der Bundeswehr

Universitdt ﬁ Mliinchen

Doppler Shift Based Opportunistic LEO-
PNT With Starlink Signals @ Munich Center for

Space Communications

Winfried Stock
) | L\ Chair of
(jm l >/“[ Signal Processing

Univ.-Prof. Dr-Ing. Andreas Knopp

IEEE LEO Sats Workshop: LEO Position, Navigating, and Timing (PNT)
5 May 2025



. . _/u& Chai der Bundeswehr
Opportunistic LEO-PNT | SIg,f,’;',‘,’f;ocess,-ng Universitit 'y Miinchen

Univ.-Prof- Dr.-Ing. Andreas Knopp

= (Unmodified) LEO satellites transmit

communication signals
Communication

satellites — = PNT estimation at the receiver based on
N - - = Observation of the communication signals
\ [ FE— (as ,signals of opportunity™)
S— - = Satellite orbit

v"No additional (PNT) satellites required

v Approach for complementary PNT in case
of interruption or degradation of GNSS

v Global coverage

PNT receivers
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Which sources of error are (most) relevant?

W. Stock, R. T. Schwarz, and A. Knopp, “Error Source Analysis for Doppler Shift Based Opportunistic LEO-PNT With Starlink Signals,” 2025 IEEE/ION Position,
Location and Navigation Symposium (PLANS), Salt Lake City, UT, April 2025.
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The investigated scenario consideres a
Starlink

communication

. = stand-alone
satellites T
—— >
\ \ = gtatic
> >

~— [ = opportunistic LEO-PNT receiver, performing
= multi-epoch

= Doppler-shift measurements of

= Starlink signals, leveraging

= consecutive Primary Synchronization

Sequences (PSS).

PNT receivers
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Frequency
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Satellite orbit
error

Clock errors
(Satellite and receiver)

Atmospheric
errors

Modified Cramér-Rao Bound

3T, 1
MCRB(v) = (T, Lo)?272 SNR, N
Ar ===
gl
_ 1 Z
! 1 fEb agrb
Impact on positioning accuracy:
0.1m 1m 10m 100m . 1000m

Q using 300/100/10
consecutive PSSs
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Frequency

. Monte-Carlo-Simulation of a single satellite passover
estimation error

Orbit error
Scenario along | cross | radial
Satellite orbit 3 NORAD TLE files | 2km | 200m | 200m
error 2 adjusted TLE files 200m | 200m | 200m
1 precise TLE files 10m 10m 10m

Clock errors Impact on positioning accuracy:

(Satellite and receiver)

0.Im 1m 10m  100m 1000 m

Atmospheric TLE! e TLE
errors
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Clock errors

Frequency
estimation error
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Satellite orbit
error

Clock errors
(Satellite and receiver)

Atmospheric
errors

Short-term clock stability

27
2.25 - 217, ay(7)7 fe

O f.clock =

relationship for a 3™ order PLL

Impact on positioning accuracy:

0.1m 1m g1Om 100 m

assumed Allan deviations

Clock | oy (T)

TCXO | 1-1072 72

CSAC | 3-10710 7—2

OCXO 1-10712
1000 m

Q using 300/100/10
consecutive PSSs
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Atmospheric errors

Frequency
estimation error
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Satellite orbit
error

Clock errors
(Satellite and receiver)

Atmospheric
errors

lonospheric delay rate

40.3 - TEC

g0 . . . IZ f—

| | |
—300 —200 —100 100 300

0 200

Tropospheric delay rate
e Literature (GNSS)

IEEE LEO Sats Workshop: LEO Position, Navigating, and Timing (PNT) | 5 May 2025 | Winfried Stock @ Munich Center for | 8

Space Communications



Comparison

_/u& Chail’o ) L derBundesw?f‘lr
(:% }j\ﬁf Signal ;g:ocess,-ng Universitat 3 Miinchen

Univ.-Prof- Dr.-Ing. Andreas Knopp

Frequency

ACCURACY FOR 300/100/1

TABLE VI

: ; IMPACT OF RELEVANT ERROR SOURCES ON THE POSITIONING
estimation error

0 PSSS / FRAMES USED PER MEASUREMENT

Source of error

Impact on positioning accuracy

Satellite orbit
error Frequency estimation

Satellite orbit

Clock errors
(Satellite and receiver)

