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Abstract—This letter shows the first carrier phase tracking Recent efforts in carrier synchronization showed the ben-
and positioning results with Starlink'’s low Earth orbit (LE O) efit of using Kalman filter (KF)-based tracking loops over
satellite glgnals. An adapt_lve Kalman filter (KF)-based alg:ntljm traditional Costas-based phase-locked loops (PLLs) 1]
for tracking the beat carrier phase from the unknown Starlink These adaptive methods either (i) update the process noise

signals is proposed. Experimental results show carrier phse - ' > .
tracking of six Starlink satellites and a horizontal positioning Covariance using the residuals or (ii) update the measureme

error of 7.7 m. noise covariance using the carrier-to-noise ratio. Howeve
Index Terms—signals of opportunity, carrier phase positioning, High fluctuations in the process noise covariance may cause
low Earth orbit, Starlink. the filter to diverge [10]. Moreover, the carrier-to-noisgio
cannot be reliably estimated when the signal structure is
. INTRODUCTION unknown, as is the case with Starlink signals.

Low Earth orbit (LEO) broadband communication satellite Thi_s letter makes the following contribgtions. First, tr_taIS
signals have been considered as possible reliable sowcedifk Signals are analyzed and a model suitable for carriesph
navigation by various theoretical and experimental stdig@cking is developed. Second, an adaptive KF-based trgcki
[1]-[4]. With SpaceX having launched more than a thousai@CP i developed where the measurement noise is updated
space vehicles (SVs) into LEO, a renaissance in LEO-bad¥f€d on a heuristic of the residuals. Third, a demonstratio
navigation has started. Signals from LEO SVs are receivBfithe first carrier phase tracking and positioning results w
with higher power compared to medium Earth orbit (MEOjE@! Starlink signals is presented, showing a horizontsitipn
where GNSS SVs reside. Moreover, LEO SVs are mof&ror of 7.7 m with six Starlink SVs.
abundant than GNSS SVs to make up for the reduced footprint,
and their signals are spatially and spectrally diverse.

Opportunistic navigation frameworks with LEO SV signals In this letter, all signals are represented as complex Egna
have drawn attention recently as they do not require aditjo (both in-phase and quadrature baseband components).
costly servic_es or in_frastruct_ure from the broadb_and [Iﬂ’EIVI A. Sarlink Downlink Signals
[5]. One major requirement in such frameworks is the ability” ] ) ) ) )
to draw navigation observables from these LEO SV signalsLitle is known about Starlink downlink signals or their
of opportunity. However, broadband providers do not ugualfif interface in general, except for the channel frequencie
disclose the transmitted signal structure to protect timegl- @nd bandwidths. One cannot readily design a receiver té trac
lectual property. As such, one would have to dissect LEO s¥tarlink signals with the aforementioned information oaly
signals to draw navigation observables. A cognitive aptoa@ deeper understanding of the signals is needed. Software-
to tracking the Doppler frequency of unknown terrestriglefined radios (SDRs) come in handy in su<_:h situations, since
signals was proposed in [6]. This method cannot be adopi&§y allow one to sample bands of the radio frequency spec-
here as it does not account for the very-high Doppler dd¢im. However, there are two main challenges for sampling
LEO SV dynamics and requires knowledge of the period Sttarlink S|gnals_,: (i) the signals are transmlttgd in Ku/Ka-
the beacon within the transmitted signal, which is unknomwn Pands, which is beyond the carrier frequencies that most
the case of Starlink LEO SVs. This letter develops a carriPmmercial SDRs can support, and (ii) the downlink channel
phase tracking algorithm for Starlink signals without prioP@ndwidths can be up to 240 MHz, which also surpasses the
knowledge of their structure. capabilities of current commercial SDRs. The first challeng

can be resolved by using a mixer/downconverter between the
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and sampling bandwidth of 2.5 MHz shows nine “carriein the Ku-band. Tropospheric delays are discussed in Sectio
peaks,” as shown in Fig. 1(a). Furthermore, the waterfait plIV-B. After downmixing, low-pass filtering, and bandpass
in Fig. 1(b) shows that these carrier peaks vary as the Doppsampling, thenth sample of the discrete-time received signal
frequency over an 80-second interval. The Doppler frequenc(n) can be expressed as

