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ABSTRACT

In this paper, we propose a round trip time (RTT)-enabled Doppler-based positioning method considering the low earth

orbit (LEO) satellite visibility restriction. Doppler-based positioning typically requires visibility to at least eight satellites,

which is often unfeasible due to the limited coverage of LEO satellites, as beamforming technique is applied to current LEO

satellites. To solve this problem, we utilize the RTT measurements, assuming that a communication link exists between the

user equipment (UE) and LEO satellites. We employ the Newton-Raphson method to estimate the UE position with RTT and

Doppler measurements. We analyze the positioning performance of the considered framework via simulation, demonstrating

its performance in 3D positioning errors under varying satellite numbers and measurement errors.
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1. ME

2] low earth orbit-position, navigation and timing (LEO-
PNT)& 7]& global navigation service system (GNSS)2] 22+
2 iAA =2 23k a ek (Prol et al. 2022, Ferre et al. 2022,
Stock et al. 2024). 7]& GNSS tjH] LEO-PNT9] 24 & t}e
I} 2t} WA low earth orbit (LEO) £]41-& global positioning
service (GPS) thH] eF 108} o]AF Y& 600 kmojflA] 2,000 km
o] 1o $JxI517] wiEell B} & C/NOE BRItk thazo
2 Ferre et al. (2022)& Al E#|0]A1S E35}o] Starlink’} GPS tf
H] Al2]of|A] 169 dB/Hz, AWol|A] 6.2 dB/Hz2] C/NO o]50] 3l
25 Hojom o]k ko AFIE Alo] HAES 3kl ok
£ 0 2 Starlink, Oneweb, Kuiper®} Z+-& t}& LEO QA#+S B
T Z9of &851A = 79 MEO thy] 2F 2,58 22 geometric
delusion of precision (GDOP)E 7}&|1] o]2{st W& GDOP=
LEO-PNT7} Bt HEl5t 59 A5 94T & Uss v
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glc} (Ferre et al. 2022, Prol et al. 2024).

ol2g Aol E 278} WA titho] LEO $14e 541
A gPoln] 2915 9ok A5 S $AlskA) Ptk EE A A
9] Starlink, Oneweb, Kuiper®} 2+ LEO £44-& A7 o] &
sha Qlomz A FE7 FoAEe] 97 gL, 4] Faet
HZ7|Ha} 28 JHute] 4z 9ict (Humphreys et al. 2023,
Kassas et al. 2024). o]of] wha} A1 S Ro] i3t A glo] d&
4 Ql& carrier phase®} =& zdolof 7I§1gt &9 7IHHe] &
ZH FQ 7|&2 oJAR| 1 9J o n] Khalife et al. (2021, 2022)= Al

S FZE G 9= LEO YAAISA =& 20| W carrier
phased E5 U 245 ul Qlck. Sa] Za) Aol 7|yt Z9je
carrier phase 7|4} Z2]¢} th2 A £4410k 71 A|ZF 9 x}of| &I 3F
Hhz] orom o] &= AXRAIA] B E Qlsf| A2t 57]5lef| o Eﬁ]%ol
?l&= LEO-PNToj| Aslslct T35l oF 7 km/se] wiFE 914 &

3] 6(‘)}:%]—51 EEFH %jo] staxjo = O]—].oq l:l\:]— X‘]D‘J—o]— _Hﬂ'
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Fig. 1. Considered scenario with the NTN LEO satellites.

al. 2023).

A}719] A o 2 9154e] LEO 94 4159 2Z8 o] 7]

HE =20 EH?_ D]- sl A7} OIT.]X]_TI_ et} Khalife & Kassas
(2019)% LA Foh= F41 94 4152 BEslo] Be SNt &
A5 ASTH BF Jlem, Psiaki (202D)= 2] A Y
Sl AHaTE B0 T 29] 7Y o] §EA
et al. (2023)2 Al o|HS G3l] E&8 &
miE 2 ol £29] 59 947} 4 5P E wslen)
Wang et al. (2023)& A A& 23} 183l 22
e Akl T RS Bato] o} 1a A] o
fol 982 Wit T SEe Sl 2915 2 ) o
Yol 9/doll gk 7kr14d-& ghEslof 51 o] § LEO 9149
B3 AR Heko 2 2lsto] FTbsSttt (Psiaki
2021). McLemore & Psiaki (2022)+= ©|2]gt ¥l =0 sfj&lS 117
e o 7FAG EE 7T 91432 24 URAlA 2 RS
22AHE Bal Bl ul it

