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In order to enable a wide range of applications anywhere and any-
time, future communication systems are expected to employ low Earth
orbit satellites to perform user verification. Single-satellite systems
offer a cost-effective verification alternative, reducing implementation

Received 23 January 2026; revised 24 May 2026; accepted 22 July 2026.
Date of publication 28 July 2026; date of current version 18 August 2026.

DOI. No. 10.1109/TAES.2026.3717291

Refereeing of this contribution was handled by B. Jones.

This work was supported in part by the European Union, under ANTERRA
through HORIZON-MSCA-2021-DN-01 under Grant 101072363 and in
part by the Swedish Research Council under Grant 2022-06725.

Authors’ addresses: André B. de F. Diniz is with the Chalmers Univer-
sity of Technology, 412 96 Gothenburg, Sweden, and also with Erics-
son AB, 412 96 Gothenburg, Sweden, E-mail: (andredin@chalmers.se);
Thomas Eriksson, Sharief Saleh, and Henk Wymeersch are with the
Chalmers University of Technology, 412 96 Gothenburg, Sweden, E-mail:
(thomase@chalmers.se; sharief@chalmers.se; henkw@chalmers.se); Ulf
Gustavsson is with Ericsson AB, 412 96 Gothenburg, Sweden, E-mail:
(ulf.gustavsson@ericsson.com); Sebastian Euler is with Ericsson AB, 164
40 Kista, Sweden, E-mail: (sebastian.euler@ericsson.com). (Correspond-
ing author: André B. de F. Diniz.)

© 2026 The Authors. This work is licensed under a Cre-
ative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/

complexity and dependence on satellite constellations. This article
develops a single-pass, single-satellite localization algorithm indepen-
dent from global navigation satellite systems, supporting user veri-
fication and requiring only coarse coverage-region side information.
The algorithm is based on the tracking of phase changes from received
pilot signals originated from Doppler shifts, inherently related to the
user’s position. Our work addresses realistic channel and receiver
conditions—encompassing carrier frequency offset, phase noise, and
atmospheric propagation effects—while evaluating robustness against
orbital perturbations, a combination that has not been jointly ad-
dressed in prior studies on Doppler-based localization. The proposed
two-stage approach employs an extended Kalman filter for estimation
of the referred phase shifts, followed by a weighted least squares
solution. Algorithm performance is evaluated through simulations in
terms of mean and 90th percentile distance error, together with the
time to reach a 10-km error level, an accuracy benchmark discussed
in verification studies by 3rd Generation Partnership Project (3GPP).
Results demonstrate improved accuracy with respect to compatible
Doppler-based baselines, with 90th percentile errors falling below
the 10-km mark under the considered narrowband and line-of-sight
conditions, suggesting that the method may support user verification.
The time required to achieve such accuracy, particularly, may require
a significant portion of the satellite’s visibility window in strong phase
noise conditions.

I. INTRODUCTION

With the ongoing rollout of 5G communication systems,
global research efforts are moving toward upcoming 6G
networks. One of the main goals of future communica-
tion generations is ubiquitous and ultra-reliable coverage,
serving remote areas either on land or at sea. Moreover,
6G further aims to provide complementary services, such
as sensing and localization [1]. The integration of these
functionalities is expected to be a key enabler of a broad
range of use cases, such as digital twins, environmental
monitoring, and mapping for automated transportation [2].

For such purposes, the deployment of nonterrestrial
networks (NTNs) will play a major role in 6G [1], [3], [4]. In
recent years, low Earth orbit (LEO) satellites have gained
attention due to lower cost, more favorable propagation,
and shorter delays relative to higher orbits [5], [6], [7].
This has also raised interest in verification technologies
operating independently from the well-established Global
Navigational Satellite System (GNSS), which remains sus-
ceptible to significant vulnerabilities, including jamming,
spoofing, and interference [8], [9], [10]. In this context,
verification refers to assessing whether a claimed user
equipment (UE) position is consistent with physical layer
observations and system constraints, without necessarily
determining the user’s exact location. To ensure user pri-
vacy, prevent unauthorized access, and guarantee efficient
resource allocation while complying with local regulations,
it is necessary to develop GNSS-independent verification
solutions, especially in areas poorly covered by ground
networks.

In general, localization in LEO-based non-terrestrial
networks (NTNs) may be performed with multiple-satellite
or single-satellite systems. In the first case, accuracy in
meter-scale can be achieved [8], [11], [12], [13], [14]. How-
ever, such solutions may require a relatively high number
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of satellites visible to the user, precise time synchroniza-
tion between satellites and high complexity in terms of
computations and onboard hardware. Single-satellite solu-
tions, although less precise, offer a simpler alternative in
terms of computational load, cost, and power consump-
tion reduction while relaxing requirements on calibration
and eliminating the necessity of strict intersatellite time
synchronization [15], [16]. Accordingly, in this work,we
focus on localization for single LEO satellite systems, as the
increased simplicity makes them particularly attractive for
practical and resource-constrained applications, including
verification, as previously described. In this context, we ex-
ploit Doppler shifts for the localization task, since they may
be measured with low-cost hardware and incorporated into
mathematical formulations that relate the measurements to
the UE’s position [17].

In Doppler-based localization for single LEO satellite
systems, several approaches have been developed under
different system assumptions. The study in [18] applies
Doppler shift measurements within a particle swarm op-
timization framework. A second-order cone programming
approach is proposed in [16]. Another alternative is the di-
rect application of Doppler measurements to the underlying
orbit geometry. The work in [19] considers a rectilinear
trajectory of the LEO satellite. In [20], virtual ground ref-
erences are introduced to aid the localization. The principle
developed in [21] utilizes a reference station in the vicinity
of the UE’s position.

Other studies focused on fusing Doppler shifts with
other types of measurements. The approach in [15] explored
Doppler shift and Doppler rate to propose a constrained
unscented Kalman filter, where the states are the UE’s
position on Earth. A more recent study in [22] extends this
concept, including Doppler acceleration. In [23], Doppler
rate measurements are fused with measurements of the
cosine angle between the satellite-UE line of sight (LOS)
and the satellite’s velocity.

While several studies have examined scenarios affected
only by additive noise, others have incorporated broader
disturbance sources. The work in [24] proposes a solution
based on Doppler shifts, round trip time measurements and
uncertainties in modeling the Earth’s radius. The measure-
ment errors are combined to yield a likelihood function that
depends on the UE position. The study in [25] addresses
constant frequency offset (CFO) over the Doppler shift
measurements. In [26], the effect of CFO and clock bias
is considered for the developed method, which is based
on reconfigurable intelligent surfaces. Another important
study was conducted in [27], where satellite state and os-
cillator errors are modeled. It is assumed, however, that
the satellite has a global positioning system (GPS) re-
ceiver, so the developed solution is not GNSS-independent.
Moreover, oscillator errors are not tracked and the sim-
ulated satellite position errors are in the scale of a few
meters, which in GPS-free scenarios may be in the order of
kilometers [28], [29].

Overall, existing localization approaches primarily rely
on noisy Doppler shift measurements, diverging in whether

additional impairments (hardware imperfections, atmo-
spheric effects, and orbital dynamics) are explicitly modeled
or neglected. Although a number of studies have modeled
some of these perturbations, research that extensively con-
siders their combined influence remains limited. This lim-
itation provides the motivation of this article. We compare
measurement and impairment assumptions from previous
studies to those in our work in Table I.

A. Contribution

The main contribution of this work is a single satel-
lite Doppler-based algorithm, independent from GNSS
satellites and intersatellite synchronization, requiring only
coarse coverage-region side information to resolve inherent
ambiguities. The algorithm estimates the position of a static
UE for single LEO satellite systems affected by CFO, phase
noise (PN) and atmospheric and orbital impairments. In
particular, by effectively addressing PN and an accurate
model of the Earth’s shape in our estimation framework,
we show significant accuracy improvements with respect
to methods that do not consider these aspects. We show,
under the considered narrowband and LOS conditions,
90th percentile localization errors below a 10-km level
referenced in 3rd Generation Partnership Project (3GPP)
verification studies for NTNs [30], [31]. Results suggest
that our method may provide position estimates supporting
verification workflows, without itself implementing the full
decision procedure. Robustness in relation to several system
parameters and channel conditions is demonstrated through
a comprehensive sensitivity analysis.