Oscillator (satellite)

Oscillator (receiver)

0.1m i1m 10m 100 m 1000 m

*~—e *
Gy = 34dB (@t ¢
G, =4dB
2 L 2 L 2
TLE' TLE>  TLE®
CSAC @i
[CXO (Pt
CSAC =@ ¢
[CXO Pl

Atmospheric

' Accurate TLE files

errors 2 Adjusted NORAD TLE files
3 NORAD TLE files
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How to estimate the frequency of the signal
most accurately
and
computationally efficient?

W. Stock, C. A. Hofmann and A. Knopp, "Correlation-Based Doppler Shift Estimation for Opportunistic LEO-PNT With Starlink Signals," 2024 |IEEE International
Conference on Wireless for Space and Extreme Environments (WiIiSEE), Daytona Beach, FL, USA, Dec. 2024.

IEEE LEO Sats Workshop: LEO Position, Navigating, and Timing (PNT) | 5 May 2025 | Winfried Stock @ Munich Center for | 10

Space Communications



Scope

Sequence (PSS)

LEO-PNT

Computationally efficient algorithm
for Starlink Primary Synchronization

detection and frequency estimation
for Doppler-shift based opportunistic

Starlink ) Filtering and
signals downconversion

PSS Frequency

detection [— estimation |—

(16) (22)

/0
data
PNT PNT
processing
t
Ephemerides
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Starlink Primary Synchronization Sequence (PSS)

h Is 1&2 t F, | fomkb Oft
channels vacan < s > eakage tones
prannes e vaear f 1 /— g
| | | oee
| Ll L : H ' )f
Fe | Fe —>|Fg|<— Fcg
F/2
—{ leakage tone
g
| oo subc’s
' >» f
— | —| 4F |
F gutter
f“
Frame: Ty = 302Tsym + Tig
|[«— T —
Tg B ;!n’l—. ng = 4sym + Tg
>l PSS - = | SSS ~iiTg CSS D —— PSS
5 4
4 TF
I 4 [
| T
| >t
1 2 301 302 0
Rf_/
8 repetitions of the PSS subsequence gutter frame guard

with the first inverted interval

PSS cyclic prefix copied from
tail and inverted

T. E. Humphreys, P. A. Iannucci, Z. M. Komodromos and A. M. Graff, "Signal Structure of the Starlink Ku-Band
Downlink," in IEEE Transactions on Aerospace and Electronic Systems, vol. 59, no. 5, pp. 6016-6030, Oct. 2023,
doi: 10.1109/TAES.2023.3268610.
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Correlation-based PSS detection

correlation with

correlation with PSS
subsequence of PSS

L.
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correlation with

algorithm
subsequence of PSS
Le . Phase of subsequences
. * 8 correlation peaks _
T’é,sm = Z c[n}s [n — l} \ / as transmitted

e z[k] = ylk] - d"[K]
_ 100 1 Lo—l
c R[m]:mgz[k]%[/@—m]

with 1 <m < Lg—1

Doppler shift causes
rotating phase of
v/ I correlation peaks
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Analysis
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RMSE(fp) of the Doppler shift estimation for different SNRs
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Probability that the PSS is detected correctly
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fp/kHz

RMSE(fp) for different Doppler shifts fp and SNR = 10 dB

0 \ \ \ \ \ \
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AT/T,

RMSE(fp) for different sample timing offsets A7 and SNR = 10dB
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_— = Algorithm works efficiently for
— |/NCRB. .,
10° - _Rl\l,\[/lsi}z]]?; ] SNRT Z —11dB
= SNR with isotropic radiator as receiver
- antenna
| SNR; = —20.9dB
= Margin M

= t i 1 i 1 i i b i
—20 =18 =16 —14 —12 10 W8 —6 —4 -2 0 2 4 6 8 10
SNR/dB

RMSE(fp) of the DoppMr shift estimation for different SNRs . . .
= Required receiver antenna gain

SNR; = —11dB Gr = SNRy + M — SNRp

=) G'r > 10dBi for M = 0dB
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