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Massive MIMO Beam ID-Based Positioning Method
With Low Earth Orbit Satellite Mega Constellations

Mahmoud Elsanhoury
Mohammed S. Elmusrati

Abstract—The growth of satellite-based positioning meth-
ods has revolutionized global navigation by providing reliable
geolocation capabilities. However, traditional Global Navigation
Satellite Systems (GNSS) are increasingly vulnerable to threats
like jamming, spoofing, and interception, undermining their
reliability in critical applications such as in-flight navigation
and emergency services. To address these challenges, Low Earth
Orbit (LEO) satellite constellations have emerged as a promising
complement to GNSS infrastructure. LEO satellites, orbiting
at lower altitudes with higher density, offer improved signal
availability, reduced degradation, and better reception on Earth.
This paper presents a LEO satellite-based positioning method via
massive multiple-input multiple-output (mMIMO) beamforming
antennas. The proposed technique not only mitigates GNSS vul-
nerabilities but also introduces a passive sensing mechanism that
facilitates positioning without complex timing synchronization,
improving resilience in jamming-prone environments. By utilizing
LEO satellite beam identifiers as geographic pointers, our method
enables precise positioning through LEQO satellite ephemeris
and beam pattern data. We validate this beam-based method
through simulations, LEO constellation data, vehicular drive-
test datasets, and probabilistic positioning models. Positioning
results from the first dataset show a mean absolute error
(MAE) of 9.15 meters and a 95th percentile error (p95%) of
19.07 meters when combining LEO satellite data with inertial
motion data from a moving vehicle. Meanwhile, GNSS accuracy
was MAE = 26.6 meters and p95% = 56.6 meters. The second
dataset showed consistent results with accuracy improvements
in MAE from 18.55 to 9.42 meters, RMSE from 22.24 to
12.05 meters, and p95% from 36.38 to 21.18 meters, compared
to GNSS. These findings highlight the potential of LEO satellite
positioning to improve accuracy and reliability in challenging
environments, with implications for critical applications such
as remote sensing, emergency response, search and rescue, and
situational awareness.

Index Terms—Massive MIMO, radio identification, LEO-
PNT, beamforming, navigation and positioning, GNSS, sensor
fusion.
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I. INTRODUCTION

HE SKIES of Earth are becoming increasingly congested

with low Earth orbit (LEO) satellites, as mega constella-
tions are projected to surpass tens of thousands in the coming
years. Significant cost reductions in LEO satellite design and
rocket launches have prompted major corporations to plan the
deployment of thousands of satellites into orbit to establish
a sustainable presence in the skies and new space economy
to emerge. These LEO satellites are primarily developed
to extend broadband Internet coverage to rural and signal-
deprived areas while also supporting navigation applications
for general purposes. A new scenario of research emerged to
exploit such Signals-of-Opportunity (SoOp or SOP) and lever-
age the substantial LEO satellite-to-Earth communications
traffic to provide navigational and positioning solutions [1],
(2], [3], [4], [5].

Existing global navigation satellite systems (GNSSs), such
as GPS, Galileo, GLONASS, and Beidou are widely uti-
lized for high-precision outdoor positioning across various
consumer segments. They offer global coverage in the most
densely populated regions on Earth and exhibit excellent
availability and interoperability, often collaborating with
space-based augmentation systems (SBAS) like WAAS and
EGNOS. However, GNSS systems operate at much higher
altitudes, ranging from medium Earth orbits (MEO) to geo-
stationary Earth orbits (GEO), situated between 2,000 and
35,000 kilometers above sea level. These elevated altitudes
result in greater signal degradation due to various factors,
first and foremost suffering from atmospheric effects [6], [7].
Additionally, the high altitudes limit the signal ability to
penetrate indoor spaces due to substantial shadowing effects
caused by obstructions [8], [9]. Furthermore, while GNSS
systems are specifically designed for positioning and con-
tinue to advance with spoofing and jamming mitigation
techniques [10], [11], [12], they remain vulnerable to certain
forms of interference, particularly in contested or obstructed
environments. In contrast, SoOp although not originally
intended for positioning, it can offer complementary capabili-
ties by leveraging their diverse frequency bands, transmission
patterns, and spatial characteristics. Exploring SoOp-based
positioning methods as a supplement to GNSS represents
a promising approach to enhancing navigation resilience,
without the need to deploy new LEO constellations dedicated
solely to positioning.

In recent years, there has been a noticeable surge in interest
surrounding LEO satellites positioning, navigation, and timing
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(LEO-PNT) methods [13], [14], largely driven by the number
of LEO satellites in the atmosphere. The primary objective
of LEO-PNT is to complement existing GNSS by providing
enhanced navigation capabilities in challenging scenarios. This
includes autonomous navigation, urban environments [15],
areas with dense forest canopies, and even indoor spaces [16].
Most LEO-PNT techniques traditionally rely on the deploy-
ment of dedicated satellite missions, which can be both
costly and resource-intensive. However, an emerging alter-
native is the use of multiple-input multiple-output (MIMO)
beam identification-based methods. These techniques allow
for the opportunistic use of existing communication signals
transmitted by non-PNT-dedicated LEO satellites, such as
those in mega-constellations originally launched for broadband
services. By extracting positioning-relevant information from
these pre-existing beams, MIMO-based methods can reduce
the dependency on dedicated (purpose-built) satellite missions.
In other words, each MIMO beam will act as a separate
satellite, giving more information on the user’s location and
reducing the dependencies on launching new satellites. This
not only enhances the sustainability of space infrastructure
utilization but also promotes a more flexible and adaptive
approach to LEO-based positioning. Additionally, this work
integrates inertial measurement unit (IMU) data with the
LEO beam-based method to improve positioning accuracy and
robustness in degraded signal environments. GNSS data is
used solely as a baseline for performance comparison, while
the fusion approach is focused entirely on LEO-based signals,
as further detailed in Section II-E.

In this article, we evaluate and discuss the feasibility of the
beam-based positioning method from massive MIMO antennas
onboard LEO satellites. The innovation lies within utilizing
the beamforming loops incident from MIMO-equipped LEO
satellites to provide location information for user terminals
(UTs) on Earth. The beam identifiers (ID) and the satellite-
to-Earth geometry information are used to obtain estimates
of the user position amid the signaling phase of the wireless
communications link between the space segment and the user
segment. The concept is illustrated in Figure 1, also concretely
simulated in a prior research article [17], and further explained
in the published patent [18].

The proposed positioning method does not rely on received
signal strength (RSS), time offsets, or other traditional
physical-layer measurements. Instead, it exploits beam identi-
fiers, making it inherently more tolerant to signal degradations
and multipath effects. This characteristic enables it as a
promising candidate for robust and low-cost global positioning
services with sufficient accuracy for various applications.
However, unlike other SoOp-based techniques that extract
timing, Doppler shifts, or angle of arrival (AoA) information,
the current method does not yet provide timing or clock

synchronization.
Recent advances in SoOp positioning have demon-
strated real-time Ao0A estimation using full-digital,

reconfigurable receiver architectures synthesized on FPGA
platforms [19], [20]. These systems exploit the spatial
resolution of MIMO arrays to estimate the position of LEO
satellites and, by extension, the user location. While these
methods require more complex front-end hardware and signal
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Fig. 1. Illustrating the concept of combined LEO beam footprint patterns.
Arbitrary user location estimation (red dot) based on detecting the inbound
LEO beam IDs by a user receiver (black dot) actually placed at (0,0).
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Fig. 2. Stages of the beam ID-based positioning method.

models, they highlight a parallel direction in opportunistic
positioning research. Our method complements this line of
work by proposing a more lightweight, ID-based approach
that prioritizes receiver simplicity and resilience.