94 NMAA BH EAE SFsty] Y8 =28 Mot
inertial navigation system (INS)& Zro] &-8s}l= 7} 3]
1 9t} (McLemore & Psiaki 2022, Du et al. 2024). McLemore
& Psiaki (2022)= H|3YA|&- inertial measurement unit (IMU) Al
A EloElst M & o] LEO 914 0 2RE] SAl3h mEa] ol
7+o] 8851 extended Kalman filter (EKF) 7|4F 2] 7|H-E A
oFsIei om, Du et al. (2024)-& 2}5F8 INSQ} Iridium €4 415
o] =Z7] Ho|E &85} federated Kalman filter (FKF) 7|9}
9] 719E A9k D Azsleit. Tt ol2ist wywe) e %
H]Y A8 INSE &8 thgho|it internet of things (IoT)e} 22
A 2 277} AvkE A9 A} 27456} o] LEO 9
HoRuEe] ZAGTS BEI 29] 7ol gk

E =52 94 7R Aleko] Sl AFEellA] round trip time
RTD) =52 Hol& 83 591 7I'HE AHRich Nawaz et al.
(2023)2 RTT-=&2] o] 7|9t £9] 7|H& oln] AAlsl5l ot
Thl LEO $hJThe mefaloich. ApAt) o 5541 AlAElL Ths
QA EAl Al 7ut YU 295 1186} (Dureppagari et al.
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2023), $2)7} ohe ¥ T LEO $14 Alutel 2004 RTTS} =
Zo) HolB B 9] /1Y ATE YA EAEIA ek A
QF71Ee 2] THA] ST LEO $MThe] 41 AME M 5
o RIT 2 =Ze] 2472 o5 LEO Sl4omie] 233t
Zgzke B 91X ok HIAY P42 TPl uheh Newton-

22 2ok} Als A= o
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[e] L
;S' H X_r] /ﬂ?

- =
SgolN AES BT,

H =529 earth centered earth fixed (ECEF) Z#¢]S w}l=
aske AU @ Fig. 1 2tk &5 velv, v, v ) B &
2ol L] Y pelx, y, 2l EHE 1A E GA| Ko O
pUE:[xy Z]T7]' RTT TRTIT, 1:7]‘! EEE1 A o] D[E ’é‘ éiq’ (Nawaz
et al. 2023). 2% 0x}-= LIS RTT AL Eslo] 0212

£ 91 24 AL 1y & Eq. (D3 20] T8 4 GUe,

CTRTT,?

TRTT¢ =
= |Ipue — Pell + CSatmos,e + CNRTT,0) 1)

A7A o= el At £ &, Nprre ~ MO, 0%¢r, )& BT
S KTT 33 FROIek 2 ol iR ol g Aug
FohE Sumos = 54 7Hs3HS 7F4 %} (Causa et al. 2017).
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3. RTT-ENABLED DOPPLER POSITIONING
WITH MULTIPLE LEO SATELLITES

Eq. 4)9] siE +517] ¢5to] Newton-Raphson 7|¥-& AFE-
Sk} (Ypma 1995, Shi et al 2023). &A] Esl= & 93], &5,
clock driftE xu=[pl: vie clk]T €R7E]' o, xyp 2t n 7k9] “’]'74]7]'
MR ol Hll 13} 2AME B RS Qs ks
2 o] tis}o] ui= Eq, (5)2} 2t

A Xup=[PUek Yok 6clkk

W= Wy + i Axyg (5)
o171 b SR @3S ERSH) s 282 ] u xep, A
o] Ag] & £EHsE HEo|r Ay = Xy~ XUhkL— K XUk

of theh @2} B WEfolnt. no xypoll tieh AHHIS B J, €
R""= Eq. (6)7+ et
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Table 1. Newton-Raphson method for RTT-Doppler positioning.

