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ABSTRACT

Global Navigation Satellite Systems (GNSS) based precise positioning using Real Time Kinematic (RTK) technique has been
proposed as an enabler of the formation operation of moving vehicles. In RTK methods, the integer ambiguity of GNSS carrier

phase measurements must be resolved. Although there have been many proposed algorithms for the integer ambiguity

resolution, the widelane combination of carrier phase measurements and LAMBDA methods have gained the most popularity

in literatures when dual frequency GNSS measurements were used. In this paper, we evaluated five alternative methods to

determine relative positions of moving base and rover receivers; the round-off scheme of widelane carrier phase, instant
least-squares and Kalman filter-based LAMBDA with widelane carrier phase, instant least-squares and Kalman filter-based
LAMBDA with dual frequency measurements. The paper presented the performance of each method using flight test data,
which showed their strength and weakness in the aspects of time-to-first-fix, ambiguity resolution success ratio, and relative

position errors. Based on that, we provided practical recommendations of RTK operations for moving vehicles.
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AR F A 3FH AJAEIQl Global Navigation Satellite
Systems (GNSS)= A&kt 2142¢1 914, 3y Y gtoly
(PNT) AMH|AE AlFsl7] sl FHsHA AFSHTt S5, 14
77 Aled, A, AHE T, AL WY 29 52 L3k A
e 9121 WIS T Aol S99 A AR Bl A}
fx 11 9lon] (Olsen et al. 1999, Peyret et al. 2000), AlE|n]E]
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12 91X 2N A7) SAE 941 WhETE Shagel] 3
o] Q= | LS AAsHoF st (Montenbruck et al. 2002,
Odolinski & Teunissen 2016). ©]9} H&sto] 7 HO] = A0}
22 g4 B sidE 571 At A7 Wol szl o, m
A A4 AA o] FZ el 7| o 2= Least-squares AMBiguity
Decorrelation Adjustment (LAMBDA)~7} 9lt}h (De Jonge &
Tiberius 1996, Teunissen 2006, Li et al. 2013a). $HH PPP= &3]
Zk olQlo]l AT A Ay AR s 9 He2 A, 94
AA BAAR 781 zZMHE BARUES H8sle] =0 A
Fo A= AFA BAZ NZH +8 S27b 2
oflA] fAd ol %@ 2o PPP A{BIATE Al FE & A o)<
A= AT 4 = SHAIE 7HRIt} (Zumberge et al. 1997,
Bisnath & Gao 2009, Li et al. 2013b).

RIKE 1535} 71 239) #RY 12 = 2
g oF Aesle] WelE L thFE Aoz
Vo] AAAE AASEE F& EEo
AEZ 4 Gk olw), Aehe o] 4=
H'j: H| 274 274 g5l ket Dk, 01%5157} 71

714 A7t Hold4& He s W iR

A 7L Aoy 2] 7] Wil 10~20 km OlLHi’J 714

b B

01-_1_'

ox
)

o, E\l ﬁ _|l)[l
O ol o 0 o

Wi
l-ﬂ
rr
e
of s 9 of
2E
o IE o Ho

L

l-O N o 2% o
24

il

L

http://www.ipnt.or.kr Print ISSN: 2288-8187 Online ISSN: 2289-0866



254 JPNT 10(4), 253-262 (2021)

41 (short baseline) o] 2 79 4124 &2 v|x]g 43l
OF AW E] S A|AFSE 4= It} (Zhao et al. 2014, He et al. 2014,
Odolinski et al. 2015).
QukAel RTK 7141& ol 533 A 7153l 342k 5
Aol ¥r3 o] 53to] $171 8 AR v 7] ETe] Zgro 2y
A7t HAE A S ALk A ETFo] AL $AISH: 4]
Zh} o] 3o] g W ARk A1E R Xk FUstL
2 34" 7E20] QAL o527} 7 ETo] AlfulE A
ol ek ulAIA| Qheth 2 )&} o5t Alol ] A
7} Was o5 9|07t Evlel] the] ool Huy
Sk 9)x] 24 & Q5] 7|&=o] ol 55l moving baseline RTK
2 Apgaforsict. Fo1gkE 7] o] | wae) A9 7+ 7170 &
Wk 9317} e PE), o] A9 g 12T Ket lole] 7]
A sPIE 71& 0 2 AASE moving baseline RTK7} ¢ Z5ts}
oh. shAgk 7120 TR 7 2% ALGHS we} vlma) vz
A B 12F0) GIAE & 4 7] TRl AU mAHS
2 A e o]l v of2]go] EA|ZIch wheka] ulAg 4
o} A el S Aldtslr] 3 eSS 719 YR]of &
SHA] AEE st olg=at 7IE=e] A2 5715 o] % 7]
£ 149 71ES $471E ol 85k RTK B4 A2 f-AF
SHA 3 4 Qlok SHEE nA 3] 2ES S5l Ve &
21719] 9127t Ags] 549 & RTKE $3 sk & At
Hol ot o] 27] mAA 4 Aol 71 Al7be] QT (Psiaki
& Mohiuddin 2005, Travis et al. 2008, D’Amico & Montenbruck
2010). Melbourne-Wiibbena”} #{|A]3F Melbourne-Wiibbena &
S8 AF2SFRTK 7|5 w5k Aok 9] 0.1, A #|| Sea-based Joint
Precision Approach and Landing of|= AF&-%l v} It} (Dogra
et al. 2005). 5}A]¥F LAMBDA 7]¥-S AF25}0] u]2] &) 42 A
ZRA 2 AFRSE AL T3] o]