The rest of paper is organized as follows: in Section II,
we discuss the elements of the proposed beam ID-based
positioning concept from technical realization perspective,
focusing on its practical implementation and relevance to
radio-frequency identification and satellite-based remote sens-
ing. Section III shows how the concept was implemented and
evaluated in a simulation test-bed, including key geospatial
and signal processing parameters. Section IV contains the
rendered results using definitive performance metrics and
studying the asymptotic behaviour of error. In Section V, we
discuss and comment on the results in addition to the prospects
to implement the concept in the future. Finally, Section VI
summarizes the findings and predict future work in this area
of satellite-based positioning.

II. METHODOLOGY

The flowchart of the entire positioning process using beam
IDs from MIMO-equipped LEO satellites is illustrated in
Figure 2. The method presented in this work can be applied by
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both dedicated and opportunistic LEO-PNT systems. As dis-
cussed in our preliminary study [21], the satellite beamforming
loops are given unique IDs in the downlink super-frames. The
beam IDs are used as tokens to fetch the satellite ephemeris
(i.e., time stamped position in orbit), satellite orientation, and
MIMO beam pattern information from the satellite vehicle
(SV). Subsequently, the beams’ footprints (coverage area) on
Earth are estimated, providing a way to perform user multilat-
eration. This positioning method is not dependent on accurate
RSS values, time corrections, or other measurements, but it
requires dense satellite constellations. This section proceeds
by showing the role of MIMO antennas in LEO satellites to
provide a comprehensive overview of the technical aspects of
the LEO-MIMO beam ID-based positioning method.

A. MIMO Antennas in LEO Satellites

The mass adoption of MIMO antennas in LEO satellites
is still under deployment. Currently, only few to none of the
existing satellite constellations are MIMO-capable, but it is
expected that one to many of future LEO constellations are
to be equipped with MIMO and mMIMO technologies in the
following years. This topic has attracted significant research
due to its benefits, such as better throughput, higher capacity,
and improved quality of service [22].

mMIMO differs from MIMO in terms of the number
of onboard antenna elements. mMIMO is implemented by
employing 1024 or more antenna elements that are separated
by a distance equivalent to half the wavelength [22]. From an
opportunistic perspective, both MIMO and mMIMO signals
can be exploited to provide location information based on the
beamforming loop IDs. When the number of beams increases
as in mMIMO, the positioning resolution is expected to be
improved.

The congregation of beams from multiple LEO satellites
creates a combined footprint pattern that includes numerous
intersection regions, even for a single satellite. Increasing
the number of satellites and reducing the beam width (via
narrower, more focused beams) leads to more localized
intersection areas, thus, improving positioning resolution.
However, even pencil beams with sub-degree half-power beam
widths (HPBW or -3 dB) can result in footprint diameters on
the order of tens of kilometers at typical LEO altitudes. This
imposes a natural lower bound on the spatial resolution of
a single beam-based measurement. Nevertheless, our method
does not rely on a single beam but on the unique combination
of multiple overlapping beams, each with known geospa-
tial trajectories and time-stamped identifiers. The resulting
intersection patterns, when accumulated across several satel-
lites and constellations, can still provide accurate positioning
estimates. Additionally, the integration with inertial sensors
and post-processing algorithms further refines the output tra-
jectory. The number and geometry of the beams generated by
each satellite depend on the specific mMIMO beamforming
architecture, which remains a key design parameter for future
implementations.

Based on the reviewed literature [23], [24], [25], hybrid
beamforming schemes provide flexible control over beam
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Fig. 3. Block diagram depicting the hybrid beamforming scheme of mMIMO.

patterns by combining the benefits of both analog and digital
beamforming. In this approach, the mMIMO array is divided
into sub-arrays, each connected to an RF chain that produces
a steerable main beam with a controllable radius.

While commercial LEO constellations such as Starlink and
OneWeb employ advanced beamforming to enable dynamic
user connectivity and load balancing [26], [27], they do not
publicly disclose the use of beam IDs for positioning purposes.
Hence, the beam ID-based positioning approach proposed in
this study is considered novel. It introduces an opportunistic
use of existing beam infrastructure for navigation, without
requiring modifications to the physical signal or dedicated
positioning payloads.

For the hybrid beamforming configuration shown in
Figure 3, the number of major beams corresponds to the
number of allocated RF chains.

B. Beam ID-Based Positioning Method

The proposed positioning method relies on the geometric
intersections formed by the congregation of overlapped beams
from LEO satellites. This enables position estimation using
geometric algorithms. The process in this article consists of
two steps: a real-time operation followed by a post-processing
algorithm, as detailed in the following sections.

C. Real-Time Positioning Algorithms

For the method to be efficient and viable, the beam patterns
of LEO satellites should have known shapes (fixed or variable
shapes but known to the users or the positioning engine) and
intersect other beams within the same pattern (satellite), like
an overlapping mesh shape. Then, whenever the UT receives
LEO-mMIMO satellite communications, it should be able to
extract each beam’s unique ID from the non-payload frame
fields. Beam IDs will serve as tokens to fetch more information
about the transmitting satellite vehicle, LEO constellation,
shape of the beam footprint pattern, timestamped location of
the satellite vehicle, and expected beam footprint geographic
trajectory on Earth’s surface. Eventually, by receiving at least
one beam ID from one LEO satellite only, the UT can still
infer information about its location on Earth within an error
span in kilometers, equivalent to the radius of the received
beam footprint.

Upon receiving a LEO satellite signal with a decoded
beam ID, the UT starts to search the available dedicated
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Fig. 4. Two positioning algorithm variants to utilize the information of the
beam footprints: (left) ALG. A: The intersection of detected beam footprints
defines the possible UT region where the receiver can be located. (right) ALG.
B: The position estimate is refined by excluding the regions covered by known
undetected beams. These footprints are subtracted from the intersection region
defined in ALG. A, resulting in a smaller and more accurate location estimate.

databases for the satellite vehicle carrying this beam, and its
live location. The same procedure is done with every other
beam ID received by the UT. In the end, the UT shall combine
all gathered information from all the received beam IDs in
order to pinpoint its position on Earth’s coordinates. The
chosen way of integrating the positioning information is by
assuming that the UT lies at the center of gravity (CoG) of
the intersection area of all the detected beams. This procedure
is defined as Algorithm A, or “ALG. A”, which estimates the
user’s location using the overlapping beam footprints.

By knowing the whole beam patterns of all received LEO
satellites, the information about the absent undetected beams
can be included in the calculations to omit their geographical
footprints from the beam pattern. This leads to a smaller con-
fined region of intersection than the region resulted from ALG.
A, enhancing the mean positioning accuracy, this technique
can be called the “B” algorithm or ALG. B. Figure 4 describes
both ALG. A and ALG. B with graphical illustration.

