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ABSTRACT

The extended Kalman filter (EKF) is widely used for global navigation satellite system (GNSS) applications. It is difficult to obtain

precise positions with an EKF one-way (forward or backward) filter. In this paper, we propose an EKF smoother to improve

the positioning accuracy by integrating forward and backward filters. For the EKF smoother experiment, we performed PPP

using GNSS data received at the DAE] reference station for a month. The effectiveness of the proposed approach is validated

with multi-GNSS kinematic PPP experiments. The EKF smoother showed 35%, 6%, and 22% improvement in east, north, and

up directions, respectively. In addition, accurate tropospheric zenith total delay (ZTD) values were calculated by a smoother.

Therefore, the results from EKF smoother demonstrate that better accuracy of position can be achieved.
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A7k Ik weka 2R S nAHelE A8 4 YES
skzksl mdlo] skakziut g E] (Extended Kalman filter, EKF)o|T},
EKF&= 3, 59, 4154 2] 5 GNSS Zr-g-ioko] FH sl

o] gt} Zhu et al. (2020)& t=EZo|E ANIEE O Z Multi-
GNSS PPPE 23J3 71, 2}2 2] WE]2 EKFS A}L4gitie &
30Tk EST Erol (2020)-& T2 317 o A] Multi-GNSS kinematic
PPP2] A58 H|w5}7] €8l EKF forward-backward-forwardS-
oA 0 2 A 85It 152 27| = 1telAe] Bt
AAS Helstr] sl EKF forward®} backward ZE]S AFE3H
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ol forwarde] S-S 1S 471 ) (Vaclavovic & Dousa
2015, Chiang et al. 2012).
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A40] AA (Ge et al. 2008, Geng et al. 2010), Multi-GNSS2]
AFE (Cai & Gao 2013, Cai et al. 2015), 7|4k 42| Balo] 18
(Wilgan & Geiger 2019), 18] 1afgte] e QAP EE &
4 (Hernandez-Pajares et al. 2007, Elmas et al. 2011) S-o] ¢lcth.
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2. METHOD
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HollA] g5t AT EKFol|lA] e 4o F=AF JH-L A
2810) AElE BAsHET S0 918 Tt

QHok o wgt A| ARl o] 2HE-& k=10 A|ZFsle] £ Al-E (k=T)
of FREUTFAL 7SI, k7F 15E] T AE7EA] Al7hol whet 71
-2 5191 7] W&ol ‘EKF forward'ahx ghch B2 2 A%
(DR 271404 k=17H4) SSolemiA Aeiasg AEAs)
+ ¥4& ‘EKF backward’g} ghct. 2 3ol 4] AQFsl= EKF
smoother= EKF forwarde} EKF backwardof|A] &4 &)= Alej]
Hoh FEAF B So] ALY WelE 2tk weby EKE
smoother:= A1 (5)2} (6) 218 TH=ZC} (Briers et al. 2010).
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Po=(F;, ' +P, )t (5)

xszﬁs'(i‘)f_l'ff+ﬁb_1'fb) (6)

oi7]oll A Py} Py Zk7t forward} backward 2HgoflA] A
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2.2 GNSS PPP Strategy
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Table 1. Processing strategy for Multi-GNSS PPP (Choi & Lee 2021).

Item Models / Methods
Estimator EKF forward/backward/smoother
Observations Un-differenced ionosphere free linear combination
Signals GPSL1/L2, GLONASS L1/L2, Galileo E1/E5a, BeiDou B1/B3, QZSS L1/L5
Elevation cutoff 7°
Sampling rate 300 sec
Satellite orbit and clock GFZ products
Satellite/Receiver PCO & PCV igsl4.atx

Satellite differential code biases (DCB) CODE monthly products

Inter-system biases
Phase wind-up
Solid tide, ocean tide, pole tide

Estimated as white noise, GPS as reference
Wu et al. (1993) & nominal yaw-steering mode
IERS conventions 2010

Tropospheric error Zenith wet delay estimation with gradient parameters
Mapping function GMF/GPT2
Ambiguity Float
40 ' ' 1.5 . :
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35 —GLO [
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Fig. 1. Changes of the number of visible satellites at DAEJ GNSS reference
station on January 1, 2020.

T} tf7]19+= ZHS Global Pressure and Temperature 2 (GPT2)
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A g
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3. RESULTS AND ANALYSIS

DAEJ 27| GNSS 7]&Zo]|4] 2020 19 12 5E 19 3127}
Z] 441%] GNSS TZ22L8E 0] L5}o] Kinematic PPP 2} 8 2] 2]
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20209 19 190]] A1E AR5 A 2]sl9ich

Fig. 12 2020 1€ 1 DAE] 7|&=tol|A] SH 7M1 4
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/J5ict. GPSe} BDS 9132 dR7tellA 2o 17]744] 1
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Fig. 2. DOP changes at DAEJ station with multi-GNSS on January 1, 2020.
The red and blue solid lines represent the GDOP and PDOP, respectively.
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Fig. 3. GNSS PPP errors with three different methods (forward, backward
and smoother) at DAEJ station on January 1, 2020. The solid gray line
and black dashed lines represent the position errors with forward and
backward, respectively. In addition, the results for the smoother filter
are shown as the solid red lines. The gray solid and black dashed arrows
indicate the direction in GNSS data processing.

Table 2. Position RMS errors at DAEJ station with EKF forward, backward,
and smoother on January 1, 2020 (unit: cm).

