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Positioning, Navigation, and Timing (PNT) services are essential for supporting
various aspects of modern society. Fields such as communications,
transportation, and military operations heavily rely on accurate and reliable
PNT services, with this dependence expected to grow. However, the
limitations of the predominant Global Navigation Satellite System (GNSS) in
complex environments have become increasingly apparent. As an effective
supplementary approach, space-based signals of opportunity (SOPs) from Low
Earth Orbit (LEO) have garnered significant attention. This paper begins by
introducing the principle of Doppler location and analyzing its error sources.
It then discusses in detail the methods of observation extraction, including
cognitive-based and blind-based methods. Focusing on major domestic and
international LEO constellations (such as Iridium, Orbcomm, Globalstar, Starlink,
OneWeb, etc.), this paper summarizes their signal characteristics and the
current status of positioning research, and discusses the latest advancements
in observable estimation algorithms. Finally, the paper proposes key research
directions for the future, including breakthroughs in satellite recognition
technology, optimization of positioning algorithms, development of multi-
source fusion positioning technology, and observation extraction in complex
environments.
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1 Introduction

Since the advent of the Global Navigation Satellite System (GNSS), it has played a
pivotal role in both military and civilian domains, making irreplaceable contributions
to national defense and economic construction. As its application scope continues to
expand, the demands on GNSS have far exceeded the initial design specifications. The
most prominent issue is the inability of traditional satellite navigation receivers to meet
positioning requirements in complex environments [1]. Firstly, the signal strength of
satellite signals diminishes with increasing propagation distance during space transmission,
resulting in weak signal power reaching the ground and limiting its application in urban
areas and canyons. Secondly, GNSS operates on a single, transparent frequency point,
making it vulnerable to malicious interference and deception, which can lead to service
unavailability.The limitations of Global Navigation Satellite Systems have been significantly
exacerbated in recent battlefield scenarios observed during the Russia-Ukraine conflict,
where such systems have demonstrated critical vulnerabilities and operational unreliability
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in combat environments. In stark contrast, LEO satellite
constellations exemplified by Starlink have emerged as resilient
alternatives. These advanced LEO systems not only maintain
robust communication capabilities but also demonstrate enhanced
positioning potential in complex battlefield conditions, presenting
a paradigm shift in tactical navigation solutions. Over the past
decade, an increasing number of researchers have demonstrated
the potential of signals of Opportunity (SOPs) in Positioning,
Navigation, and Timing (PNT), which can effectively compensate
for the shortcomings of GNSS.

SOPs positioning technology offers a viable alternative for
positioning services when GNSS signals are unavailable or denied.
SOPs encompass all potential radio signals in the environment
from which location and time information can be extracted for
navigation purposes. These signals are categorized into land-based
and space-based SOPs. Ground-based SOPs, such as radio, mobile
communication, and WIFI signals, primarily cover urban areas but
lack coverage in deserts, oceans, and remote regions. In contrast,
space-based SOPs utilize Earth-orbiting satellites as radiation
sources, including non-cooperative/non-navigation satellite signals,
non-cooperative navigation satellite signals, and cooperative non-
navigation signals. Compared to ground-based SOPs, space-based
signals offer the advantage of extensive coverage, enabling seamless
global positioning. Among these, Low Earth Orbit (LEO) satellite
signals are a typical example of space-based SOPs emitters.
Compared with GNSS satellites in Medium Earth Orbit (MEO),
LEO satellites exhibit significant advantages, such as rapid geometric
changes, stronger received signal strength, and larger Doppler
frequency shifts [2]. Additionally, many LEO constellations possess
rich spectral resources and strong anti-interference capabilities.
Moreover, Two-Line Element (TLE) data for LEO satellites is
readily available, allowing for precise satellite position calculations
through models like the Simplified General Perturbations No. 4
(SGP4). These advantageous properties ensure the PNT capabilities
of LEO satellites in GNSS-denied environments. Consequently,
LEO constellations are considered a promising alternative for PNT
services. Currently, numerous countries are planning or have already
launched a large number of LEO satellites, providing abundant
radiation sources for space-based SOPs [2–4]. Table 1 lists the main
LEO satellite constellations that have been deployed or are planned
both domestically and internationally.

The first satellite navigation systemwas the U.S. Navy’sMeridian
Satellite Navigation System (TRANSIT), which was the first
positioning system based on satellite Doppler. It was introduced for
military applications in 1964 and then disclosed for positioning and
navigation services in 1968.The TRANSIT system used the Doppler
frequency shift of LEO satellite signals to achieve a positioning
accuracy of about 70 m [5, 6].This system demonstrated themethod
of using LEO satellites for positioning within the framework of
SOPs navigation. The advantages of opportunistic LEO positioning
technology are evident [7]:

1. A large number of satellites can provide signals globally,
making opportunistic LEO satellites a potential global
PNT system.

2. Almost no additional infrastructure is required, and
positioning can be achieved using existing receivers.

3. The satellite system does not need to be adjusted, and it can be
used without special navigation functions for LEO satellites.

4. User-side positioning can be realized, and the user’s location
will not be disclosed to constellation operators, thus protecting
user privacy.

Despite the many advantages of opportunistic LEO positioning
technology, it also faces several challenges. Most of these challenges
stem from the fact that satellite systems or transmitted signals are
not designed for PNT purposes. This leads to two main issues [8]:

1. Non-navigation signals may lack broadband pseudo-
random codes for satellite identification and pseudo-range
measurement.Themodulation format of the signal is unknown
or partially unknown, making it difficult to extract navigation
observations from satellite signals.

2. Weak space-time reference: Most LEO satellites are not
equipped with high-precision atomic clocks like those in
traditional GNSS systems. Therefore, they lack precise clocks,
making it difficult to meet the requirements for high-precision
pseudo-range measurement. Additionally, there is a lack of
strict clock synchronization between satellites, and most
broadcast ephemeris data are not available.The published TLE
data and the Simplified General Perturbations No. 4 (SGP4)
model can be used, but this introduces significant systemerrors
into the positioning algorithm.

The solutions to these problems will be described in the main
part of the article.

Given the challenges associated with space-based LEO signals of
opportunity, this paper reviews the development process of space-
based SOPs positioning, focusing on the extraction of mesoscopic
measurements and the correction of systematic errors. We first
describe the principle of Doppler positioning. Then, we analyze the
Doppler positioning performance and main error sources of LEO
satellites, summarize the existing LEO-based navigation systems,
their observation extraction methods, and determine the future
research direction in this field.

2 Doppler positioning

2.1 Positioning principle

Benefiting from the rapid movement of LEO satellites, there
is a significant difference in relative motion speeds between
satellites and the ground, resulting in an obvious Doppler effect.
Therefore, LEO satellites generally use Doppler frequency shift
information for positioning, typically employing integratedDoppler
and instantaneous Doppler as observation measurements [9, 10].
Generally, the integrated Doppler measurement value is used as
the navigation observation value and then converted into a range
difference bi-curve. Through the accumulation of measurements at
multiple different times, the intersection of multiple hyperboloids
determines the position. When there are many visible satellites,
instantaneous Doppler positioning, i.e., single epoch positioning,
can be used. Generally, at least four satellites are required for
instantaneous Doppler positioning, and instantaneous Doppler
measurement information can be used to achieve real-time
positioning.
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TABLE 1 Major domestic and international LEO constellations.

Constellation Country Plan Downlink frequency/bandwidth

Iridium United States 66 L: 1626–1626.5 MHz

Orbcomm United States 36 VHF: 137–138 MHz

Globalstar United States 48 S: 2483.5–2500 MHz

Starlink United States 42,000 Ku: 10.7–12.7 GHz, Ka/V/Q: 37.5–42.5 GHz

OneWeb United States, United Kingdom 720 Ku: 10.7–12.7 GHz

Kuiper United States 3,236 X/Ku: 10.7–12.7 GHz

Telesat Canada 298 Ka: 17.8–20.2 GHz

LeoSat United States 108 Ka: 17.7–20.2 GHz

Tianqi China 38 UHF: 318–320 MHz

Xingwang China 12,992 K: 17.7–20.2 GHz, Ka/V/Q: 37.5–42.5 GHz

Xiaozhizhuwang China 650 K: 17.7–20.2 GHz

The Doppler frequency is a function of satellite speed and
position, which can be obtained through auxiliary information.
According to the satellite’s velocity and position, and the measured
Doppler shift, a circular conical surface with equal Doppler can
be determined. For static receivers, since the receiver’s coordinates
remain constant over time, Doppler measurements from the same
or different satellites at different times can be used for positioning.
When a user receives a satellite signal, the Doppler shift value of
the signal can be measured, and the user must be on the equivalent
Doppler circular conical surface (EDCCS) with the satellite as the
apex. The Doppler shift value is the same for all points on this
surface and equals the measured Doppler shift value. When signals
from multiple satellites are received, multiple equivalent Doppler
circular conical surfaces are formed. These surfaces intersect at a
point, which is calculated as the user’s position. Figure 1 illustrates
the principle of Doppler positioning.