ALGs A and B can be defined using mathematical sets and
set operations, also known as morphology in image processing.
Let D(¢) and U(¢) be the sets of detected and undetected beam
IDs, respectively, for time instant ¢. Moreover, let c(i, f) be
a function that returns the East North (E-N) coordinates of
the center of the beam footprint of beam i at time instant ¢.
Similarly, R(i, f) returns the radius of the beam. Mathematical
set A;(t), which includes all locations x (in E-N coordinates)
inside the beam footprint of beam i, can be represented as in
Equation (1).

Ai(t) = {x | [Ix —c(i, D]l < R, 1)} (D

Now, intersection I4(¢) for all VA;(¢) of the detected beams
is a set of E-N coordinates, i.e., an area, where the UT must
be located. The intersection is determined by Equation (2).

Lo = ) Ao @)
ieD(r)

If the UT was outside the intersection area, it would not
detect all the beams in D(¢). On the other hand, the UT can
be anywhere in I4(f), and without any additional information
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Algorithm 1 ALG. A: Position Estimation via Detected Beam
Intersections (Equations (1)—(3))
Require: Set of detected beams D(¢) at time ¢
Ensure: Estimated UT position X
1: for all i € D(¢) do
2: Retrieve beam center c(i, t) and radius R(i, 1)
3: Define footprint A;(f) using Equation (1):

Ai() = {x | Ix —c(i, DIl <R, D}

4. end for
5: Compute intersection region using Equation (2):

Ity = () A

ieD(t)

6: Compute centroid of intersection using Equation (3):

#XEIA (n Xdx

X <« ALGA@F) = —/—2—1—
() gﬁ(eIA(t) dx

7: return X

(e.g., signal strength or information of the undetected beams)
each location x in I4(f) is equally probable. Therefore, the
ideal point estimate for the position of the UT is the CoG of the
intersection region with uniform mass density. This resembles
ALG. A, as defined in Equation (3).

#xe[A (n Xdx
ﬁxelA o 9X

where integration is done over the entire area of intersection.

The locations of the undetected beams are utilized to shrink
the area of possible UT locations. The footprints of the unde-
tected beams can be subtracted from intersection /4 () used for
ALG. A, as the patterns are supposedly known. The shrunk
intersection /g(f) can be obtained by subtracting the union of
the undetected beams from the intersection of the detected
beams, as given in Equation (4).

ALG.A(®) = 3)

gy = 1,0 — | Ao )

ieU(1)

Finally, the CoG of set Ig(?) is the output of ALG. B, as
given in Equation (5).

.@xelg(z) xdx
@xelg o 9X

These positioning techniques carried out by the beam ID-
based positioning from LEO satellites (i.e., ALG. A, ALG.
B) are not sufficiently accurate or reliable for positioning
applications. Hence, post-processing algorithms are to be
used for more precise positioning results. In addition, a
sensor fusion technique is considered to fuse LEO satellite
positioning data with an IMU sensor. ALGs A and B are
summarized as pseudo-code step-by-step algorithmic format
in Algorithms 1 and 2.

ALG.B(?) = &)
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Algorithm 2 ALG. B: Refined Estimation
Inclusion/Exclusion (Equations (1), (2), (4), (5))
Require: Sets D(7) and U(¢) of detected and undetected beam
IDs at time ¢

Ensure: Estimated UT position X

1: for all i € D(r) do

2: Retrieve beam center c(i, t) and radius R(i, 1)

3: Define footprint A;(¢) using Equation (1):

via

Ai() = {x | Ix —c(i, Il <R, 0}

4: end for
5: Compute detected-beam intersection using Equation (2):

L@ = () A

ieD(f)

6: for all i € U(r) do
: Retrieve c¢(i, t) and R(i, t)
8: Define A;(¢) using Equation (1):

Ai() = {x | Ix —c(i, Il < R(, 0}

9: end for
Subtract undetected beam regions using Equation (4):

Ip(t) = Ia(t) = | Ai()

ieU(r)

: Compute refined centroid using Equation (5):

#XGIB (n Xdx

% < ALG.B(t) = -
X

elp(t)

return X

D. Post-Processing Algorithms

Since ALG. B (inclusion and exclusion) is more accurate
than ALG. A (inclusion only), it will be adopted as the main
LEO positioning algorithm throughout the later stages of this
implementation study.

The rough estimations carried out by ALG B, are imported
to a set of algorithms to further refine the final positioning
estimations. Some processing steps are done at the local level
(per data source, e.g., at either LEO or IMU) and the global
level (sensor data fusion of both LEO/IMU). This strategic
approach is undertaken with the primary goal of enhancing
the accuracy of positioning estimations, ensuring that the final
estimates are more precise and reliable. A bank of algorithms
is used to overcome this issue.

In summary, the sequence of algorithmic realization starts
with applying ALG. B on the received LEO satellite beam
IDs, and whenever a loss of measurements occurs then Dead
Reckoning (DR) is activated. Then, the output of the previous
steps is fed to a state-space filtering algorithm such as: a
Kalman filter and a smoother, which are used to refine the
final positioning estimations.
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1) Dead Reckoning (DR): in cases of communication loss
or data interruptions (due to sensor drifts, signal attenua-
tion or NLOS), the dead reckoning (DR) algorithm can be
employed to fill the null posterior state based on non-null prior
information. DR is widely used in positioning and navigation
applications even before the advent of contemporary local-
ization systems. Equations (6) illustrate DR in mathematical
notation.

2 2
Dy = \/(pi_z i)+ =)

y ,
Py _Pi—1
or = arctanZ( i ),

Pr—2 — Pi—1
where k is the time instant, p’,ﬁ and pz are the x-y positions, Dy

Pk = Pi—1 + D cos(p),
P = Pj_y + Di sin(@p).

and ¢y are the evaluated Euclidean distance and the heading

angle, respectively.

2) Extended Kalman Filter (EKF): is a nonlinear state-
space estimation technique commonly employed for 2-D and
3-D positioning estimations through conducting two steps:
the state prediction step, and the state update step. EKF
mathematical procedures [28] are presented in Equations (7).

my = f(mg—1,k—1)

P =F, P 1Fy + Qi
Vi=yx — h(m,:, k)

Sy =H, P, H" + Ry
Ki =P, H! 5"

mg = my + KV

Py = P, — KiSkK}

(6)

(7

where mj and P; are the iterative predicted state mean and
covariance, respectively, my and Py are the posterior state
estimated mean and covariance, respectively. y; is the input
measurements vector, and S is the measurement prediction
covariance. Ky is the filter gain, f(.) and h(.) are the system
dynamic functions of the state-space model and the measure-
ments model, respectively.

The state-space vector Xk comprises the predicted Cartesian
X-y positions, velocities, and accelerations (i.e., a 2-D Wiener
dynamic model), while the measurements vector yk includes
the measurements from LEO satellites (ALG. B). However, the
rest of motion kinematics (accelerations and heading angles)
are inbound from the IMU sensor, as shown in Equations (8).

