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Abstract—A blind Doppler spectral approach is proposed for
exploiting unknown Starlink low Earth orbit (LEO) satellite
signals for positioning. First, an analytical derivation of the
received signal frequency spectrum is presented, which accounts
for the highly dynamic channel between the LEO satellite and a
ground-based receiver. Second, a frequency domain-based blind
Doppler discriminator is proposed. Third, a Kalman filter (KF)-
based Doppler tracking algorithm is developed. Finally, exper-
imental results are presented of a stationary receiver tracking
the Doppler, in a blind fashion, of six Starlink LEO satellites
over a period of about 800 seconds with Hz-level accuracy. The
Doppler measurements were fused through a nonlinear least-
squares estimator to localize the receiver to an unprecedented
level of accuracy. Starting with an initial estimate 200 km
away, the proposed approach achieved a final horizontal two-
dimensional (2D) position error of 4.3 m.

Index Terms—Positioning, navigation, signals of opportunity,
blind Doppler tracking, low Earth orbit satellite.

I. INTRODUCTION

Global navigation satellite systems (GNSS) are at the core
of modern navigation systems. GNSS receivers are routinely
used to navigate today’s ground and aerial vehicles and
are embedded into mass marketed consumer devices (smart
phones, watches, notepads, etc.) [1]. However, GNSS signals
are prone to multipath and interference [2]. There has been a
considerable effort recently to exploit ambient radio frequency
(RF) signals of opportunity as complement or alternative to
GNSS signals. These signals range from terrestrial sources
(e.g., cellular [3], [4] and digital television [5], [6]) to ex-
traterrestrial sources (e.g., low Earth orbit (LEO) [7], [8] and
geostationary Earth orbit (GEO) [9] satellites).

The past few years ushered the new era of LEO megacon-
stellations, where thousands of LEO space vehicles (SVs) have
been launched and tens of thousands scheduled for launch
[10]. Using broadband LEO SV signals for navigation offers
several desirable attributes [11], [12]: (i) higher received signal
power compared to GNSS SVs that reside in medium Earth
orbit (MEO), (ii) high availability and favorable geometry, and
(iii) spectral diversity in the RF spectrum. However, using
broadband LEO SV signals for navigation purposes comes
with challenges [13], [14], as they are owned by private
operators that typically do not disclose crucial information
about the SVs’: (i) ephemerides, (ii) clock synchronization
and stability, and (iii) signal specifications.

To address the first challenge, several approaches have been
recently proposed, including differential navigation utilizing
a known base receiver [15], [16], simultaneous tracking and

navigation (STAN) [17], and analytical/machine-learning SV
orbit tracking [18], [19]. Approaches to address the second
challenge have been offered in [20], [21]. To address the third
challenge, the paradigm of cognitive opportunistic navigation,
which estimates the minimally known LEO SV signals in a
blind fashion has been showing tremendous promise [22], [23].
Most recently, this paradigm allowed for the exploitation of
unknown Starlink LEO SVs, from which navigation observ-
ables were produced via (i) a carrier phase tracking approach
[24] and (ii) a generalized likelihood ratio (GLR) Doppler
detection approach [25], with the former localizing a receiver
to within a two-dimensional (2D) error of 25.9 m, while the
latter achieving a 2D error of 10 m.

This paper proposes a novel blind Doppler spectral approach
to address the first challenge without the need to know the
LEO SVs’ donwlink signal specification. While the method
is generalizable to any LEO constellation, Starlink SVs are
chosen to demonstrate the proposed method’s efficacy. Previ-
ous literature has proposed methods for Doppler tracking with
M -ary phase shift keying (M -PSK) and orthogonal frequency
division multiplexing (OFDM) signals [26]–[30]. The afore-
mentioned approaches aim to generate a peak in the frequency-
domain by either relying on nonlinear operations (for M -PSK
signals) or increasing the coherent processing interval (CPI)
(for OFDM signals). After generating the peak, the methods
track it using a peak tracking algorithm to estimate the Doppler
shift. However, using nonlinear operations could degrade the
signal-to-noise ratio (SNR), while increasing the CPI is not
straightforward with the highly dynamic channels encountered
with LEO SVs. Also, peak tracking is prone to generate invalid
observables and even divergence whenever the spectrum is
contaminated by noisy DC peaks.

This paper proposes a novel approach to mitigate the above
challenges and 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 SV’s downlink, to which the blind
spectral Doppler tracker locks and cross-correlation is used
to track the Doppler shift. While spectral cross-correlation
has been studied in the literature [31] and used for noise
reduction in speech [32] and detection of stars and planets
[33], to the author’s knowledge, this approach is newly applied



to tracking the Doppler of LEO SVs. Experimental results
with six Starlink SVs are presented showing the superiority of
the proposed approach over state-of-the-art blind positioning
methods. The proposed approach yielded an unprecedented
Hz-level Doppler tracking accuracy and 2D positioning error
of 4.3 m, which is 57% lower than the most accurate results
with Starlink reported in the literature to-date.

This paper is organized as follows. Section II derives the
signal model. Section III introduces the blind Doppler discrim-
inator and tracking approach. Section IV presents experimental
results. Section V 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 SV and ground-based receiver. Then, it derives an
analytical expression of the signal’s frequency spectrum.