was predicted using two-line element (TLE) files. r(n) = aexp [j(2r fnTs + 0(n))] + B(n), (3)
15 X10° , B S ‘ whereT is the sampling interval(n) is the true beat carrier
Receivedsignal |} 1 & 111 1 1o phase at time-step, and 3 captures the effect of the channel
-------- Predicted Doppler| ! ' ' i1t . . .
o 100]- - - - carrier peaks 1 noise and interference and is modeled as a complex, zero-
i I mean white sequence with varianeg. The Starlink receiver
V0] described next will operate on the sampi¢s).
05 04 03 02 01 0 01 02 03 04 05 Ill. CARRIER PHASE TRACKING ALGORITHM
Frequency (MHz) . . .
@) It is important to note that the receiver does not have
% N T Prediced Doppler knowledge of f,. As such, the modified beat carrier phase
60 A T \ Carier peaks is defined asf(n) £ 6(n) + 27 f,nTs, which will be the
2 s SN RN e quantity tracked by the receiver. Instead of a conventional
£ fd LR & G PLL, an adaptive KF-based tracking loop is developed. The KF
20 : N R TR ! formulation allows for arbitrary model order selection, iath
o L ‘ is crucial in the LEO SVs’ high-dynamics. The adaptive KF-
0804 038 02 '%jequeniy (MH‘;; 02 03 04 08 based carrier tracking algorithm is described below.
® A. Beat Carrier Phase Dynamics Model

Fig. 1. (a) Snapshot of the square of the FFT of the receivgdakialong ; _ ; ; e
with the Doppler frequency predicted using TLEs and the piogerved carrier The tw_ne Vary'”g compopent OT the continuous-time true
peaks. (b) Waterfall plot of the FFT of the received signadroan 80-second 0€at carrier phase is a function of (i) the true range betwieen
interval showing the nine peaks varying as the predictedplopThe peaks LEO SV and the receiver, denoted byt), and (ii) the time-
seem to be uniformly separated by approximately 44 kHz. varying difference between the receiver’'s and LEO SV'skloc

It was observed that the relative amplitudes of these nibés, denoted by(t) and expressed in meters. Specifically, the
peaks vary from one SV to the other. Therefore, only theodified beat carrier phase can be expressed as
strongest peak will be tracked. Moreover, the paper makes no at)  b(t) 5

. .. . 0(t) =27 |——— + —= t—1 o(t 4

assumptions on the position of the peaks relative to theecent (*) T A + A + /ol 0)| +0(to),  (4)
frequency of the signal. This results in a Doppler ambiguityhere X is the carrier wavelength. The clock bias is assumed

that is addressed in the rest of the paper. The next subsect® have a constant drift, i.e., b(t) = a - (t — to) + by, where

discusses the assumed transmitted signal model. bo is the initial bias. Moreover, simulations with Starlink OE
SVs show that the following dynamics model féft) holds

B. Continuous-Time Transmitted Baseband Signal Model for short periods of time (between carrier phase updates)
Let z(t) denote the continuous-time transmitted signal. As d (t) = w(t), (5)

mentioned previously, only one of the nine peaks will b@herew is a zero-mean white noise process with power spec-
tracked. Motivated by the results in Fig. 1, the transmittegal densityg,;. Subsequently, the kinematic model of the g]od—
signalz(t) can be modeled as B ified beat carrier phase state vecet) £ [H(t), 0(t),0(t)

a(t) = aexp [j(2nf(t —to) +0(to)] +y(t), (1) s given by

where f, is the frequency shift of the peak of interest from 0(t) = AO(t) + bw(t), (6)
the center frequencyy > 0 is a real, positive amplitude; is 01 0 0

some initial time;9(,) is some initial phase; ang(t) models A2l0 0 1|, b2 0 |,

the remaining components of the transmitted signals. Also, 00 0 2m

A
and the initial state is given by 6(ty) =
=

i , Af Af 7 2 21 - 2 7
T / y(7) explj2n(fptf)7] dr|<1, 5 <f< DR (2) Le(to) + 5 (bo — d(to?), 27_Tfp +_T(a —d(to)), __Td(LfO)}
¢ he above system is discretized at a sampling interval of
where Af is the separation between the peaks dhts the 7 — N . T, also known as the subaccumulation period,
integration period. The assumption in (2) formally statestt \where N is the number of subaccumulated samples. ket
y(t) is considered as low interference around the peak @énote the time index corresponding#o = kT + t,. The

interest, which explains the existence of the peaks in K&). 1 discrete-time model of (6) can be expressed as
The signalz(t) is then mixed to Ku band for transmission. 0k + 1) = FO(k) + w(k) @
= w N

C. Discrete-Time Received Baseband Signal Model where F 2 AT js the discrete-time state transition ma-

The Starlink LEO SV's transmitted signal will suffer fromtrix and w is the discrete-time process noise vector, which
very high Doppler shifts, as shown in Fig. 1(b). Note thds a zero-meanTwhite sequence with covariamQe =
ionospheric delays are negligible for the Starlink SV slgnag, fOT eAtb(eAtb) dt.

motivated by Fig. 1, the following assumption is made
1

2
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B. Adaptive KF-Based Carrier Tracking initial estimate9(0|0) is set to zero with zero uncertainty.