. e . T
sz[xxxyyy] ,
Yk = [‘xLEO X Viko yIMU]T' ®)

3) Rauch-Tung-Striebel (RTS) Smoother: is a Bayesian
recursive filter that enhances the linearized state-space
estimates by retrospectively smoothing the probability
density function’s maximum likelihood (mean and covari-
ance) [28], [29]. The prior and posterior state estimates )A(k|k—
l,f(k|k and their covariances f’k|k — l,f’k|k, which were
obtained from the previous filtering (e.g., EKF filtering) are
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Algorithm 3 Post-Processing With DR, EKF, and RTS
Smoother (Equations (6), (7), (8), (9))

Require: Position estimates X; <— ALG.B(r) at each time step
k
Ensure: Smoothed UT trajectory
1: if loss of LEO beam data then
2: Apply Dead Reckoning using past two positions
> Equation (6)
3: end if
4: Fuse LEO and IMU data using EKF > Equations (7), (8)
e Predict: Xklk—1 = f(Xk—1)
e Update: X = Xgjk—1 + Kk Ok — h(Xkjk—1))
(State vector and measurement vector structure in
Equation (8))
5: Store filtered states {)A(k|k, Pk}
6: Apply RTS Smoother retroactively > Equation (9)
7. for k=N —1to 0 do
8 Compute smoother gain C
9: Xiln = Xilk + Cr(Xit11n — Xit115)
10: end for
11: return Smoothed trajectory {)A(k|n}

fed to the RTS smoother to calculate the smoothed state esti-
mates Xy |n and covariance Pi|n. The RTS smoother formulas
from [28], [29] are described in Equations (9).

Xiln = Xl + Ck(f(k+1 ln — Xet1 |k>,
Pela = Palic+ Ce(Rastln = Resrle) x €. )

where C, = Pk|kaT+1P,:1|k, and Xi|x is the a-posterior state
estimate of time instant k and Xj1|r is the a priori state
estimate of time instant k+ 1 which also applies to the
covariance.

In this study, the post-processing algorithms employed
include: (i) DR, (ii) EKF, and (iii) RTS smoother. The DR
algorithm acts as a fallback buffer mechanism during commu-
nication failures or data interruptions caused by sensor drift,
signal attenuation, or non-line-of-sight (NLOS) conditions,
interpolating position estimates based on prior data. The EKF
functions as a fusion filter, combining raw LEO positioning
estimates from ALG. B with inertial acceleration data from
IMU sensor, as formulated in the state-space equations in
Equation (8). Finally, the RTS smoother is applied to refine the
estimated trajectory by recursively smoothing the EKF output.

Moreover, a simple non-causal moving average filter (win-
dow size = 5) was also applied to post-process ALG. B
estimates as an alternative approach. This was done to eval-
uate the necessary level of complexity in post-processing
algorithms, as shown in Figure 5.

The post-processing workflow is detailed in Algorithm 3
using a structured pseudocode format.

E. Technical Considerations of Sensor Fusion

Integrating the LEO-MIMO beam-based positioning
approach with IMU data significantly enhances both accuracy
and robustness [13]. While LEO-based positioning provides
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TABLE I
SUMMARY OF VARIABLES USED IN EQUATIONS (1)—(9)

Symbol Description

D(t) Mathematical set of detected beams at time ¢

U(t) Mathematical set of undetected beams at time ¢

c(i,t) E-N coordinates of the ith beam’s center at time ¢
R(i,t) Radius of the ith beam at time ¢

A;(t) Mathematical set of all locations inside the ith beam
IA(t) Area of intersection of detected beams

Ip(t) Area of intersection after considering the undetected beams

k Time instant

DL s pz Cartesian x-y positions

Dy, Euclidean distance

bk Heading angle

myg , Py Predicted Kalman state mean and covariance, respectively
my , Py Posterior state estimated mean and covariance, respectively
Yk Input measurements vector

Sk Measurement prediction covariance

Ky Kalman filter gain

f(), h(.) Dynamics of state and measurements models, respectively
T, T, T Position, speed, and acceleration due to x-axis, respectively
Y, Y, Y Position, speed, and acceleration due to y-axis, respectively
Ck RTS smoothing gain matrix

Xk lk RTS a-posterior state estimate at time instant k

RTS a-priori state estimate at time instant k£ + 1

extensive coverage and remains functional in GNSS-degraded
environments, its short-term precision is limited by satellite
geometry and beam configurations. Conversely, IMUs offer
continuous, high-frequency motion tracking but are susceptible
to drift accumulation over time [30]. By fusing IMU data
with the LEO-based method, the IMU mitigates temporary
positioning gaps and satellite signal blockages, while the LEO
system corrects IMU drift, yielding a more stable and precise
positioning solution. This integration is particularly beneficial
in urban, indoor, or obstructed environments where consistent
accuracy is essential.

At the latest stages of this study, a loosely coupled
LEO/IMU integration scheme was implemented to refine
the positioning estimates of the beam-based approach. LEO
simulation data and IMU measurements were obtained from
the Google Smartphone Decimeter Challenge for the 2022
and 2023-2024 episodes [31], [32], referred to as Dataset
I and Dataset II, respectively. Additionally, as detailed in
Section II-D, an alternative post-processing approach was
explored using a simple moving average filter without
IMU fusion, to further investigate post-processing algorithm
performance.

At the LEO receiver, beam IDs are retrieved from the
non-payload frames of the received signal, either during the
signaling phase or following the preamble headers. These
beam IDs function as tokens to access the LEO satellite
ephemeris and beam pattern shapes from the connected
data server. Subsequently, positioning estimation is performed
using ALG.B, providing an initial location prediction within
Earth’s coordinate system. Post-processing is then conducted
through one of two methods: either via 1) EKF and RTS
smoothing with IMU fusion or 2) through a smoothing moving
average without fusion. Figure 5 presents the framework of
futuristic LEO-based handheld receivers, which are designed
to utilize this beam-based positioning methodology along with
sensor fusion schemes.
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Fig. 5. Block diagram of the proposed LEO-MIMO based receiver.

III. SIMULATION SETUP

The objective of the simulation is to reproduce beam
ID-based positioning method and evaluate its accuracy with
future mega constellations of LEO satellites. In the simulation,
both UTs and the satellites move with a temporal resolution
of 1 second. The total simulation time is 1,200 seconds, i.e.,
20 minutes.

The simulation has been developed with the following
characteristics, simplifications, and presumptions: i) There
are several LEO mega constellations that are launched in
a grwoing sequence. Thus, it is possible to analyze how
the accuracy of the positioning method evolves as new con-
stellations with more advanced beamforming capabilities are
introduced. ii) The positions of the satellites relative to the UT
are calculated using a local planar coordinate system. iii) Each
beam has a circular footprint on Earth (more specifically, on
the plane around the UT), despite varying elevation angles.
iv) If the UT is inside a beam footprint, it recognizes the
beam ID with a 100% probability. If the UT is outside a beam
footprint, it recognizes the beam ID with a 0% probability.
v) The UT can read all available beam IDs simultaneously
within the same coverage area.

A. Simulating Beam Footprint Patterns

We assume that a LEO satellite transmits several beams
that form a regular beam footprint pattern on Earth. For
every satellite of a specific satellite constellation, all beams
have identical radii, R, and the centers of the adjacent beam
footprints are separated by 1.5R, i.e., the adjacent beams
partially overlap. Different constellations have different beam
footprint radius. When several satellites transmit their beams
at the same time, the beam footprint patterns overlap. A
schematic example (with a reduced number of beams for
clarity) of a combined beam footprint pattern is shown in
Figure 6.

Based on the illustration shown in Figure 7, the cover-
age area of a single LEO satellite can be evaluated from
Equations (10), and (11). Then, the coverage area is divided
into smaller beamforming loops according to Equation (12).