i
2 o
o o
o ol

e AL At 23S
T T SHXE AT -0k vlasto] o)F Fubg 54
o] Y 2FTHE TSk A o]7] wiioll (Teunissen 1997), ©|
T T SR E AHES 790l vls) et 28-S AR
A7t A el =F Adsol sttt 51 o2, AdoiH
B EEA] SEE o] 22 sl AL A E gho] dwhaQl

baseline RTKo]| d&] A& &= 22
8 o1ea 9109 sk Be AadE
(least-squares) 2 ZIutgE] 7|4l RTK A5 B 2stal 7o)
712 TR ST e vl Slo) eiE AR A
Aletgict. e 22 ¥HE9 (round-off) 7"k XA
H 7|8 LAMBDAZ|H, ZWHZE] 7]¥F LAMBDA 71512 2835}
of UAA4eNE EEIIAT, o)F Fukto] A A 2
U] 5% LAVBDA 71414 AHSiSIcE, S0 71553 ol
2 2] A7} 2T A4S $UU GPS AL 7 F0
A7+ =713} (Time Synchrornzation)E Zaysiict. v x4
A el AA 71¥ el ratio testES E3}51 73 202 LAMBDA2]
A A3l (fixed integer) S AFESIR 1, 7] $1%] A& A|7F
(Time-To-First-Fix, TTFF), 0|23 48] & A2 &= 4 7|&
1} o] F= A7) AT 1A] WE @2k Al Al 5 (root
mean square, RMS)& Al 5A T & AFRSIGITE B =50] 2%tof
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o(,) = 1.2 cycle® 374 H3tes} 27517 Bk, 2 A
S} YAF skl 231 (Undifferenced phase widelane) @, 2}
Fr Z4upEk X3t (Undifferenced code narrowlane) p,& Al

(9), 10)3+ 2.
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uh} Siab Shgp 2] ulxgaolch
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£ b 2w Aol el 23t e sel 03, 14 Al
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95T A S 2 Py 0] F AR TE Saby
27} PaanS A (1), 12)9} ZTH
Dyq = —(e' —el)x + A, Nyg\ + Edyg an
Pddn = _(ei - ej)x + Spdd,n (12)
olF A FE Favbg 2% Tt Ry, T 01 A
& 7b7} A1 (13)3} (4)o]
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oAl n7f o] f14do] ZRaled o]l ek, A (16)x} Zro] péps
T (m—1) xn L2 Uepd 4 Qloh 293 5 izt 3E
FEIE A (192F ZF 91459 D 3E& 2ot =& ol o
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Test1 (GPE,GAL,BDS)

37.219
37.2189
37.2188
= 37.2187
]
. 37.2186 .
T
-1 37.2185
37.2184
37.2183
37.2182
Fig. 4. Skyplot of satellites: (left) Test 1, (right) Test 2.
126.98 126.9802 126.9804 126.9806
Lon [deg] Table 1. Average GDOP of each satellite constellation combinations.
Fig. 2. Snapshot of Hongik University field & flight path of Drones. satellite Test 1 Test2
. Average Average
constellations GDOP #of SV GDOP #0of SV
| GPS/GAL/BDS 1.64 9 124 10
— F:P GNSS GPS/GAL 1.79 6 145 7
ecetver GPS/BDS 3.14 5 2.16 6

& 2 Aol AT GNSS Hlole] 44 2 27 Wlg =2

Fig. 4= ZFz} Test 13} 20]] thsl sky ploto]th L1, L2 415 &

T PAEE FA cut-off ZFEQ 2557} Wi Y143S BASH

9T, WY IES RTK Z910] AHg3kih 255 ofshe] 14

< 235}0] RTK S9j0)l AME-3& o residual®] QX}7} 7 2] 7

Fig. 3. FOP GNSS receiver and Raspberry Pi mounted on Drone. U fix7} ©A] o= 17re] Zdolrt &7)ste] cut-off ZHEE 25