The adaptive KF-based tracking algorithm operates in Tauis initial ambiguity is accounted for in the navigatiortefil
similar fashion to Costas loops, except that the loop filser {nitial estimates of the first and second derivativesfodan
replaced with a KF, where the measurement noise variancdg obtained by performing a search over the Doppler and the
varied adaptively. Le®(k|l) denote the KF estimate @f(k) Doppler rate to maximize the FFT of the received signal. The
given all the measurements up to time-step k, andP(k|/) ~Search yields the Doppler and Doppler rate estimates denote
denote the corresponding estimation error covariance. Ty fp(0) and f(0), respectively. Next, leAfp and Afp
initial estimate and its corresponding covariance are tehodenote the sizes of the Doppler and Doppler rate search bins,
by 6(0/0) and P(0|0), respectively, and are calculated asespectively. It is assumed that the initial Doppler and jHlep
discussed in Section IlI-B4. The KF-based tracking aldonit rate errors are uniformly distributed within one bin, andith

steps are discussed next. initial probability density functions (pdfs) are boundeg b
1) KF Time Update: The standard KF time update equaGaussian pdfs with zero-mean and standard deviat%éf%
tions are preformed to yiel@(k + 1|k) and P (k + 1[k). and 2{2, respectively. As such) fp and A fp represent the

2) KF Measurement Update: The KF measurement updatet 34 intervals of the Gaussian pdfs. The KF is initialized as

step is similar to a Costas loop: a carrier wipe-off is first . R s T
performed, followed by an accumulation and discrimination 6(0]0) = {0a27TfD(O)727TfD(O)} (11)
step. The wipe-off and accumulation are performed as A2 An? .
: 2 2
1 N-1 R P(O|0) = dlag |:0, %AfD? %AfD:| . (12)
s(k+1) = & Y rln+kN)exp |—j(k + n|k)] G
n=0 IV. EXPERIMENTAL RESULTS

where 0(k + n|k) = 6(k[k) + 0(k|k)nTs + %G(Mk_)(_?TS)Q’ This section provides the first results for carrier phase
which is qbtalned by Pf‘?paga“”g th_e initial cond|t|6(1k_|k) tracking and positioning with Starlink signals. To this elad
by nT; using the dynamics in (6). Since the tracked signal Qy4tionary National Instrument (NI) universal softwarelica
) is Qataless, aatanQ_dlscnmmator can be qsed to Obta'nperipheral (USRP) 2945R was equipped with a consumer-
an estimate of the carrier phase error according to grade Ku antenna and low-noise block downconverter (LNB)
v(k+1) 2 atan2 (S {s(k+ 1)}, R {s(k +1)}) to receive Starlink signals in the Ku-band. The sampling
A bandwidth was set to 2.5 MHz and the carrier frequency was
=00k +1) = 0(k +1]k) + v(k +1), ©) set to 11.325 GHz, which is one of the Starlink downlink
where R {-} and 3 {-} denote the real and imaginary partsfrequencies. The samples of the Ku signal were stored for
respectively, andi(k + 1) is the measurement noise, whictpff-line processing. The tracking results are presented. ne
is modeled as a zero-mean, white Gaussian sequence wjith : _
varianceo?(k + 1). Since the measurement noise variance Carrier Phase Tracking Results
is not known, an estimaté2(k + 1) is used instead in the The USRP was set to record Ku signals over a period of
KF. This estimate is updated adaptively according to the ne300 seconds. During this period, a total of six Starlink SVs
subsection. It is important to note thatk + 1) is the KF transmitting at 11.325 GHz passed over the receiver, one at
innovation and gives a direct measure of the modified beattime. The framework discussed in Section Ill was used to
carrier phase. Hence, the standard KF measurement updg@uire and track the signals from these satellites with
equations are performed usingk + 1), 62(k + 1), and the 0.99, K, = 200, Afp = 250 Hz, Afp = 50 Hz/s, g5 =
measurement matri £ [1 0 0]. (0.577)2 m*/s°, and62(0) = & (3)” rad’. The time history
3) Measurement Noise Variance Estimate Update: As the Of v(k) for each SV is shown in Fig. 2.
signal quality fluctuates, it is important to match the measu
ment noise variance to the actual noise statistics. Thiaaan
be done readily as the channel between the LEO SV and the
receiver is highly dynamic and unknown. Instead, a heagristi !
model is used to updat&’ (k) over time, and is given by ? Timleo?s) 150 20 e é;m o

ok +1) = y53 (k) + (1 = y)u(k), (10)

where0 < v < 1 is a “forgetting” factor (close to one)
[11] and (k) £ =375, k.1 ¥*(m), where K, is the ol
number of samples used to estimate the measurement nois Time (s) Time (s)
variance. The heuristic model in (10) adapts to the quality o |
the measurements while filtering out abrupt changes in the
phase error variance.