2.2 Measurement equation

The Doppler effect, caused by the relative motion between
the satellite signal transmitter and the ground receiver, can be
expressed as:

fd = fR − fT =
νrv
c
. fT =

νrv
λ fT

(1)

In the Equation 1, fd represents the Doppler frequency shift, fR
denotes the received carrier wave frequency, fT is the transmitted
carrier frequency, c is the speed of light, λ fT is the wavelength of the
transmitted signal, and νrv is the relative speed in the line-of-sight
direction between the receiver and transmitter. If the transmitter and
receiver are approaching each other, the Doppler frequency shift is
positive; if they are moving away from each other, the Doppler shift

is negative. Additionally, νrv is also referred to as the pseudo-range
rate, which can be expressed as:

νrv = (vr − vs).
xs − xr
∥ xs − xr ∥

= ρ̇ (2)

In the Equation 2, vs = [vsx vsy vsz] and vr = [vrx vry vrz]
are the velocity vectors of the satellite and the receiver, respectively.
Similarly, xs = [xs ys zs]T and xr = [xr yr zr]T are their
respective position vectors in 3-dimensional space. The term ρ̇
represents the pseudo-range rate, which is the first derivative of the
pseudo-range with respect to time. The measurement equation for
the pseudo-range can be expressed as [11]:

ρ=∥xs − xr∥ +c · (δtr − δts) + c · dRs
r +Ts

r + I
s
r, f + dE

s
r + ερ (3)

In the Equation 3, ρ represents the pseudo-range, δtr and δts

respectively represent clock bias of receiver and satellite, Ts
r and Isr, f

are tropospheric and ionospheric delay, dRs
r is the satellite clock

offset correction due to the relativistic effect, dEsr is the error caused
by the Sagnac effect due to Earth rotation, and ερ represents other
modeling errors. The measurement equation for pseudo-range rate
can be expressed as:

fd · λ fr = ρ̇ = (vr − v
s).

xs − xr
∥ xs − xr ∥

+ c · (δ ̇tr − δ ̇t
s) + c · dṘs

r + Ṫ
s
r + ̇I

s
r, f + dĖ

s
r + ερ̇
(4)

In the Equation 4, δ ̇tr and δ ̇ts represent the clock drift of the
receiver and satellite, respectively. Ṫs

r and ̇I
s
r, f represent the delay rates

caused by the troposphere and ionosphere, respectively. ερ̇ represents
measurement noise errors and other unmodeled noise errors. dṘs

r is
the clock drift correction caused by relativistic effects, and dĖsr is the
rate of distance change caused by the Sagnac effect due to Earth’s
rotation. They can be obtained from literature [12]:

dṘs
r =
−2
c2
(ẋs · vs + xs · v̇s) (5)
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FIGURE 1
Schematic diagram of Doppler positioning.

dĖsr =
ωe

c
(νsx · yr + νry · x

s − νsy · xr − νrx · y
s) (6)

In the Equation 6, ωe is the angular velocity of rotation.

2.3 Location model

In traditional GNSS pseud-orange positioning, an initial
estimate is typically provided to the user, and the Newton iteration
method is employed for iterative calculation. The final convergence
value is utilized as the positioning result. Doppler-based positioning
systems generally utilize two models. One is a positioning model
based on the least squares method, and the other is a positioning
model based on the extended Kalman filter. In the currently
published literature, the least squares method is suitable for static
receivers, while the extended Kalman filter (EKF) is suitable for
both static and dynamic receivers. Both methods require an initial
estimated solution X0 = [x0r ,y0r ,z

0
r ,v0rx ,v

0
ry ,v

0
rz ,δ ̇tr,0]

T
for the receiver,

and then linearize the pseudo-range rate observation equation:

ρ̇i ≈ ρ̇
0
i +

∂ρ̇i
∂xr
‖
xr=x

0
r

· Δxr +
∂ρ̇i
∂yr
‖
yr=y

0
r

· Δyr +
∂ρ̇i
∂zr
‖
zr=z

0
r

· Δzr

+
∂ρ̇i
∂νrx
‖
vrx=ν

0
rx

· Δνrx +
∂ρ̇i
∂νry
‖
vry=v

0
ry

· Δνry +
∂ρ̇i
∂νrz
‖
vrz=v

0
rz

· Δνrz

+
∂ρ̇i
∂δ ̇tr
‖
δ ̇tr=δ ̇tr,0

· Δδ ̇tr + ερ̇i

(7)

∂ρ̇i
∂xr
‖
xr=x

0
r

= [
visx − v

0
rx

‖pis − p
0
r‖
+ (x0r − xis)(vis − v0r ).

pis − p
0
r

‖pis − p
0
r‖

3 ]

∂ρ̇i
∂yr
‖
yr=y

0
r

= [

[

visy − v
0
ry

‖pis − p
0
r‖
+ (y0r − y

i
s)(v

i
s − v0r ).

pis − p
0
r

‖pis − p
0
r‖

3
]

]
∂ρ̇i
∂zr
‖
zr=z

0
r

= [
visz − v

0
rz

‖pis − p
0
r‖
+ (z0r − zis)(vis − v0r ).

pis − p
0
r

‖pis − p
0
r‖

3]

∂ρ̇i
∂vrx
‖
vrx=v

0
rx

=
(xis − x0r )

‖pis − p
0
r‖

∂ρ̇i
∂vry
‖
vry=v

0
ry

=
(yis − y

0
r )

‖pis − p
0
r‖

∂ρ̇i
∂vrz
‖
vrz=v

0
rz

=
(zis − z0r )

‖pis − p
0
r‖

∂ρ̇i
∂δ ̇tr
‖
δ ̇tr=δ ̇tr,0

= c

(8)

In the Equations 7, 8, pis = [x
i
s,yis,z

i
s]
T and vis = [visx ,v

i
sy ,v

i
sx]

T

represent the satellite position and velocity at that moment,
respectively. p0r = [x

0
r ,y

0
r ,z

0
r ]

T and v0r = [v
0
rx ,v

0
ry ,v

0
rz]

T
represent the

receiver position and velocity at the initial moment. ΔXr =
[Δxr,Δyr,Δzr,Δνrx ,Δνry ,Δνrx ,Δδtr]

T
is a correction to the initial

value. For the positioning model based on the least squares method,
when the receiver receives signals of opportunity from N satellites,
the least squares iterative equation can be obtained from multiple
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observation equations:
Δṗ = G · ΔXr + ε

G =

[[[[[[[[[[[[[

[

∂ρ̇1
∂xr

∂ρ̇1
∂yr

∂ρ̇1
∂zr

∂ρ̇1
∂vrx

∂ρ̇1
∂vry

∂ρ̇1
∂vrz

c

∂ρ̇2
∂xr

∂ρ̇2
∂yr

∂ρ̇2
∂zr

∂ρ̇2
∂vrx

∂ρ̇2
∂vry

∂ρ̇2
∂vrz

c

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮
∂ρ̇n
∂xr

∂ρ̇n
∂yr

∂ρ̇n
∂zr

∂ρ̇n
∂vrx

∂ρ̇n
∂vry

∂ρ̇n
∂vrz

c

]]]]]]]]]]]]]

]N×7

(9)

In the Equation 9, Δṗ represents the difference vector between
the observed and predicted values of the Doppler frequency shift
of the satellite signal received by the receiver, and ε denotes the
observed noise vector. According to the principle of least squares,
the solution can be determined as follows:

ΔXr = (G
T ·W ·G)−1GT ·W · Δρ̇ (10)

In the Equation 10, W represents the weight matrix, typically
the inverse of the Doppler measurement error covariance matrix.
If the errors of different measurement values are uncorrelated, W
becomes a diagonal matrix. By correcting the initial value X0 with
the calculated ΔXr, the updated estimated solution is obtained as
X0 +ΔXr. This updated solution is then carried over to the next
iteration.The process continues until ΔXr converges to a predefined
threshold. At this point, the iteration stops, and the final estimated
value is obtained as Xk = Xk−1 +ΔXr.

The positioning models based on the least squares method are
not robust to erroneous data, but they are simple and offer high
computational efficiency [31]. Psiaki et al. [33] demonstrated single
epoch positioning simulations using the Doppler frequency shift
from eight or more measurements through least squares fitting.
Khalife et al. [34] employed the weighted least squares method to
achieve multi-epoch positioning using the Doppler frequency shift
of Starlink satellites. For positioning models based on the extended
Kalman filter (EKF), in addition to utilizing the aforementioned
linearized observation model, the state model of the receiver is
also required. The accuracy of the state model directly impacts the
positioning performance of the receiver. Singh et al. [35] introduced
the use of the EKF to fuse information from multiple satellites for
positioning and evaluated the algorithm’s performance. In addition
to the initial state, an initial error covariance matrix must be
provided when using the EKF. Currently, there is no explanation in
the published literature on how to determine the initial covariance
matrix. Beyond its application in positioning models, the EKF
is also frequently used in observation extraction. Stock et al. [7]
summarized examples of EKF usage in existing literature and
explained its feasibility with the navigation system.

3 Error source analysis

The measurement errors can be categorized into three types
based on their sources: satellite-related errors, signal propagation-
related errors, and receiver-related errors. Satellite-related errors
primarily consist of satellite clock errors and satellite ephemeris
errors.These errors are caused by the inability of the satellite ground
monitoring system to make absolutely accurate measurements and

TABLE 2 Major error sources in opportunistic LEO-PNT.

