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ABSTRACT
A spectral approach for blind acquisition and Doppler tracking of low Earth orbit (LEO) satellite signals is applied to National
Oceanic and Atmospheric Administration (NOAA) satellites. The approach accounts for the high LEO satellites’ dynamic
channel, by deriving an appropriate model for the received signal frequency spectrum. A frequency-domain-based Doppler
discriminator is utilized along with a Kalman filter-based Doppler tracking algorithm. Experimental results are presented
showing successful acquisition and Doppler tracking of NOAA LEO satellite signals. Next, the approach is demonstrated in
multi-constellation LEO acquisition and tracking, showing Hz-level Doppler tracking of 4 Starlink, 2 OneWeb, 1 Iridium NEXT,
1 Orbcomm, and 1 NOAA LEO satellites. Carrier phase observables were constructed from the tracked Doppler and fused
through a nonlinear least-squares estimator to localize a stationary receiver. Starting with an initial estimate 3,600 km away
from the receiver’s true position, the proposed approach is shown to achieve a two-dimensional (2D) error of 5.1 m.

I. INTRODUCTION
Navigation from low Earth orbit (LEO) satellites promises to revolutionize satellite-based navigation (Kassas et al., 2019; Jardak
and Jault, 2022; Prol et al., 2022; Janssen et al., 2023; Menzione and Paonni, 2023; Prol et al., 2023). As such, it is not surprising
to witness the tremendous interest from governments and private technology giants, launching their own LEO constellations,
some of which dubbed “megaconstellations” as they will comprise thousands of LEO satellites (Curzi et al., 2020; Liu et al.,
2021).

Using LEO satellite signals for navigation offers several desirable attributes (Reid et al., 2021; Kassas, 2021): (i) higher received
signal power compared to GNSS satellites that reside in medium Earth orbit (MEO), (ii) high availability and favorable geometry,
and (iii) spectral diversity in the radio frequency spectrum. However, exploiting broadband LEO satellite signals of opportunity
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for navigation purposes comes with challenges, as they are owned by private operators that typically do not disclose crucial
information about the satellites’: (i) ephemerides, (ii) clock synchronization and stability, and (iii) signal specifications.

Several studies have been published over the past few years addressing the aforementioned challenges, from addressing satellite
orbit, clock, and propagation errors (Mortlock and Kassas, 2021; Khairallah and Kassas, 2021; Morton et al., 2022; Cassel
et al., 2022; Wang et al., 2023; Zhao et al., 2023; Wu et al., 2023; Jiang et al., 2023; Ye et al., 2023; Khalife and Kassas, 2023;
Saroufim et al., 2023; Kassas et al., 2023a); to receiver and signal design (Tan et al., 2019; Wei et al., 2020; Bilardi, 2021; Orabi
et al., 2021; Kassas et al., 2021; Neinavaie et al., 2022b; Egea-Roca et al., 2022; Huang et al., 2022; Pinell et al., 2023; Yang
et al., 2023; Humphreys et al., 2023; Yang and Soloviev, 2023); to analyzing the estimation performance (Farhangian et al.,
2021; Psiaki, 2021; Hartnett, 2022; Singh et al., 2022; Jiang et al., 2022; More et al., 2022; Shi et al., 2023; Guo et al., 2023;
Kanamori et al., 2023; Sabbagh and Kassas, 2023; Farhangian and Landry, 2023; Ries et al., 2023).