B. Article Outline

The rest of this article is organized as follows. In
Section II, we model the relevant signal impairments and
introduce the continuous-time and discrete-time system
models describing satellite-to-ground (S2G) transmission
and reception. In Section III, we propose an alternative sig-
nal representation and define the desired tracking parameter,
which is directly related to the UE’s position. We further
develop and evaluate an extended Kalman filter (EKF) to
track this parameter. Leveraging estimates of the desired
parameter, we propose a weighted least squares (WLS)
solution to estimate the CFO and the UE’s position in
Section IV, where a general overview of our localization
algorithm is given. Its performance for several system and
channel parameters is analyzed in terms of accuracy and
convergence time in Section V, where we also perform a
comparison to state-of-the-art methods. Finally, Section VI
concludes this article.

II. SYSTEM MODEL

We describe the system model that characterizes the
continuous-time received signals at the UE, considering that
the received signals are affected by atmospheric, orbital, and
hardware impairments. The atmospheric effects manifest
as delays and the respective models used in this work are
given in Appendix A. The orbital and hardware impairments
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TABLE I
Comparison of Hardware and Impairment Assumptions for Doppler-Based Single-Satellite Localization

Fig. 1. Transmission–reception scheme and structure of the transmitted
packets. Each of the M + 1 pilot blocks is transmitted every Tr seconds
over the duration of the satellite pass. The variables ps[m] and vs[m],

respectively, denote the satellite’s position and velocity at the
transmission of the mth pilot block. (a) Satellite states (position and

velocity) over slow-time epochs. (b) Packet structure containing pilot and
data blocks.

are of higher relevance over the system model and so we
present them in more detail in this section. To enable the
estimation of parameters related to the UE’s position, which
is discussed in later sections, we present a discrete-time
system model that also accounts for the aforementioned
signal impairments.

We consider the transmission of signals from a single
LEO satellite to a static ground terminal with known altitude
(e.g., through the aid of an altimeter). Nonetheless, our pro-
posed algorithm may be easily extended to include altitude
as one of the estimated variables. Further, we consider con-
tinuous strong LOS conditions during the satellite’s visibil-
ity window. The transmitted signals are packets containing
pilot and data symbols. The packets have a duration Tr , and
are transmitted at slow-time epochs m = 0, . . . , M, where
M = �Tp/Tr� − 1, and Tp = MTr denotes the duration of
the satellite pass, as shown in Fig. 1(a).

The system is configured such that the satellite broad-
casts its orbital parameters and the receiver is equipped with
a wide-beam antenna that applies an angle-independent
gain over the range of angles-of-arrival of the received

TABLE II
System Simulation Parameters

signals. All received signals are sampled with a sampling
rate fs and the sampling period is denoted Ts = 1/ fs. As in
[32] and [33], in each packet the data symbols are preceded
by a pilot block of duration LTs, where L denotes the
number of pilot symbols. The packet structure is illustrated
in Fig. 1(b). For the purposes of this study, we extract the
necessary data for positioning solely from the pilot block.

We note that later derivations and simulations repre-
sent LOS-dominated downlink conditions in S-band (see
Table II). From [34] and the simulated UE’s position and
elevation mask, attenuations due to rain and clouds, building
entry, and scintillation may be neglected, so free-space path
loss becomes the dominant factor in modeling the amplitude
of the received signals.

A. CFO and PN models

We consider receiver systems considerably affected
by CFO and PN. Receivers may also be affected by in-
phase/quadrature (IQ) imbalance, generating an interfering
signal image. Consequently, the phase of received signals
may be significantly corrupted. In this study, we assume
calibration with an image rejection ratio of at least 40 dB,
implemented with strategies, such as that in [35]. Under
the highest simulated signal-to-noise ratio (SNR) of 35 dB,
the image term is thus 5 dB below the noise floor and its
amplitude is 1% of the amplitude of the desired signal.
This corresponds to the worst case phase contribution of
approximately 0.01 rad, rapidly overcome by additive noise
and PN. The following impairment models are generic
abstractions, not tied to a specific receiver architecture.

As it will become clear in later sections, we investi-
gate the phase of received signals. The CFO appears as
a constant phase rotation per sample, which may degrade
the performance of Doppler-based localization techniques.

14872 IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL. 62 2026



The PN appears as random phase changes per sample, and
may also degrade the performance. The phase may also
be subject to several other hardware impairments. These,
however, are generally almost constant phase shifts, and are
dominated by CFO and PN. Thus, we model CFO and PN
as the most important dynamics in the phase of the received
signals. Moreover, we restrict our study to systems without
significant intersymbol interference.

The continuous-time PN γ (t ) is modeled as a Wiener
process [36]

γ (t ) = γ (0) +
∫ t

0
g(κ )dκ (1)

where γ (0) ∼ U [0, 2π ], and g(κ ) is a white Gaussian pro-
cess with two-sided power spectral density σ 2. The discrete-
time PN γn = γ (nTs) for a sampling period Ts is modeled
as a discrete Wiener process, where [36], [37], [38]

γn = γn−1 + gn

√
σ 2Ts = γn−1 + un (2)

with gn ∼ N (0, 1) and un ∼ N (0, σ 2
u ). Moreover, σ 2

u de-
notes the PN innovation variance and γ0 ∼ U [0, 2π ].
In [38], low-to-moderate effects on the communication
system can be seen for σ 2

u ≤ 10−4, which we also adopt
in this study. Hence, we consider strong PN for σ 2

u > 10−4.

B. Orbital Perturbations and Geometric Delays

Generally, the motion of any satellite can be described
by six orbital parameters: eccentricity (ec), semimajor axis
(a), inclination (i), longitude of the ascending node (�), ar-
gument of periapsis (ω) and true anomaly (μ). To propagate
the satellite’s orbit based on these parameters, the Simplified
General Perturbation 4 (SGP4) model is widely applied.
Although accounting for many short-term and long-term
effects, this model may yield relevant satellite position
and velocity errors due to several factors acting over the
satellite, such as gravitational forces, atmospheric drag,
and solar radiation pressure. This makes information about
satellite states, e.g., position and velocity, less precise over
time, consequently reducing the accuracy of UE position
estimates [14], [39].

Prior studies have reported that even with daily updates
of the orbital parameters, the errors between predicted and
actual satellite positions are mostly concentrated along the
track of its orbit usually between 1–3 km, while velocity
prediction errors are mostly concentrated in the radial di-
rection, in a scale of 4–10 m/s [28], [29]. Moreover, without
proper update of the orbital parameters, inaccuracies in the
prediction of satellite states become even more severe [40],
[41].

The aforementioned orbital perturbations, in particu-
lar, induce errors in the satellite’s argument of latitude
β = ω + μ. For a nearly circular orbit and an along-
track position error of magnitude ε, we approximate this
perturbed parameter with β̃ = ω + μ + arcsin (ε/a) [28].
Based on [28] and [29], ε is modeled as having a uniformly
random distribution within [−3, 3] km.