A. Received Baseband Signal Model

Let x(t) be the unknown LEO SV signal, expressed at base-
band. 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 [34], Globalstar
LEO SVs [35], and CDMA2000 [36] and the primary and
secondary synchronization sequences (PSS and SSS) used in
4G long-term evolution (LTE) [37] and 5G [38]. 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 SV’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 propa-
gating 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 ex-
pressed 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
SV 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 SV 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-B, 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.

B. 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. Noting that Srk(f) =
∫ T0

0
Wrk(t, f) dt and

using the projection property of WDF, the following follows



Srk(f)=
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 spec-
trum 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 formu-
lates the KF-based Doppler tracking loop.

A. Frequency-Domain Based Doppler Discriminator

The nonlinear least-squares (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; there-
fore, 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.
B. 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

)T
dt. The reconstructed sequence of the

carrier phase used to perform carrier wipe-off can be written
as a second order piecewise 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). 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

This section demonstrates the proposed blind Doppler es-
timator and tracking loop with Starlink LEO SV signals.
To this end, a stationary National Instrument (NI) universal
software radio peripheral (USRP) 2945R was equipped with
a consumer-grade Ku antenna and low-noise block (LNB)
downconverter to receive Starlink signals in the Ku-band.
The sampling bandwidth was set to 2.5 MHz and the carrier
frequency fc was set to 11.325 GHz. Samples of the Ku signal
were stored for off-line processing via a software-defined radio
(SDR). The experimental hardware is shown in Fig. 1.

Storage SDRUSRP NI-2954RLow Noise Block
Downconverter

SDR

Fig. 1. Experimental hardware.



A. Blind Doppler Tracking Results

The USRP was set to record Ku signals over a period of 800
seconds. During this period, a total of six Starlink SVs passed
over the receiver, one at a time. The framework discussed in
Section III was used to acquire and track the signals from these
SVs with qw = (0.1)2 rad2/s6 and σθ̇ = π

6 rad/s. The SVs’
skyplot, time history of the KF innovation νk, and tracked
Doppler shift f̂Dk

=
ˆ̇
θk/2π for each SV is shown in Fig. 2.
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Fig. 2. Left: Skyplot of the six Starlink LEO SVs. Right: time history of the
KF innovation νk and tracked Doppler shift f̂Dk

for each SV.

B. Position Solution

Let i ∈ [1, 6] denote the SV index. The pseudorange rate

observable zi(k) ≜ c
f̂Dk

fc
of the i-th SV at time-step k,

expressed in meters, is modeled as

zi(k) =
ṙTSVi

(k) [rr − rSVi
(k′)]

∥rr − rSVi
(k′)∥2

+ ai + vzi(k), (8)

where rr and rSVi
are the receiver’s and i-th Starlink SV’s

3D position vectors; ṙSVi
is the i-th SV’s 3D velocity vector;

k′ is the time at the i-th SV; ai is a bias that models the
(i) unknown Doppler ambiguity θ̇N , (ii) lumped receiver–SV
clock drift, and (iii) ionospheric and tropospheric delay rate;
vzi(k) is the measurement noise, which is modeled as a zero-
mean, white Gaussian random sequence with variance σ2

i .
Next, define the parameter vector x ≜

[
rr

T, a1, . . . , a6
]T

.
Let z denote the vector of all the pseudorange observables
stacked together, and let vz denote the vector of all measure-
ment noises stacked together. Then, one can readily write the
measurement equation given by z = g(x) + vz, where g(x)
is a vector-valued function that maps the parameter x to the
pseudorange rate observables according to (8). Next, an NLS
estimator is used to obtain an estimate of x. The SV positions
were obtained from TLE files and SGP4 orbit propagator. It
is important to note that the TLE epoch time was adjusted for
each SV to account for ephemeris errors. This was achieved
by minimizing the pseudorange rate residuals for each SV.
Subsequently, the receiver position was estimated using the
aforementioned NLS. The receiver position was initialized 200
km away from the true position. The final 3D position error
was found to be 19.4 m, while the horizontal 2D position error
was 4.3 m. The results are summarized in Fig. 3.

Table I compares the results achieved with the proposed
approach against the only positioning results with Starlink

LEO SV signals reported in the literature. Using the same
recorded samples from Starlink SVs in [24], [25], the proposed
approach reduced the 3D and 2D positioning error by 15.3%
and 57%, respectively, over the most accurate positioning
results with Starlink reported in the literature to-date.

Ground Truth

19
.4

 m

4.3 m
18

.9
 m

Estimated Position

200 km

Ground TruthInitial Estimate

SV1

(c)

(b)

(a)

SV2

SV3

SV4

SV5

SV6

Fig. 3. Environment layout summarizing the positioning results

TABLE I
COMPARISON OF STARLINK POSITIONING RESULTS.

Carrier phase GLR Doppler Proposed

[24] [25] approach

3D error (m) 33.5 22.9 19.4

2D error (m) 25.9 10.0 4.3

V. CONCLUSION

This paper proposed a novel approach for blind Doppler
tracking of LEO SVs. First, an analytical expression for the
received signal frequency spectrum was derived, which ac-
counts for high LEO SVs’ dynamic channels. Second, a novel
frequency-domain-based Doppler discriminator was proposed.
Third, a KF-based Doppler tracking algorithm was developed.
Finally, experimental results were presented showing Hz-level
Doppler tracking of six Starlink LEO SV signals. Starting
with an initial estimate 200 km away, the proposed approach
achieved a 2D error of 4.3 m.
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