This paper focuses on addressing the challenge of extracting navigation observables from unknown LEO satellite signals.
Whenever the LEO downlink signal structure is sufficiently known, designing a receiver that could acquire and track such
signals becomes a “classic” receiver design problem. Examples of LEO constellations with sufficient knowledge about their
downlink signal include Orbcomm and Iridium NEXT. Nevertheless, new LEO megaconstellations, such as Starlink and
OneWeb, do not disclose public information about their signals. This challenge can be addressed with blind signal processing
techniques. Previous research was capable of estimating downlink sequences in direct sequence spread spectrum communication
systems (Tsatsanis and Giannakis, 1997; Burel and Bouder, 2000; Choi and Moon, 2020; Li et al., 2023), for GPS/GNSS signals
under non-cooperative conditions (Merwe et al., 2020; Rui et al., 2022), and for orthogonal frequency-division multiplexing
(OFDM) signals (Bolcskei, 2001; Tanda, 2004; Liu et al., 2010). However, LEO downlink channels pose a challenge making
the aforementioned approaches not straightforwardly applicable, namely the high dynamics of the channel between the LEO
satellite and the ground-based receiver. To address this challenge in the context of LEO, (Neinavaie et al., 2021; Kozhaya and
Kassas, 2022) developed blind Doppler tracking approaches that were used to navigate an unmanned aerial vehicle (UAV) with
Obrcomm LEO satellites; while (Khalife et al., 2022) was the first to successfully apply blind signal processing techniques on
Starlink LEO signals, yielding carrier phase observables, from which a stationary receiver was localized with a two-dimensional
(2D) error of 25.9 m with signals from six Starlink LEO satellites. Another blind approach, based on matched subspace
detection, was developed in (Neinavaie et al., 2022a; Neinavaie and Kassas, 2023), yielding Doppler observables, from which
a stationary receiver was localized with a 2D error of 10 m (with pure tones) and 6.5 m (with OFDM signals in addition to
pure tones) from the same six Starlink LEO satellites. A blind spectral-based approach was developed in (Kozhaya and Kassas,
2023), yielding Doppler observables, from which a stationary receiver was localized with a 2D error of 4.3 m with the same six
Starlink LEO satellites. In (Kozhaya et al., 2023; Kassas et al., 2023b), it was demonstrated that this approach is rather general,
referred to as LEO-agnostic, and is capable of acquiring and tracking LEO signals regardless of their modulation and multiple
access schemes. In addition to Starlink LEO, the approach was successfully applied to OneWeb, Orbcomm, and Iridium NEXT
LEO satellites, yielding Hz-level-accurate Doppler tracking, from which a stationary receiver was localized with a 2D error of
5.1 m with 2 OneWeb, 4 Starlink, 1 Iridium NEXT, and 1 Orbcomm LEO satellites. This paper shows that this LEO-agnostic
approach is capable of exploiting the signals of a fifth LEO constellation: National Oceanic and Atmospheric Administration
(NOAA) satellites.

This paper offers the following contributions: (i) derive an analytical approximation of the received signal frequency spectrum
for highly dynamic channels and (ii) develop a blind Doppler spectral estimator via frequency-domain cross-correlation and
a Kalman filter (KF)-based tracking loop. The proposed approach relies on the presence of a repetitive sequence in the LEO
satellite’s downlink, to which the blind spectral Doppler tracker locks and cross-correlation is used to track the Doppler shift.
Experimental results are presented showing successful acquisition and Doppler tracking of NOAA LEO satellite signals with the
proposed approach. In addition, experimental results are presented showing Hz-level Doppler tracking of 4 Starlink, 2 OneWeb,
1 Iridium NEXT, 1 Orbcomm, and 1 NOAA LEO satellites. Carrier phase observables are constructed from the tracked Doppler
and fused through a nonlinear least-squares (NLS) estimator to localize a stationary receiver. Starting with an initial estimate
3,600 km away from the receiver’s true position, the proposed approach is shown to achieve a two-dimensional (2D) error of
5.1 m.

This paper is organized as follows. Section II derives the signal model. Section III discusses the blind Doppler discriminator
and tracking approach. Section IV presents NOAA LEO tracking results. Section V presents multi-constellation LEO tracking
and positioning with Starlink, OneWeb, Iridium NEXT, Orbcomm, and NOAA LEO satellites. Section VI gives concluding
remarks.

II. SIGNAL MODEL
This section presents a model of the received signal, which takes into account the high dynamics channel between the LEO
satellite and ground-based receiver. Then, it derives an analytical expression of the signal’s frequency spectrum.