The geometric delay experienced by a static ground
receiver over time is given as a function of the satellite’s
position in the same reference frame as the UE. In the
following, all positions and velocities are given in Earth-
centered, Earth-fixed (ECEF) coordinates using the WGS84
model, which represents the shape of the Earth as an ellip-
soid [42]. We define p(λ,φ)

u as the UE’s position as a function
of its longitude (λ) and latitude (φ), p̃s(t ) as the perturbed
satellite’s position propagated by the SGP4 model (due to
β̃) at an arbitrary time t , and c as the speed of light. The
geometric delay is given by

τ (λ,φ)(t ) = ||p(λ,φ)
u − p̃s(t )||

c
. (3)

C. Continuous-Time System Model

As previously discussed, M + 1 pilot blocks with L
symbols each are transmitted and the blocks are spaced by
Tr seconds. The continuous-time complex baseband pilot
block with n = 0, . . . , L − 1 at time t can thus be expressed
as [43]

s(t ) =
L−1∑
n=0

znh(t − nTs) (4)

where zn denotes a pilot symbol with |zn| = 1 and h(t ) a
Nyquist pulse shape. As will be discussed in later sections,
the unit-modulus pilot symbol assumption allows isolating
the phase terms without introducing amplitude-dependent
noise scaling, simplifying our derivations and further anal-
ysis. This is the case of constellations applying phase-shift
keying [17], [44]. Nevertheless, the developed procedures
can be performed by compensating for pilot symbols with-
out unit absolute value, however at the cost of a modified
noise contribution.

Following, the mth real-valued passband pilot block for
m = 0, . . . , M is transmitted after mTr seconds, and is given
by

sm,RF(t ) = 2Re{s(t − mTr )e j2π fc (t−mTr )} (5)

where Re{·} represents the real part of a complex-valued
number and fc is the carrier frequency.

As it will be necessary in the following, we clarify the
adoption of a narrowband model. Based on [45] and [46],
Doppler stretching effects can be neglected if

W LTs � c

2|vr| (6)

where W denotes the bandwidth of the transmitted sig-
nal and vr denotes the satellite’s radial velocity. For the
longest simulated pilot block with L = 6000, a maximum
bandwidth of 12.5 MHz, and based on the simulated pa-
rameters in Table II, the right-hand side of (6) is at least
approximately 13 times higher than the product on the
left-hand side. Thus, we adopt the narrowband model, con-
sistent with previous practical work on real-world constella-
tions [17], [47], [48]. Nevertheless, our proposed algorithm
may be straightforwardly adapted to account for movement-
induced time stretching in wideband signals.
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As mentioned in Section II, we consider strong LOS
conditions over the entire visibility window. Thus, the
channel is modeled as having a single path that attenuates
(through free space path loss), delays, and rotates the phase
of the transmitted signals. The propagation delay, including
geometric and atmospheric effects, is given by


(t ) = τ (λ,φ)(t ) + ξat(t ) (7)

with ξat(t ) representing the atmospheric delay and τ (λ,φ)(t )
as defined in (3). Accounting for attenuation and propaga-
tion delays, the mth received pilot-only passband signal may
be written as

rm,RF(t ) = 2DmRe
{
s(t − mTr − 
(t ))

· e j2π fc (t−mTr−
(t ))
} + n(t ) (8)

where Dm denotes the amplitude of the received signal after
the transmission of the mth block and n(t ) additive thermal
noise.

We now incorporate the hardware impairments dis-
cussed in Section II-A. The receiver’s local oscillator runs
at a frequency fc + η (where η represents CFO) and in-
troduces PN, denoted as γ (t ). As such, the signal rm,RF(t )
is downconverted by a factor e− j2π ( fc+η)t e jγ (t ) and lowpass
filtered. The received complex baseband signal is shown to
be given by (see Appendix B)

rm(t ) = Dms(t − mTr − 
(t ))e jαm (t ) + n′(t ) (9)

where n′(t ) represents additive thermal noise. Moreover, the
phase term is given by

αm(t ) = −2π
[

fc(mTr + 
(t )) + tη
] + γ (t ). (10)

For the following derivations, we introduce the notations

[·], τ (λ,φ)[·], and ξat[·], respectively, denoting propagation,
geometric, and atmospheric delays evaluated at the time
given inside the square brackets.

D. Discrete-Time System Model

The received baseband signal rm(t ), given in (9), is
passed through a matched filter. After packet synchro-
nization and symbol-timing recovery, the receiver obtains
symbol-spaced samples corresponding to the instants t =
mTr + nTs + 
[mTr + nTs] for n = 0, . . . , L − 1. This can
be done with techniques such as [49]. For a pulse shape
with roll-off factor of 0.35, this method provides sampling
timing errors with accuracy such that twice their standard
deviation is approximately 4.5% and 0.35% of Ts for SNR
values of 0 and 35 dB, respectively. This leads to distortion
levels more than 10 dB below the respective noise floors, and
so we neglect intersymbol interference [50]. The sampled
received complex baseband signal is thus represented as

rm,n = Dmzne jαm,n + wm,n (11)

where wm,n corresponds to additive white Gaussian noise
with variance σ 2

w.
In our study, given the application of short pilot blocks

(in the order of microseconds, see Table II), the propagation
delay variations within a single block are much smaller

than Ts.1 Although the intrablock delay variations cause
negligible envelope distortion, their influence on phase is
relevant. Phase rotations are induced by these delay vari-
ations that are magnified by fc, i.e., Doppler shifts, while
additional rotations arise from η. In deriving the phase term,
we therefore refine our model by accounting for this effect
and evaluate the propagation delays at mTr + nTs, yielding

αm,n = − 2π
[

fc(mTr + 
[mTr + nTs])

+ (mTr + nTs + 
[mTr + nTs])η
] + γm,n (12)

where γm,n denotes the PN components at the aforemen-
tioned sampling instants.

III. PHASE TRACKING

We wish to estimate the UE’s position based on varia-
tions in the phase of the received pilot signals. It is shown in
(12) that the phase of the received signals contains variations
directly related to UE’s position through 
[mTr + nTs],
which in turn depends on τ (λ,φ)[mTr + nTs]. Therefore, we
investigate αm,n in more detail. Due to the presence of PN
and its recursive nature (typical of Wiener processes, see
Section II-A), we propose an alternative phase representa-
tion to determine a desired trackable parameter, which is
later leveraged to estimate the UE’s position.

As it will become clear in later sections, we track a
parameter of interest alongside PN. This requires the han-
dling of a nonlinear measurement model and the recursive
structure of the Wiener process, motivating the use of an
EKF as the tracking framework. From the previously men-
tioned reformulated phase representation, in this section, we
develop and evaluate the performance of the EKF to track
the parameter of interest.

A. Reformulated Discrete-Time Phase Representation

As outlined earlier, it is of interest to extract information
of αm,n, given its dependence on the UE’s position. The
terms in αm,n are contained in the sampled received signal
rm,n, defined in (11). Its phase is not examined directly due to
the phase contribution from the pilot symbols. To eliminate
this contribution, we multiply rm,n by the conjugate of the
pilot symbols z∗

n , giving

ym,n = rm,nz∗
n = Dmejαm,n + w′

m,n. (13)

Since |zn| = 1, as detailed in Section II-C, the mean and
variance of the additive noise are preserved.

Applying a Taylor series expansion in n on (12), we
rewrite the phase representation of the pilot signals as

αm,n = Am + Bmn + h.o.t. + γm,n. (14)

The higher order terms in (14) have very small values (see
Appendix B) and so we neglect them. Thus, Am and Bm are
the most relevant terms, allowing for an approximation of

1In our simulations, the maximum propagation delay variation within a
single block is approximately 8% of the value of Ts for L = 6000 and so
envelope variations may be neglected, as a typical upper bound for such
assumption is 10% of Ts (further details are discussed in Section II-C).
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αm,n as a first-degree polynomial in n. The coefficient Am

can be taken from (12) for n = 0, giving

Am = −2π ( fc + η)(mTr + 
[mTr]). (15)

The coefficient Am is corrupted by γm,0 ∼ U [0, 2π ], so
relevant information embedded in it is lost. It becomes clear
that the uncorrupted parameter Bm is the desired tracking
parameter, as it contains information on the UE’s position.
From the proposed representation of (12) as a first-degree
polynomial, the value Bm can be tracked from αm,n − αm,n−1

for any n. For simplicity, we consider the difference between
the samples n = 1 and n = 0, so that

Bm = −2π
[
( fc + η)(
[mTr + Ts] − 
[mTr]) + Tsη

]
.