First, the coverage geometry is approximated to the relation
in [33, Eq. (10)].

cos(€)
cos(0 +¢€) = I h

Re

(10)

625

-1000

Fig. 6. Randomly selected beam footprint patterns from constellations 1-5
(see Table III for the beam pattern parameters of corresponding constella-
tions).

Fig. 7. Coverage area of a single LEO satellite with MIMO beams.

whereas 6 is the central conic angle in radians measured from
Earth’s center, € is the elevation angle of the viewing cone of
the satellite, & is the altitude of the LEO satellite, and Rg is
Earth’s radius.

Considering higher and moderate elevation angles (e.g.,
45° < € < 135°), therefore, the coverage area A can be
evaluated approximately from Equation (11). In which, the
shape of the LEO satellite coverage area is approximated to
be equivalent to the shape of a spherical cap [34], enclosing
0 as the central angle.

A =27 R% (1 — cos(0)) (11)

where 6 is the central angle, and A is the coverage area
approximated as a spherical cap shape.

Afterwards, for MIMO implementation considering
Figure 7, the radii of beamforming loops can be approximately
determined from the evaluated LEO satellite coverage area as

in Equation (12).
A~ Q2R+ (M — 1) x 1.5Rp)? (12)

where A is the coverage area, Rp is the beam radius, and M
is the squared size of MIMO (M x M).

B. Satellite Mega Constellations

The satellite mega constellations were reproduced with an
in-house simulator tool, named LEO-S9 (LEO simulator with
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TABLE 11
STATUS AND ORBIT PARAMETERS OF THE CURRENT AND PLANNED LEO
CONSTELLATIONS. VALUES BASED ON [36]

Mission Altitude [km]  Inclination [°] N. Sats.
OrbComm 740 - 875 45, 70, 72 47
Globalstar 1400 52 48

Iridium 625, 720 86 66

Telesat 1015, 1325 51, 98 1671

Kuiper 590 - 630 33,42, 52 3236

OneWeb 1200 40, 55, 88 6372

Starlink 540 - 570 53, 70, 98 > 10000

9 modules) [35]. The LEO-S9 tool is flexible to create a variety
of space segment scenarios, including diverse dynamics and
instruments specific to LEO satellites. The main relevant data
attributes simulated with LEO-S9 in this work included the
orbit altitude, inclination, velocity, constellation topology, and
initial design. The constellation progress with time was repro-
duced considering the Cowell numerical integration, Earth’s
gravity, J, oblateness effect, third body attractions, solar
radiation, and atmospheric drags. A walker delta topology was
selected to keep a symmetric coverage.

The simulation was built by considering the present sta-
tus and upcoming developments in LEO satellite missions.
Table II provides an overview of the primary missions and
associated orbit parameters that were considered in this study,
and the generation of LEO satellite constellation data.

To assess the performance of the proposed method across
various LEO coverage scenarios, simulations for 13 distinct
case scenarios were conducted, each denoted as experimental
cases 1 through 13. In the initial case, 3000 satellites were
simulated, covering a diverse combination of all identified
missions. Then, about ~1000 additional satellites were incre-
mentally included into the simulation for each subsequent case.
Notably, experimental case 13 assumed the operation of a total
of ~15000 LEO satellites. Meaning that every constellation
of the 13 generated scenarios is enough to cover the most
populated areas of Earth. While this may seem ambitious, it is
a foreseeable scenario in the forthcoming years. On the other
hand, the test case scenarios are numbered 1-4, to cover three
modes of motion: stationary, linear, and nonlinear motion.

The parameters of the generated LEO satellite constella-
tions (number of satellites, number of beams per satellite,
the radii of the beams, and the spacial separation of the
beams) for motion Scenarios 1-3 are given in Table III. The
adjacent beams centers were separated by (1.5 X Rpeam) for
all constellations, satellites, and beams. This separation value
was set in order to impose large-sized beam intersections
needed for the beam ID-based positioning method to have
sufficient overlapping of beam congregations within both the
satellite and the whole constellation. Whereas, the increased
overlapping incidents from more beams shall result in better
accuracy.

C. Simulation Scenarios

Three use case setups were simulated: 1) stationary UT,
2) UT in slow uniform linear motion, 3) UT moving through a
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TABLE III
LEO SATELLITE CONFIGURATIONS FOR SCENARIOS 1-3

Const. Sats. Beams/sat.  Rpeqm
1 3000 3x3 200 km
2 4050 3x3 150 km
3 5040 3x3 140 km
4 6048 4 x4 130 km
5 7020 5x%x5 120 km
6 7992 6 x6 110 km
7 9012 TX7 100 km
8 10002 8% 8 90 km
9 11052 8 x8 80 km
10 12072 8x8 70 km
11 13032 8% 8 60 km
12 14004 8 x8 50 km
13 15084 8 x8 40 km

pre-defined route. For each use case, several simulations exper-
iments were performed in order to evaluate the accuracy of the
positioning method and algorithms when using realistic future
satellite mega constellations with MIMO capabilities and later
with mMIMO configurations. Each experiment consisted of
several simulation runs with changing parameters depending
on the objective of the experiment. The rotation angles of the
beam footprints were randomized for each simulation run but
kept constant during the ongoing run.

Each simulation run is generated with the following data
fields: true position in (E, N), estimated position by ALG. A
in (E, N), estimated position by ALG. B in (E, N), positioning
error, number of detected beams. The parameters of the satel-
lite constellations (number of satellites, number of beams per
satellite, the radii of the beams, and the spacial separation of
the beams) are given in Table III. The adjacent beams centers
are separated by 1.5 X Rpeam for all constellations, satellites,
and beams; in order to increase the beam intersections.

The user scenarios are described as follows:

1) Variation of Error Metrics: : The objective of the first
experiment is to evaluate the confidence intervals of the
error metrics. It is done by measuring the standard deviation
of the error metrics while varying the location of the user
terminal. The primary measurement is the sensitivity of the
positioning error to the location of the user terminal. Because
the simulation model is heavy to compute, the confidence
intervals are evaluated separately for one set of simulation
parameters, in contrast to repeating each experiment several
times to obtain their standard deviation estimates individually.

2) Use Case Scenario 1—Stationary User Terminal: When
the user terminal does not move, it is possible to collect
samples from the probability distribution of the true position.
As LEO satellites move fast, the beam footprint pattern
changes rapidly. Therefore, sampling positions with a 1 Hz
rate is expected to give a time series without auto-correlation.
If the positioning estimates are unbiased and uncorrelated,
the mean value of the samples will converge towards the
true position. This will be investigated experimentally using
convergence time spans from 1 to 30 seconds.

3) Use Case Scenario 2—Slow Uniform Linear Motion:
In Scenario 2, the user terminal moves with a constant
speed of 1 m/s towards North-East. The initial position is
at (latitude, longitude) = (37.773972, -122.431297), i.e., in
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TABLE IV
LEO SATELLITE CONFIGURATIONS OF SCENARIO 4

Const. Sats. Beams/sat.  Rpegm
1 3000 64 x 64 20 km
2 4050 64 x 64 19 km
3 5040 64 x 64 18 km
4 6048 64 x 64 17 km
5 7020 64 x 64 16 km
6 7992 64 x 64 15 km
7 9012 64 x 64 14 km
8 10002 64 x 64 13 km
9 11052 64 x 64 12 km
10 12072 64 x 64 11 km
11 13032 64 x 64 10 km
12 14004 64 x 64 9 km
13 15084 64 x 64 8 km

San Francisco, California. This Scenario corresponds, e.g., to
a person walking or an autonomous vehicle driving slowly
along a straight street. As the movement is easy to predict,
it is presumed that the post-processing methods converge
effectively towards the correct location.