1. Received Baseband Signal Model
Let x(t) be the unknown LEO satellite signal, expressed at baseband. The proposed framework does not assume any particular
modulation or multiplexing scheme. The only assumption is that x(t) can be written as x(t) = s(t) + nd(t), where s(t) is a
deterministic repetitive signal and nd(t) is a random signal driven by the user data. Examples of repetitive sequences are the
pseudorandom noise (PRN) used in GPS (Flores (2022)), Globalstar LEO satellites (Hendrickson (1997)), and CDMA2000
(3GPP2 (2011)) and the primary and secondary synchronization sequences (PSS and SSS) used in 4G long-term evolution
(LTE) (3GPP (2010)) and 5G (3GPP (2018)). The proposed framework assumes the following properties of s(t):

1. It is periodic with period T0.

2. It is uncorrelated with the data nd(t).

3. It is zero-mean, has a stationary power spectral density (PSD) with |F {s(t)wT0
(t)}|2 = Ss(f), where wT0

(t) is a
windowing function that is unity within the interval [0, T0] and zero elsewhere.

Consider x(t) being transmitted at a carrier frequency fc. Let τd(t) denote the apparent delay between the transmitted signal
xc(t) ≜ x(t) exp(j2πfct) and the received signal at the receiver’s antenna. The apparent delay τd(t) is composed of (i)
the time-of-flight along the line-of-sight (LOS) between the transmitter and receiver (i.e., dLOS(t)/c, where dLOS(t) is the
LOS distance between the LEO satellite’s transmitter and the receiver and c is the speed of light); (ii) combined effect of the
transmitter’s and receiver’s clock biases, denoted δtclk(t); (iii) ionospheric and tropospheric delays δtiono(t) and δttropo(t),
respectively; and (iv) other unmodeled errors. After propagating in an additive white Gaussian channel, the resulting received
signal before baseband mixing can be expressed as

r̄(t) = xc (t− τd(t)) + n̄(t) = x(t− τd(t)) exp (j2πfc [t− τd (t)]) + n̄(t),

where n̄(t) is a complex white Gaussian noise with PSD N0/2.

Let r(t) ≜ r̄(t) exp (−j2πfct) denote the received signal after baseband mixing and filtering. Then, r(t) can be expressed as
r(t) = x(t − τd(t)) exp (jθ(t)) + n(t), where n(t) is the low-pass filter output of n̄(t), and θ(t) = −2πfcτd(t) is the carrier
phase of the received signal. Using a Taylor series expansion, at time instant tk = t0 + kT0, where k is the sub-accumulation
index and t0 is some initial time, the carrier phase of the signal can be expressed as

θ(t) = θ(tk) + θ̇(tk)t+
1

2
θ̈(tk)t

2 +H.O.T. (1)

Denote θk(t) as θ(t) in (1), after dropping the higher-order terms (H.O.T.). By definition, fD(t) ≜ θ̇(t)
2π is the apparent Doppler

shift and ḟD(t) is the apparent Doppler rate.

It is important to note that the channel between the LEO satellite and the ground-based receiver is highly dynamic, thus, high
Doppler shift and rate will be observed by the receiver. On the other hand, at the k-th sub-accumulation, τd(t) is approximated
by its zero-order term dk = τd(tk), while the higher order terms are dropped to simplify the following signal analysis. Due to
the first property, one can arbitrarily choose τd(t) to denote the code start time. It is important to note that the higher order terms
in τd(t) stretch or contract the code in the time-domain, but this paper ignores this effect, which seems to be of little impact on
Starlink LEO satellite codes.

Finally, the expression of the received signal at the k-th sub-accumulation can be written as r−k (t) = r(t)wT0(t − tk) =

sk(t) exp (jθk(t)) + n−
k (t), where sk(t) = s(t − dk)wT0

(t) and n−
k (t) = n(t − dk)wT0

(t). The received signal rk(t) after
carrier wipe-off using the carrier phase estimate, denoted θ̂k(t), generated by the tracking loop discussed in Section III.2, can
be expressed as

rk(t) = r−k (t) exp(−jθ̂k(t)) = sk(t) exp(jθ̃k(t)) + nk(t), (2)

where θ̃k(t) = θk(t)− θ̂k(t) is the residual carrier phase.