L2 A75I9Int Table 12 Test 13} 20|A4] 24| HIYAIZE 59k

3248 83 ol§e| Bt GDOPE 2t 32l wet Zke ek Zlo]

o}, gAdo] MY e test2©] GPS/GAL/BDS 91474 B

B2 oL J|E2T) o|E o] sk 7 v]35H= moving GDOP7} 1.242 A|Y W1 9447 7442 GDOPY} o}

baseline 4PL 150 200] SRS FAlo w9) ARG AW5E AT BE HTS AET A 7 A WellA 7P B ¢
gk AFe Folista sgAEA £5 N F Rl AA HEELS AR

5F31.om, DIL AF2] F4500]] ZED-FOPE HAlisto] GNSS Ho]E B3 ey 2310 o] % Fuba SAUE ARESte] 57HA

£ SAISIITE A AP oF 5, Tl A oF RETE RTK 9] /d-5-& Tables 2-7¢] LepTh. Tables 2-4-2 Test 19]

Z13gskeiet. Hiolg 4l A] o] F=3} 7|19 HlolEe & 217t Zafo]m, Table 5-7-& Test 22] ZAxto|rt. Tables 23} 5= GPS/

B, BE HolE & 12 7P 0 2 415191t Fig. 2= GAL/BDS QVd-& 5 AFSEH 7-§-0]™, Tables 33} 6= GPS/

T3 S AT et g An A 25olnh Fig. 3 GAL, Tables 49} 72 GPS/BDS 914+ 23 A5 Yehdtt
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Table 2. Moving baseline RTK results with GPS / GAL /BDS (Test 1).

Table 5. Moving baseline RTK results with GPS / GAL /BDS (Test 2).

GPS/GAL /BDS Widelane Widelane Widelane Dualfreq. Dual freq.

GPS/GAL/BDS Widelane Widelane Widelane Dualfreq. Dual freq.

KF LS round-off KF LS KF LS round-off KF LS
#of SVused 9 9 9 9 9 #of SVused 10 10 10 10 10
TTFF 1 1 50 1 1 TTFF 1 1 50 1 1
Fixed ratio 1 0.60 1 1 Fixed ratio 1 0.73 1 0.95
Success ratio 1 1 1 1 Success ratio 1 1 1 1
E 5.15 4.70 5.52 0.78 0.77 E 3.96 3.90 5.58 0.49 0.48
Fix N 3.15 2.89 3.30 0.59 0.52 Fix N 4.15 4.08 12.86 0.48 0.43
U 21.46 20.08 22.07 4.72 4.71 U 13.55 13.18 26.58 1.46 1.43
RMSE All 2230 20.83 22.99 4.83 4.80 RMSE All 14.72 14.34 30.05 1.62 1.57
(cm) E 68.99 20.73 (cm) E 58.39 9.15 62.39
N 92.44 31.56 N 53.29 36.73 47.14
Float y NA 40977 9045  NA Float 'y NA 9631 12161 YA 31774
All 425.70 98.01 All 273.96 127.36 327.22

Table 3. Moving baseline RTK results with GPS / GAL (Test 1).

Table6. Moving baseline RTK results with GPS / GAL (Test 2).

Widelane Widelane Widelane Dualfreq. Dual freq.

Widelane Widelane Widelane Dualfreq. Dual freq.

GPS/GAL KF LS round-off KF LS GPS/GAL KF LS round-off KF LS
# of SV used 6 6 6 6 6 #of SVused 7 7 7 7 7
TTFF 2 2 50 1 1 TTFF 1 1 50 1 1
Fixed ratio 0.89 0.20 1 0.52 Fixed ratio 0.93 0.39 0.99 0.54
Success ratio 1 0.74 1 1 Success ratio 1 0.95 1 1
E 6.45 24.52 6.57 0.81 0.75 E 5.59 19.04 8.72 0.52 0.51
Fix N 3.42 53.38 3.51 0.54 0.44 Fix N 4.84 19.99 14.75 0.44 0.40
U 2468 77.90 24.79 4.46 4.69 U 16.13 106.0 19.94 1.68 1.60
RMSE All 2573 97.56 25.88 4.57 4.77 RMSE All 17.74 109.53 26.29 1.81 1.73
(cm) E 3940 71.24 38.34 73.26 (cm) E 8.58 61.53 19.20 12.27 65.24
Float N 5522 88.81 7134 NA 98.79 Float N 4722 53.73 53.54 38.60 51.19
U 8871 359.87 171.16 371.48 U 12005 24565 13099 136.59 255.34
All 11167 37745 189.34 391.31 All 129.28 25887 14280 14247 268.46

Table4. Moving baseline RTK results with GPS /BDS (Test 1).