Error source Significance Mitigation
techniques

Orbital Errors Highly Significant - Enhanced precision orbit
determination
- Differential positioning

Clock Errors Significant - Highly stable receiver
clocks
- Receiver clock state
estimation

Atmospheric error Significant - Applying atmospheric
models
- Dual-frequency
observations
- Signals with higher
frequencies

predictions of the satellite orbit and the frequency drift of the satellite
clock. Signal propagation-related errors refer to the atmospheric
delay caused by the impact of satellite signals as they pass through
the atmosphere. Receiver-related errors are caused by the multipath
effect and the clock error of the receiver. The following sections
analyze the impacts on Doppler-based positioning in LEO systems
and present corresponding mitigation strategies. Table 2 provides
a fundamental overview of error sources and their associated
mitigation techniques, with generalized indications of each error
source’s relative significance. However, when considering specific
opportunistic LEO-PNT implementations, the actual relevance of
these error sources may diverge substantially from the tabular
representations. This discrepancy arises because error source
impacts are fundamentally contingent upon multiple system-
specific parameters including (but not limited to) constellation size,
signal frequency allocation, observation duration characteristics,
and orbital data provenance.

3.1 Satellite orbit error

Therapidmovement of LEO satellites results in frequent changes
in their position and elevation,making LEO-based positioningmore
sensitive to satellite-related errors, such as satellite position and
velocity errors. The orbit determination of GNSS satellites has been
extensively studied, achieving accuracy at the centimeter level or
higher. However, for LEO satellites without GNSS receivers and
atomic clocks, this poses a challenging problem [12]. A precise
Positioning, Navigation, and Timing (PNT) receiver needs to know
the position and velocity of the satellite at the time of signal
transmission. Typically, this information is obtained using a set
of parameter data called ephemeris, such as the TLE file format
published online by Celestrak [13]. TLE files are published once or
twice a day, including the status of satellites at specific past times,
and then the SGP4 propagation algorithm is used to predict the
satellite’s position and velocity during signal transmission [14, 15].
Since the estimated orbit observation data andmodel contain errors,
and the orbit recurrencemethod also introduces errors, the assumed
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satellite state of the receiver differs from the actual state, resulting in
positioning errors of the receiver.

The accuracy of satellite orbits has always been a focal point
for space-based signals of opportunity (SOP). Currently, the only
available online resource is the Two-Line Element (TLE) file
released by the North American Aerospace Defense Command
(NORAD). However, the accuracy of these orbits at the epoch time
is approximately 3 km [16], and the accuracy is further reduced due
to the recurrence of orbits. In this context, satellite orbit error is
typically considered the primary error source for space-based SOP
positioning. Qinhonglei et al. [17] used a geometric analysismethod
to analyze the impact of orbit error on Doppler positioning error
from a geometric perspective. For a stationary ground receiver, the
relative operating speed between the transmitter and the receiver is
primarily caused by the satellite’s speed, which can be expressed as:

vrv = vsat cos θ (11)

In the Equation 11, vsat represents the speed of the satellite, and
θ is the angle between the direction of satellite motion and the line-
of-sight direction, also known as the field-of-view angle

When an error exists in the satellite speed, the field-of-view angle
will change accordingly. This relationship can be expressed as:

θobs = θ+Δθ = arccos(
fdReal

νsat +Δνsat
· λ fT) (12)

In the Equation 12, fdReal represents the true Doppler frequency
shift, and Δνsat represents the satellite speed error.

The impact of velocity error onpositioning is shown inFigure 2A.
The effect of satellite velocity error on the equivalent Doppler
circular conical surface is to alter the field-of-view angle. When
the receiver uses this satellite and other satellites for positioning,
due to the presence of satellite velocity error, the actual intersection
should be located on the inaccurate equivalent Doppler circular
conical surface, rather than the true equivalent Doppler circular
conical surface. Consequently, the positioning solution is at point
B rather than the true position A. In reality, Δθ is not a constant.
Assuming that the equal Doppler circular conical surface 2 and the
equal Doppler circular conical surface 1 correspond to the boundary
value of velocity error, the equal Doppler circular conical surface
obtained by the receiver lies between the equal Doppler circular
conical surface 1 and the Doppler circular conical surface 2, sharing
the same vertex.Therefore, the influence of velocity error transforms
the equal Doppler circular conical surface into a special geometric
shape, with its base forming a ring.

When considering the influence of satellite motion direction
error, let Δβ denote the deviation of satellite motion direction.
The impact of this error on positioning is depicted in Figure 2B.
The equivalent Doppler circular conical surface with error deviates
from the real equivalent Doppler circular conical surface by Δβ.
Consequently, the position solution should be at point B, rather
than point A. Given that the error is random, its magnitude and
corresponding direction are uncertain.Assuming that the equivalent
Doppler circular conical surface with velocity direction error rotates
around the real line of sight direction while the field angle Δβ
remains unchanged, the equivalent Doppler circular conical surface
transforms into a special geometric shape. It can be observed that the
influence of the direction error of satellite velocity on the equivalent
Doppler circular conical surface is analogous to that of satellite
velocity error.

For the satellite position error, the field angle of the equivalent
Doppler conical surface is independent of the satellite’s position.The
impact of this error on positioning is depicted in Figure 2C. The
satellite position with error is located inside or on the surface of a
sphere centered at the true satellite position, with a radius equal to
the maximum error Lmax.

Therefore, the satellite position error transforms the normal
equivalent Doppler circular conical surface into an irregular
geometry. Generally, the sensitivity of Doppler positioning to
satellite position error is less than that to satellite velocity error.
This is because the former only changes the position of the
equivalent Doppler circular conical surface, while the latter changes
the field angle, and the positioning error is related to the line of
sight. For a specific satellite, the influence of orbit error on the
equivalent Doppler circular conical surface is the combination of
all effects of satellite positioning error, satellite velocity error, and
velocity direction error. When the orbit error exists, the satellite
velocity error will change the contour of the equivalent Doppler
circular conical surface, while the satellite position error will change
the position of the equivalent Doppler circular conical surface,
resulting in an irregular geometry of the equivalent Doppler circular
conical surface.

Shi et al. [10] conducted a simulation analysis by adding random
errors of varying magnitudes to the satellite position or velocity.
The results indicate that the positioning results are less sensitive
to satellite position errors than to satellite velocity errors. The
positioning accuracy will be reduced if the satellite position error
is at the meter level and the velocity error is at the centimeter level
per second. When the satellite orbit error increases by one order of
magnitude, the positioning error will also increase by one order of
magnitude. The positioning results are presented in Table 3, where
RMS, N, E, and U represent the root mean square, north, east, and
up directions, respectively.

In order to address the impact of satellite orbit errors, Ardito
et al. [18] proposed a Simultaneous Tracking and Navigation
(STAN) framework, which solves this issue by tightly integrating
an Inertial Navigation System (INS) with Doppler and pseudo-
range measurements. Khalife et al. [19] proposed a differential
framework to tackle this problem. Qinhonglei et al. [20] targeted
the traditional long baseline model, arguing that the assumption
of parallel sight vectors between the two receivers in the basic
differential positioning model is untenable. They proposed a
Doppler differential positioning algorithm based on sight vector
correction. By determining the sight vectors, the projection of
the baseline in this direction becomes a pseudorange difference,
thereby reducing positioning errors under long baselines. Zhao
et al. [21] analyzed the error elimination method in the differential
Doppler positioning system based on the differential framework
and proposed a signal transmission time algorithm based on
Maximum Likelihood Estimation (MLE) to mitigate the impact
of orbit errors. In addition to the differential method requiring
additional reference stations, Wang et al. [22] reduced the impact of
satellite position errors by introducing a coarse time compensation
term. Although this compensates for errors along the satellite
motion direction, it cannot compensate for radial direction errors.
Furthermore, positioning accuracy can also be improved by
obtaining high-precision tracking data. Khairallah and Kassas
et al. [16] conducted experiments on Doppler and carrier phase

Frontiers in Physics 06 frontiersin.org

https://doi.org/10.3389/fphy.2025.1592447
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org


He et al. 10.3389/fphy.2025.1592447

FIGURE 2
Impact analysis of orbital errors [16]. (A) Velocity errors (B) velocity direction errors (C) Position errors.

ephemeris tracking, providing precise ephemeris for positioning
another static receiver. To address the challenge that traditional orbit
determination methods are difficult to apply to non-cooperative
LEO satellites, Deng et al. [23] proposed a multi-receiver Doppler
orbit determination scheme and introduced a Search Least Squares
(SLS) algorithm for initial orbit determination, offering a reliable
initial value method for accurate orbit determination. However, this
method is overly dependent on prior orbit parameters. With the
advancement of artificial intelligence, machine learning methods
are gradually being applied to the orbit determination of LEO
satellites.

3.2 Clock error

Because most LEO satellites are not designed for navigation
purposes, the on-board clock of LEO satellites is not necessarily
an atomic clock, nor is it necessarily precisely synchronized. In
addition, the receiver typically uses a lower-quality oscillator.
Therefore, the offset and drift of the satellite and receiver clocks may
be quite significant. Although LEO opportunistic signal positioning
is not affected by the clock offset between the satellite and the
receiver as in the pseudorange positioning of the GNSS system, the

clock drift between the satellite and the receiver will seriously impact
the measured Doppler frequency shift.