4) KF Initialization: The steps above assumed that an

=
o
S
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o

Carrier phase
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o
o
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Carrier phase
error (deg)

Carrier phase
error (deg)
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initial estimate and corresponding covariance are availab Time (s) Time (s)

The initial estimate can be readily obtained from the datgg. 2. Time history ofu(k) for each SV (dotted blue curves) and their
Since a PLL cannot resolve the true initial carrier phase, thorrespondingt3o bounds (solid red curves).
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B. Position Solution

Next, carrier phase observables are formed from the trackec
modified beat carrier phases by (i) downsampling by a factor
D = 10 to avoid large time-correlations in the carrier phaseW
observables and (ii) multiplying by the wavelength to esgre
the carrier observable in meters. Lete {1,2,3,4,5,6}
denote the SV index. The carrier phase observable tatthe
SV at time-steps = k- D, expressed in meters, is modeled as

zi(R) = [lrr =rsv, (K) |3+ ai DT +bi+ ¢ Tiropo,i(r) +v2(k),
(13)

wherer, andrgy, (k) are the receiver’s antth Starlink SV

three-dimensional (3-D) position vectors expressed inast-E

Fig.

-8V 1 =———8V2

Sv4

SV s

3. (a) Skyplot showing the Starlink SVs’ trajectoriesiridg the

experiment. (b) Environment layout and positioning result

North-Up (ENU) frame centered at the receiver’s true positi of a Starlink SV's transmitted signal was formulated, and
a; and b; are the coefficients of the first-order polynomiaén adaptive KF-based carrier phase tracking algorithm was
modeling the errors due to the initial carrier phase, clockeveloped to track the Starlink signal. Experimental rissul
bias, and unknown frequency shift,; ¢ is the speed of showed carrier phase tracking of six Starlink LEO SVs over a
light, Ttropo,i () is the tropospheric delay for theéh SV; and period of approximately 800 seconds. The resulting pasitio

v,, (k) is the measurement noise, which is modeled as a zefg
mean, white Gaussian random variable with variangés).

performance was: 7.7 m 2-D error when the receiver's

altitude is known, and 25.9 m 2-D error and 33.5 m 3-D

The value ofo?(k) is nothing but the first diagonal elementerror when the receiver’s altitude is unknown.

of P(k|x), expressed in f Tropospheric delay estimates
Ttropoﬂi(n) are obtained using the Hopfield model [12] and
subtracted fromz;(x) yielding the corrected measurement
2i(k) 2 2(K) —Tmpo,i(n). Next, define the parameter vector

=

(1]

(2]

wé [TTTualublu"'uaﬁubG]T' (14)
Let 2 2 [21(0),2:(1),...,2:(K1),. .., 26(0), Z6(1), ...,
%(K)] T, where K; denoted the total number

A

of measurements from theth SV, and let v,
[02,(0), 02, (1)s o0 (K1) -+ oy 050 (0), (1), -y 0ay(Kg)] T,
which is a zero-mean Gaussian random vector with a diagonal
covarianceR whose diagonal elements are given &(x).
Then, one can readily write the measurement equation

z=g(x)+ vz, (15)
whereg(x) is a vector-valued function that maps the paramis;
eter  to the carrier phase observables according to (13).
Next, a weighted nonlinear least-squares (WNLS) estimator
with weight matrixR~' is solved to obtain an estimate sf 6]
The SV positions were obtained from TLE files and simplified
general perturbation 4 (SGP4) software. It is importantdten
that the TLE epoch time was adjusted for each SV to accouny
for ephemeris errors. This was achieved by minimizing the
range residuals for each SV.

Subsequently, the receiver position was estimated usiag tipg;
aforementioned WNLS. The receiver position was initiadize
as the centroid of all SV positions, projected onto the sgfa
of the Earth, yielding an initial position error of 179 km. [g]
The clock biases and drifts were initialized to zero. Thelfina
3-D position error was found to be 33.5 m, while the 2-D
position error was 25.9 m. Upon equipping the receiver witho
an altimeter (to know its altitude), the 2—-D position erroeg
down to 7.7 m. A skyplot of the Starlink SVs, the environment
layout, and the positioning results are shown in Fig. 3. [11]

(4]

V. CONCLUSION

This letter showed the first carrier phase tracking angy)
positioning results with real Starlink LEO SV signals. A nebd
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