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Protection Level for Short-baseline Carrier-phase Differential GNSS

with Range-domain Monitoring

Dongchan Min@®, Noah Minchan Kim®, Jiyun Lee’

Department of Aerospace Engineering, Korea Advanced Institute of Science and Technology, Daejeon 34141, Korea

ABSTRACT

Swarm operations for unmanned vehicles are expanding across reconnaissance, logistics, and defense applications. Missions

with tight inter-vehicle spacing—such as aerial refueling and close-formation flight—require centimeter-level relative

positioning and navigation integrity. This paper presents a protection level (PL) computation method for carrier phase
differential GNSS (CDGNSS) that operates with measurement-domain monitors. We derive the biases in the Kalman filter
estimates caused by undetected faults with consideration of the recursive nature of the filters. The impacts of these biases

on fixed-baseline solutions and ambiguity resolution are separately derived under the worst-case scenario. These impacts

are then combined to compute the PL. The performance of the proposed method is assessed through simulations assuming

the use of an ephemeris monitor. The computed PLs are compared with PLs computed using a Solution Separation (SS)-
based method. The obtained results show that, for short baselines, the proposed method yields smaller PLs and a lower
computational burden by avoiding parallel multi-subset filtering. Sensitivity analyses across inter-vehicle separations indicate
that the performance degrades with increasing baseline distance, whereas the benefits are strongest at short separations.
Given these characteristics the approach is well-suited to tightly spaced multi-vehicle operations.

Keywords: ambiguity resolution, carrier—phase differential GNSS, integrity, protection level, range domain monitor
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Table 1. Simulation parameters.

Parameters Values
Navigation Integrity risk in vertical direction (I,,,) 10”7
requirements | Continuity risk under fault-free (C,,,.) 10°
Faults A priori probability of a satellite measurement fault (P,,)) |10°
The number of maximum simultaneous faults Single
Location Daejeon, South Korea
Environments |Constellation GPS 24 / Galileo 27
Frequency L1/L5 for GPS, E1/E5a for Galileo
Code multipath error 0: 1+3.09-exp (-3, )m, 7:30's
Measurement ) )
error models Carrier multipath error 0: 2+6.18-exp(- > )cm, 7:30s
Ionospheric decorrelation error 4mm/km
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Fig. 1. Vertical Protection Level (PL) comparison between the proposed
method (black solid line with circle markers) and the SS-RAIM method (gray
dashed line with diamond markers) for a baseline distance of 10 m.

Fig. 2. Vertical Protection Level (PL) comparison between the proposed
method (black solid line with circle markers) and the SS-RAIM method (gray
dashed line with diamond markers) for a baseline distance of 200 m.
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Fig. 3. Vertical Protection Level (PL) comparison with respect to baseline
distances.
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ABSTRACT

This paper presents a Lie Group Extended Kalman Filter (LGEKF) for attitude estimation, formulated directly on the special
orthogonal group SO(3), to preserve the geometric properties of 3D rotations. Unlike conventional methods that suffer
from singularities or normalization issues, our approach leverages an exponential map to propagate rotations and fuses the
Magnetometer, Accelerometer, Rate Gyroscope (MARG) sensor data while respecting the manifold structure of the SO(3).
Using a dynamically challenging helical trajectory with realistic sensor noise and biases, we demonstrate that the LGEKF
significantly outperforms the standard Extended Kalman Filter (EKF), reducing Root Mean Square (RMS) errors by 26.7% in
yaw (0.44° vs. 0.60°), 99.48% in pitch (0.007° vs. 1.34°), and 99.84% in roll (0.008° vs. 5.15°). The covariance propagation of the
filter remained stable even during aggressive maneuvers, reflecting its robustness in highly dynamic scenarios. The simulation
results highlight the superiority of the LGEKF in drift mitigation and estimation efficiency, making it ideal for real-time
applications in autonomous navigation vehicles in underwater environments and other Global Positioning System (GPS)-

denied environments.

Keywords: Lie group, EKF, MARG, attitude estimation, SO(3)

1. INTRODUCTION

Accurate attitude estimation is a cornerstone of navigation
and control in autonomous vehicles, spanning a diverse array of
platforms, such as aerial drones (Sabet et al. 2018), underwater
vehicles (Kim et al. 2011), and spacecraft (Zhu et al. 2024). As
these systems increasingly operate in complex environments
that are often devoid of reliable Global Positioning System
(GPS) signals, the need for robust and drift-resistant estimation
techniques has become critical (Alghamdi et al. 2025). These
techniques ensure operational integrity and enhance the safety
and reliability of autonomous systems during high-stakes
missions.

Traditional methods for representing orientation, such
as Euler angles, are plagued with limitations, including
singularities such as gimbal locks, which can abruptly hinder

Received Aug 17, 2025 Revised Oct 17,2025 Accepted Nov 11, 2025

navigation capabilities (Jwo 2021). In contrast, quaternion-
based approaches offer a solution by avoiding these
singularities; however, they introduce complications, such
as the necessity for normalization and ambiguities in sign
representation (Zhang et al. 2018). Such challenges highlight
the need for alternative methods that are geometrically
consistent and mathematically rigorous (Shi et al. 2024).

One promising avenue lies in the utilization of the Lie group
theory, particularly through the Special Orthogonal Group
SO(3), which mathematically represents 3D rotation matrices
(D'Eleuterio & Barfoot 2022). This framework not only maintains
the essential properties of rotations, such as orthonormality and
determinant constraints (Sol'a et al. 2018), but also eliminates
the need for ad-hoc normalization typical of quaternion-based
filters. The ability to handle rotations without singularities makes
SO(3) particularly advantageous in highly dynamic scenarios,
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where linear approximations often fail to encapsulate the
nonlinear characteristics of rotational motion (Qin 2024).