Algorithm 1: Newton-Raphson method for RTT-Doppler positioning

Input: Xypo, =7, 1, ¥

Output: Xy
1. Initialize k as 0

while k = 0 or [|Axy,ll >y do
2. Axyp€ 0QT)'Z " (r-p)

3. Xug, e € Xyp e+ AxUE,k

4.k < k+1
end
5. )A(UEéxUEyk
JeEa
a
o (10)
asclk
olth, whahA] kA 4 Xy < KHA 7 xS E5}0] Eq. (1)
& Ue 4
XUEk+1 = XUEk T AXyEk (11)
ofaj Axyg = Eq. (12)e} 2t}
-1
Axypr = (FE715) TR~ 1(r — my) (12)

2713 Axee7t FO12 W) Egs. (1L, 12)9] o] AL
7158 yoll tisto] Iyl <7t RS m7ka] whsale), ot
o o] 2 WETICHA Skl S5 SUYT DL 0lF F
Sk Table 12 A2k 7€) o)1} FEo]e,

4. \[E|o|d ZHz}

4.1. A Edjo]d =#F

Algglolde $f8l 1efe Od W LEO 9149 YA & tha
3} 7t} py,=[-3,043 4,031 3,883] "kmo] ]33+ DS F|Fo
2 357H10° o]5}= ATt AE}E] 3.9] two line element (TLE)
file2 LEO ¢439] ¢1x] Y &5 A B E 9] on] AXlke] HoJA]
< glstol AT TS ST 94 TR Aleke
517] 9l5to] W p, o 7P 2H T [-3,044 4,696 3,883] 'kme]
LEO $1/d3} 91437k A =7k 2|} 6,371 kmQl $14d 5 L] 94
& AEIsloint o] u, 1417k 712 9@ $hde] 4 LEO 9147t
241 9748 Teoto] £9] A|BEo14E 213 Hashim et al
(2022)2} Dureppagari et al. (2023)o]] 7]5Fs}o] YAl 4= L& 39
] 72 4315 Fig. 2= 914 7HA1A Aloke mﬂ L=774¢]
LEO 9A] 9 ot %] B3 9l TLE fileo]] 7|9kl A =4 4|
£2 Uehiict,

A5 0] Wk} 4 £ 2 GHZR ool whe} w3 A= 015
molch. RTTe} £2¢ Helo] 247 oxje] B2 Haks Nawaz
etal. (2023)0] 212 9] ol ATk T RTTo) &
A 740 LU g 001 sl 005 s, 5] 2ol &
A7k 2710 EEWA 0, 1 HzolA 5 HaZ slglon] BE ee

{L-Liofl <h 6P°4 &Y 245k E]E Newton-Raphson
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Fig. 2. Visible satellites in the restricted satellite visibility scenario.

Fig. 3. Position RMSE on the number of satellites considering Doppler
measurement error with fixed RTT measurement error (Ogr= 0.05 ).

7%10] 45 7124k yi= 00012 Agsig o 43 ARL 7t o
A EETA D G4 48 109 vhEslo] Fasllc T3 9]
Q2= 321 €)% #F3z o] o $F root mean squared error (RMSE)

248 ”pUE_IAJUE I o] o2 AL
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A, 228 o] &4 o3} TS vHPS wo] £
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RMSE 733k gR1s17] $13t Al EdloldE Xy sl%ier 2
TH= Figs. 3, 4¢F Zth RTT &4 92}19] TE HX} g = Fig. 3

2}

o141 0.05 ps, Fig. 4ol 0.005 s AsIGck. Fig. 39] Zute
B uj] 9] RMSE: RTT ¥& Hxpr} Z7)eto] wle} ~7}0M
F7VEo] ZAsks HFS otk 58] 0, 2 Hz o] 558 B
b3 14 ol T 29 RMSE 371 4ol = Foz ash
Ao, 12 9 4 F 71 A ol L3 AT Lol 9
%3 Zeoll ik 2591 RMSEE 0,= 1 Hz 0] 5 2 50] 913 3]
Shodrk. $14 4 Z710f ke 9] RMSE 2t L33} [=4% v
e cq1 2932 m ZHA5 cnzq [=4 0]59] ZHAZ L 5m o5

rrﬂ RTT &3 02]-7]— 0.005 =,
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Fig. 4. Position RMSE on the number of satellites considering Doppler
measurement error with fixed RTT measurement error (Gqrr= 0.005 ps).