(16)
It is seen in (16) that Bm depends on 
[mTr + Ts],

comprising the effect of geometric and atmospheric delays,
as given in (7). To evaluate the geometric ones, defined in
(3), it is necessary to determine the satellite’s position in
time. For this, we apply basic mechanics

p̃s(mTr + nTs) = p̃s(mTr ) + nTsṽs(mTr )

+ 1

2
(nTs)2ãs(mTr ) (17)

where ṽs(t ) and ãs(t ), respectively, denote the perturbed
satellite’s velocity and acceleration in ECEF coordinates.

B. EKF Formulation

A tracking method for the discussed parameter of in-
terest is now developed. We note that the coefficient Am

only adds up to the uniformly random value of γm,0, so the
phase term can be written as αm,n = γm,n + Bmn. From the
recursive representation of Wiener processes, detailed in
Section II-A, for a random increment um,n, we have

αm,0 = γm,0

αm,1 = γm,1 + Bm

= γm,0 + um,1 + Bm

αm,2 = γm,2 + 2Bm

= γm,1 + 2Bm + um,2

= αm,1 + Bm + um,2

and so on. By induction, the phase term has an alternative
recursive representation αm,n = αm,n−1 + Bm + um,n, which
we use in the following. The recursive formulation of the
phase terms provides a dynamical model for the defined
statesαm,n and Bm. This serves as a basis for the development
of an EKF to estimate Bm.

Before introducing the state-measurement representa-
tion, we estimate the amplitude based on the method of
moments with [51]

D̂m =
√√√√ 1

L

L−1∑
n=0

|ym,n|2 − σ 2
w (18)

where ym,n is given as in (13).
From the equivalent phase representation and measure-

ments ym,n, a nonlinear filtering problem can be formulated

that involves αm,n and Bm, which are given in (14). In
general, nonlinear filtering problems may be written as [52]

θn+1 = f (θn, vn)

gn = h(θn, wn) (19)

where f (θn, vn) denotes a function of θn (the state vector
at fast-time index n) and vn (independent and white state
noise). Furthermore, the measurements gn are represented
as a function of θn and the independent and white measure-
ment noise wn.

Based on the given equivalent phase representation in
(14), we denote the state vector as θn = [α̂m,n, B̂m,n]T , where
α̂m,n and B̂m,n, respectively, represent the tracked phase and
Bm value at the fast-time index n. We model the state vector
dynamics by

θn+1 = Aθn + vn =
[

1 1

0 1

]
θn + vn. (20)

The covariance matrix of the state noise is diagonal, contain-
ing the PN’s innovation variance and a very small value σ 2

B
for tracking the constant Bm, namely, Qv = diag([σ 2

u , σ 2
B]).

Our proposed measurement model is given by

gn =
[

Re{ym,n}
Im{ym,n}

]

= Dm

[
cos (αm,n)

sin (αm,n)

]
+ wn (21)

where Im{·} denotes the imaginary part of a complex-
valued number. Since we take Re{ym,n} and Im{ym,n},
the measurement noise covariance matrix is given by
Qw = 1

2 diag([σ 2
w, σ 2

w]).
Before presenting the prediction and update equations,

we calculate the Kalman gain by

Km,n = Pm,nCT
m,n

(
Cm,nPm,nCT

m,n + Qw
)−1

(22)

where Pm,n represents the state error covariance matrix at
index n, and Cm,n represents the measurement Jacobian
matrix

Cm,n = D̂m

[
− sin (α̂m,n) 0

cos (α̂m,n) 0

]
. (23)

Respectively, denoting θ̂n+1 and Pn+1 as the predicted
state and state error covariance matrix and based on (13.67–
71) in [51], the prediction equations are

θ̂n+1 = Aθ̂
+
n

Pm,n+1 = AP+
m,nAT + Qv. (24)

The respective update equations are

θ̂
+
n+1 = θ̂n+1 + Km,n+1

(
gn+1 − c(θ̂n+1)

)
P+

m,n+1 = (I2×2 − Km,n+1Cm,n+1)Pm,n+1 (25)

where θ̂
+
n+1 denotes the updated a posteriori state estimate

based on the predicted a priori state estimate θ̂n+1, and
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gn+1 − c(θ̂n+1) contains the innovation, where

c(θ̂n) = D̂m

[
cos (α̂m,n)

sin (α̂m,n)

]
. (26)

In addition, P+
m,n+1 represents the updated state error covari-

ance matrix and I2×2 represents a 2 × 2 identity matrix.
In the following, we simulate the system using the

parameters in Table II. We emphasize that the simulated
parameters do not correspond to those of any particular
constellation. Instead, they are representative values that
may be assumed by any LEO satellite. This generalization
is justified by the inherent ambiguity of Doppler shift pro-
files, making the underlying tracking problem mathemat-
ically generic across different orbits. The satellite orbit is
propagated using the SGP4 model for 21 July 21 2025,
from 11:00 to 13:00, with TECV(λ, φ) = 10 total electron
content (TEC). The generated signals are subject to additive
white Gaussian noise with equal power, so the SNR of the
received signals is governed solely by the distance between
the UE and the satellite. Further, we denote the Earth’s mean
radius by RE , the minimum visibility elevation angle by
θe,min, the minimum received SNR by SNRmin (the SNR
when the satellite is the furthest away from the UE), and
GTX and GRX as the transmit and receive antenna gains,
respectively.

To initialize the EKF, it is necessary to provide the
prior mean of Bm and the corresponding error covariance
values for each m. These prior statistics are obtained through
offline Monte Carlo simulations over representative ranges
of CFO, orbital perturbations, and orbital parameters of
LEO satellites, and are used as a fixed, one-time initial-
ization. For the orbital parameters, we simulated 5000
random and independent LEO satellite trajectories with
a random UE position visible to the simulated satellite
path. For this purpose, the respective orbital parameters
are randomly drawn from uniform distributions within
ranges of typical LEO satellite systems. More specifi-
cally, we take ec ∈ [0, 0.001], a ∈ [RE + 400 km, RE +
2000 km], i ∈ [0◦, 180◦], � ∈ [0◦, 360◦], ω ∈ [0◦, 360◦],
and μ ∈ [0◦, 360◦]. The CFO η and the satellite’s along-
track shift ε are uniformly randomized, respectively, within
[−6, 6] kHz and [−3, 3] km. We then gather various candi-
date Bm values, so that the prior means are taken from the
average for each m. The initial error variances for Bm are also
drawn from such simulations. We initialize the phase with
α̂m,0 = arctan(Im{ym,0}/Re{ym,0}). Based on [51, Example
(3.4)], the error variance respective to this estimate is taken
as σ 2

w/D̂2
m.

In practical deployments, the receiver can be equipped
with a precomputed lookup table of prior statistics cate-
gorized by orbital classes (e.g., nominal altitude and in-
clination ranges) and expected CFO bounds. No online
simulation is required; rather, the table is fixed and satellite-
agnostic within each orbital class (from broadcast two-line
element sets), requiring no prepass information. Upon ac-
quiring the satellite’s orbital parameters, the receiver selects

Fig. 2. Example of the proposed EKF’s tracking performance
(SNRmin = 15 dB and σ 2

u = 10−5) over fast-time indices n. (a) Example
of tracked phase. (b) Example of tracked Bm value.

the best matching prior from the table, which needs to be up-
dated only in substantially different orbital environments. A
sensitivity analysis to different EKF initialization scenarios
is given in Section V-H.

C. EKF Evaluation

We initially address performance of the proposed EKF,
which is evaluated through simulations where we track αm,n

and Bm in an example case where m = 20. In this example,
the measured, estimated, and true values of the unwrapped
phase αm,n and Bm are provided in Fig. 2 for L = 1000. It
can be observed, for this case, that the proposed EKF is able
to track the phase and converge toward the true value of Bm

after few samples.
We conduct an analysis of the EKF’s performance by

verifying the empirical root-mean-square error (RMSE) in
respect to Bm after NMC = 104 Monte Carlo simulations,
for several values of SNRmin, σ 2

u , and L. To analyze the
empirical root mean square error (RMSE), we provide the
respective posterior Cramér–Rao lower bound (PCRB) as
benchmarks for every L in different noise scenarios [52].