The procedure is similar to Scenario 1, except that the
location of the user terminal is not fixed but a time series
of 1,200 values and it is not meaningful to apply a sliding
average filter to the time series of the estimated positions.

4) Use Case Scenario 3—Realistic Nonlinear Motion: In
Scenario 3, the user terminal moves along the predefined
route is located in San Francisco, California. The data is from
Google GNSS competition 2022 [31]. For this dataset we
also have IMU data that can be used for sensor fusion tests.
Scenario 3 is used to evaluate our positioning method in a
use case of realistic nonlinear movement, including periods
of acceleration, deceleration, change of direction, as well as
immobility.

5) Use Case Scenario 4: Real Nonlinear Motion With
mMIMO: This Scenario was the repetition and reproduction
of Scenario 3 but with mMIMO elements equipped in LEO
satellite constellations. In which, the same LEO constellation
sizes were used (i.e., 13 constellations with the defined
number of satellites per constellation in Table III), however,
the number of beams per satellite and the radii of the beams
were changed to mMIMO beam configurations.

Scenario 4 was developed to utilize the maximum avail-
able resources of LEO satellite constellations and mMIMO
beamforming sizes. In which, the 13 constellations were used
to provide 64 x 64 beams from each of the 117,408 LEO
satellites. Hence, the beam radii were computed following
Equation (12), as given in Table IV.

To summarize the scenarios in a nutshell:

e Scenario 1: a stationary user — MIMO

o Scenario 2: a uniformly moving user — MIMO

e Scenario 3: a real nonlinear motion of a user - MIMO

o Scenario 4: a real nonlinear motion of a user - mMIMO

D. Drive Test Datasets

For the stationary and uniform motion scenarios 1-2, test
datasets were generated using Gaussian probability distribution
functions for a fixed location in Scenario 1, and uniformly
moving user in Scenario 2.
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TABLE V
VARIATION OF ERROR METRICS: SAMPLE MEAN &+ STANDARD
DEVIATION FOR MAE, RMSE AND MAXIMUM ERROR (MAX) IN KM

Alg.  Const. MAE RMSE MAX
A 3 140 £0.52  16.8 £ 0.63  55.65 + 5.70
A 5 471 £0.14 580 £ 0.18 23.67 £ 3.10
B 3 755+ 026 9.15+ 037 3452 + 549
B 5 238 +£0.08 291 +£0.10 1232 £ 1.86

For the real nonlinear motion scenarios 3-4, Google
decimeter challenge datasets from 2022 and 2024 were
used [31], [32] as drive test data. Scenario 3 emulated parts
of the drive test data from [31], and Scenario 4 emulated parts
of the drive test data from both [31] and [32]. Scenario 4 is
the only scenario that was tested on two different real datasets
for validation, they are referred to as dataset I from [31], and
dataset II from [32], respectively.

E. Limitations

The current simulation setup assumes idealized binary beam
ID detection, where reception is perfect inside the beam
footprint and absent outside. This simplification enables a
clear evaluation baseline but omits real-world effects such
as multipath propagation, shadowing, and partial beam edge
coverage. Future work should consider probabilistic beam
detection models and incorporate signal quality metrics to
better reflect urban and obstructed environments.

Additionally, Doppler effects due to the rapid motion
of LEO satellites were not explicitly modeled. Since the
proposed beam ID-based positioning method relies solely
on the successful detection of compact identifier messages,
rather than full signal demodulation or Doppler-based rang-
ing. Such effects were considered secondary for this study.
However, Doppler shifts may influence detection thresholds
and acquisition times in real-world receivers, hence, future
implementations should incorporate Doppler compensation
strategies accordingly.

IV. RESULTS

In this section we present and evaluate the output results of
all three scenarios: the stationary position, the uniform linear
motion, and the real vehicle drive test.

A. Variation of Error Metrics

Table V gives the sample means and standard deviations
of error metrics with three and five mega constellations, for
ALGs A and B. Standard deviations estimate the sensitivity
of the error metrics with respect to the UT location. They
are used to estimate the error margins of the results. It can
be concluded that the relative standard deviation of MAE and
RMSE is about 3-4% and the relative standard deviation of
the maximum error is about 10-16%.

Figure 8 illustrates the relationship between the number
of LEO constellations and the resulting positioning error in
kilometers using ALG.B of the proposed beam ID-based
method. The results demonstrate an exponentially decaying
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Fig. 9. Positioning error vs. time with 13 constellations.

trend, where increasing the number of constellations signifi-
cantly improves accuracy, as expected. Notably, even with a
limited number of constellations (e.g., 4-6), the method still
achieves sub-kilometer-level accuracy, indicating that practical
deployment is feasible even without relying on extremely
large-scale LEO infrastructures. This analysis confirms that
while larger constellations offer higher precision, an acceptable
performance can still be achieved under more conservative and
realistic satellite deployments.

B. Use Case Scenario 1: Stationary User Terminal

Figures 9 and 10 show raw time series of positioning errors
(for ALGs A and B) and the number of detected beams
(identical for ALGs A and B), respectively. These demonstrate
the amount of variation when the satellites move during a time
span of 20 minutes.

Figure 11 shows how the 60 first samples of the time series
of the estimated positions are scattered around the UT. It can
also be seen that the two-dimensional mean values (CoG,
center of gravity) of the estimated positions are close to the
true position of the UT, which indicates that ALGs A and
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Fig. 11. Scatter plot of position estimates (N=60) using 13 constellations.

B give unbiased position estimates. Therefore, it is possible
to use several samples and averaging to obtain more accurate
position estimates, in case of a stationary UT.

The results show that the RMS positioning error decreases
when increasing the length of the sliding averaging filter.
Based on the central limit theorem and the presumption of
independent and identically distributed position estimates, we
further assume that the reduction of the RMS error is inversely
proportional to the square-root of the window length, as shown
in Relation (13).

1
RMSE N
where w = window length of sliding average filter.

Based on the graphical and numerical representations of
the results, the inverse square-root law holds rather accurately
when the number of satellites is very large. Thus, the law
is applicable when extrapolating positioning errors for longer
convergence periods.

The results show that ALG. B gives more accurate position
estimates than ALG. A. However, this holds only for the
average accuracy as shown in Figure 9. It demonstrates that
ALG. B actually gives quite often better position estimates.

13)
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Fig. 12.  Scenario 2: EKF and RTS positioning estimations of a uniform
linear motion using ALG. B.

TABLE VI
ERROR EVALUATION OF LINEAR MOTION (SCENARIO 2)

Method Const. MAE [m] RMSE [m] p95% [m]
ALG. A 13 508.49 685.91 1179.1
ALG. B 13 241.61 334.28 588.10
EKF 13 47.25 75.02 982.20
EKF-RTS 13 13.69 15.24 993.86

The probability that ALG. B gives more accurate estimates
than ALG. A is 24.2% in this case. In the future, it should
be studied if it is possible to utilize the estimates of both
algorithms, together with other information, to obtain more
accurate position estimates.