As technology advances, the proliferation of low-cost
Magnetometer, Accelerometer, and Rate Gyroscope (MARG)
sensors such as MEMS-based Inertial Measurement Units
(IMU ) has intensified the demand for robust attitude estimation
algorithms (Hyyti & Visala 2015). These sensors, which combine
accelerometers, gyroscopes, and magnetometers, provide a
wealth of data that, when accurately processed, can significantly
enhance navigation capabilities (Chu et al. 2017). Although
Kalman filters remain the widely accepted gold standard
for state estimation, their application to Lie groups requires
meticulous attention to the state propagation and measurement
models to maintain accuracy and reliability (Liu et al. 2023).

Prior research has explored various approaches, including
invariant extended Kalman filters (IEKFs) (Chauchat et al. 2017)
and unscented filters (Daid et al. 2020), specifically designed for
implementation in SO(3). The proposed Lie Group Extended
Kalman Filter (LGEKF) aims to bridge this gap by combining
geometric invariance with enhanced nonlinear estimation fidelity.

Our study aims to present a comprehensive framework that
enhances the robustness and accuracy of attitude estimation
techniques.

1) Formulating the attitude estimation problem in Lie

group, in the framework of Extended Kalman filter.

2) Explicit derivation of Jacobian matrices of the process
model and measurement model.

3) The filter’s performance is validated with noisy
synthetic datasets, achieving sub-degree Root Mean
Square (RMS) errors in yaw, pitch, and roll).

4) Deriving a process model for SO(3) that directly integrates
gyroscopic rates via the exponential map, avoiding
linearization errors.

5) Proposing a measurement model that fuses synthetic
accelerometer and magnetometer data while respecting
the group’s geometry.

1.1 Related Work

Lie group-based estimation has gained traction with the
development of the invariant observer theory, which exploits
symmetries in dynamical systems. For attitude estimation,
the SO(3) formulations outperformed quaternions by
preserving orthonormality and avoiding renormalization.
Recent studies have shown that probabilistic filters on SO(3)
handle uncertainty propagation more naturally, a feature that
we leverage in our Kalman filter design (Aslam et al. 2025).

MARG sensor fusion has been extensively studied with
lightweight solutions such as Madgwick’s gradient-descent
filter and Mahony’s complementary filter (Hoang et al.
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2021). However, these methods often lack robust uncertainty
quantification provided by Kalman filters. Our approach
combines the geometric fidelity of SO(3) with the optimality of
Kalman filtering, effectively addressing the limitations of both
domains. A recent study (Ko et al. 2022) further demonstrated
the effectiveness of the Lie group approach in dynamic-model-
aided navigation for multirotor UAVSs, whereas (Jeong & Ko
2024) extended this framework to underwater vehicle navigation
by compensating for sensor misalignment using the Lie theory.

Recent advances in state estimation of manifolds have
demonstrated that utilizing the underlying Lie group structure
of SO(3) leads to more stable and accurate filtering methods.
The IEKF exploits system symmetries through invariant error
formulations to achieve theoretically appealing properties such
as state-independent Jacobians and improved consistency
guarantees, and enhances stability and convergence by not
relying on the direct linearization of nonlinear processes and
measurement models (Ko et al. 2018). This approach has
demonstrated superior performance compared with standard
Extended Kalman Filters (EKFs) in various applications,
particularly in visual-inertial odometry and robotic navigation,
where the symmetry properties are pronounced (Barrau
& Bonnabel 2014). Another emerging trend is the direct
use of probabilistic filtering on Lie groups, which improves
robustness under sensor drift and noise features that align
closely with the demands of navigation in unstructured
environments (Guo et al. 2023).

The widespread adoption of low-cost MARG sensors has
created opportunities for robust attitude estimation with
reduced costs and sizes (Wu et al. 2016). Although classical
filtering methods offer lightweight solutions, they often struggle
in environments with sensor degradation or aggressive motion.

The present work contributes to this landscape by proposing
an LGEKEF that adopts a philosophical approach different from
the IEKF methodology. While the IEKF emphasizes theoretical
invariance through group symmetries, our LGEKF focuses on
geometric consistency through an explicit treatment of the SO(3)
manifold structure. Our approach strikes a balance among
geometric fidelity, estimation efficiency, and robustness, making
itideal for embedded systems and real-time applications.

1.2 Technical Challenges and Contributions

« Gyroscopic measurements induce nonlinear state transitions
in the SO(3). Prior linearized filters such as EKFs can diverge
during rapid maneuvers. Our process model employs an
exponential map to accurately propagate rotations.

o Accelerometer and magnetometer measurements must
be projected onto SO(3) without distorting the manifold.
We normalized the data and enforced orthonormality
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Table 1. Symbols used in this paper.

Symbol Description
R(k) Rotation matrix from body frame to inertial (NED) frame at time k; R(k) €SO(3)
w(k) Angular velocity vector € R’, measured by gyroscope, expressed as [p(k),q(k),r(k)]"
p(k), q(k), r(k)  Roll, pitch, and yaw rates respectively at time k, measured in rad/s from the gyroscope
G Known gravity vector in the NED frame, typically [0,0,1]"
m, Known, normalized magnetic field vector in the NED frame
a,(k) Accelerometer output in the body frame at time k
m,(k) Magnetometer output in the body frame at time k
a,(k) Normalized accelerometer vector
my(k) Normalized magnetometer vector
z(k) Measurement vector, stacking both normalized sensor readings: z(k) €R°®
At Sampling interval or time step
L Skew-symmetric matrix operator for cross-product in SO(3)
f?(k|k) Estimation of attitude represented in SO(3)
F(k) Jacobian of the process model with respect to the rotation state R(k).
H(k) Jacobian of the measurement model with respect to the rotation state R(k).
Q(k) Process noise covariance matrix
V(k) Measurement noise covariance matrix
P(k) Covariance matrix of the attitude estimation error
K(k) Kalman gain matrix
e(k) Innovation (residual) vector in the measurement update step
exp(-) Exponential map
T Tangent-space perturbation induced by the gyroscope noise.

b,(1), b(1), b,(t) Time-varying biases for gyroscope, accelerometer, and magnetometer, respectively.
(1), 1.(8), n,,(t) Gaussian noise terms for gyroscope, accelerometer, and magnetometer, respectively.
a(t), 0,(1), 0,,(t) Standard deviations of sensor noise for gyroscope, accelerometer, and magnetometer, respectively.

constraints to maintain the integrity of the geometric
framework.