We start the analysis verifying the influence of SNRmin

over the performance of the proposed EKF in Fig. 3. For
that purpose, we fix σ 2

u = 10−5 and vary SNRmin. It can be
observed that for SNRmin ≥ 3 dB, the EKF approaches the
PCRB for all L. However, this is not the case for SNRmin ≤ 1
dB. In such high-noise scenarios, we observe a considerable
deviation from the PCRB for low values of L. To analyze
the effect of PN, we fix SNRmin = 15 dB and vary the
PN innovation variance σ 2

u in Fig. 4. Even at relatively
strong PN levels, corresponding to σ 2

u = 10−3, the RMSE
approached the respective PCRBs.
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Fig. 3. Empirical RMSE of the proposed EKF for different SNRmin and
L values (σ 2

u = 10−5). Deviations from the posterior Cramér-Rao lower
bound (PCRB) are observed for the lowest SNRmin levels.

Fig. 4. Empirical RMSE of the proposed EKF for different σ 2
u and L

values (SNRmin = 15 dB). Despite strong PN levels, the EKF
approximates the PCRB in all analyzed cases.

From the performance indicated in Figs. 3 and 4, we
conclude that SNRmin has a significant influence over the
EKF’s performance, with the potential of relevant devia-
tions from the PCRB. In regards to the PN’s effect, the EKF
has demonstrated to comply with the PCRB for a wide range
of PN innovation variances.

IV. DOPPLER-BASED UE LOCALIZATION

Having acquired estimates of Bm, we propose a WLS
solution to estimate the CFO η, the longitude λ, and the
latitude φ. The problem is justified based on (3) and (16),
which show a dependence of Bm on the aforementioned
parameters. The CFO is an independent nuisance parameter
that affects the accuracy of the estimation of the UE’s geolo-
cation, and so it is included in the problem. An example of
true and estimated Bm values for the parameters in Table II
is provided in Fig. 5.

A. Localization Problem Formulation

We introduce b(η,λ,φ)
c as the vector containing the Bm

coefficients as a function of η, λ, and φ for m = 0 up to the
current epoch mc. From (3) and (16) and assuming perfect
knowledge of the satellite states, the mth element of b(η,λ,φ)

c

Fig. 5. Example of estimated and true Bm values over slow-time epochs
m (SNRmin = 15 dB, σ 2

u = 10−4).

takes the form

b(η,λ,φ)
m = −2π

[
( fc + η)(τ (λ,φ)[mTr + Ts]

− τ (λ,φ)[mTr]) + Tsη
]
. (27)

Note that (27) differs from (16) in that the formulation of
b(η,λ,φ)

m implies lack of complete knowledge of the propa-
gation delays defined in (7), which in turn are embedded in
Bm. Such mismatch comes from the absence of knowledge
of atmospheric delays, which the receiver is not able to
estimate with a simplified hardware. The compensation
of atmospheric delays may be performed with dedicated
hardware or with the aid of GNSS satellites, which we
assume to be unavailable in this study [53], [54]. This
represents an error source in the position estimation that
only has a minor influence whatsoever, since the atmo-
spheric delays are much smaller than the geometric ones
(see Appendix A) [40].

We define b̂c as the vector containing all estimates B̂m

for m = 0, . . . , mc. Based on (27), the latest estimates of
the desired parameters (η̂c, λ̂c, φ̂c) are found by solving the
WLS equation

(η̂c, λ̂c, φ̂c) = arg min
η,λ,φ

(
b̂c − b(η,λ,φ)

c

)T
G−1

c

× (
b̂c − b(η,λ,φ)

c

)
. (28)

In this problem, Gc is a diagonal matrix containing the
latest predicted state error covariances of B̂m, extracted from
P+

m,L−1, given in (25), for m = 0 up to mc.
Orbital perturbations, detailed in Section II-B, yield a

constant uniformly random offset ε along the satellite’s
track with small velocity variations. To reduce errors in
determining the UE’s position, it is necessary to estimate
ε. However, this may only be accurately performed in very
low PN levels. To illustrate this concept, in Fig. 6, we
show an example of the loss function based on (28) for
an entire satellite pass as in Table II. We also assume
perfect knowledge of η and λ, for unknown ε and φ.
The variations in φ are converted into the distance to the
UE’s position p(λ,φ)

u , where positive and negative values,
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Fig. 6. Loss function for unknown ε and φ in different PN regimes. The
loss function landscape becomes considerably flatter as PN levels

increase, making the estimation of these parameters more challenging. In
these examples, ε = 3 km. (a) Loss function for σ 2

u = 10−8. (b) Loss
function for σ 2

u = 10−5.

respectively, denote coordinates to the north and to the south
of the UE’s true position. The loss function is given for
SNRmin = 15 dB, L = 2000, and different PN innovation
variance values (σ 2

u = 10−8 and σ 2
u = 10−5).

It is seen in Fig. 6(a) that a unique solution can be
determined in very low PN scenarios. However, this does not
hold for moderate PN levels. In Fig. 6(b), the loss function
achieves low values for relatively large distances to the UE
and different values of ε. As additional measurements are
not available in the system, it is not possible to discrimi-
nate such candidate solutions, which may lie beyond accu-
racy benchmarks in [30] and [31]. In the absence of such
measurements, we follow by performing the optimization
without correcting the transmitted orbital parameters of the
satellite. Through a sensitivity analysis conducted in later
sections, we show that the performance of our proposed

Algorithm 1: UE Position Estimation Algorithm.

Inputs: mc, rmc,n, Ts, Tr , σ 2
u , σ 2

w, σ 2
B , satellite’s

orbital parameters, geographical search space
Output: (η̂c, λ̂c, φ̂c) Load pre-computed EKF
prior statistics

1: Run EKF as in (18) and (22)-(26), get B̂m

2: Store estimates B̂m in b̂c

3: if mc < 2 then
4: exit
5: else if mc = 2 then
6: Solve (28) by coarse-to-fine grid search, yield

(η̂c, λ̂c, φ̂c) [59]
7: else
8: Solve (28) using the previous solution

(η̂c−1, λ̂c−1, φ̂c−1) as starting point, yield
(η̂c, λ̂c, φ̂c)

9: end if

algorithm is not significantly affected despite the presence
of orbital perturbations.

We emphasize that the WLS solution stated in (28)
inherently possesses two solutions: the true and a mir-
rored solution, located symmetrically with respect to the
satellite’s track [55]. To avoid reaching the mirrored so-
lution, the proposed method operates under the assump-
tion that the receiver has access to coarse coverage-region
side information (e.g., through beam identification mecha-
nisms [56], [57]) to identify the correct side of the satellite
track. This allows the receiver to restrict the search space to
a coverage region containing the correct side of the track.
As such, in our simulations, we restrict the search space
of the optimizer within a large area containing the true
UE’s position. The sensitivity of the proposed method to
search region constraints is evaluated in Section V-G. In
our simulations, based on Table II, we restrict the search
space to be η̂c ∈ [−6, 6] kHz, λ̂c ∈ [−130◦, −100◦], and
φ̂c ∈ [−90◦, −45◦]. The proposed problem may be solved
by several optimization techniques, such as the Nelder–
Mead algorithm [58]. For that purpose, the previous so-
lution (η̂c−1, λ̂c−1, φ̂c−1) is used as a starting point. The
overall UE position estimation algorithm is summarized in
Algorithm 1.

V. NUMERICAL RESULTS AND ANALYSIS

We compare the performance of our proposed algorithm
to state-of-the-art methods regarding the localization task
and the estimation of the Bm coefficients in Section V-A.
From Sections V-B to V-F, we study the impact of system
and channel parameters (Tr , L, σ 2

u , SNRmin, and ε) over the
accuracy of the estimated UE position. Sensitivity to geo-
graphical search space and EKF initialization is investigated
in Sections V-G and V-H.