Mortlock et al. [24] conducted a simulation-based comparative
analysis through two controlled experimental scenarios:1.
Fixed receiver clock with variable satellite clock parameters; 2.
Fixed satellite clock with variable receiver clock specifications.
Their investigation systematically quantified how positioning
performance responds to receiver clock quality variations
and transmitter clock imperfections in LEO constellations.
Notably, the study revealed that positioning accuracy exhibits
remarkable insensitivity to LEO transmitter clock quality
regardless of constellation size. In a complementary approach,
Cassel et al. [25] implemented synchronized clock variation
simulations where both transmitters and receivers employed
identical clock architectures. Their results demonstrated that
simultaneous adoption of next-generation atomic clocks at
both ends enhances Doppler-based positioning precision by
approximately an order of magnitude compared to conventional
oscillators. These findings collectively establish that receiver
clock characteristics exert critical influence on LEO-PNT
performance–while transmitter clock quality shows limited
impact, receiver clock advancements yield substantial system-
level improvements.
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To mitigate the impact of clock errors, several methods have
been proposed. Wang et al. [26] addressed the impact of receiver
clock errors on LEOpositioning performance by proposing amutual
feedback positioning algorithm based on the LSTM model and
the error state Kalman filter (ESKF) model, which can compensate
for clock errors and reduce their impact on positioning accuracy.
To enhance the accuracy of the receiver clock model, Cassel
et al. [25] utilized a more complex three-state model instead of
the conventional dual-state model, thereby improving positioning
accuracy. In addition to reducing the impact of receiver clock errors,
this approach can also enhance the accuracy of LEO clocks. Yang
et al. [27] proposed a real-time estimation method for low Earth
orbit (LEO) satellite clock errors based on ground tracking stations,
and the feasibility of this method was verified through simulations.
Wang et al. [28] investigated two typical types of satellite clocks
and proposed a LEO satellite clock prediction model based on
GNSS accurate clock estimation. The model considered systematic
effects and was compared with a simple polynomial fitting model.
Khairallah et al. [29] proposed a method for adaptive estimation
of satellite clock state noise covariance for positioning filtering.
Compared with the Kalman filter with mismatched measurement
covariance, this method can improve positioning accuracy.

3.3 Atmospheric error

Atmospheric errors can be categorized into ionospheric and
tropospheric errors. Ionospheric delay is inversely proportional to
the square of the frequency and directly proportional to the total
number of free electrons in the signal path. Small-scale irregularities
in electron density lead to rapid fluctuations in amplitude (fading)
and carrier phase (scintillation). Due to the group delay effect of
the ionosphere, pseudo-range and phasemeasurements deviate, and
since frequency is the rate of phase change over time, Doppler
measurements are also affected. The impact of ionospheric delay on
positioning accuracy is highly dependent on the signal frequency.
For Doppler-based positioning systems, the ionospheric effect is
primarily reflected in the change of delay rate. The ionospheric
delay rate for VHF/L-band signals cannot be ignored in LEO
positioning, as it is inversely proportional to the square of the
frequency. In the VHF band, ionospheric delay rate can cause
positioning errors based on Doppler frequency shift of up to
several kilometers [30]; in the L-band, the error is tens of meters
[10]; in the K-band, the error is far less than 1 m and can be
neglected [10]. For dual-frequency receivers, ionospheric delay
rate can be eliminated by using ionosphere-free combinations of
pseudo-range rate measurements. However, this method is not
suitable for space-based LEO opportunistic signals. Nonetheless, the
ionospheric effect can be mitigated by using signals with higher
carrier frequencies.

In addition to the ionospheric effect, the tropospheric effect
must also be considered. Since the troposphere is non-dispersive,
it introduces a non-frequency-selective delay to the signal,
which depends on factors such as temperature, atmospheric
pressure, humidity, water vapor, and elevation [31]. Similar to
the ionosphere, the troposphere also introduces a delay rate.
For Doppler positioning, a high delay rate may lead to Doppler
positioning errors as large as tens of meters [10]. If the tropospheric

error is not corrected, the positioning accuracy will deteriorate
significantly. Tropospheric error can be corrected through
modeling. Khalife et al. [32] studied the impact of tropospheric
delay on carrier phase and differential measurements using the
typical Hopfield model and concluded that the longer the baseline
length, the greater the residual delay, and the greater the impact on
positioning accuracy.

4 Advances in observable extraction
and positioning using LEO
opportunistic signals

At present, the number of LEO satellites in orbit is the largest,
and tens of thousands of LEO satellites will be launched in the
next few years, providing a large number of radiation sources for
space-based signals of opportunity positioning. In recent years,
low Earth orbit satellite systems (such as Orbcomm, Starlink,
OneWeb, etc.) have developed rapidly. Many scholars regard them
as signals of opportunity sources to study and explore the possibility
of their positioning. Table 4 summarizes the information of the
five LEO constellations that have been widely studied at present.
In this paper, the LEO constellations in the following table will
be introduced in detail, and their current research status will be
summarized.

4.1 Location based on iridium
opportunistic signal

The Iridium system, proposed by Motorola, is a global satellite
mobile communication system. It comprises 66 LEO satellites,
distributed across 6 orbital planes, with each plane consisting of 11
operational satellites and 1 backup satellite. The orbital inclination
is 86.4°, and the altitude is approximately 780 km, enabling global
coverage. After undergoing bankruptcy and reorganization, the
system was redesigned as the second-generation Iridium Next to
provide Satellite Timing and Location (STL) services.These services
are intended to serve as a backup to the Global Positioning System
(GPS) and represent a dedicated low Earth orbit positioning system.
Iridium Next employs Time Division Multiple Access (TDMA)
for signal transmission. The downlink frequency band allocated
to Iridium is 1616–1626.5 MHz, of which 1616–1626 MHz are
duplex channels used as traffic channels, divided into 30 sub-bands.
Each sub-band is further divided into 8 channels, resulting in a
bandwidth of 41.67 kHz per channel. The 1626–1626.5 MHz band
is a simplex channel, divided into 12 subchannels, each with a
bandwidth of 41.67 kHz. This bandwidth is further divided into
a working bandwidth of 31.50 kHz and a protection bandwidth
of 10.17 kHz [36]. Five simplex downlink channels are utilized,
including Ring Alert signal and four other signals. The Medium
Quaternary Message Channel is also used for the Satellite Time
and Location service, which is only accessible to authorized users.
The remaining seven simplex downlink channels serve as protection
bands [37].The downlink frequency band distribution of the system
is illustrated in Figure 3.

The frame length of Iridium Next is 90 ms, and the Ring Alert
signal has high availability and wide coverage, which meets the
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TABLE 3 Impact of different orbital errors on Doppler positioning accuracy [9].

Satellite position error (m) Satellite velocity error (cm/s) RMS-N (m) RMS-E (m) RMS-U (m) RMS-3D (m)

0 0 1.379 2.920 4.070 5.195

0 0 1.379 2.920 4.070 5.195

0.03 0 1.378 2.921 4.070 5.196

0 0.3 1.384 2.950 4.091 5.230

3 0 1.602 3.516 4.364 5.829

0 3 1.749 3.934 5.109 6.681

30 0 8.196 18.773 18.261 27.444

0 30 10.953 25.828 29.017 40.361

300 0 80.279 178.167 183.805 268.277

0 300 108.827 255.685 286.723 399.285

3000 0 790.073 1865.394 1773.159 2692.212

0 3000 1085.340 2561.022 2842.690 3977.145

FIGURE 3
Iridium system user link frequency band allocation [43].

requirements for positioning. Users can receive the Ring Alert
signal in simplex channel 7 every 4.32 s, with a time slot length
of 20.32 ms for the simplex channel. Each Ring Alert signal
consists of three parts: an unmodulated single-tone signal; a unique
word modulated using Binary Phase Shift Keying (BPSK), whose
modulation information is a 12-bit baseband data represented
as “789” in hexadecimal; and data information modulated using
Differential Quadrature Phase Shift Keying (DQPSK) [38]. The
structure of the Iridium Next burst signal is shown in Figure 4.
The single-tone signal is located at the front of the signal with a
duration of 2.6 ms; the unique word has a duration of 0.48 ms; the
data information is located at the end of the signal and has a duration
of 3.42–17.24 ms [39], depending on the duration of the transmitted
data. The duration of the Iridium Next signal ranges from 6.5 ms

to 20.32 ms, with most signals lasting approximately 7 ms, and its
spectrum is shown in Figure 5.

The Iridium Next signal is a discontinuous signal with a burst
structure. Currently, most methods for its localization are based
on the burst signal. A clear single-tone signal is transmitted at the
front of each burst signal to facilitate signal acquisition, enabling
the estimation of the Doppler frequency shift. The traditional
Doppler measurement method for Iridium Next signals is typically
implemented in the frequency domain. Khalife et al. [40] proposed
a method that involves raising the signal to the Mth power to
eliminate the influence ofmodulation information, then performing
a Fast Fourier Transform (FFT) on the Mth power signal, and
searching for the FFT peak as the Doppler measurement value
to obtain the Doppler frequency shift of Iridium Next. Based
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FIGURE 4
Iridium next burst signal structure.