1.3 Article Organization

The remainder of this paper is organized as follows. The
methodology and outline of the main topic are presented
in Section II. Section III presents and discusses our
results. Finally, Section IV provides the conclusions and
recommendations for future research.

2. PROCESS AND MEASUREMENT
MODELS ON SO(3)

In this section, the process and measurement models
used in the LGEKF for attitude estimation are defined. The
formulation is grounded in the Special Orthogonal Group
SO(3), which accurately represents the 3D rotational motion
without singularities or overparameterization. The sensor
inputs included triaxial angular velocity, linear acceleration,
and magnetic field measurements from the MARG sensor
unit.

2.1 Problem Formulation

In this section, the problem statement of the research is

outlined, and the mathematical symbols used throughout
the study are detailed in Table 1.

Cmenswmen
Objective: To estimate the 3D orientation (attitude) of a rigid body over
time using MARG sensor data.
Given:
(i) Angular velocity from gyroscope,
(ii) Specific force from accelerometer,
(iif) Magnetic field from magnetometer.
Reference Frame: The inertial frame is defined as NED.
Approach: Employ a LGEKF formulated on SO(3) to recursively estimate
the attitude
represented by rotation matrix R(k).
\Output: IAR(k|k), an estimate of the orientation of the body at each time step k./

2.2 State Representation on SO(3)

The state variable in our model is the rotation matrix
R(k) € SO(3) which maps vectors from the body-fixed frame
to the inertial (world) frame. SO(3) group is defined as

SO(3)=1{R € R™|R'R =1, det(R) = +1}. 1)
This matrix describes the orientation of the body frame
with respect to the fixed reference frame. The reference

frame in the proposed system is the NED frame. Accordingly,
gravity is represented by

gn=[0 0 1]" ()

http://www.ipnt.or.kr
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This implies that gravity acts downward along the
positive z axis in the NED frame. The Earth's magnetic field
is denoted by m,€R®, a known, normalized vector in the
NED frame obtained from geomagnetic models.

2.3 Process Model

Attitude dynamics are driven by the angular velocity
vector measured in the body frame.

p(k) (3)
w(k) = [q(k)|.
r(k)

The continuous-time rotational motion is discretized
using the exponential map from the Lie algebra SO(3),
leading to a discrete-time attitude update:

R(k 4+ 1) = R(k) exp(lw (k)] Ab). (4)

Process Noise Incorporation: The process noise enters
through gyroscopic measurements during state propagation.
Considering the noisy angular velocity measurement
a(k)=w(k)+w, k) where w,(k)~N(0,Q,) is zero-mean Gaussian
noise, the discrete-time process model accounts for
uncertainty as shown in Eq. (4). The process noise covariance
Q(k) in the filter represents the linearized effect of w, (k) on
the state in the tangent space of SO(3).

The skew-symmetric matrix|w(k)] « is given by:

0 -rk) ql)
lw()]x = | r(k) 0 —pl)|. (5)
—q(k)  p(k) 0

This matrix encodes the cross-product operation, and
when used in the exponential map (Eq. (4)) ensures that the
updated rotation R(k+1) remains on SO(3), preserving the
orthonormality and avoiding drift.

2.4 Measurement Model

The measurement model fuses normalized accelerometer
and magnetometer data to estimate the vehicle orientation.
These sensor readings were expressed in the body frame
and mapped to known reference vectors in the inertial
(navigation) frame.

2.4.1 Normalization of sensor measurement data

At each time step, the raw accelerometer and magnetometer
outputs are:

https://doi.org/10.11003/JPNT.2025.14.4.341

ay (k) my (k)
a, (k) = |ay (k) [, my, (k) = |my, (k) |. (6)
a,(k) m, (k)

Normalized accelerometer (a, (k)) and magnetometer (m,
(k)) measurements are:

a, (k) my, (k)

B = Ta, G ™ = Ton, T ®

The full measurement vector is:
_ ab(k) 6 8
2(k) = [ﬁlb(k) € RS. ®8)

2.4.2 Measurement equation

The normalized inertial vectors are projected to the body
frame:

_pT
20 = 7 Ug’)‘r)ril"]ezeé. 9)

2.5 Linearization and Jacobians

The LGKEF requires linearizing nonlinear models around
the current estimate. The perturbations are expressed in
the tangent space SO(3). Unlike the IEKF, which exploits
symmetry to achieve state-independent Jacobians, our
approach derives explicit state-dependent Jacobians
through a perturbation analysis, providing mathematical
transparency while maintaining geometric consistency.

2.5.1 Process model Jacobian

The state-transition Jacobian reuses Eq. (4)’s Exponential
map. Its Jacobian with respect to R(k) is

OR(k + 1)

F(k+1) =76R(k)

= {exp(lw(i) . A0)}".  (10)

This ensures the rotation matrix R(k+1) remains properly
constrained on SO(3).

2.5.2 Measurement model Jacobian

Using the identity in Eq. (9), the Jacobian becomes:

A(RTv)
R

= RT|v|«R. (11)
Consequently, the Jacobian can be represented as:

—RTKIOLgnRKIO] _ poxs (12)

U = | RT (ki) R (K1)
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2.6 Lie Group Extended Kalman Filter Formulation

The LGEKF operates through the following prediction
and correction steps:

Prediction:
R(k + 11k) = R(k|k) exp(lw(k)|<At) (13)
Pk + 1|k) = F(k)P(k|k)FT (k) + Q(k) (14)
Correction:

K(k+1)=Pk+1|k)HT(k + 1)
[Hk + Pk + 1|K)HT(k+ 1) +V]™t  (15)

Innovation:

e(k+1) =z(k+1) —h(R(k + 1]k)) (16)

State Update:
Rk + 1|k +1) = R(k + 1]k) exp(IK(k + De(k + D],) (17)

Covariance Update:

P(k + 1|k + 1)
=(-K(k+1DHMk+1)P(k+1)
(I - K+ DHKk + 1))
+ K(k + 1DRK(k + 1) (18)

This formulation ensures that attitude estimation remains
consistent with the geometry of SO(3), enabling robust and
accurate performance even in highly dynamic environments.