For the aforementioned evaluations, we establish 10 km
as a verification accuracy benchmark (detailed in [30] and
[31]) and define the mean distance error over the satellite’s
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Fig. 7. 90th percentile distance error over time for different methods
(SNRmin = 15 dB, σ 2

u = 2.5 × 10−4, Tr = 1 s, L = 6000, and
ε = −3 km). The error strongly increases without PN tracking and

becomes even higher with inaccurate Earth models.

visibility window as

de(t ) = 1

NS

NS∑
�=1

||p(λ,φ)
u − p̂(λ,φ,t )

u,� || (29)

where p̂(λ,φ,t )
u,� denotes the �th estimated UE position for a

given time t from NS Monte Carlo simulations. The conver-
gence time whenever the mean distance error is equal to or
below 10 km, denoted as Tc, is also investigated. In addition
to the mean error performance, we analyze the 90th distance
error percentile over time d90(t ) and denote the time to reach
the 10 km accuracy benchmark for this metric as T90. Due to
the similarity in the convergence of the distance error curves
over time, we show only d90(t ). When analyzing system and
channel parameters, Tc and T90 are also shown.

The parameters kept fixed across all realizations are
detailed in the caption of the respective figure. The var-
ied parameters, along with their corresponding ranges, are
indicated in the figure legends in the d90(t ) plots and the
horizontal axis in convergence time plots. For each study,
we conducted NS = 1000 Monte Carlo simulations.

A. Comparison to State of the Art

In Fig. 7, we compare the performance of our developed
method to techniques for estimation of Bm and Doppler-
based localization. We perform the simulations under strong
PN and orbital perturbations. The estimation method that
we compare to was developed in [60], where a sequence
of linear estimators is applied. Such technique has been
shown to approach the Cramér–Rao lower bound for a wide
range of SNR regimes. To compare the performance of this
algorithm to ours, we apply the estimates of Bm from each
method to the loss function in (28).

The method in [60] does not track PN, yielding very
noisy estimates of Bm. Consequently, the presence of strong
PN in such method heavily degrades the accuracy of the
UE’s position estimates, to the point that the verification
requirement is not reached. Our proposed method, how-
ever, addresses PN through the structure of the EKF, based
on the recursive nature of Wiener processes. This gives

better estimates of Bm, achieving better accuracy in esti-
mating the UE’s localization and reaching the verification
requirement.

Moreover, we assess the performance of the localization
algorithm developed in [25], which addresses the effect
of CFO. In the referred study, the presence of CFO is
first detected by a switching procedure and then estimated.
Hence, this technique is referred to as switching method.
The CFO detection is governed by a sensitivity parameter N .
The CFO-affected Doppler shift estimates and estimation
error variances are taken from the technique in [60]. To
ensure that the solutions from [25] remain within the bounds
discussed in Section IV-A, we clip the result from each
iteration to these limits. For execution of the algorithm, we
choose N = 2 as a reference.

We observe that the error from the switching method
is generally higher than applying the estimates of [60] into
the loss function in (28). The main reason for such behavior
is that all derivatives and error covariance matrices are
given for a spherical Earth model. The resulting estimated
coordinates, when applied to the more accurate WGS84
model (see Section II-B), yield relevant errors that remain
above the verification requirement. In contrast, the WGS84
model is applied in our method, significantly reducing the
errors regarding the UE’s position estimates.

We emphasize that the results in Fig. 7 are intended
as an illustrative compatibility analysis rather than a state-
of-the-art ranking. While Table I lists several algorithms,
our end-to-end comparison is limited to the aforemen-
tioned methods. Several Doppler-only techniques do not
model additional impairments and so their performance is
strongly hindered under the simulated conditions. Regard-
ing other methods utilizing multiple observation types, a fair
simulation-based comparison against single-type methods
becomes difficult due to the distinct nature of the measure-
ments. We thus acknowledge this limitation in our analysis.
Further, we observe that reaching the verification threshold
may require a significant portion of the visibility window,
particularly in harsh conditions.

B. Effect of Period Between Transmissions (Tr )

We investigate the influence of the interval between
pilot transmissions, with the results given in Fig. 8. It is
shown, for the analyzed interpilot interval, that the pro-
posed algorithm is able to produce UE location estimates
with distance errors below the verification requirement for
sufficiently short interpilot transmission periods. Longer
intervals between pilot transmissions yield less estimates
of Bm to be used in the optimization problem, reducing
the localization accuracy and increasing the convergence
time. This is more evident in Fig. 8, where convergence is
not reached for Tr = 20 s when analyzing the 90th error
percentile.

C. Effect of Number of Pilot Symbols (L)

Another relevant system design parameter is the number
of pilot symbols. As seen in Figs. 3 and 4, for the same noise
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Fig. 8. 90th percentile distance error and convergence time for different
Tr values and metrics (SNRmin = 15 dB, σ 2

u = 10−5, L = 2000, and no
orbital perturbations). Shorter interpilot transmission intervals give more

estimates of Bm for processing, improving accuracy. (a) 90th distance
error percentile over time for different Tr values. (b) Mean and 90th

percentile convergence times for varying Tr .

level, the RMSE in the estimation of Bm is higher for shorter
pilot blocks. In such cases, the influence of noise becomes
more relevant and consequently the accuracy is expected to
degrade. The algorithm’s performance for different values
of L is demonstrated in Fig. 9.

It is noted, as aforementioned, that applying fewer pilot
symbols yield less accurate results, reflected upon position-
ing errors and convergence time. Conversely, having more
pilot symbols provides more accurate UE position estimates
and faster convergence, at the cost of a higher computational
load and slower throughput. In comparison to the results in
Fig. 8, similar performances can be achieved by changing
either Tr or L, highlighting the tradeoffs involved in the
system design.

D. Effect of PN Innovation Variance (σ 2
u )

Similar to the analysis in Section V-C, the PN innova-
tion variance has the effect of increasing or decreasing the
RMSE in the estimation of Bm, governing the positioning
error. We show the influence of the PN innovation variance
σ 2

u in tenfold increases in Fig. 10.
We observe that for most analyzed PN innovation vari-

ances, our proposed algorithm is able to achieve conver-
gence. Also, the convergence time is shown to be heavily
dependent on σ 2

u . In the most severe case (σ 2
u = 10−3),

Fig. 9. 90th percentile distance error and convergence time for different
L values and metrics (SNRmin = 15 dB, σ 2

u = 10−5, Tr = 1 second, and
no orbital perturbations). Shorter pilot blocks have a higher RMSE,
resulting in noisier estimates of Bm and reduced accuracy. (a) 90th

distance error percentile over time for different L values. (b) Mean and
90th percentile convergence times for varying L.

however, the positioning error is considerably above the
verification requirement. The developed EKF, although able
to comply with the PCRB for tracking Bm in several PN
conditions (see Fig. 4), provides estimates with increasingly
larger errors as σ 2

u grows. As a result, the coefficients B̂m

become more noisy, consequently degrading the perfor-
mance of the proposed algorithm and highlighting the strong
influence of PN. In such degrading conditions, the accuracy
may be improved by transmitting longer pilot blocks, as the
RMSE of B̂m may be significantly reduced.

E. Effect of Minimum Received SNR (SNRmin)

In analyzing the effect of additive noise, we note that
it may not have a relevant influence over the final accu-
racy in low noise regimes, in which case PN and other
impairments become the dominant perturbations over the
received signals. In strong noise scenarios, additional phase
distortions not captured by the presented signal models
arise, introducing relevant inaccuracies.

From Fig. 11, it is noticeable that for SNRmin ≥ 5 dB,
there are no significant changes in performance, either in
terms of positioning error or convergence time. As an-
ticipated in Section III-C, strong additive noise regimes
yield relevant model mismatches. For SNRmin = −5 dB,
this effect becomes more pronounced. Despite the devi-
ation from the respective PCRB as in Fig. 3, the RMSE
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Fig. 10. 90th percentile distance error and convergence time for
different σ 2

u values and metrics (SNRmin = 15 dB, Tr = 1 s, L = 2000,
and no orbital perturbations). Stronger PN levels decrease accuracy and

may require additional system resources to fulfill the verification
requirement, such as longer pilot blocks. (a) 90th distance error

percentile over time for different σ 2
u values. (b) Mean and 90th percentile

convergence times for varying σ 2
u .

remains low enough such that the UE’s position may still
be accurately estimated. These results illustrate that the
proposed algorithm is able to reach the 10 km mark in
the considered SNRmin range and assumed narrowband and
LOS conditions.