2. Frequency Spectrum of the Received Signal

The received signal’s frequency spectrum at the k-th sub-accumulation is Srk(f) = |F {rk(t)}|2. Using the third property of
s(t), the Wigner distribution function (WDF) of sk(t) for t ∈ [0, T0] can be written as

Ws(t, f) ≜
∫ ∞

−∞
sk

(
t+

τ

2

)
s∗k

(
t− τ

2

)
exp(−2πfτ) dτ =

Ss(f)

T0
.

It can be shown that the WDF of the residual carrier phase at the k-th sub-accumulation Ck(t) = exp(jθ̃k(t)), for t ∈ [0, T0],
is WCk

(t, f) = δ
(
f −

˜̇
θk
2π −

˜̈
θk
2π t
)

, where δ(·) denotes the Dirac delta function. Using the second property of s(t), the WDF
of rk(t) in (2), for t ∈ [0, T0], can be written as

Wrk(t, f) =
Ss(f)

T0
⊛ δ

(
f −

˜̇
θk
2π

−
˜̈
θk
2π

t

)
+Wnk

(t, f),

where (f ⊛ g)(t) =
∫∞
−∞ f(τ)g(t − τ)dτ is the convolution, Wnk

(t, f) is the WDF of the noise and data at the k-th sub-
accumulation. Using the projection property of WDF, the following follows

Srk(f) ≜
∫ T0

0

Wrk(t, f) dt =
Ss(f)

T0
⊛
∫ T0

0

δ

(
f −

˜̇
θk
2π

−
˜̈
θk
2π

t

)
dt+ Snk

(f)

= Ss(f)⊛
2π∣∣∣ ˜̈θk∣∣∣T0

∫ T0

0

δ

(
t− 2πf − ˜̇

θk
˜̈
θk

)
dt+ Snk

(f) = Ss(f)⊛Π
(
f ;

˜̇
θk,

˜̈
θk

)
+ Snk

(f), (3)

where Snk
(f) =

∫ T0

0
Wnk

(t, f) dt and

Π
(
f ; θ̇, θ̈

)
=

2π∣∣∣θ̈∣∣∣T0


1,

∣∣∣∣∣∣∣∣f −
θ̇ +

|θ̈|
2
T0

2π

∣∣∣∣∣∣∣∣ <
|θ̈|
4π

T0,

0, elsewhere.

Equation (3) states that the received signal’s frequency spectrum consists of a shifted and dilated version of the repetitive
sequence’s frequency spectrum alongside a noise floor. The shifting in the received spectrum is mainly due to residual Doppler
˜̇
θk and the dilation is due to residual Doppler rate ˜̈

θk.

III. BLIND DOPPLER TRACKING
This section derives the Doppler discriminator and formulates the KF-based Doppler tracking loop.

1. Frequency-Domain Based Doppler Discriminator

The nonlinear NLS estimator of the residual Doppler ˜̇θk at the k-th sub-accumulation is given by

˜̇
θk = argmin

θ̇

∥∥∥Srk(f)− Ss(f)⊛Π
(
f ; θ̇, θ̈

)∥∥∥2
= argmin

θ̇

∥Srk(f)∥
2
+
∥∥∥Ss(f)⊛Π

(
f ; θ̇, θ̈

)∥∥∥2 − 2 (Srk ⋆ Ss) (f)⊛Π
(
f ; θ̇, θ̈

)
(4)

= argmax
θ̇

(Srk ⋆ Ss) (f)⊛Π
(
f ; θ̇, θ̈

)
≊ argmax

θ̇

(Srk ⋆ Ss) (f)⊛ δ

(
f − θ̇

2π

)
, for ˜̈

θk ≈ 0

= 2π argmax
f

(Srk ⋆ Ss) (f), (5)



where (f ⋆ g)(τ) =
∫∞
−∞ f∗(t)g(t + τ)dt is the cross-correlation. The first two terms in the minimization problem (4)

are a constant function of the search parameter θ̇; therefore, they are ignored. As the blind receiver does not have prior
knowledge of Ss(f), it starts with an initial estimate Ŝs(f) ≜ Sr0(f) and refines the repetitive sequence’s spectrum with every
sub-accumulation. It is worth pointing that the regime of small residual Doppler rate values assumed in (5) is a reasonable
assumption, since the Doppler rate between two consecutive sub-accumulations is nearly constant.