2.7 Estimation Error Definition on SO(3)

A critical aspect of applying a Kalman filter to a manifold
is the proper definition of the estimation error. Following
the Lie theory framework (Sol'a et al. 2018), we define a
right-invariant error that measures the discrepancy of the
estimate from the truth. The right-invariant estimation error
is defined by using the following convention:

80(k) = R(k|k) © Ryo(K) = log{R,.(k)"R(K|K)}, (19)

true

where 80(k) € R’ represents the error vector in the Lie algebra
SO(3). The error covariance matrix P(k) is then defined as

P(k) = E[8(k) 86" (k)]. (20)

The process noise covariance Q(k) represents the
covariance of the gyroscope noise vector w,(k). The gyroscope
noise enters the rotation propagation through the exponential
map, producing a perturbation 7 in the Lie algebra tangent
space. Therefore, the process noise covariance in the Lie

algebra is

QU = E[r 7], (21)

where T €R’ represents the tangent-space perturbation
induced by the gyroscope noise.

3. SIMULATION RESULTS AND DISCUSSION

This section presents a thorough validation of the
proposed LGEKF through comprehensive simulations with
emphasis on attitude estimation accuracy. To establish
a robust benchmark, we compared the LGEKF with the
conventional EKF, which is a widely recognized and
extensively utilized baseline in nonlinear state estimation.

The EKF operates as a conventional filter for attitude
estimation and lacks sophisticated techniques integrated
within the LGEKF. Our analysis focuses on the precision of
the attitude estimation results, highlighting the advantages
of the proposed method. The results illustrated in the
accompanying figures demonstrate the comparative
performance of both methods across various scenarios.

3.1 Simulation Setup

To rigorously evaluate the performance of the proposed
LGEKF against that of the conventional EKF, we generated
synthetic sensor data based on a helical trajectory (Fig. 1),
which is a dynamic motion profile that combines continuous
rotation and translation. The corresponding sensor
measurements, including the gyroscope, accelerometer, and
magnetometer data, were corrupted with realistic MEMS
noise and biases to emulate low-cost MARG sensor behavior
under demanding motion conditions. This trajectory
challenges filters with time-varying angular velocities and
accelerations, mimicking real-world scenarios, such as
autonomous underwater vehicle (AUV) maneuvers.

3.1.1 Synthetic trajectory generation

The true attitude motion follows a 3D helical path defined
by:

« Angular velocity w(t): Time-varying, with sinusoidal
components in the body frame to simulate agile
rotations.

 Position and acceleration: Attitude dynamics were
coupled to ensure physically consistent accelerometer
measurements.

3.1.2 Sensor models

http://www.ipnt.or.kr
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Fig. 1. Synthetically generated trajectory and sensor data.

The synthetic measurements for the gyroscope and
accelerometer were modeled with realistic noise and bias
characteristics, emulating the low-cost MEMS sensors
commonly used in practical applications.

1) Gyroscope model:
The measured angular velocity @(t) is corrupted by time-
varying bias b, () and Gaussian noise 7, (£):

@(t) = w(t) + by(t) +n4(t), (22)

where w(f) is true angular velocity (in rad/s), b,(t) is bias
modeled as a random walk process given by b,(t) = #b, (1),
where b, (t) follows a normal distribution N(O,abgz), and 7,
(1) is zero-mean Gaussian noise which follows N(0,0;).

2) Accelerometer model:
The specific force measurement a(t) includes gravity,
bias, and noise:

a(t) = RT(£)(g + ba(t) +na(1)), (23)

where R(t) is the rotation matrix that transforms from the
body frame to the world frame, g=[0 0 -9.81]" m/s’ is the
gravity vector, b,(t) is the accelerometer bias (constant or
slowly varying), and #,(t) is the Gaussian noise following a
normal distribution N(0,07).

https://doi.org/10.11003/JPNT.2025.14.4.341

3) Magnetometer model:
If simulating an AHRS, the magnetometer measures:

m(t) = RT(t)mref + by (8) + nm(t): (24)

where m,,;=[0.2 0 0.4]" Gauss is reference earth magnetic
field, b,,(t) is the magnetometer bias (constant or slowly
varying), and 7,(t) a Gaussian noise with distribution of
N(0,02).
Noise and Bias Parameters: To reflect realistic sensor
imperfections, the following parameters were adopted:
(a) Gyroscope
Noise (0,): 0.0035°/s/yHz, Bias Instability: 10 /hr,
Range: +450°/s.
(b) Accelerometer
Noise (0,): 50 pg/Hz, Bias Instability: 20 pg Range:
+160 m/s?.
(c) Magnetometer
Noise (0,,): 0.15 mGauss/\Hz, Bias Vector: [0.002,
-0.003, 0.001] Gauss, Range: +2.5 Gauss.

The process noise covariance Q = 3.73x10°; is derived
from the gyroscope's angular random walk of o, = 0.0035°/
s/yHz, converted to 6.11x10* rad/s at 100 Hz sampling
rate using the relation Q:ogZAt. The measurement
noise covariance R = blkdiag (2.41x10°I5, 2.25x10°%15)
incorporates the accelerometer velocity random walk of ¢,
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(@)

©

Fig. 2. Attitude estimation; (a) yaw, pitch, and roll estimation, (b) Covariance trace for yaw, pitch, and roll, (c) estimation error of yaw, pitch, and roll.
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Table 2. Comparison of attitude estimation error.