F. Effect of Orbital Perturbations

Due to imprecise knowledge of the satellite states
fed into the problem in (28), it is expected that orbital
perturbations yield a bias over the UE’s position estimate, as
discussed in Section IV-A. Forward and backward satellite
position shifts are, respectively, denoted with positive and
negative values of ε.

As seen in Fig. 12, the analyzed orbital perturbations
do not result in significant changes in convergence time.
However, especially in the worst cases, i.e., ε = ±3 km,
these disturbances make the final WLS solutions converge
to a biased UE position estimate. This phenomenon is ex-
amined in more detail in Fig. 13, where the error in the UE’s
estimation accuracy has been increased by approximately
1.4 km in mean error and by approximately 2 km in 90th
percentile error. Since ε is not usually higher than these
values (see Section II-B), orbital perturbations do not pose
a major challenge in reaching the verification requirement
in our technique.

Fig. 11. 90th percentile distance error and convergence time for
different SNRmin values and metrics (σ 2

u = 10−5, Tr = 1 s, L = 2000,
and no orbital perturbations). The algorithm’s performance is not
significantly affected until strong additive noise becomes present.

(a) 90th distance error percentile over time for different ε values. (b)
Mean and 90th percentile convergence times for varying SNRmin.

TABLE III
Sensitivity to Geographical Search Space Constraints

G. Geographical Search Space Sensitivity

To evaluate the dependence of the proposed algorithm
on the region side information, we analyze the perfor-
mance of the WLS stage under different geographical search
space constraints. Three cases are compared: 1) a region
containing the correct region identification (specified in
Section IV-A); 2) a substantially enlarged search region
on the correct side of the satellite track; 3) a search re-
gion constrained to the mirrored side of the satellite track.
The simulations are performed for σ 2

u = 10−5, Tr = 1 s,
L = 2000, SNRmin = 15 dB, and no orbital perturbations.
Table III summarizes the results.

The results show that our proposed method does not
require highly precise side information, as performance
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Fig. 12. 90th percentile distance error and convergence time for
different ε values and metrics (SNRmin = 15 dB, σ 2

u = 10−5, Tr = 1 s,
and L = 2000). Orbital perturbations do not significantly affect the

convergence time and mainly translate into errors toward the end of the
satellite pass. (a) 90th distance error percentile over time for different
SNRmin values. (b) Mean and 90th percentile convergence times for

varying varepsilon.

Fig. 13. Final mean distance error increase for different ε values and
metrics.

does not significantly change even when with substantially
larger geographical search space on the correct side of
the satellite track. However, constraining the optimizer to
the mirrored side of the trajectory leads to convergence
toward symmetric solutions due to the ambiguity discussed
in Section IV-A, leading to large errors. This demonstrates
that coarse beam-assisted side information is sufficient, but
necessary, to eliminate the referred ambiguities.

H. EKF Initialization Sensitivity

To evaluate sensitivity to the EKF prior statistics,
we compare the performance of three different mismatch

TABLE IV
Sensitivity to EKF Initialization Mismatch

scenarios to the nominal initialization discussed in Sec-
tion III-B while keeping the simulation parameters from
Table II. The mismatch scenarios represent the following
initialization while maintaining the other ones as in the
nominal initialization: 1) high LEO satellite with a ∈ [RE +
1600, RE + 2000] km; 2) polar orbit with i ∈ [80◦, 100◦];
and 3) overconfident prior with 20 times smaller initial
covariance for all Bm. The simulations are conducted for
a short pilot with L = 400 symbols, as prior information
becomes more important with fewer iterations. Moreover,
the simulations are performed for σ 2

u = 10−5, Tr = 1 s,
SNRmin = 15 dB, and without orbital perturbations. The
results are shown in Table IV.

We observe that for most mismatch scenarios, the per-
formance is not significantly affected. In the high LEO case,
Doppler shifts are usually lower due to reduced satellite
speeds, biasing the EKF initialization. Moreover, the restric-
tion in altitude creates local UE-satellite geometries such
that a narrower range of Doppler shifts is observed, reducing
the initial covariance (i.e., a more confident initialization).
Such bias–covariance combination, however, only slightly
reduces performance. In the polar orbit scenario, local UE-
satellite geometries can still be generated that encompass
a broad range of Doppler shifts, leading to a performance
similar to the nominal case.

The overconfident prior case has the worst performance:
even with nominal initial mean values, the substantially
smaller initial covariances prevent the EKF from converging
toward accurate estimates of Bm. Overall, the results show
that the proposed EKF is not particularly sensitive to initial
prior means; rather, it is more sensitive to overconfident
initialization covariances. In this regard, for practical de-
ployments, initialization may be performed with coarse
orbit and UE location information.

VI. CONCLUSION

In this work, we presented a novel GNSS-independent
and Doppler shift-based localization method for single-
pass, single-LEO satellite systems jointly affected by sev-
eral signal perturbations arising from atmospheric phe-
nomena, orbital perturbations, and hardware defects. The
proposed solution relies on tracking phase shifts in received
pilot signals, which are inherently related to the UE’s posi-
tion. To track these phase shifts under the aforementioned
signal impairments, an EKF was developed that complies
with the PCRB for a wide range of channel and hardware
conditions. After collecting estimates of the phase shifts,
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a WLS solution is proposed to estimate the UE’s position
and the CFO. The demonstrated performance shows that the
proposed method may be used to support verification tasks
in future NTNs.

Computer simulations have been performed to verify the
performance of the algorithm under the various considered
impairments. It has been shown that for most analyzed
cases, the mean and 90th percentile distance errors re-
mained below verification benchmarks referenced in 3GPP
studies. Our proposed method has demonstrated consid-
erably higher accuracy than the application of frequency
estimation without PN tracking and simplified models for
the Earth’s shape. In addition, the time to achieve such
convergence has been demonstrated to depend on different
system design parameters, which can be adapted to balance
computational load.

Although orbital perturbations are not compensated,
robustness to this impairment has been demonstrated
through a sensitivity analysis. In addition, it has been found
that PN has a significant relevance over the performance of
the developed localization method, strongly influencing the
convergence time. Particularly, in the strongest analyzed
PN condition (σ 2

u = 10−3), the algorithm fails to converge
below the 10-km mark within the satellite visibility window.
Such a result highlights the importance of tracking this
impairment in realistic scenarios. Moreover, for relatively
long interpilot transmission intervals, sufficient accuracy
for verification was not reached in a significant amount of
simulations.

Our study also shows that the method is not sensitive to
the geographical search region size on the correct side of
the satellite track, while an incorrect side assignment leads
to large localization errors. This highlights the necessity
of coarse but reliable coverage-region side information.
Finally, we have shown that the proposed EKF is robust
to prior mean mismatch, while overconfident initialization
covariances represent the strongest performance degrada-
tion, suggesting that conservative covariance initialization
is preferable in practical deployments.

APPENDIX A
ATMOSPHERIC EFFECTS

The atmospheric effects over the propagation of signals
in S2G transmissions give rise to refractions, which mainly
occur in the troposphere and the ionosphere, originating
delays over the transmitted signal. The atmospheric delay
at time t is represented as ξat(t ) = ξtr(t ) + ξio(t ), where
ξtr(t ) and ξio(t ), respectively, denote the tropospheric and
ionospheric delays. We introduce the utilized models for
tropospheric and ionospheric delays in the following, with
a brief worst case analysis for each of them.

1 Tropospheric Delays

We represent tropospheric delays with the Saastamoinen
model [61], [62]. In this formulation, they are a function
of temperature, humidity, pressure, and UE’s latitude φ.