2. Kalman Filter-Based Tracking Loop
The continuous-time signal in (2) is sampled at a sampling interval Ts = 1/Fs, the discrete-time received signal before carrier
wipe-off at the k-th sub-accumulation can be written as

r−k [n] = s[n− dk] exp
(
jΘ̃k[n]

)
+ n−

k [n],

where n ∈ [0, L− 1], s[n] is the discrete-time sequence of s(t) with period L = T0/Ts and Θ̃k[n] and dk are the discrete-time
carrier phase and code start time, respectively, of the received signal at the k-th sub-accumulation.

The carrier phase state vector is defined as θ(t) ≜
[
θ(t), θ̇(t), θ̈(t)

]T
, whose dynamics is modeled as

θ̇(t) = Aθ(t) +Bw(t), (6)

A ≜

 0 1 0

0 0 1

0 0 0

 , B ≜

 0

0

1

 ,

where w(t) is a zero-mean white noise process with power spectral density qw. The continuous-time dynamics in (6) is

discretized at a sampling time T0 = LTs, leading to Θk+1 = FΘk + wk, where Θk ≜
[
θk, θ̇k, θ̈k

]T
, F ≜ eAT0 is the

state transition matrix, wk is a discrete-time process noise vector, which is a zero-mean white sequence with covariance
Q = qw̃

∫ T0

0
eAtB

(
eAtB

)⊺
dt. The reconstructed sequence of the carrier phase used to perform carrier wipe-off can be written

as a second order piece-wise polynomial given by Θ̂k[n] = θ̂k−1 +
ˆ̇
θknTs +

1
2
ˆ̈
θk (nTs)

2, n ∈ [0, L− 1]. After carrier wipe-off,
the received signal’s sequence can be expressed as

rk[n] = s[n− dk] exp
(
jΘ̃k[n]

)
+ nk[n]. (7)

Equation (7) will be used to determine the residual Doppler ˜̇θk at the k-th sub-accumulation, which is fed as innovation to a KF
loop that uses the observation model zk = HΘk + vk, where H ≜ [0 1 0] and vk is a discrete-time zero-mean white noise
sequence with variance σ2

θ̇
. The KF innovation νk is the fast Fourier transform (FFT)-based discrete-time version of (5).

νk =
˜̇
θk = argmax

θ̇

∣∣∣Rk[θ̇]
∣∣∣2 ⋆ ∣∣∣Ŝk[θ̇]

∣∣∣2 .
It is worth noting that the Doppler tracked using the proposed approach has a real-valued ambiguity part θ̇N that needs to be
resolved to retrieve back the actual Doppler shift.

IV. EXPERIMENTAL RESULTS: NOAA LEO ACQUISITION AND TRACKING
This section demonstrates the proposed blind Doppler estimator and tracking loop with NOAA LEO satellite signals. To this end,
a stationary National Instrument (NI) universal software radio peripheral (USRP) E312 was equipped with a consumer-grade
very high frequency (VHF) Quadrifilar Helical antenna to receive NOAA LEO satellite signals. The sampling bandwidth was
set to 2.4 MHz and the carrier frequency fc was set to 137.0 MHz. Samples of the VHF signal were stored for off-line processing
via a software-defined radio (SDR).