Attitude Yaw Pitch Roll

error (deg) EKF LGEKF EKF LGEKF EKF LGEKF
MN 0.4616 0.35485 1.1749 0.0002942 4.1671 0.0046262
STD 0.37703 0.26732 0.63908 0.0068367 4.0362 0.0066115
Min -1.5859 -0.97334  -3.7105e-10 -0.026141 -11.227 -0.030834
Max 0.054148 0.072937 2.1873 0.022682 3.7982 0.022099
RMS 0.596 0.44347 1.3374 0.0068429 5.1531 0.0080692

=4.91x10"® m/s? (from 50 pg/yHz) and magnetometer noise
of 0, = 1.5x10® Gauss (from 0.15 mGauss/yHz). The initial
covariance P = 1.22x107I; corresponds to an initial attitude
uncertainty of +2° (1) in each Euler angle, reflecting typical
static alignment accuracy with the XSENS MTi-G-710
specifications.

3.2 Results

This section presents a comprehensive evaluation of the
proposed LGEKEF for attitude estimation, and compares
its performance with that of the conventional EKF using
synthetic MARG sensor data. The results were analyzed
using three key metrics: attitude estimation accuracy,
covariance trace, and estimation error, as illustrated in Figs.
2 and 3 and quantified in Table 2.

Fig. 2a compares the yaw, pitch, and roll estimation
performances of the LGEKF and conventional EKF against
the ground truth. Across all three axes, the LGEKF tracked
the ground truth much more closely, maintaining small
errors even during abrupt attitude changes and large
rotation maneuvers. In yaw estimation, the LGEKF curve
almost overlapped with the ground truth throughout the
simulation, whereas the EKF exhibited significant deviations
during high-dynamic periods. Similar trends were
observed in the pitch and roll, where the EKF produced
large overshoots and undershoots, especially during
rapid orientation changes, whereas the LGEKF remained
relatively stable. These results confirm that the geometry-
preserving SO(3) formulation of the LGEKF mitigates the
drift and linearization errors, enabling robust performance
under both slow and fast rotational dynamics.

Fig. 2b depicts the evolution of the covariance traces
for all three attitude components, representing the
internal uncertainty estimates of the filter. The LGEKF
maintained consistently low covariance values close to zero
throughout the simulation, with smooth, stable traces that
demonstrated well-calibrated uncertainty quantification.
For the yaw and pitch components, the LGEKF showed
a nearly constant covariance near zero, whereas for the
roll component, both the LGEKF and EKF exhibited
gradual increases in covariance over time. However, the
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Fig. 3. Estimation statistical error.

roll covariance of the LGEKF remains significantly lower
than that of the EKF throughout the entire trajectory,
demonstrating better uncertainty management. This
stable covariance propagation indicates that the Lie group
formulation preserves consistent confidence levels despite
the dynamic motion.

Fig. 2c quantifies the absolute estimation errors for yaw,
pitch, and roll, presenting the time histories of the attitude
estimation errors for both the LGEKF and the conventional
EKF. The LGEKF demonstrated superior performance
across all three axes, maintaining significantly smaller error
magnitudes than the EKF throughout the entire simulation.
For pitch and roll estimation, the LGEKF achieves
exceptional accuracy with errors consistently near zero,
demonstrating its ability to precisely track these critical
attitude components. In contrast, the conventional EKF
exhibited substantially larger error magnitudes and more
pronounced oscillations. Overall, the figure underscores
the capability of the LGEKF to provide a more accurate,
stable, and reliable attitude estimation with a dramatically
reduced error drift and fewer large deviations compared to
the standard EKF formulation.

Table 2 and Fig. 3 demonstrate that the proposed
LGEKEF significantly outperforms the conventional EKF in
terms of both the mean and RMS errors across all attitude
components (yaw, pitch, and roll). For yaw estimation, the
mean error decreased from 0.46° (EKF) to 0.36° (LGEKF),
and the RMS error was reduced from 0.6° to 0.44°. Pitch
estimation shows a similar improvement, with mean error
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Table 3. General performance characteristics of EKF and LGEKF.

Metric EKF LGEKF Advantage
Computational performance
Total processing time 0.5636 sec  3.04 sec EKEF (5.4x faster)
Iteration time 28 ps 152 ps EKF (5.4x faster)
Max update rate 35485Hz 6,569 Hz  EKF (5.4x higher)
Accuracy & Error
Final RMSE 4.91° 0.56° LGEKEF (8.8x more accurate)
Mean roll error 4.1671° 0.007° LGEKEF (595x better)
Mean pitch error 1.1749° 0.006° LGEKEF (195x better)
Mean yaw error 0.4652° 0.36° LGEKEF (1.3x better)
Robustness & Stability
Singularity events 0 0 Both robust
Robustness score 10.0/10 10.0/10 Both perfect
Group structure N/A Areserved LGEKF
Stability assessment Limited Enhanced LGEKF
Computational distribution
Prediction time 6.8% 37.0% EKF (lighter prediction)
Update time 93.2% 63.0% Balanced
Exponential operations N/A 59.5% EKF (no exponentials)

decreasing from 1.18° to 0.0003°, and RMS error dropping
from 1.34° to 0.007°. Roll estimation benefits even more,
with mean error reducing from 4.17° to 0.005° and RMS
error decreasing sharply from 5.15° to 0.008°. These RMS
reductions indicate not only higher accuracy but also
improved stability over time. Fig. 3 visually reinforces these
results, showing consistently smaller bars for the LGEKF
across all statistical metrics, indicating the enhanced
stability, accuracy, and robustness of the proposed filter in
attitude estimation.

The comparative analysis in Table 3 reveals a clear
tradeoff between computational efficiency and estimation
accuracy. The EKF demonstrates superior computational
performance, operating 5.4 times faster than the LGEKF
with a maximum update rate of 35.5 kHz, making it
suitable for resource-constrained real-time applications.
However, it exhibits significantly poorer attitude estimation
accuracy, particularly in roll (4.17° error) and pitch (1.17°
error), owing to Euler angle singularities and linearization
limitations. In contrast, the LGEKF achieved exceptional
estimation precision with sub-degree errors across all
axes (0.56° RMSE) and near-perfect roll/pitch estimation
(0.006-0.007° errors), leveraging its Lie group formulation
to avoid singularity issues. While the LGEKF requires
3.04 of processing time primarily due of expensive matrix
exponential operations (59.5% of the computation), its
8.8x improvement in overall accuracy and guaranteed
group structure preservation make it a superior choice for
applications demanding high-precision attitude estimation.