The more beams there are congested near the UT, the more
accurate positioning is, when keeping other things, such as the
size of the beams, unchanged. The number of beams that an
UT detects on average (on an arbitrary place on Earth) can
be calculated theoretically. It is the ratio of the total area of
all beam footprints of available constellations with the area
of Earth (510,100,000 kmz). It can be noted that the average
value of simulation is well aligned with the theoretical value.
It also shows how the number of detected beams increases
when adding new constellations to the simulation, according
to our mega-constellation model given in Section III.

Finally, from 117,408 LEO satellites and 5,908,000 beams,
the UT detects 215 beams on average. The MAE accuracy
of Scenario 1 = 0.29 km, the RMSE = 0.35 km, and the
maximum error = 1.6 km. When averaging 30 measurements,
MAE = 0.057 km, RMSE = 0.064 km, and maximum error
= 0.152 km.

C. Use Case Scenario 2: Slow Uniform Linear Motion

The results of Scenario 2 as found in Figure 12 and
Table VI show very fluctuating raw position estimates in com-
parison to the straight imaginary route that resembles a person
walking in a uniform speed of 1 m/s. Fortunately, the EKF
filtering has reduced the positioning error by approximately
80%, and the RTS smoother has further eliminated around
73% of the EKF output error to achieve an overall accuracy of
16.69 meters as MAE. The 95-percentile value of 993 meters
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Fig. 14. LEO/IMU fusion using EKF and EKF-RTS on ALG. B data in x-y
coordinates.

is large, but it is mostly due to the first output samples
of the filters. According to Figures 12 and 13, the position
estimations gradually converge towards the true location of
the UT. It is unclear why the EKF outputs fluctuate heavily.
Notably, during our investigations we found that a simple
sliding average filter (window length, w = 100) outperforms
EKF in smoothing the outputs of ALG. B estimations. Thus,
it signifies the potential to improve the accuracy in the future.

D. Use Case Scenario 3: Realistic Nonlinear Motion

The results of Scenario 3 are very promising and satisfac-
tory, as shown in Figures 14, 15, 16, 17, and Table VII.

Primarily, it is clear from trajectory Figures 14 and 16
that the combined EKF-RTS fusion-smoother back-to-back
algorithm (using ALG. B) is the most accurate method that
is closely following with the ground truth and GNSS with
minimal errors. Hence, the applied elementary positioning
algorithms after receiving beam IDs (i.e., ALG. A and ALG.
B) are not sufficient for conducting a reliable satellite-based
positioning on their own, rather, they constantly require a set
of post-processing algorithm, similar to every other positioning
technologies, e.g., in GNSS.
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Scenario 3: Positioning error Vs Time
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Fig. 15. EKEF and RTS error convergence over time in Scenario 3.

TABLE VII
ERROR EVALUATION OF MIMO METHODS VS. GNSS IN SCENARIO 3

Method Const.  MAE [m] RMSE [m] p95% [m]
ALG. A 13 498.16 683.49 1179.5
ALG. B 13 231.59 317.95 520.06
LEO/IMU EKF 13 104.80 132.00 203.35
LEO/IMU EKF-RTS 13 66.31 83.98 142.39
GNSS only N/A 26.63 36.42 56.60

The numerical positioning error values in Table VII and
the error plots illustrated in Figure 15 are confirming the
same finding; that the EKF-RTS method outperforms all
other algorithms used in this simulation. The CDF curves in
Figure 17 imply that the final LEO/IMU positioning estima-
tions are very close to the performance of GNSS in terms of
accuracy and precision. However, it is evident that the best
performance of LEO/IMU that can match GNSS performance
is only achievable using the growing numbers of satellites and
constellations, which are 13 constellations carrying more than
100,000 satellites.

In fact, the simulation of Scenario 3 confirms the early
hypothesis in this study; that is the necessity of receiving
the maximum available interconnected LEO satellite beams in
order to improve the final positioning estimations. The number
of received beams in Scenario 3 fluctuated between 172 and
247 beams, with average number of detected beams = 214.

E. Use Case Scenario 4: Realistic Nonlinear Motion With
mMIMO

This scenario was tested on two distinct datasets: dataset I
and dataset II, as stated in Section III-D.

For dataset I results, Figure 18 and the left-hand side of
Figure 19 demonstrate the error behaviour of Scenario 4, along
with a graphical illustration of its route on the map. While
in Table VIII, the positioning errors were investigated using
MAE, RMSE and p95% metrics to assess all steps of the
fusion based methods of LEO/IMU EKF-RTS. However in
a conjugate version of Scenario 4, a simple moving average
filter was used to filter the raw ALG. B and show its effect.
The best result was found to be with the sliding averaging of
the unprocessed ALG.B estimations, as found in Table VIII.
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TABLE VIII
ERROR EVALUATION OF MMIMO METHODS VS. GNSS IN SCENARIO 4-1

Method Const. MAE [m] RMSE [m] p95% [m]
Raw ALG. B data 13 19.27 25.74 44.32
LEO/IMU EKF-RTS 13 9.90 12.71 20.97
Smoothed ALG. B 13 9.15 11.94 19.07
GNSS only N/A 26.63 36.42 56.60
TABLE IX

ERROR EVALUATION OF MMIMO METHODS VS. GNSS IN SCENARIO 4-11

Method Const.  MAE [m] RMSE [m] p95 [m]%
Raw ALG. B data 13 19.36 27.11 43.46
LEO/IMU EKF-RTS 13 947 12.44 21.40
Smoothed ALG. B 13 9.42 12.05 21.18
GNSS only N/A 18.55 22.24 36.38

From Figures 18 and 19, clearer views of assessment can be
found, graphically. Where the LEO/IMU EKF-RTS fusion-
based method of Scenario 4 applied on dataset I matched the
accuracy of the smoothed unprocessed ALG.B measurements,
and both methods outperformed GNSS accuracy.

For dataset II results, Figures 19 and 20 demonstrate the
error behaviour of Scenario 4-II, along with a graphical
illustration of its route on the map.

In Table IX, the positioning errors were investigated using
MAE, RMSE and p95% metrics to assess all steps of the
fusion based methods of LEO/IMU EKF-RTS in Scenario 4
applied on dataset II.

Once again, the LEO/IMU EKF-RTS fusion-based method
of Scenario 4-II already closely matched the accuracy of
the smoothed unprocessed ALG.B measurements, and both
methods outperformed GNSS accuracy.

V. DISCUSSION

The simulation was executed using the in-house LEO-
S9 simulator in MATLAB environment, in addition to Python
scripts for the post-processing algorithms, with 1-second
resolution over 1,200 seconds. The raw beam-ID method can
produce a first location estimate after a single timestamp when
at least one beam is detected, resulting in a theoretical time-
to-first-fix (TTFF) of approximately 1 second. However, for
the LEO/IMU fusion case in Scenario 2, the positioning error
was observed to converge to a stable and accurate range after
roughly 180 seconds. This convergence duration reflects the
behavior of the EKF smoothing filter in dynamic conditions.