FIGURE 5
Power spectrum of Iridium-next [67].

on the unique structure of the Iridium Next signal, the existing
Doppler measurement methods can be summarized as follows:
first, coarse Doppler estimation is obtained by FFT for the single-
tone (pilot) signal in the burst signal. Then, precise Doppler
measurement is achieved through frequency-domain maximum
likelihood estimation [17, 41]. Although the frequency-domain
Doppler measurement algorithm is effective and relatively simple,
its performance is limited by the frequency resolution. The
traditional time-domainDopplermeasurementmethod is generated
by carrier phase difference. However, since the Iridium Next
signal is modulated by QPSK and the modulation information
is unknown, it is difficult to estimate the carrier phase, and this
method is affected by noise in baseband signal processing. Wei
et al. [42] proposed a method of fitting the phase of explicit and
implicit pilots to obtain Doppler measurements. This method is
limited to the simulation phase and is only applicable to signals
with known implicit pilots. For signals without known implicit
pilots, this method cannot further improve Doppler accuracy.
Huang et al. [39] proposed the phase time method, which can
utilize the complete Iridium Next signal, including pilot and
modulation signals, without requiring prior information. This
method can obtain more accurate Doppler measurements in static

receivers and improve the stability and reliability of positioning,
but it lacks verification in dynamic scenarios. To address the
localization accuracy limitations of the Doppler-based method,
Liang et al. [43] proposed a localization method based on Doppler-
compensated pseudorange by decoding the Iridium signal. This
method obtains the pseudorange and pseudorange rate by jointly
estimating the time delay and Doppler, and uses this information
for positioning. This method solves the problem of inconsistency
between the epoch time of the Iridium signal and the assumed
signal time. By estimating the epoch time error and compensating
the pseudorange, the positioning error is significantly reduced.
However, this method has the issue of high complexity and
difficulty in adapting to rapidly changing signal environments.
Tan et al. [44] studied the positioning method using Iridium signals
in weak signal environments, analyzed the signal characteristics of
Iridium in detail, and proposed a QSA-IDE algorithm to estimate
its Doppler frequency shift in weak signal environments. This
novel approach enhances weak-signal Doppler estimation through
two-stage processing:1. Quadratic square accumulation processing
boosts signal-to-noise ratio (SNR); 2. Full-duration Iridium signals
are utilized for maximum likelihood estimation (MLE) to achieve
precise Doppler frequency shift estimation.
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FIGURE 6
Orbcomm satellite downlink frequency band allocation [46].

4.2 Location based on Orbcomm
opportunistic signals

The Orbcomm system is a two-way communication system
that utilizes a low Earth orbit satellite constellation to provide
global geographic coverage.There are 42 satellites distributed across
7 orbital planes labeled a through g [45]. Each of the a, b, c,
and d planes contains 8 satellites, with an inclination of 45°
and an orbital altitude of approximately 815 km. Plane e has an
inclination of 0°, includes 6 satellites, and has an orbital altitude
of 975 km. Plane f has an inclination of 70° and contains two
satellites in a near-polar circular orbit at an altitude of 740 km.
Plane g has an inclination of 108° and contains two satellites in
a near-polar elliptical orbit, with the orbital altitude varying from
785 km to 875 km. Orbcomm completed the deployment of the
second-generation satellite (OG2) constellation in 2014. The OG2
constellation is a Walker constellation, with its satellites evenly
distributed across four orbital planes at an inclination of 47°. The
orbital altitude and period of the OG2 satellite are approximately
710 km and 97 min, respectively. Currently, positioning research
based on theOrbcommsatellite is conducted using theOG2 satellite.

The Orbcomm system employs Frequency Division Multiple
Access (FDMA) to transmit downlink signals, which occupy the
Very High Frequency (VHF) band of 137–138 MHz, as illustrated
in Figure 6 [46].

The downlink channel of the Orbcomm system includes 12
channels designated for user transmission and one gateway channel
for ground station transmission. Each satellite broadcasts signals

in two specific channels through spectrum sharing, employing
symmetric differential quadrature phase shift keying (SD-QPSK)
modulation, with a symbol rate of 4,800 bps. Currently, only the
VHF signal of the downlink channel is utilized for opportunistic
localization.

The expression of SD-QPSK modulation signal is:

s(t) =
∞

∑
i=−∞
 g(t− iTsym)exp[j(2π frt+φr +φi)] (13)

In the Equation 13, g(t) represents the pulse function, where t >
0 denotes the time elapsed since the signal was received, fr is the
carrier frequency of the received signal, φr is the initial phase of
reception, Tsym is the symbol period, and φi is the phase of the i-th
symbol, which can be expressed as:

{
{
{

φi = φi−1 +
π
2
bi

φ0 = 0, i = ⌈(t+ τr)/Tsym⌉ 
(14)

In the Equation 14, bi = ± 1 represents unknown baseband data,
and τr ∈ (0,Tsym) is an unkown symbol delay.The spectrumdiagram
of the received signal is shown in Figure 7.

The power of the Orbcomm satellite signal reaching the ground
is generally higher than that of the noise. Due to its SD-QPSK
modulation, it is unable to directly obtain the Dopplermeasurement
value through its spectrum. When using the Maximum Likelihood
Estimation (MLE) method for accurate Doppler measurement, the
correlation between the local carrier generated by theDoppler rough
measurement value and the Orbcomm signal affects the relevant
peak, which is influenced by the data bits. Qinhonglei et al. [46]
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FIGURE 7
Power spectrum of Orbcomm [67].

found that after square processing of their signals, peak spectral
lines appeared symmetrically on the left and right sides of the
center frequency of the signal spectrum. Zhao et al. [41] detected
the Orbcomm signal according to the spectral characteristics and
estimated the coarse Doppler by calculating the center frequency
of the bispectral line. Khalife et al. [47] used a phase-locked loop
to achieve positioning of the Orbcomm opportunity signal and
employed a Costas loop based on the maximum likelihood phase
discriminator. However, the symbol period limits the coherent
integration time, which reduces the input signal-to-noise ratio of
the ML phase detector and makes the ML Costas loop unstable.
Xie et al. [48] designed a carrier tracking loop based on square
sum code phase assistance, which eliminates the disadvantage of
the symbol period limiting the coherent integration time and
obtains accurate carrier phase measurement under a low carrier-to-
noise ratio.

4.3 Location based on Globalstar
opportunistic signals

The Globalstar second-generation constellation, operational
since 2013, consists of 32 satellites distributed in 8 orbital planes
(4 satellites per plane) at an altitude of 1,414 km. This system
employs Wideband Code Division Multiple Access (WCDMA)
technology with QPSK modulation for its communication signals,
as specified in. The user link facilitates bidirectional ground-to-
satellite communication through a transparent payload architecture:
user terminals receive signals relayed from ground stations via
satellites, defined as the forward link. Specifically, the downlink
operates in the S-band at 2,483.5–2,500 MHz, which constitutes the
forward link’s frequency allocation. To date, all published studies
exclusively utilize the forward link’s pilot signal for positioning
purposes, whose modulation structure (including chip rate, symbol

mapping, and pseudorandom noise sequence design) is analytically
illustrated in Figure 8.

Each pilot signal employs three distinct pseudo-random noise
(PN) sequences for QPSK modulation, namely, the short PN
sequence, inner PN sequence, and outer PN sequence. These
sequences are used to distinguish between satellites, orbits, and
beams. In summary, the Globalstar downlink pilot signal can be
expressed as:

s(t) = AP(t)O(t)I(t)cos(2π( f0 + fd)t+φ)

+AP(t)O(t)Q(t) sin(2π( f0 + fd)t+φ) + n(t)
(15)

In the Equation 15, A represents the signal amplitude; P(t) is
short PN sequence;O(t) is the outer PN sequence; I(t) is the inner PN
sequence used by QPSK modulation in the in-phase branch; Q(t) is
the inner PN sequence used by QPSKmodulation in the quadrature
branch; f0 is the carrier fundamental frequency; fd is Doppler shift;
φ is the initial phase of the carrier; n(t) is the noise.

Doppler compensation is the most challenging issue in
opportunistic positioning using Globalstar satellites. In the
Globalstar system, Doppler is compensated to a nominal value
at the satellite or ground station [49]. When Doppler compensation
is applied, the Doppler measured by the ground receiver differs
from the true Doppler, making the measured Doppler unsuitable
for opportunistic localization. Neinavaie et al. [50] confirmed
the presence of Doppler compensation through experiments and
found discrepancies between the received Doppler and theoretical
calculations. They proposed a method to recover the Doppler
frequency by exploiting spectral distortion, enabling the retrieval
of the true Doppler frequency even when compensation is applied.
Zhang et al. [51] analyzed the modulation process of Globalstar
signals, processed the Quadrature Phase Shift Keying (QPSK) pilot
signal to the fourth power, selected an appropriate Fast Fourier
Transform (FFT) time, extracted the Doppler observation value,
and discovered that the pilot signal of the Globalstar forward link
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FIGURE 8
Forward link QPSK spread spectrum modulation.

in Beijing did not pre-compensate for Doppler. Due to the low
signal-to-noise ratio of the Globalstar signal, traditional quartic
despreading severely degrades the signal-to-noise ratio, leading to
the failure of Doppler frequency extraction. Qinhonglei et al. [52]
proposed that the acquisition of the Globalstar pilot signal
is achieved by decoding the square cross-harmonic term and
conducting parallel code phase frequency searches. The decoded
local spread spectrum sequence is not affected by the degradation of
the signal-to-noise ratio, thereby overcoming the challenge of low
signal-to-noise ratio to a certain extent.