Table 7. Moving baseline RTK results with GPS / BDS (Test 2).

Widelane Widelane Widelane Dualfreq. Dualfreq.

Widelane Widelane Widelane Dualfreq. Dual freq.

GPS /BDS KF LS round-off KF LS GPS/BDS KF LS round-off KF LS
#of SVused 5 5 5 5 5 #of SVused 6 6 6 6 6
TTFF TTFF 2 2 50 2 1
Fixed ratio Fixed ratio 0.97 0.40 0.99 0.46
Success ratio Success ratio 1 0.96 1 1
E E 13.53 48.59 13.67 2.20 2.29
Fix N Fix N 7.62 25.06 7.76 1.40 1.49
U U 55.89 168.25 56.44 8.28 797
RMSE All Lack of SV RMSE All  58.00 176.91 58.59 8.69 8.42
(cm) E (cm) E 67.55 106.82 60.84 20.98 94.96
Float N Float N 10.59 63.01 24.61 5.95 54.48
U U 50591 441.01 412.84 11234 37935
All All 51051 458.12 418.02 11444 39483
Figs. 5-9i= Test 298] & Q7S AMESH RTK 59 7]5of| o} AR E EE513121, 50 epoch o] A4 n|AH P E
£ LAMBDAZS] ratio test A3} W 1A} } A2 AL o] AFg51o] A HE| S AAKIITE 50 epochS 7|02 BESE]
3T} 7125 Arhle] 9342 Lehic, ol ratio teste] ) 7 o9 h epochdd mf £ AelA BE el vhak By
AZE 302 FA519 o, ratio testS E1FSH u| 2] A 51 S A abzk Z3te] 28 B3HE (noise uncertainty) 7} 0.1 cycle B]FES.
(32)0]l 2 g3lo] LYSHE ARSIk Tables 270 ANE A% 2 Wobay] o]k,
A TTFF, vl g4 52 43 8, 913 9249 RMS 2ol sk 23] Yol AHgEE oGt B wby dolz
T}, 3FoflA] fixed ratior= X4 *E‘%i Azt - LAMBDA ratiog & H| 2 L3l7t Bk oA 0 8 B & 4 Qlthal o AR 7] dhE
T3 Hlgolu, success ratio HA| WS 5 & ghat wlms o] ATk Teunissen (19970l S ulel o] eyuly 23
= o SHFE S 71K v gholoh. Al e el m| A g 4 & & LAMBDA®] £7%%} decorrelation Z2A|A 0] 3F 2] &
20 3 oL OEAA RTK AZLEYo}el RTKLIBAIA A 5} o|F Fubs 23S AH8T LAMBDA 70| &gt
AVE A Ao S0 YR 7120k RTK A28 ARslict 4 28 R o4l £ 4380] o o) ol2ig 54
(Takasu & Yasuda 2009). ¥+23 7|¥-& A5 shtalbar st Tables 3, 6, 72] EAapAl Xgto] o]&F Ful4 B} |24 45
© 24 50 epoche] A4 AP 4FHE batchs WHEYSte] v] B AT BHEo] WAl Uehbs AR gl o]F Fut
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RTK ENU residuals (Float)
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Fig. 5. Relative position errors of (left) rounded solution and (right) float solution of widelane round-off method using GPS/GAL/BDS satellite constellation for
Test 2.
RTK ENU residuals (Fix) RTK ENU residuals (Float) 100 RTK Ratio Test
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Fig. 6. Relative position errors of (left) fixed solution and (middle) float solution of widelane Kalman filter method using GPS/GAL/BDS satellite constellation

for Test 2, and (right) ratio test of this method.
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Fig. 7. Relative position errors of (left) fixed solution and (middle) float solution of widelane least square method using GPS/GAL/BDS satellite constellation

for Test 2, and (right) ratio test of this method.
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Fig. 8. Relative position errors of (left) fixed solution and (middle) float solution of dual frequency least square method using GPS/GAL/BDS satellite

constellation for Test 2, and (right) ratio test of this method.
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RTK ENU residuals (Fix) RTK ENU residuals (Float) " RTK Ratio Test
E 2 E 200 . ratio
38WIWWMM 3-108t Lt . s j 60 — — —threshold
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= E 1000
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Fig. 9. Relative position errors of (left) fixed solution and (middle) float solution of dual frequency Kalman filter method using GPS/GAL/BDS satellite

