: Solid
Earth, 122(3): 2310-2327 [DOI: 10.1002/2016JB013612]

Yan S H, Zhang N, Chen N C and Gong J Y. 2018. Feasibility of using
signal strength indicator data to estimate soil moisture based on

GNSS interference signal analysis. Remote Sensing Letters, 9(1):



MREEI DR 45 . IS 5080 B S 7 24 22 45 GNSS-MR xR 2251

61-70 [DOI: 10.1080/2150704X.2017.1384587] 53(9): 5100-5109 [DOTI: 10.1109/TGRS.2015.2417214]

Yang Y, Song L and Xu T. 2002. Robust estimator for correlated obser- Zhou W, Liu L L, Huang L K, Li J Y, Chen J, Chen F D, Xing Y and
vations based on bifactor equivalent weights. Journal of Geodesy, Liu L B. 2018. Monitoring snow depth based on the SNR signal
76(6/7): 353-358 [DOI: 10.1007/s00190-002-0256-7] of GLONASS satellites. Journal of Remote Sensing (in Chinese),

Yu K G, Ban W, Zhang X H and Yu X W. 2015. Snow depth estimation 22(5): 889-899 (JAI gk, X1 7 e, B RH, BLIR T, PRA, MR &1, I
based on multipath phase combination of GPS triple-frequency T, XU . 2018. GLONASS L 5L SNR 157 5 H0 5 IR . 31 &
signals. IEEE Transactions on Geoscience and Remote Sensing, 2742, 22(5): 889-899) [DOL: 10.11834/jrs.20187126]

Multi-mode and multi-frequency GNSS-MR snow depth inversion based
on signal strength

CHEN Guoqing,HE Xiufeng, WANG Xiaolei, TU Jinsheng

School of Earth Sciences and Engineering, Hohai University, Nanjing 211100, China

Abstract: In recent years, with the development of Global Navigation Satellite Systems (GNSS), a GNSS-multipath reflectometry (GNSS-
MR) technique based on Signal-to-Noise Ratio (SNR) has been developed. This technology can obtain the information of the reflector by
using a GNSS receiver and has the advantages of abundant signal sources and high sampling rate in snow depth inversion. However, many
GNSS receivers do not record SNR observations. Thus, a multimode and multifrequency GNSS-MR snow depth inversion fusion method
based on Signal Strength Indicator (SSI) is proposed in this study to make these receivers capable of snow depth monitoring. At the same
time, aiming at the two main problems existing in GNSS-MR inversion of snow depth, that is, low precision and low time resolution, this
method can also be effectively solved. This approach mainly benefits from the strategy of performing a robust estimation. The specific steps
are as follows: first, by using SSI and SNR data of GPS, GLONASS, Galileo and Beidou, and using Lomb-Scargle Periodogram (LSP) method
in classical snow depth retrieval principle, the snow depth retrieval values of each frequency band are obtained from four constellations.
Then, a specific time window is established, and the state transition equation set is established in each time window considering the snow
surface dynamic change and tropospheric delay. Finally, the snow depth time series is solved by a robust estimation model. In essence, it is a
method of optimal valuation for GNSS-MR that is theoretically suitable for different geographical environments. In addition, this study
selected a suitable station for snow depth retrieval experiments to prove the feasibility and effectiveness of the method. The experimental
station is SG27 in Alaska, United States.Results show that the multifrequency SSI data of four global satellite systems can retrieve snow
depth. Before multimode and multifrequency GNSS-MR snow depth inversion fusion, the results of SSI inversion at each frequency band
have good correlation with the measured snow depth (except for Beidou frequency band, the other correlation coefficients is greater than
0.92). Considering the standard deviation and root mean square error of the retrieval results of different satellite systems, the retrieval results
of GPS satellite system are the best, followed by GLONASS, then Galileo. However, the retrieval results of these three satellite systems are
similar. The Beidou satellite system has the worst retrieval result. Among the four satellite systems, root mean square error of the frequency
band with the best inversion result is 6.34 cm. After multimode and multifrequency GNSS-MR snow depth inversion fusion, the root mean
square error between the SSI inversion results and the measured snow depth series is 2.36 cm, and the correlation coefficient is 0.98. At the
same time, the multimode and multifrequency GNSS-MR snow depth inversion based on SNR data is also performed in the calculation
example; the results of SSI inversion are consistent with those of SNR inversion, and the feasibility and effectiveness of multimode and
multifrequency GNSS-MR snow depth inversion fusion based on SSI are verified by experiments.

Key words: GNSS-MR, multi-mode and multi-frequency, snow depth, robust estimation, signal strength
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