The efficiency of the beam ID-based method is dependent
on LEO satellites mega constellations equipped with mMIMO
capabilities. Accuracy of initial measurements (i.e., raw ALG.
A or ALG. B) is in the order of kilometers when having
a few thousands of LEO satellites. When the number of
satellites exceeds a hundred thousand, positioning errors of
hundreds of meters can be achieved. Positioning with such
errors can be used as back-up method, e.g., in aviation,
seafaring, situational awareness, search and rescue missions.
However, our experiments showed that by the integration
(fusion) with other measurements sensors (e.g., IMU), the
positioning accuracy can be improved significantly. MAE as
small as 14 meters was recorded for a slow uniform linear
motion (Scenario 2) when using 13 mega constellations. With
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advanced post-processing algorithms, an accuracy closer to
GNSS systems’ is possible. In Scenario 3, with a realistic
nonlinear motion, both RMSE metrics for LEO/IMU EKF-
RTS and for GNSS were approximately 84 m and 36 m,
respectively, and MAEs were approximately 66 m and 27 m,
respectively. Meaning that, the beam ID-based positioning
method is a promising candidate even for nonlinear dynamic
motion of vehicles.

Finally, the results of Scenario 4 are very promising since
all its denominations were performing better than GNSS in
the event of implementing LEO/IMU fusion. The effect of
introducing mMIMO can be seen through the error shift from
Figure 17 to Figure 19, where the enhancement in accuracy
was significantly proven. By increasing the size of LEO
satellite constellations to be ‘mega-size’ and incrementing the
size of regular MIMO beamforming loops to be ‘massive’,
the positioning accuracy can be significantly enhanced to
a precise-accurate level of performance. The fusion-based
positioning schemes are still effective with LEO satellites,
however, even in the event of no multisensor fusion integration,
the proposed method can still perform quite well with raw
measurements.

Dataset | Dataset Il
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Fig. 19. Routes of datasets I and II in Scenario 4 with LEO positioning results
compared to GNSS. Same arbitrary locations were retrieved for comparison.

There are possibilities to further improve the accuracy of the
beam ID-based positioning method. Presuming that the signal
strength of the beam footprints decreases from the beam center



632
Dataset I: CDF of LEO-based algorithms Vs GNSS
1.0 4 —— Raw ALG. B
LEO/IMU EKF
—— LEO/IMU EKF-RTS
0.8 —— GNSS only
—— Smoothed ALG. B
Fl
% 0.6 A
Qo
o
I
w
a
© 0.4 1
X
g
0.2 A
0.0 A
0 25 50 75 100 125 150 175 200
X: Positioning Error [m]
Dataset II: CDF of LEO-based algorithms Vs GNSS
1.0 1
0.8 A
ol
"g 0.6 A
Q
o
I
w
a
O 0.4
X
g
Raw ALG. B
0.2 A LEO/IMU EKF
—— LEO/IMU EKF-RTS
—— GNSS only
0.0 4 —— Smoothed ALG. B
0 20 40 60 80 100
X: Positioning Error [m]
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towards its borders (in a predictable way), it could be measured
and used as an additional weighed input. Similarly, other signal
quality metrics could be utilized such as: signal-to-noise ratios.
In the post-processing phase, the number of detected satellites
could be used to weigh the raw measurements. This is based
on the presumption that the more satellites are detected, the
more accurate the position estimate becomes, on average.
The beam ID-based position method has several advan-
tages for sustainability. First, it uses measurements that do
not require precise timing or accurate measurements of the
signal strength. Therefore, the required technology at the user
segment is expected to be affordable, which promotes social
sustainability. Second, the method does not require dedicated
satellites to work. This should reduce costs further and save
both energy and natural resources. Third, due to the high
signal strength of the LEO satellites and the simple binary
measurements (beam is either detected 100% or not 0%) the
method is expected to be tolerant towards interference and
jamming, especially when fused with the IMU sensor that
itself is tolerant to interference as a passive sensor. Hence,
the method could guarantee uninterrupted positioning services,
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also in conflict areas. This has several consequences to sus-
tainable development through the uninterrupted operation of
numerous autonomous systems that will promote sustainable
development in the future.

From a practical standpoint, the feasibility of a receiver
capable of acquiring approximately ~200 beams per sec-
ond across multiple LEO constellations is a valid concern.
However, it is important to note that the proposed beam
ID-based method does not require full signal demodulation;
rather, it only relies on the detection of beam identifiers, which
are compact binary messages. Since each beam identifier is a
compact binary message that includes minimal metadata and a
timestamp, the overall bandwidth required to process hundreds
of beams per second remains relatively low and well within
the capacity of standard low-rate communication channels.
Such identifiers are analogous to distress or beacon packets
commonly used in satellites, typically under 144 bits and trans-
mitted over narrowband channels (~3 kHz) [37], [38], [39],
indicating that even processing hundreds of beam IDs per
second would consume only a minor share of the available
bandwidth, for instance, well below 5 kbps. This modest
bandwidth can be handled by even low-data-rate telemetry
channels. Regarding the hardware architecture, simultaneous
acquisition over all 13 constellations does not necessarily
demand 13 dedicated radio front-ends. With recent advances
in software-defined radio and wideband RF front-end designs,
it is feasible to time-multiplex between constellations or the
use of configurable multi-band receivers. Moreover, adaptive
constellation selection can be employed depending on satellite
visibility and coverage density, which can further reduce
hardware requirements. Thus, while acquiring data from 200+
beams presents a technical challenge, it remains within the
scope of modern embedded RF systems and scalable receiver
design strategies.

VI. CONCLUSION

Massive MIMO antenna arrays are anticipated to equip LEO
satellites, offering significant advantages for both telecom-
munication and positioning technologies. In this article, we
presented our novel beam ID-based positioning method that
uses the RF identifications of mMIMO beamforming loops that
are incident from LEO satellite mega constellations. Through
known geolocations of the beam footprint patterns and the
suitable algorithmic treatment, the location of user terminals
on Earth’s surface can be determined to a precise-accurate
extent, even by receiving beam(s) from one LEO satellite only
in case of extreme conditions. We also developed an algo-
rithm that utilizes the absent undetected beams for improved
accuracy (ALG. B). The quality of positioning is substantially
improved by increasing the number of LEO satellites in
the skies, which in turn increases the amount of received
beams. A detailed simulation environment was designed to
comprise realistic LEO satellite constellation data and real-
world navigation datasets. The conducted simulations showed
a satisfactory level of performance for the fusion scheme that
integrated LEO satellites data and IMU measurements. With
the help of EKF-RTS algorithms and the moving average filter,
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both the LEO/IMU fusion technique and the smoothed raw
measurements achieved the best positioning estimations (in
terms of accuracy and precision) that not only matched the
typical performance of GNSS but also outperformed it. For
both datasets I and II in the vanguard Scenario 4, the best
error vector [MAE, RMSE, p95%] was evaluated at [9.15m,
11.94m, 19.07m], and [9.42m, 12.05m, 21.18m)], respectively,
against GNSS error vectors of [26.63m, 36.42m, 56.60m], and
[18.55m, 22.24m, 36.38m], respectively. That is, an overall
improvement in accuracy ranged from 70% to 205%. In
the simulation, we explored larger antenna configurations in
Scenario 4 such as 64 x 64, yielding more positioning accuracy,
which is technically feasible in the next generation of LEO
satellites. As future work, more refinements and model sophis-
tication touches can be added to the simulation environment
to improve the performance and integrity of the method. In
addition, more research on positioning and post-processing
algorithms is needed to reduce the number of LEO satellites
required for conducting accurate UT positioning. The method
presents several promising benefits in terms of sustainability
and commercialization, which should be evaluated in future
studies, e.g., through geospatial data analysis.
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