The computational performance reported in Table
3 was measured on a desktop computer with hardware
configuration featured an Intel(R) Core(TM) i7-10700F CPU
@ 2.90 GHz and 16.0 GB of RAM. The simulations were

conducted using MATLAB R2024b.
To establish clarity and reproducibility, the performance
metrics in Table 3 are defined as follows:

o Singularity events: the number of instances in which
the algorithm encountered a mathematical singularity,
such as a gimbal lock. A value of zero indicates robust
operation without singularities throughout the
simulation.

Robustness score: A qualitative score (0-10) evaluating
the filter's resilience under challenging conditions,
including aggressive maneuvers and sensor noise,
where 10/10 indicates no observed divergence or
catastrophic failure.

Stability assessment: A qualitative evaluation based
on covariance propagation behavior and error
boundedness, where "enhanced" indicates stable,
consistent performance and "limited" suggests
potential over-confidence or error divergence.

Group structure preservation: A binary metric indicating
whether the estimated rotation matrix inherently remains
on the SO(3) manifold, satisfying the constraints R" R=I
and det(R)=+1 at all times.

4. CONCLUSIONS

This study introduced an LGEKF for attitude estimation
formulated on the special orthogonal group SO(3) and
demonstrated its advantages over conventional methods
through rigorous testing using synthetic MARG sensor data.
The proposed approach successfully addresses critical
challenges in attitude estimation by preserving the geometric
properties of rotations through an exponential map and
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eliminating the singularities and normalization issues
inherent in the Euler angle and quaternion representations.

The simulation results clearly demonstrate the superior
performance of the LGEKF compared to the standard EKF.
The proposed method maintains a higher accuracy with
sub-degree RMS errors across all attitude angles, even
during aggressive maneuvers, where traditional approaches
typically degrade. Furthermore, the LGEKF exhibits a
more stable covariance propagation, reflecting its ability
to properly account for uncertainty under high-dynamic
conditions. This robust performance stems from the filter
foundation of Lie’s group theory, which ensures geometric
consistency throughout the estimation process.

Several promising directions have emerged for extending
this study. It is important to note that this study validated the
filter under the assumption of negligible non-gravitational
acceleration; therefore, a key future direction involves
extending the LGEKEF to explicitly model and compensate
for motion-induced acceleration. Future research should
investigate the performance of the filter with real sensor
data and explore its integration with complementary
navigation systems to enhance its robustness in challenging
environments. Additional improvements could focus
on adaptive tuning mechanisms and bias compensation
techniques to further increase reliability. The mathematical
rigor and computational efficiency of the LGEKF make
it particularly suitable for implementation in resource-
constrained autonomous systems, suggesting its broad
applicability across aerospace, marine, and robotic
applications.
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ABSTRACT

Regional navigation satellite systems (RNSS) consist of geosynchronous orbit for servicing positioning, navigation and timing
regionally. This presents a challenging environment for precise orbit determination (OD) as their regional ground networks
provide limited line-of-sight diversity and weaken the observation geometry. To address these limitations, this study focuses
on Japan’s Quasi-Zenith Satellite System (QZSS) as a representative RNSS and evaluates two practical improvement strategies:
(i) augmenting the processing with GPS observations, and (ii) expanding the ground tracking network. Three network
configurations are tested—an 11-station regional network (R11), a denser 20-station regional network (R20), and a 20-station
global network (G20)—under both QZSS-only processing (J) and joint QZSS+GPS (GJ) processing. Orbit and clock solutions
are evaluated against the product from the Multi-GNSS Experiment Project (MGEX) of the International GNSS Service (IGS)
as a reference. Using R11-]J (which is the most probable scenario and exhibits the largest QZSS 3D RMS in our scenarios)
as the baseline, including GPS reduces the QZSS 3D RMS by about 70% and shows a clear geometric benefit. Without GPS,
R20-J outperforms G20-], which indicates that for RNSS the number of usable observations from a denser regional network
dominates the advantage of global distribution. When GPS is incorporated, the overall optimum shifts to G20-GJ: adding
GPS raises QZSS OD to the level achieved by R20-GJ, while the GPS orbits are substantially more accurate—the mean (over
days) of the daily-median 3D RMS of GPS reaches ~6.7 cm, compared with ~23.1 cm under R20-GJ. The station-deployment
choice is tightly coupled to the processing strategy. If stand-alone independence is required, densifying the regional network
to ~20 stations is a more effective option; if GPS augmentation is acceptable, a globally distributed 20-station network is
recommended for maximum overall performance.

Keywords: orbit determination, RNSS, multi—-GNSS

1. INTRODUCTION

The main goal of Global Navigation Satellite Systems
(GNSS) is to provide a positioning, navigation, and timing
(PNT) service. GNSS are thus critical infrastructure for sectors
including transportation, defense and communication. The
service area of the navigation system is now being expanded
up to the Moon (Bhamidipati et al. 2021). As societal
dependence grows, exclusive reliance on the U.S. GPS has
raised concerns and motivated sovereign GNSS initiatives.
While GLONASS modernization has slowed, Galileo of the

Received Sep 26, 2025 Revised Oct 19, 2025 Accepted Nov 01, 2025

European Union and BeiDou of China have rapidly reached
full operational capability. Japan’s QZSS and India’s NavIC
provide regional services referred to as Regional Navigation
Satellite Systems (RNSS) (Montenbruck et al. 2017, Akiyama
& Montenbruck 2025). Consequently, more than 100
navigation satellites are currently observable (GSA 2020).
South Korea launched its own RNSS, the Korean Positioning
System program, in 2022 (Choi et al. 2020).