Fig. 5. Position RMSE on the number of satellites considering RTT
measurement error with fixed Doppler measurement error (op= 5 Hz).

Fig. 6. Position RMSE on the number of satellites considering RTT
measurement error with fixed Doppler measurement error (o,= 0.5 Hz).

5Hz, Flg 601]/\1 0.5 HzE' Hz%o}Oﬂr:} Fig. 5¢] A7}2 E g n =
2 914 4ol Tk 2] RMSEE 488 0.2 57151
AP e 13 v g A5V S71skck £8e 24 o



Fig. 7. Box plot of position errors in different number of satellites (o,= 5 Hz,
Ogrr=0.05 ps).

Z7huhe wefet Fig 3] Faeh v wd o, 1-39] 49 71 2
Z7H 4L Bolt e FAR oL, EFe Holg) thA RIT
o3} % o H¥Hos gAYt

ol
ol
é
=
3
(U8}
é
S
.J>
ol)l
N
ol
o
£
N
59
b}
o
=
w
o
~ox
1o,
| o
—{o
w
=]
o

;}044 OIEM Algv‘iﬂ 14 2z
H A RIT @24 S74o] wh 591 43
7$Hrt Ak wslgict,
npAEte 2 91 4 E7te]l whE 91X 23} lpypy I S £
EE ZRIsH] fet Al S Rlgsisl e 11 Avh= Fig. 7
e} o] w7t S5 E A} REWAHE 0,=0.05 s, 6,=5
AAsl9Tt. Fig. 79] Wb Asier AAE 7 03 B2 o)
25%5 e, &2 A2 %"J’H AL AL U] gl
Hojzrt Lo] 30]Ale] 7 6.08, 24.28, 21.58,
724 mE Bt L= 4TE1 Qafe
Fasiglon, O o] 3R H Fazo] 34 Eole A

o rlt S Mz F T K
-IFr‘l -l> l“H l-['[_{ m\l
o = ﬂJ]ﬂl
b

O{N 2
)
N
rN, o
=
i
5|

ok
rO
ol
-
2
o

o
M}
ru

rr
sl

LEO 914 7hA14dell Alefo] gl Abgtel Al RTT
LT 590 1S AU A 7
Al H 37} BAE ASlol|A] RTT9 =28 A
o] &850 Newton-Raphson 7|'H-& &3] ©
Baloich. Aol Fato] g1 ol wE
K ABYom 94 47 314 42 F7h5
202 91%) RMSEZ} Zhashe 212 Iyt
0=5 Hz8) 79 S 47} 3004 42 7k
O[Sl $14 4 Z7h thH] oF Sejel 2932 me] $1%] RMSE

% 91 7hAA Aok TRt o] % T AA
2 2A5H: A2 291 714 4771 Basick

N oy,
NG
o
oHrl ﬂJ]ﬂI

Nod o
U &

ox Lo v O I rfe
Rl

ofr

fodleor ko

N
Y

E\l E=) _]lm rlr
) 1—> 4O o v 2 rN' i

je

Duhui Yang et al. RTT-Doppler Positioning in LEO-PNT 305

ACKNOWLEDGMENTS

o A ATE AR (T EHRENN) Y AU
= GFATATE AL Wol +4H ALY (No. NRE-
2023R1A2C3002890).