4.4 Location based on Starlink
opportunistic signals

Starlink, a low Earth orbit (LEO) satellite constellation launched
by SpaceX, aims to provide high-speed Internet services globally
[53]. The system comprises thousands of satellites operating at
different altitudes, with the majority located in LEO at an altitude
of 550 km. To date, over 7,000 satellites have been launched, with
4,748 currently in service, primarily distributed across five distinct
orbital shells to achieve global coverage. The detailed format of
Starlink’s downlink signals is not publicly available.The only known
information about these signals is their carrier frequency and
bandwidth. The downlink signals occupy a 250 MHz bandwidth in
the Ku band to provide high-speed broadband connections. Nine

single-tone signals are broadcast at the center of this bandwidth,
spaced approximately 43.9 kHz apart [4].

Neinavaie et al. [54] analyzed the spectrum of the received
Starlink signal after Doppler compensation and found that, in
addition to the central single-tone signal, the Starlink downlink
signal spectrum contains subcarriers similar to those used in
Orthogonal Frequency Division Multiplexing (OFDM), as shown
in Figure 9. Humphreys et al. provided a blind identification
technology for the downlink signal of the satellite link in the
10.7–12.7 GHz band, given its OFDM format. This technology is
an extension of the existing blind orthogonal frequency division
multiplexing signal recognition method [55]. Using this method,
the structure of the Starlink downlink signal in the 10.7–12.7 GHz
band is described in detail, and the parameters within the signal
are estimated and identified, as shown in Table 5. Currently, the
published literature indicates that Starlink is primarily used to
extract observations by utilizing its beacon signals located at the
center of the user’s downlink signal channel, i.e., a single-tone signal
or by assuming that there is a periodic reference sequence in the
frame of the OFDM signal.

For the single-tone signal in the spectrum, Khalife et al. [56]
observed the beacon signal at 11.325 GHz of the Starlink satellite
and used a carrier phase tracking algorithm based on the Adaptive
Kalman filter to extract the Doppler frequency shift, achieving a
three-dimensional positioning error of 33.5 m and a horizontal
positioning error of 25.9 m. Jardak et al. [57] explored the feasibility
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FIGURE 9
Spectrum of Starlink downlink signals after Doppler rate wipe-off [54].

TABLE 4 Comparison of LEO constellation parameters.

Parameter Iridium Orbcomm Globalstar Starlink OneWeb

Bandwidth 31.5 kHz 25 kHz 1.23 MHz 240 MHz 230 MHz

Beacon Length 90 ms 1s 0.24s 4/3 ms 10 ms

Modulation Type DE-QPSK SD-QPSK QPSK OFDM OFDM

Frequency Band L VHF S Ku, Ka Ku

Downlink Frequency 1.616–1.626 GHz 137–138 MHz 2483.5MHz–2500 MHz 10.7–12.7 GHz 10.7–12.7 GHz

Number of Channels 240 13 13 8 8

Number of Beams 48 Unkown 16 48 16

Orbital Height 780 km 750 km 1414 km 550 km 1200 km

of receiving Starlink downlink signals for positioning without using
a parabolic reflector and proposed a signal detection and tracking
method using a general low noise block down converter and
software-defined radio, which aggregated the Doppler frequency
shift of multiple subcarriers of the beacon signal, reducing the
impact of measurement noise. Yang et al. [58] proposed a baseband
signal processing scheme without prior information of receiver
position and time. Through a two-step method, it is challenging
to determine the signal source of the Starlink signal in the
presence of multiple satellites, and simple single-tone tracking
cannot accurately estimate the carrier center frequency, which
introduces ambiguity to Doppler estimation. Nonetheless, this
method realizes the effective utilization of the Starlink signal
and accurate Doppler and Doppler rate estimation. Qinhonglei
et al. [59] used the beacon signals located at 11.325 GHz and
11.575 GHz simultaneously for positioning, employed the short-
time Fourier transform for coarse Doppler extraction, and then
used maximum likelihood estimation for accurate measurement.
With the aid of elevation data, the horizontal positioning error of
the results was 15 m. Yuanyiping et al. [60] designed a lightweight
modular universal receiving device and observed the beacon signal

(11.95 GHz/12.45 GHz) at the interval center between the downlink
signal channels of the satellite link for the first time. Based on
the beacon signal, a frequency-domain sliding window estimation
algorithm was proposed, which successfully realized the estimation
of Doppler frequency shift.

In addition to utilizing existing beacon signals, some scholars
assume that the downlink signals of satellite link users contain
periodic reference signals and use the characteristics of these periodic
signals to extract the Doppler frequency shift. Khalife et al. [61]
hypothesized that thedownlink signal of the satellite linkuser contains
periodic reference signals. Based on this assumption, they constructed
a matching subspace detection method to detect the unknown
reference signal of Starlink and estimate the unknown period and
Doppler frequency.They alsoproposed a linear frequencymodulation
parameter estimator to track the Doppler frequency of the unknown
Starlink signal by using the Wigner distribution to estimate the
parametersof the linear frequencymodulationsignal.Buildingonthis,
the team developed an algorithm based on the Kalman filter to track
theDoppler frequency of the unknown Starlink signal [34]. Neinavaie
et al. [54] combined the beacon-basedmethodwith theOFDM-based
reference signal method to significantly reduce the positioning error,
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TABLE 5 Starlink downlink signal parameters [55].

Name Parameter Value Unit

Channel Bandwidth Fs 240 MHz

Number of Subcarriers in bandwidth N 1,024

Number of cyclic prefic intervals Ng 32

Frame Period T f 1/750 s

Frame guard interval T fg 68/15 = 4.533 μs

Number of non-zero symbols in a frame Ns f 302

Number of data symbols in a frame Ns fd 298

Useful OFDM symbol interval T = N/Fs 64/15 = 4.266 μs

Symbol guard interval Tg = Ng/Fs 2/15 = 0.133 μs

OFDM symbol duration Tsym = T+Tg 4.4 μs

Subcarrier spacing F = Fs/N 234,375 Hz

Center frequency of i th channel Fci 10.7+F/2+0.25 (i-1/2) GHz

Channel spacing Fδ 250 MHz

Width of guard band between channels Fg 10 MHz

decreasing the horizontal positioning error from 10 m to 6.5 m and
thereby improving positioning accuracy. Shadramet al. [62] proposed
a sequentialmethodbasedon the classical linearmodel to estimate the
numberof Starlink satellites and their corresponding reference signals.
Thismethoduses thegeneralizedlikelihoodratiodetectortodesignthe
Doppler tracking algorithm, establishes the equivalence between the
generalized linear model and the matched subspace detector for the
first time, and employs differential Doppler positioning technology
to simultaneously receive satellite link beacon signals through two
receivers separated by 1 km. The horizontal positioning error of the
result is 5.6 m. Kozhaya et al. [63] proposed a blindDoppler spectrum
method from the perspective of the frequency domain. This method
uses a blind Doppler discriminator based on the frequency domain
and a Doppler tracking algorithm based on the Kalman filter to
achieve Doppler tracking accuracy at the Hertz level and a 2-D
positioning error of 4.3 m.

4.5 Location based on OneWeb
opportunistic signals

One of the goals of the OneWeb constellation is to create
a navigation system independent of the Galileo system. The
constellation plans to have 720 satellites, distributed across 18 orbital
planes, with an orbital altitude of approximately 1,200 km and an
orbital inclination of 87.9°. Satellites are evenly distributed within
each plane and travel along the north-south direction. Satellites in
adjacent planes are offset by half a satellite in latitude. OneWeb users’
downlink signals are transmitted in the Ku band (10.7–12.7 GHz),
and the downlink band is divided into eight consecutive 250 MHz

channels [64]. The OneWeb constellation typically provides users
with one of the 16 downlink beams at any given time, and each
beam transmits on only one of the eight channels. Therefore, each
OneWeb satellite multiplexes multiple users through frequency
division (8 × 250 MHz channels) and spatial division (16 beams),
as illustrated in Figure 10.

At present, the public literature indicates that research
on positioning using the OneWeb constellation is limited.
Kozhaya et al. [65] conducted the first study on OneWeb LEO
satellite signals. Given the acquisition challenges such as high
Doppler frequency and large search grid, they proposed a
Doppler search algorithm based on two-step sampling to reduce
computational complexity. A Kalman filter tracking loop combined
with a phase-locked loop and delay locked loop was utilized
to track satellite signals, generate code phase and carrier phase
observations, and achieve positioning based on nine OneWeb
satellites. Additionally, no other literature on OneWeb constellation
positioning has been found.