The accuracies of a satellite’s orbit and its’ onboard clock
are key parameters that determine the overall performance
of navigation satellite systems. Since orbit determination of
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navigation satellites relies on one-way range measurements
between satellites and ground stations, having more satellites
and tracking stations increases the number of independent
range geometries, which in turn improves the accuracy of
both orbit and clock solutions. Unlike global constellations
in medium altitude Earth Orbit (MEO), regional systems
deliver service over limited areas using Geostationary Earth
Orbit (GEO) and Inclined Geosynchronous Orbit (IGSO)
synchronized with the Earth’s rotation. Since ranging-based
navigation benefits from more satellites and more tracking
stations, the observation geometry for GEO/IGSO is weak:
long ranges and limited time-varying viewing geometry
hinder precise orbit determination (Montenbruck et al.
2017, Kawate et al. 2023, Akiyama & Montenbruck 2025).
Japan’s MADOCA tool shows that QZSS’s orbit solutions
achieve about 10 cm and 80 cm median daily RMS for IGSO
and GEO from 88 ground stations, respectively (Kawate
et al. 2023). Li et al. (2020) presented comparison results
of orbit determination solutions between MGEX products
and showed good agreement in a range of 10~50 cm for
IGSO. However, the mean difference of the along-track of
GEO satellite between products is about 250 cm due to low
measurement sensitivity. In the case of MEO such as GPS, the
level of orbit accuracy is about a few cm.

Numerous studies to improve orbit determination
accuracy through additional measurements such as two-
way time and frequency transfer or augmenting low Earth
orbit constellation have been reported (Tang et al. 2016,
Chen et al. 2022a, Ge et al. 2022, Li et al. 2024). Nevertheless,
adding more satellites and ground stations is the most direct
way to obtain more accurate orbital position. However, for
RNSS this approach is difficult because satellites in RNSS are
deployed in limited areas in the sky when they are seen from
the surface of the rotating Earth. Another challenge is the
cost for service providers. Expanding the ground monitoring
network—often requiring overseas deployments—incurs
substantial installation and operations-and-maintenance
costs and makes sustained international cooperation
indispensable. Accordingly, maximizing orbit determination
performance under constrained resources is essential. Two
common mitigation strategies are (i) incorporating other
GNSS systems (typically GPS) and (ii) expanding the ground
network as effectively as possible.

In this study a technical analysis is carried out to address
two core questions. First, in a RNSS system, what performance
gains can be expected if GPS measurements are included
in the data processing. Including GPS is thus an option for
regional systems such as QZSS and KPS that are designed to
interoperate with GPS. Second, when the decision on GPS
augmentation is left open, the key question is which network-
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expansion strategy proves more effective: regional densification
or a globally distributed network? Several scenarios that vary
GPS inclusion and the spatial distribution of the tracking
network (regional vs. global) are designed and then evaluated
using real QZSS and GPS data from IGS’s tracking network.
The resulting orbit accuracies are calculated by comparing
with a reference product released by International GNSS
Service (IGS). We also analyze relative performance to provide
a technical basis for identifying a practical strategy.

2. DATA PROCESSING SCENARIO

2.1 Scenarios Configuration

Scenarios in this study are focused on actual operation
of a RNSS. Therefore, the baseline of the scenario consists
of several satellites in geosynchronous orbit and about 10
oversea ground stations. The real data of QZSS would be the
best option to test the reliability of the proposed scenarios.
The variations of the base scenario are then configured, and
the resulting orbit determination performance is compared
with the base scenario. The initially proposed distribution of
KPS’s monitoring stations is one domestic and 10 overseas
tracking stations over the Asia-Pacific region (Choi et al.
2020).

Coprocessing the GPS signal with QZSS is the key variation
from the base scenario in this study. For QZSS and KPS,
which declare interoperability and compatibility with GPS,
a possible option is to consider incorporating GPS into their
orbit determination processing. Increasing measurements
by increasing the number of satellites would be a cost-
effective and promising option. However, from an operator’s
point of view, using additional measurements not included
in its management could decrease the independence and
completeness of the RNSS. Unlike a system operator, there
are already many efforts in scientific and commercial areas
to service improved orbit solutions achieved through multi-
navigation satellites (Montenbruck et al. 2017, Li et al. 2019,
Chen et al. 2023, Kawate et al. 2023).

Based on these considerations, the following scenarios
listed in Table 1 are selected. The number of tracking
stations (20) is chosen based on the cases of GPS and
QZSS. While GPS now has about 20 ground stations, QZSS
had about 15 regional stations at the time of starting four
satellites. However, QZSS has more than 30 global tracking
stations for coprocessing QZSS and GPS (Kugi & Masaharu
2018, Numata & Kenji 2023). One consideration that should
be noted here is that we evaluated the scenarios using real
data from QZSS. The constellation QZSS therefore consists



Table 1. Test scenarios.

Scenario Satellite system Number (Tf Distributiox.l of ground
ground station station

R11_J QZSS 11 Asia-Pacific Region
R11_GJ QZSS + GPS 11 Asia-Pacific Region
R20_J QZSS 20 Asia-Pacific Region
R20_GJ QZSS+GPS 20 Asia-Pacific Region
G20_J QZSs 20 Global

G20_GJ QZSS+GPS 20 Globa

of one GEO and three IGSO satellites, which is still less than
the designed constellation (QZSS 2025) at the time of this
test, namely, from day of year (DOY) 30 to 49 in 2024.

During the test period, the ground stations worked
normally, but one of the QZSS satellites was not processed
for seven days among the total 20 days, because of
maneuvering or malfunction. The test configuration and
period were not changed since the effect of the number
of satellites in RNSS can be investigated through real-
data processing. The first letter in the scenario denotes the
distribution type of ground station, i.e., (R)egional and (G)
lobal, and the following number is the number of ground
stations. The last one or two letters after the underscore
refer to the constellation; namely, ] is QZSS and G is GPS.