constellation for Test 2, and (right) ratio test of this method.
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Fig. 10. Comparison of relative position errors of float solution of dual frequency least square using GPS/GAL/BDS satellite constellation and widelane

rounded solution at the same epoch in Test 2.
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7} 259 7] witoltt. Tt R 232 o]F kg &
| FTEA] @ F =B R o]3t 2710 St Z] o= 2| A
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S 4 ok mEkA o)F ot 7N 2 aAlEH oy
E| & AMSSHE Aol nlA 4l &I AT E A
of g1l Hkalsiet 3 4 glovt, o] £ M & LAMBDA
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2} Asic} (Misra & Enge 2006).
Tables 2-7o|A] &bzt 23 AUk e 7|9 9] fixed ratio
oF 0.9 o]4), 0| FF40] ZHEE 3k lo] 2T 4
ol b 2| 4AlEH <] fixed ratios /& 5 A

AE

=
T
=1

https://doi.org/10.11003/JPNT.2021.10.4.253

< o (Tables 2, 5) 0.7 o]ito|n], UYmjz] & x39te] 9+ At
(Tables 3, 4, 6, 7O A= ok ATpETE Fe 0.2~050ch wet
A 7HE 91 d 9] Tt =&4-F LAMBDAOA] A 47 &
& 7VsAdo] =} Test 12] GPS/BDS €Al Z§te] RTK Aol
Table 4ol A= 7HE- 9143 47} 57HE, LAMBDAO| A 1|27 47}
Fe)7) o 497} FEsl9on nlx g4 Beleek RIK
afjo] ea7t 4= kmell o] 5 2w AR A5 ol 1
ofl= §rGEIA] ket sl 9432l Wt GDOP&= 345 5
A3 e] GDOP F 7HY =& A2 G2 =7} 7P Wt
E 4 Ut} (Table 1). §1H 5Y A3 o] GPS/GAL Y& AHE-
gt A3} (Table 3)o| A= GPS/BDS $1/dw-Et 718 9)/do] skt
o T2 670 AT BLE RTK 7] el il FhHalS S 7Hssict.
Eot ZFEE S AFES1S o) ®E moving baseline RTKZ
T}H(Tables 2~7)ol|A] ZAAFH BT} =2 fixed ratio} A L&
= Bolom ZmbgE whA o] RTK 7o) #1447} 67121 2+
oA (Table 7) HaAlaH Bt 7 vl 7k 1A E EE55H1
t}. o] & &5l GDOP7} A o 82 =& 91 g oA = vkl
E|7} w2 sl E&0] o]d-& 7HIThAL & 4 9oL, GDOP2)
Aoz s FHA o|27) Frkste] A mAE afe] A
e @ x}7F AT,
GPS/GAL/BDS ¢3-S T A28} Tables 2, 50|A1= o]
Tk HAAEE 2] fix A o) 71RE AT 91A] WE 7}
2~4 cm 7FF X EA 925 ZFA AR float W] A1 432 ¢
2] 2.349] 79 fixd w) BT} 40u] oA} Fh7to] @ xp7h Z7151
=ik v = 9419] widelane?] round-off o] A ¢
2| HE o] 912] 574 ATb= YA 07 oF 30 cm FE O] @x17h



Table 8. RMSE of widelane round-off and dual frequency least square with
GPS/GAL/BDS at same epochs (Test 2).

}gr[rslf Widelane round-off Dual freq. least squares
E 5.55 62.39
N 858 47.14
U 27.56 317.74
All 29.39 327.22

EABAT FQ 914 HlL2o) HE float WA 45 )8k Aleh
91%) B @xte] RMSHTH: 2162 BH13 4 9lck. Fig. 102
Fig. 89] Aol 0] % Fohs HAATH w24

o] H= 315 epochel] A4 ]2\ 43l Al Eakubg 2] vt
2% UL Bl EET NS ALK A el

27 oxjolck. Table 88 35 epocholl4le] o ZFuH4 244

of Axjolet. 92 7o) UAPFE AFGRE of A4 vl

Baalol 917 2% QARTEBE 110 71 AATS BT 4
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el

5 ZE

2 A= ole=t 7|E=te] @A ©]5 sl moving
baseline ARl Saubg 233} o|F Fuh4 g AHEEIAS
791 thel ¥he, LAMBDA, 225t el 718& o] 3+ RTK 7]
HE9 23S vl wskeick A A A3t vl aoA= 3
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