AUTHOR CONTRIBUTIONS

Conceptualization, D. Yang, J. Kang and M. Jeong;
software, D. Yang and J. Kang; validation, D. Yang, J. Kang
and M. Jeong; formal analysis, D. Yang, J. Kang, M. Jeong
and S. Kim; data curation, D. Yang, J. Kang, M. Jeong and S.
Kim; writing—original draft preparation, D. Yang; writing—
review and editing, D. Yang, J. Kang, M. Jeong and S.
Kim; visualization, D. Yang, J. Kang, M. Jeong and S. Kim;
supervision, S. Kim; project administration, S. Kim; funding
acquisition, S. Kim.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

Causa, E, Renga, A., & Grassi, M. 2017, Ionosphere-gradient
based filtering approach for precise relative navigation
in LEO, In 2017 IEEE International Workshop on
Metrology for AeroSpace (MetroAeroSpace), 21-23 June
2017, Padua, Italy, pp.56-61. https://doi.org/10.1109/
MetroAeroSpace.2017.7999538

Du, Y., Qin, H., & Zhao, C. 2024, LEO satellites/INS integrated
positioning framework considering orbit errors based
on FKF, IEEE Transactions on Instrumentation and
Measurement, 73, 5501714. https://doi.org/10.1109/
TIM.2024.3369693

Dureppagari, H. K., Saha, C., Dhillon, H. S., & Buehrer, R. M.
2023, NTN-based 6G localization: Vision, role of LEOs,
and open problems, IEEE Wireless Communications
Magazine, 30, 44-51. https://doi.org/ 10.1109/
MW(C.007.2300224

Ferre, R. M., Lohan, E. S., Kuusniemi, H., Praks, J.,
Kaasalainen, S., et al. 2022, Is LEO-based positioning
with mega-constellations the answer for future equal
access localization?, IEEE Communications Magazine,
60, 40-46. https://doi.org/10.1109/MCOM.001.2100841

Guo, F, Yang, Y., Ma, F, Zhu, Y., Liu, H., et al. 2023.
Instantaneous velocity determination and positioning

http://www.ipnt.or.kr



306 JPNT 13(3), 301-307 (2024)

using Doppler shift from a LEO constellation. Satellite
Navigation, 4, 9. https://doi.org/10.1186/s43020-023-
00098-2

Hashim, I. S. M., Al-Hourani, A., & Ristic, B. 2022,
Satellite localization of IoT devices using signal
strength and Doppler measurements, IEEE Wireless
Communications Letters, 11, 1910-1914. https://doi.
org/10.1109/LWC.2022.3187065

Humphreys, T. E., Iannucci, P. A.,, Komodromos, Z. M., &
Graff, A. M. 2023, Signal structure of the Starlink Ku-
band downlink, IEEE Transactions on Aerospace
and Electronic Systems, 59, 6016-6030. https://doi.
org/10.1109/TAES.2023.326810

Kassas, Z. M., Khairallah, N., & Kozhaya, S. 2024, Ad
astra: Simultaneous tracking and navigation with
megaconstellation LEO satellites, IEEE Aerospace and
Electronic Systems Magazine (Early Access), 1-19.
https://doi.org/10.1109/MAES.2023.3267440

Khalife, J. J. & Kassas, Z. M. 2019, Receiver design for
Doppler positioning with LEO satellites, In ICASSP
2019 - 2019 IEEE International Conference on
Acoustics, Speech and Signal Processing (ICASSP), 12-
17 May 2019, Brighton, UK, pp.5506-5510. https://doi.
org/10.1109/ICASSP.2019.8682554

Khalife, J., Neinavaie, M., & Kassas, Z. M. 2021, Blind
Doppler tracking from OFDM signals transmitted by
broadband LEO satellites, In 2021 IEEE 93rd Vehicular
Technology Conference (VTC2021-Spring), 25-28
April 2021, Helsinki, Finland, pp.1-5. https://doi.
org/10.1109/VTC2021-Spring51267.2021.9448678

Khalife, J., Neinavaie, M., & Kassas, Z. M. 2022, The first
carrier phase tracking and positioning results with
Starlink LEO satellite signals, IEEE Transactions on
Aerospace and Electronic Systems, 58, 1487-1491.
https://doi.org/10.1109/TAES.2021.3113880

McLemore, B. & Psiaki, M. L. 2022, Navigation using
Doppler shift from LEO constellations and INS data,
IEEE Transactions on Aerospace and Electronic
Systems, 58, 4295-4314. https://doi.org/10.1109/
TAES.2022.3162772