RMS
Method E N U
Forward 2.28 1.27 2.06
Backward 0.68 0.46 1.38
Smoother 0.59 0.45 1.10

Fig. 32 20204 14 1] DAEJ 7]22o]A] TEE 22 o
83} PPP x}E 2] 2] Axfolt}t. EKFE] forward, backward 1]
3 smoothero]] Sl H I2lai7} Zk2 AFE T B A
oﬂ,q}; braled| -?4?]6]-]7} uH 55 7]—7ﬂ o=z ﬁx%ch z{z?gci Al
3t Fig. 304 3|A AL forward B o5 A4 HE ¢
2|0 x1o] AJAE FEolnt o7|o|lA FHAXY HES 2
SF 2F7He A GNSS AJH|A 7]3Lo]|A] Software INdependent
EXchange (SINEX) A0 2 A Fsh= AFEES ©] 8315t
forward HFH-& %2 7] 2545 (Initial ambiguities)o] $~H 5=
g o] Fasr] ool YxIsie] HeErt oA+ Tdo] 9
o} e 7 WAeR E718 backward HRIe A A A
7He HEA YRGS Akl thiel 271 fxIsie] Zete
7t golx e A& Bohs A& Firt smoothero]] &3t
ARl F2H Ao & e Qlnk Fig. 3014 & 4 Q%o
smoother”} forward@} backwarde]] B]&}] AltA o 2 oAz <]
A2 AFEFIoH= AL oF 2 9l

Table 2+ Fig. 304 AA1H 2] 2 2}5 7T A EH root mean
squares (RMS)Zt& AHAIRE Aolth RMSZEE 95%9] 41+
Zt(confidence level) Wof| 4] AlAt=IQiTh forward HEH-S A
(B), 9EN), %5 (U) BF3Fe] RMSZro] z+z} 2.28, 127, 2|1
2.06 cm2 AFEEglt) 183 backward B2 RMSZfo| z+
7} 0.68, 047, 18] 1.38 cmE E%t}h AatA o 2 backward7}
forwardo]] ]3] 4J%50] 43t 0 2 epgey. S5] SAjsh
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Fig. 4. PPP position errors at DAEJ station with backward and smoother
methods from DOY (day of year) 1 to 31, 2020. The dotted line and solid red
lines represent the backward and smoother solutions, respectively.

Table 3. Position RMS errors at DAEJ station with EKF backward and
smoother from DOY 1 to 31, 2020 (unit: cm).

RMS
Method
o E N U
Backward 0.72 0.58 1.47
Smoother 0.49 0.54 1.14

EHEF /3] RMSEEo] 45| FolEw AakE Holal itk
smoother:= Z+ A B.o] RMSZ}le] 0.59, 0.45 1211 110 cm&E AF
Z=qich o33l Aab= forwarde}l backwardo]] H]sH 9]x|512)
ABo0] 9431 AL o 4> 9t £5] smoother:= backwardo]] H]
3l TAlet LERIRROA & o 5ol FEE 5 S Helth

A 8= 1Y BEARE ol &5lo] AIZHA] W& B%

PPPO] -.—]X]%H% 51 v} 9ok smoother HH o] sl & ¢ Al
A& FEs7] $sliA 2020 1€ 19 5] 31971 (F 3147h)
9] Z}in 2 & 3515t

Fig. 4= 2020 19 19 5€] 3147}4] backward®} smoother
ol olat $12 0318 AAYZ el o]t} backwarde}
smootheref] OJ5+ QI8 717 LA AT} Hem Ao
F7130c} Fig. 40l 4] T 7Re] & A 2 v 2 38-& uff, smoother
7} backwarde] 1|3} 2E $1X]432ell4 S ATE AHET

L AL ok 2 9l

Table 38 backwarde} smoothero] 2|5t 92| o215 zF AAE
H RMSZEe 2 LepH Zo|tt. backwards ZF AJE% RMSEO]
Z¥7¥ 0.72, 0.58, 18] 1.47 cmZ AAF= Qi ¥FH smoother+=
047, 0.54, 1.14 cm& AlAk=] o] backwardo]] ]éﬁ SA, 8 1y
T 15wkl A] ZHzF 35%, 6%, 22%94 SArE AT Boio)
&3t smoother= FA1(E)e} 1= (U)RY °J°ﬂ*1 HiVé 2 o] A4
o] o 2 vhekda, SR A RS 2|7} 24 2okt

GNSS PPPoflA] i FH A0 xk= X et & I &
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Fig. 5. Tropospheric ZTD at DAEJ station with three different methods
(forward, backward, and smoother) on January 1, 2020. The solid gray
line and black dashed lines represent the ZTD changes with forward and
backward, respectively. In addition, the results for the smoother filter
are shown as the solid red lines. The gray solid and black dashed arrows
indicate the direction in GNSS data processing.
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Fig. 6. Covariances for tropospheric ZWD at DAEJ station with three
different methods (forward, backward, and smoother) on January 1,
2020. The solid gray line and black lines represent the covriances values
with forward and backward, respectively. In addition, the results for the
smoother filter are shown as the solid red line.
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Fig. 7. ZTD time series at the DAEJ station from DOY 1 to 31, 2020. The

dotted lines represent the IGS ZTD values. The red dotted and solid lines
denote the smoother ZTD values.
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4. CONCLUSIONS
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< 192 E 319717 DAE] 7| 229 =212 & o] L34 Multi-
GNSS kinematic PPPE 4~3334t}. smoothero]| .,]oH AFZE 24
Sfle] ASS 25l IGS SINEX gtk vlaslolal, 541, W& 1
2] 3 5 HkEEe] RMSZFo] ZH2E 0.47, 0.54, 114 cmE ARSE]QiTh
T35} smoother:= backward®} H| W s}o] S-A{ 9} 31 T HFSE AJ Hoj|
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