The USRP was set to record for a period of 800 seconds. During this period, one NOAA satellite passed over the receiver. The
framework discussed in Section III was used to acquire and track the signal from the satellite with qw = (0.1)2 rad2/s6 and
σθ̇ = π

6 rad/s. The estimated beacon spectrum and tracked Doppler from the satellite is shown in Figure 1.
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Figure 1: (a) NOAA LEO satellite estimated beacon spectrum. (b) Blindly tracked Doppler from a NOAA satellite using the spectral-based
approach.

V. EXPERIMENTAL RESULTS: STARLINK, ONEWEB, ORBCOMM, IRIDIUM NEXT, AND NOAA LEO TRACK-
ING AND POSITIONING

This section presents multi-constellation tracking and positioning results, exploiting signals from Starlink, OneWeb, Orbcomm,
Iridium NEXT, and NOAA LEO constellations. The hardware used for data collection (see Figure 2) included: (i) an LNB with
conversion gain of 50 dB and noise figure of 2.5 dB connected to a Ku-band 60 cm parabolic offset dish with gain of 30 dBi
to receive Starlink and OneWeb satellite signals, (ii) a commercial Orbcomm antenna to receive Orbcomm and NOAA signals,
and (iii) a commercial Iridium NEXT antenna.

Figure 2: Hardware setup.

Figure 3 shows the tracked Doppler and Doppler error from multi-constellation LEO satellites (4 Starlink, 2 OneWeb, 1
Orbcomm, 1 Iridium NEXT, and 1 NOAA) as well as their respective trajectories during their passing overhead.
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Figure 3: (a) Top: Doppler curves generated by the proposed framework (dashed) and calculated from propagated satellite orbit using
TLE+SGP4 (solid). Bottom: the innovation of the KF tracking loops. (b) Skyplot showing the trajectories of the tracked LEO satellites.



After tracking, carrier phase measurements were reconstructed by integrating the tracked Doppler and fed to a batch NLS
estimator to estimate the position of the stationary receiver. The measurement model and positioning filter formulation were
adopted from (Kozhaya et al., 2023). The receiver’s initial position estimate was set on the roof of the Engineering parking
structure at the University of California, Irvine, USA, approximately 3,600 km away from the true position, which was on the
roof of the ElectroScience Laboratory at the The Ohio State University, Columbus, OH, USA. Figure 4(a) shows the trajectories
of the 9 satellites from the 5 LEO constellations. Figure 4(b) shows the initial and final position estimates. Figure 4(c) shows
the true and estimated receiver’s position. The final 3D position error was found to be 5.8 m, while the 2D position error was
5.1 m (i.e., upon considering only the east and north coordinates in the ENU frame). It is worth noting that the addition of the
NOAA satellite Doppler measurements did not reduce the positioning error by much (reduction on the order of centimeters),
compared to using 4 Starlink, 2 OneWeb, 1 Orbcomm, 1 Iridium NEXT LEO satellites (as presented in (Kozhaya et al., 2023)).
This is due to the already favorable geometry of the four constellations.

(c)

Columbus, OH
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5.1m

5.8m

Ground truth

Final estimate

Ground truth

Initial estimate

2.7 m

ElectroScience Laboratory, The Ohio State University, Columbus, OH

3,600 km

(b)

(a)
IridiumOneWeb OrbcommStarlink NOAA

Figure 4: Positioning results with 4 Starlink, 2 OneWeb, 1 Orbcomm, 1 Iridium NEXT, and 1 NOAA LEO satellites: (a) LEO satellite
trajectories. (b) Initial and final estimated positions. (c) Final errors relative to the receiver’s true position.

VI. CONCLUSION
This paper showcased that the previously developed LEO-agnostic spectral-based approach is capable of acquiring and tracking
a new LEO constellation: NOAA LEO satellites. Experimental results were also presented showing Hz-level Doppler tracking
of 5 different LEO satellite constellations: Starlink, OneWeb, Orbcomm, Iridium NEXT, and NOAA. Carrier phase observables
were constructed from the tracked Doppler and fused through an NLS estimator to localize a stationary receiver. Starting with
an initial estimate 3,600 km away from the receiver’s true position, the proposed approach achieved a 2D error of 5.1 m.
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