Nawaz, S. J., Cianca, E., Rossi, T., & De Sanctis, M. 2023,
Round Trip Time (RTT) and Doppler Measurements
for IoRT Localization by a Single-Satellite, IEEE
Communications Letters, 28, 528-532. https://doi.
org/10.1109/LCOMM.2023.3348156

Prol, F. S., Ferre, R. M., Saleem, Z., Vilisuo, P., Pinell, C.,
et al. 2022, Position, navigation, and timing (PNT)
through low earth orbit (LEO) satellites: A survey on
current status, challenges, and opportunities, IEEE
Access, 10, 83971-84002. https://doi.org/10.1109/

https://doi.org/10.11003/JPNT.2024.13.3.301

ACCESS.2022.3194050

Prol, E S., Bhuiyan, M. Z. H., Kaasalainen, S., Lohan, E. S,,
Praks, J., et al. 2024, Simulations of Dedicated LEO-PNT
Systems for Precise Point Positioning: Methodology,
Parameter Analysis, and Accuracy Evaluation, IEEE
Transactions on Aerospace and Electronic Systems (Early
Access). https://doi.org/10.1109/TAES.2024.3404909

Psiaki, M. L. 2021, Navigation using carrier Doppler shift from
a LEO constellation: TRANSIT on steroids, Navigation,
68, 621-641. https://doi.org/10.1002/navi.438

Shi, C., Zhang, Y., & Li, Z. 2023, Revisiting Doppler
positioning performance with LEO satellites, GPS
Solutions, 27, 126. https://doi.org/10.1007/s10291-023-
01466-w

Stock, W., Schwarz, R. T., Hofmann, C. A., & Knopp, A. 2024,
Survey on Opportunistic PNT With Signals from LEO
Communication Satellites, IEEE Communications
Surveys & Tutorials. https://doi.org/10.1109/
COMST.2024.3406990

Wang, D., Qin H., & Huang, Z. 2023, Doppler Positioning of
LEO Satellites Based on Orbit Error Compensation and
Weighting, IEEE Transactions on Instrumentation and
Measurement, 72, 5502911. http://doi.org/10.1109/
TIM.2023.3286001

Ypma, T. J. 1995, Historical development of the Newton-
Raphson method, SIAM review, 37, 531-551. http://
www.jstor.org/stable/2132904

Duhui Yang received the B.S. degree and
M.S. degree in electronic engineering from
Kyonggi University, Suwon, South Korea,
respectively. He is currently pursing the
Ph.D. degree with the Department of
Electronic Engineering. His current
research interests include LEO-PNT, NTN,
5G and Beyond 5G communication systems, machine
learning, and deep learning.

Jeongwan Kang received the B.S. degree in
electronic engineering from Hanyang
University, Seoul, South Korea, in 2017,
where he is currently pursuing the combin-
ed master’s and Ph.D. degree with the
Department of Electronics and Computer
Engineering. His current research interests
include millimeter-wave communications, beam
management, MIMO systems, and 5G and B5G comm-
unications.



Minsoo Jeong received the B.S. degree in
electronic engineering from Hanyang
University, Seoul, South Korea, in 2017,
where he is currently pursuing the combin-
ed master’s and Ph.D. degree with the De-
partment of Electronics and Computer
Engineering. His current research interests
include wireless communication, localization, machine
learning, and 5G and Beyond 5G communication systems.

Sunwoo Kim received his B.S degree from
Hanyang University, Seoul, Korea in 1999,
and his Ph.D. degree, in 2005, from the
Department of Electrical and Computer
Engineering, University of California, Santa
Barbara. Since 2005, he has been working
in the Department of Electronic Engin-
eering at Hanyang University, Seoul, Korea, where he is
currently a professor. He was also the director of the 5G/
Unmanned Vehicle Research Center, funded by the Ministry
of Science and ICT of Korea. He was a visiting scholar to the
Laboratory for Information and Decision Systems, Massa-
chusetts Institute of Technology from 2018 to 2019. He is an
Associate Editor of IEEE Transactions on Vehicular Techn-
ology and a senior member of the IEEE. His research
interests include wireless communication/positioning/
localization, statistical signal processing.

Duhui Yang et al. RTT-Doppler Positioning in LEO-PNT 307

http://www.ipnt.or.kr