Furthermore, the tropospheric delay at time t has contri-
butions from dry and wet components, namely, ξtr(t ) =
(ξtr,dry(t ) + ξtr,wet(t ))/c, where c denotes the speed of light.
The dry and wet components are, respectively

ξtr,dry(t ) = 0.0022768 · P

(1 − 0.00266 · cos 2φ) cos θz(t )

ξtr,wet(t ) = 0.002277 · pe(0.05 + 1255/TK )

cos θz(t )
.

Here, P = 1013.25 hPa denotes the local atmospheric pres-
sure and θz(t ) the zenith angle from the UE to the satellite.
For a UE at sea level, the partial pressure of water vapor is

pe = 6.108 · hr · exp

(
17.15TK − 4684

TK − 38.45

)
where hr denotes the relative humidity (equal to 0.7 in this
study). The local temperature in Kelvin scale is assumed to
be TK = 288.16 K in this work.

The dry component achieves its highest value for φ = 0.
Moreover, for hr = 1 (maximum humidity) and TK =
313.16 K (hot-day temperature), the wet components attain
high values. For an elevation mask of 5◦ (corresponding to a
maximum zenith angle of 85◦), based on the aforementioned
worst case values, the tropospheric delays for a typical
satellite pass lie approximately within [10−8, 1.15 × 10−7]
s, respectively, corresponding to additional path lengths of
[3, 34.4] m.

2. Ionospheric Delays

Ionospheric delays, in contrast to tropospheric ones, are
a function of the carrier frequency fc. For carrier frequencies
above 1 MHz, the ionospheric delay may be modeled by [63]

ξio(t ) = 40.3 · 1016 · OF(θe(t )) · TECV(λ, φ)

c f 2
c

(30)

where OF(θe(t )) denotes the obliquity factor for an elevation
angle θe(t ) from the UE to the satellite, and TECV(λ, φ)
denotes the vertical total electron content in TEC units as
a function of the user’s position at a specific time (with λ

denoting the UE’s longitude), considered constant during
the satellite pass. The values of TECV(λ, φ) for a given
time may be consulted online. Further, the obliquity factor
is calculated by

OF(θe(t )) =
[

1 −
(

RE cos θe(t )

RE + hi

)2
]−1/2

with hi = 350 km as the mean ionospheric height and RE

being the mean radius of the Earth.
The temperature, humidity, pressure, mean ionospheric

height, and total electron content related to the formulation
of the described delay models are considered constant dur-
ing the satellite pass. Hence, their variations are governed
by the zenith and elevation angles involving satellite and
UE. As we study the positioning of a static UE, the delay
dynamics are solely dictated by the satellite dynamics.
We note that based on the simulated system parameters,
atmospheric attenuation losses may be neglected [64].
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In [65], a maximum variation for TECV(λ, φ) of
0.7 TEC units/s is reported. Assuming such an increasing
variation of TECV(λ, φ), based on the parameters in Ta-
ble II, a maximum additional path length of approximately
11 m is generated. We note that due to their strong de-
pendence on fc, as in (30), ionospheric delays may have a
stronger impact at lower carrier frequencies.

To evaluate the worst case effect of atmospheric delays
over Bm, we simulate the path based on Table II with
hot-day temperature and maximum humidity and variation
of TECV(λ, φ), starting from a high vertical total electron
content of 40 TEC units. Based on (16), the atmospheric
contribution is denoted by Bm,at = −2π [( fc + η)
(ξat[mTr + Ts] − ξat[mTr])] and the geometric one by
Bm,ge = −2π [( fc + η)(τ (λ,φ)[mTr + Ts] − τ (λ,φ)[mTr])]. In
our simulations, the maximum achieved value of the ratio
|Bm,at/Bm,ge| was found to be 4.68 × 10−3, showing that
atmospheric contributions are much smaller than geometric
ones.

APPENDIX B
RECEIVED COMPLEX BASEBAND SIGNAL REPRESENTA-
TION

Starting from sm,RF(t ), it can be shown that [43]

sm,RF(t ) = 2Re
{
s(t − mTr )e j2π fc (t−mTr )

}
= s(t − mTr )e j2π fc (t−mTr )

+ s∗(t − mTr )e− j2π fc (t−mTr ).

Applying this representation to (8), it follows that the down-
conversion of the signal rm,RF(t ) by e− j2π ( fc+η)t e jγ (t ) gives
the signal r′

m(t ), where

r′
m(t ) = Dmejγ (t )e− j2π fc (mTr+
(t ))e− j2πtη

· [
s(t − mTr − 
(t )) + s∗(t − mTr − 
(t ))

· e− j4π fct
]
.

The output of the downconverted signal is passed to a low-
pass filter, which removes the factor originating from s∗(t −
mTr − 
(t )). Thus, the received complex baseband signal
takes the form as in (9) and (10).

APPENDIX C
FIRST-ORDER PHASE REPRESENTATION

The phase terms αm,n are given by (12). The propagation
delays defined in (7), for the sampling instants given in
Section II-D, are calculated accordingly by 
[mTr + nTs] =
τ (λ,φ)[mTr + nTs] + ξat[mTr + nTs]. Since the geometric de-
lays are much larger than the atmospheric ones, we focus
on representing the former as a function of n [40]. Using
(3) and (17), we have

τ (λ,φ)[mTr + nTs] = 1

c

∣∣∣∣∣∣p(λ,φ)
u − p̃s(mTr )

− nTsṽs(mTr ) − 1

2
n2T 2

s ãs(mTr )
∣∣∣∣∣∣ = 1

c
||q||. (31)

The norm in (31) is calculated by

||q|| =
√

q2
x + q2

y + q2
z (32)

where the x, y and z subscripts, respectively, denote the
components of a vector in the x, y and z directions of the
ECEF system.

The following derivations apply to any of these direc-
tions and so are written with the subscript k. For ease of no-
tation, we omit the (λ, φ) superscript and the argument mTr .
Expanding (31), it follows that for any direction

q2
k = ( p̃s,k − pu,k )2 + 2Tsṽs,k ( p̃s,k − pu,k )n

+ T 2
s (ṽ2

s,k + p̃s,kãs,k − pu,kãs,k )n2 + T 3
s ṽs,kãs,kn3

+ 1

4
T 4

s ã2
s,kn4 (33)

with pu,k representing the user’s position. Also, p̃s,k , ṽs,k ,
and ãs,k , respectively, denote the perturbed satellite’s posi-
tion, velocity, and acceleration.

In (33), we see that the geometric delays are a polyno-
mial function of n. Due to the usually low values of Ts, we
neglect the third-order and fourth-order terms. As such, we
approximate (32) as

||q|| ≈
⎡
⎣ ∑

k∈(x,y,z)

( p̃s,k − pu,k )2

+ 2Tsn
∑

k∈(x,y,z)

ṽs,k ( p̃s,k − pu,k )

+ T 2
s n2

∑
k∈(x,y,z)

(ṽ2
s,k + p̃s,kãs,k − pu,kãs,k )

⎤
⎦

1/2

=
√

K + an + bn2. (34)

It can be shown that a Taylor series expansion of (34) with
respect to n gives

||q|| ≈ K1/2 + a

2K1/2
n + 4bK − a2

8K3/2
n2 + O(n3)

= k0 + k1n + k2n2 + O(n3). (35)

To evaluate the impact in excluding higher order terms,
we establish a numerical bound on the residual relative to
Bm, defined in (16), for the parameters in Table II. The
worst case residual error occurs when the satellite is at
zenith, so Bm attains its lowest absolute value while the
Doppler rate (governing the second-order term k2) reaches
its maximum absolute value. In this case, |k2| = 2.84 ×
10−14 and the residual phase is determined by evaluating
2π ( fc + η)|k2|L2/c for the longest simulated pilot block,
L = 6000. This results in a phase residual of approximately
8.56 × 10−5 rads. Thus, the residual has a minor impact over
the proposed first-order representation. Moreover, with the
additional components nTsη from (12), the phase αm,n may
be accurately approximated by a first-order polynomial in
n as seen in (14).
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