4.6 Observation estimation algorithm

Before opportunistic low Earth orbit (LEO) positioning,
navigation, and timing (PNT) processing, observations must be
estimated as accurately as possible. However, the acquisition and
frequency estimation of LEO signals are very challenging. Firstly, due
to thehighandrapidlychangingrelative speedbetweenthe transmitter
and receiver, the transmission channel imposes a significant Doppler
frequency shift on the signal. In addition, if the exact signal
structure is not known, signal acquisition and frequency estimation
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FIGURE 10
Diagram showing OneWeb’s Ku-band downlink signal allocation [65].

TABLE 6 Comparative analysis of positioning performance across satellite constellations.

Constellation Receiver state Observation Positioning Error(m) Ref

Iridium Static Doppler 22 m (2D) [16]

Orbcomm Static Carrier Phase 77.5 m (3D) [47]

Globalstar Static Doppler ≤100 m (2D) [51]

Starlink Static Doppler 4.3 m (2D)
19.4 m (3D)

[62]

OneWeb Static Carrier Phase 30.4 m (2D)
30.4 m (2D)

[64]

will be hindered, requiring more complex algorithms. While the
aforementioned challenges pose significant difficulties in observable
extraction, thereby adversely affecting positioning accuracy. The
current positioning results derived from major constellations have
yielded surprisingly encouraging outcomes. A comparative analysis of
these results is presented in Table 6, as detailed below. As illustrated
in the table, opportunistic signals typically rely on either Doppler
frequency shift measurements or carrier phase observations as
primary observables. Currently, the published signal acquisition and
observation estimation algorithms can be divided into two categories:
one is a cognitive-based method, which uses the least available prior
information about the LEO satellite signal structure; the other is the
blind method, which does not assume that the Doppler frequency,
modulation type, length, and symbol of the beacon signal are known,
but only knows its bandwidth, and uses a cognitive decoding method
to obtain this information [66].

4.6.1 Cognitive based approach
These methodologies typically necessitate prior knowledge of

the satellite signal architecture, including modulation schemes,
timing characteristics, and protocol-specific features, to enable
effective observable extraction and parameter estimation.

4.6.1.1 Mth-power algorithm
The Mth-power algorithm is specifically designed for M-ary

Phase Shift Keying (MPSK)modulated satellite signals.Thismethod
operates by raising the received signal to theMth power to eliminate
modulation symbol effects, followed by spectral analysis via Fast
Fourier Transform (FFT). In reference [47], it is deduced that the

carrier phase or Doppler frequency shift of multiple different carrier
frequency multiplexed signals is used. An independent Phase-
Locked Loop (PLL) is employed to track the LEO satellite signal
of each channel, and a maximum likelihood phase discriminator is
used to obtain the phase error. Reference [40] proposed a receiver
architecture suitable for processing Time Division Multiple Access
(TDMA) and Frequency Division Multiple Access (FDMA) signals
fromOrbcomm and Iridium next-generation satellites.The received
signals are down-converted and partitioned to generate Doppler
frequency measurements of multi-constellation LEO satellites.
However, when processing TDMA signals, it is necessary to use
an energy detector to obtain the burst start time during its
initialization phase and assume that the initial Doppler frequency
is known. Reference [67] designed a multi-constellation software-
defined receiver capable of processing QPSK modulated signals
from Orbcomm and Iridium next satellites. The received signals
are processed to the fourth power, the power spectral density
(PSD) is analyzed using the Welch method, the PSD peak is found
through a search window to determine the Doppler frequency,
and the Doppler frequency shift of the detected signals is tracked
using the classic Costas loop. Literature [41, 68] proposed a
Doppler fusion positioning model based on the Helmert variance
component estimation (HVCE) algorithm, analyzing the above
Doppler frequency shift extraction methods of Orbcomm and
Iridium signals, which improved positioning accuracy.

4.6.1.2 Code phase search acquisition algorithm
TheCode Phase Search Acquisition Algorithm can be employed

to extract Doppler observables from opportunistic signals. Its
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fundamental principle lies in extracting the PN code sequences
utilized in LEO satellite pilot signals or exploiting known pilot
sequences, followed by correlation processing with the intermediate
frequency signals acquired by receivers to estimate observation
parameters. As demonstrated in literature [51], this methodology
has been successfully applied to extract Doppler observables
from GlobalStar downlink pilot signals, achieving horizontal
positioning accuracy better than 100 m. The implementation
procedure involves: Firstly, obtaining squared cross-harmonic terms
through squaring processing. Owing to the strict orthogonality
between the quadrature-phase and in-phase PN code sequences
embedded in pilot signals, their coupled sequences maintain
orthogonal characteristics while preserving identical code period
and chip rate as the original PN sequences [51]. This inherent
property facilitates periodic superposition operations, thereby
enabling effective estimation of spread spectrum codes. Reference
[69] studies the problem of joint synchronization and positioning
using signals with known pulse shapes and modulation schemes
and proposes a bandwidth-efficient algorithm for estimating the
time difference of arrival (TDOA) and frequency difference
(FDOA) between two receivers without exchanging original signals.
Reference [71] proposed a Doppler frequency shift estimation
algorithm based on correlation, but this algorithm assumes that the
synchronization sequence is known.

4.6.1.3 Matched subspace detector
The matched subspace algorithm constitutes a Doppler

observable extraction methodology rooted in binary hypothesis
testing andmaximum likelihood estimation principles.Thematched
subspace detector has been widely used to address the detection
problem of signal sources with unknown parameters in the presence
of other interference sources [72, 73]. In the Starlink satellite, there
are always-on and on-demand OFDM signals [70]. Certain LEO
satellite synchronization signals exhibit inherent periodicity in
their transmission characteristics, as exemplified by the Starlink
constellation’s synchronization signal architecture. In OFDM-based
transmission, each OFDM frame contains periodic signals that are
always-on and on-demand, which are used for synchronization and
channel estimation. The period of these signals is typically equal to
the frame length of the OFDM signals. However, in most cases, the
synchronization sequence and its length are unknown. References
[34, 61, 62] utilize thematched subspace algorithm to detect received
opportunistic signals to provide initial estimates of unknown
parameters. These parameters include: 1. The unknown number
of satellites, 2. The corresponding periodic signal, and 3. Linear
frequency modulation parameters (Doppler and Doppler rate).
This method detects satellite signals in the environment by solving
hypothesis testing problems at different stages. Compared with
reference [90], a constant Doppler subspace is used to distinguish
different satellites, and the matched subspace is defined based on
the LFM parameters of each satellite. At each stage, a hypothesis
test is conducted to detect the strongest satellite signal, and the
LFM subspace of the previously detected satellite periodic signal is
set to zero. A generalized likelihood ratio detector is used in each
stage of the sequential detection algorithm. In the first stage of the
sequential algorithm, it detectswhether there is the strongest satellite
signal. If the null hypothesis is accepted, it means that no satellite
signal is detected in the received signal. If the null hypothesis is

rejected, it indicates that there is at least one satellite signal, and if
the detected satellite signal exists, hypothesis testing is carried out
to detect the presence of other satellite signals, and the unknown
LFM parameters and periodic sequence of each satellite signal are
estimated at each stage.

4.6.2 Blind based approach
The core capability of a blind receiver lies in its ability to

cognitively decode partially transmitted signals, estimate and track
them, and ultimately generate navigation observables.

4.6.2.1 Blind beacon estimation algorithm
This algorithm postulates the existence of periodically

transmitted beacon signals and performs blind estimation through
coherent integration of subsequent signal transmissions. The
methodology proves applicable during online navigation operations
or pre-navigation calibration phases, enabling subsequent utilization
in formal navigation processes. As beacon signals become a
priori known (or estimated) during navigation phases, such
receiver architectures typically achieve concurrent estimation of
carrier phase, Doppler shift, and code phase parameters through
adaptive tracking loops. Currently, most communication systems
incorporate periodic reference signals, which can thus be leveraged
for opportunistic navigation [74, 75]. Reference [76] proposed
a blind opportunistic navigation (BON) framework, which can
decode and utilize signals of opportunity for navigation without
fully understanding the prior knowledge of the signals. The
framework primarily comprises three key steps: blind Doppler
frequency estimation, coherent integration, and beacon signal
decoding. The blind Doppler frequency estimation algorithm is
employed to estimate the Doppler frequency of the opportunity
signal, thereby mitigating the impact of high dynamic effects on the
coherent integration time. Building on this foundation, reference
[77] introduced a blind channel equalization step to compensate for
channel distortion, focusing on the blind detection and tracking of
M-PSK modulated signals. A chirp parameter estimation algorithm
based on the Wigner distribution was proposed to estimate and
track the time-varying Doppler frequency, achieving long-term
coherent integration of the signal and enhancing the signal-to-
noise ratio. Drawing on the aforementioned two articles, reference
[78] presented a navigation framework with high computational
efficiency, concentrating on the detection of constrained unknown
beacon signals. Low-complexity beacon detection and blind
Doppler frequency shift estimation algorithms were proposed,
addressing detection challenges under conditions of unknown
beacon signals and low SNR. Literatures [79–81] concentrate on
extracting navigation information from orthogonal frequency
division multiplexing (OFDM) signals with unknown signal
structures. Particularly for OFDM signals transmitted by low Earth
orbit (LEO) satellites, the importance of blind signal processing
at the receiver end is emphasized. That is, without knowledge of
the specific signal structure, navigation information within the
signal is detected, tracked, and utilized through cognitive decoding
techniques. Reference [79] proposed a computationally efficient
blind Doppler frequency estimation algorithm and discussed
solving the ambiguity problem in Doppler estimation using
polynomial curve fitting. Reference [80] also proposed a blind
Doppler estimation algorithm, focusing more on reducing the
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impact of Doppler frequency through preprocessing and employing
a difference framework to resolve the ambiguity problem in
Doppler estimation, thereby obtaining more accurate navigation
observations. The aforementioned algorithms are all designed for a
single signal source. Literature [81] proposed a receiver architecture
for signal detection and tracking in both static and high dynamic
Doppler rate scenarios, capable of jointly estimating the unknown
reference signals of multiple signal sources. This architecture can
detect and track the “always-on” and “on-demand” signals of 5G NR
and Starlink satellites. Reference [82] do not assume any specific
modulation scheme but only assume the presence of a periodic
reference signal in the received signal and proposed a general
receiver architecture, highligh ting the versatility and adaptability of
the receiver to different signals.

4.6.2.2 Frequency-domain estimation methodology
This approach initiates analysis through spectral decomposition

of received signals, leveraging distinctive spectral signatures to
construct optimized estimator configurations. References [83, 84]
both employ blind Doppler discriminators based on spectral cross-
correlation and Kalman filter (KF) for Doppler tracking. However,
literature [83] focuses on the design of a three-stage blind receiver,
while literature [84] focuses on the estimation framework of
blind periodic sequences, estimating LEO satellite repeat sequences
without knowledge of the signal structure and proposing a
solution to the ambiguity of Doppler estimation. As demonstrated
in literature [59], spectral analysis of Starlink beacon signals
revealed three critical subcarrier characteristics: (1) an approximate
linear correlation between spectral bandwidth and integration
time, (2) constant signal power characteristics, and (3) individual
subcarriers exhibiting frequency-modulated (FM) signal behavior.
This fundamental insight enables the transformation of Doppler
extraction challenges into parameter estimation problems for short-
duration linear frequency-modulated (LFM) signals. Based on this
framework, the authors developed a frequency-domain sliding-
window estimation algorithm that successfully achieved Doppler
shift estimation through adaptive spectral tracking and phase
continuity maintenance across consecutive window intervals.

In observable extraction, cognitive-based and blind-based
approaches leverage the characteristics of opportunistic signals in
the time and frequency domains, respectively. Table 7 summarizes
the advantages and disadvantages of these algorithms. Cognitive-
based methods are more suitable for scenarios with known signal
structures, such as commercial satellites, offering high accuracy but
limited flexibility. In contrast, blind-based approaches are ideal for
unknown or dynamic signals, like emerging LEO constellations,
providing robustness but requiring solutions for ambiguity and
computational complexity issues.

5 Future research directions

The preceding research has demonstrated that LEO
opportunistic positioning can function effectively in GNSS-denied
environments. However, most of these achievements have been
realized through data post-processing, which is still far from
practical application. In addition to the error sources that impact the
opportunistic positioning system, there are still several issues that

require further investigation to facilitate the eventual application
of the opportunistic positioning system. The following section
summarizes the key issues that warrant further exploration.

5.1 Satellite identification

The receiver in both GNSS systems and opportunistic
positioning systemsmust know the satellite’s position and velocity of
the transmitted signal, which is essential for the receiver to achieve
positioning. It is relatively easy for GNSS systems to obtain such
information, but it is challenging for opportunistic positioning
systems. For existing opportunistic signal receivers, it is common to
track a specific satellite and receive signals from only one satellite
at a time. In practical positioning tasks, the opportunistic receiver
often does not know which satellite the received signal is from.
It must match the observed signal with one of the thousands of
candidate satellites to identify and obtain its orbital information.
This can be achieved by searching for the most matching satellite
from all possible satellite ephemerides using the measured Doppler
curve and the receiver’s prior position information [58]. However,
when the receiver’s prior position information is unavailable or the
satellite orbits are very close, this method may fail. Therefore, it is
urgent to find a new technology that allows the receiver to recognize
satellites through satellite signals.

5.2 Optimization of location algorithm

For receivers in both GNSS and opportunistic positioning
systems, receiver initialization is required when performing a
positioning solution, meaning an initial solution must be provided.
In GNSS positioning, each coordinate component of the receiver’s
initial position can be simply set to zero. By using the Newton
iteration method, a convergent solution can be obtained within
just a few iteration cycles. In Doppler-based LEO positioning, an
appropriate initial value must be given. When using a least squares-
based positioning solution, the epoch solution will fail if the initial
value error exceeds 200 km [10]. In the Extended Kalman Filter
(EKF) method, a larger error in the initial iteration value will lead
to a larger velocity error [85]. In low dynamic scenarios, this issue
can be resolved by introducing a Tikhonov regularization term [86].
However, this method fails in high dynamic scenarios. Therefore, it
is of great significance to study the sensitivity of initial values in LEO
Doppler positioning and to obtain accurate initial values without
relying on additional prior information.

5.3 Multi source fusion location

For positioning in GNSS-denied environments, multi-sensor
data fusion can compensate for PNT services by utilizing other
navigation sources when GNSS is unavailable. Currently, the
multi-source fusion of LEO opportunistic signals includes: multi-
constellation fusion [84], fusion with inertial navigation systems
[87], or fusion with altimeters [88]. Additionally, fusion with
other sensors, such as LiDAR or ground-based opportunistic
PNT, may also be beneficial [82]. In general, sensor fusion
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TABLE 7 Comparison of different extraction methods.

Approach Algorithm Advantages Disadvantages

Cognitive-based

Mth-power Computationally efficient, suitable for
MPSK signals

Limited to specific modulations,
requires initial frequency offset

assumptions

Code phase search High precision, strong noise resistance Depends on PN code orthogonality,
high computational load

Matching subspace Multi-satellite joint detection, high
dynamic parameter estimation

High complexity, assumes periodic
signals

Blind-based

Blind beacon estimation No prior knowledge required, adaptable
to low SNR

Depends on periodicity, limited
integration time

Frequency-Domain Estimation Robust performance Low spectral resolution, Doppler
ambiguity requires resolution

enhances the positioning accuracy and availability of opportunistic
systems by incorporating additional information. Although multi-
source fusion offers numerous advantages, the complexity of the
receiver increases due to the fusion processing of multi-source
data. Moreover, under multi-source fusion, each data source is
interconnected and influences the others. If one of them is
erroneous, it will also impact the final positioning result. Therefore,
it is necessary to study localization algorithms with low complexity
and various fusion strategies that can identify and eliminate
abnormal data, leveraging the benefits of multi-source data.

5.4 Observation extraction in complex
environment

At present,most of the published experiments on lowEarth orbit
(LEO) opportunistic positioning are conducted in simple scenarios,
where there is an absence of obstructions from surrounding
buildings or trees.The received signals in these experiments typically
have a high signal-to-noise ratio (SNR) and are less affected
by multipath effects. To date, only a limited number of studies
have specifically considered signals with low SNR in complex
environments [44, 57, 89]. Low-cost or small antennas are unable
to provide significant antenna gain, and interference and occlusion
in complex environments further reduce the SNR of the signals.
A low SNR makes signal detection more challenging, leading to
difficulties in observation extraction and reducing the accuracy
and availability of the estimated observations. Therefore, it is
urgent to investigate observation extraction methods in complex
environments, with a focus on the performance of observable signal
estimation algorithms.

6 Conclusion

This paper reviews the current state, key technologies, and
future research directions in positioning using terrestrial low-
orbit opportunistic signals. As the limitations of Global Navigation
Satellite Systems (GNSS) in complex environments become

increasingly evident, terrestrial low-orbit opportunistic signal
positioning has emerged as a promising complementary approach.
We delve into the principles of Doppler positioning, analyze
error sources, and explore observable extraction methods while
summarizing major technological advancements to date. The
accuracy and reliability of observable extraction are critical to
positioning performance. Existing methods are introduced and
compared, and challenges in positioning algorithms—such as
sensitivity to initial values and the complexity of multi-source data
fusion—are highlighted. Cognitive-based methods rely on prior
signal knowledge, while blind approaches offer greater adaptability;
both face accuracy challenges from multipath effects and low
signal-to-noise ratios in complex environments.

Future development in terrestrial low-orbit opportunistic signal
positioning is likely to focus on several key areas: 1) Advancing
satellite recognition technology and developing efficient signal
feature extraction and matching algorithms; 2) Refining positioning
algorithms to create robust methods that minimize dependence on
prior information; 3) Promoting multi-source fusion positioning
technology to enhance accuracy and availability; 4) Designing signal
processing algorithms for complex environments to improve the
availability and reliability of observables.

In conclusion, terrestrial low-orbit opportunistic signal
positioning holds significant potential. However, breakthroughs
are still needed in observable extraction, algorithm optimization,
multi-source fusion, and adaptability to complex environments.
These advancements will pave the way for practical applications and
provide reliable PNT services in GNSS-denied environments.
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