From the scenarios in Table 1, the following aspects can
be investigated through comparison of the results. First,
it is important to determine whether incorporating GPS
into orbit determination is advantageous even for a small,
regionally confined monitoring network. Second, when
more ground stations are available, the global distribution
could be a better strategy over a regional distribution or
vice versa. This analysis is particularly valuable to assess
the improvement of QZSS orbit quality by use of a dense
regional distribution as compared to adding GPS signals
from a globally distributed network. Namely, when the
inclusion of GPS has not yet been determined, the study
can help decide, as the monitoring network is expanded,
whether broader global coverage is preferable to increased
station density within the region.

Fig. 1 shows the distribution of R11, R20, and G20 using
different symbols. The networks R20 and G20 include
stations in R11 to assess the effect of additional stations to
the base network globally or regionally. The stations in this
study are selected from IGS MGEX stations that provide
QZSS (Montenbruck et al. 2017).

2.2 Data Processing

The orbit determination process in this study is tuned
for actual operational situations and real observation from
ground stations belonging to the IGS network. While there
are several options to optimize the orbit determination
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Fig. 1. Distribution of ground stations for R11, G20, and R20.

results besides the number of ground stations and their
distribution, we retain the same options for all scenarios such
as arc-length and sampling interval. Orbit determination in
this study is performed using Positioning and Navigation
Data Analyst (PANDA) software (Choi et al. 2020, Chen et al.
2022b), which is based on a batch-based processing strategy.
The detailed features of PANDA can be found in the article by
Li et al. (2019). Observation data downloaded from the IGS
Global Data Center are used. Since real data are used in this
study, the physical models for QZSS and GPS such as phase
center offset (PCO), phase center variation (PCV), and mass
are taken from the files provided by IGS, namely, the ANTEX
file (https://igs.org/wg/antenna/) and IGS satellite meta file
https://igs.org/wg/antenna/). The force and observation
models applied in the data processing are summarized in
Table 2. The processing configuration is optimized for a
RNSS that has a limited number of ground stations, such as
by loosening the residual editing constraint.

Since QZSS and GPS satellites transmit several common
frequencies for compatibility including L1, L2, and L5,
GPS Time (GPST) is used as a reference time system. The
observation equations for dual-frequency observation can
be expressed as follows (Choi et al. 2020),

P =ptc(deg+BY —dt’) + [, + T + &y 1)

2
PZ[G]] =p+c- (dtR + B}[ec] — dts) + %Il +T+ Ep2 (2)
2

N =pyc. (dtR + Bl — dts) —L+T+M4N, +¢, (3)

2
= ptc. (dtR + B~ dts) —%11 + T+ ,N, + &5 (4)
2
where P and L represent the code and carrier phase
measurements, respectively. The superscript G or J indicates
the constellation system, and the subscripts 1 and 2 denote the
frequency band. The range, p, includes antenna phase center
offsets and phase center variation of the satellite and the
receiver, the relativistic correction, and tidal effects as well as
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Table 2. Lists of the applied force and observation model.

Item

Models/Method

Force model

Earth gravity

Solid Earth tide, Pole tide
Ocean tide

N-Body

Relativistic perturbation
Solar radiation pressure
Earth orientation
Attitude model

EIGEN-G (12x12)

IERS Conventions 2010 (Petit & Luzum 2010, Roh & Choi 2014)
EOT11a (10x10) (Savcenko et al. 2012)

JPL DE405

IERS Conventions 2010 (Petit & Luzum 2010, Roh & Choi 2014)
ECOM2 (Prange et al. 2020)

IERS C04

Eclips.f (Kouba 2009 & Montenbruck et al. 2015)

Observation model

Observations
Signal

Elevation cutoff
Sampling rate
Arclength
Reference frame
Satellite PCO/PCV
Receiver PCO/PCV
Satellite metadata
Tropospheric delay
Station position

Undifferenced ionospheric free linear combination
L1/L2

7 degree

300s

24 hours

igs20

igsl4.atx

igsl4.atx

igs_satellite_metadata.snx

Saastamoinen with GMF (Boehm et al. 2006) , estimated zenith wet delay
igs combination solution

the geometrical distance between the satellite and the ground
receiver. The parameter ¢ denotes the speed of light in vacuum.
The satellite and the receiver clocks errors, denoted as df’ and
dt,, are estimated as white noise. The ionospheric and
tropospheric delay are represented by I, , and T, respectively; N
is the integer ambiguity; and the code and carrier-phase
observation noise, ¢, and ¢;, follow zero-mean Gaussian
distributions with standard deviations of 1.0 m and 0.005 m,
respectively. Lastly, when GPS measurements are included,
the intersystem bias, BR[G], is added into the equation. In the
data processing, the observations are weighted as elevation
angle. The frequencies f; and f, correspond to the L1 and L2
signals, respectively, and A, and A, are their wavelengths. Since
the orbit determination in this study is based on real
observation, the PCO values and PCV patterns are applied to
both satellites and ground receivers using the antenna phase
center correction model provided by IGS.

We set parameters to be estimated including the satellite’s
position and velocity, the satellite's clock error, the receiver’s
clock error, and the zenith wet delay due to the troposphere.
The determined orbital position and clock error are evaluated
using the product provided by the IGS MGEX project that
uses highly densified globally distributed ground stations
(Montenbruck et al. 2017, Steigenberger et al. 2023). The orbit
and clock product of MGEX covers most of the navigation
satellites and the orbital accuracy is believed to be at the level
of a few cm for MEO satellites and several decimeters for
IGSO.

The performance of the navigation system is expressed
as Signal-In-Space Range Error (SISRE). Because GNSS
positioning relies on one-way range observation, SISRE is
highly correlated with radial component error rather than
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along and cross track errors. Satellite clock error also projects
predominantly into the radial component error. As the aim of
this study is to analyze orbit determination performance, the
3-dimensional position errors are compared as well as the
decomposed radial component and the satellite clock error.

When comparing satellite clock solutions with a reference
product, clock-datum alignment must be handled, since
all satellite and receiver clock errors in the system are
constrained to the reference clock in the master station. In
our processing, we tightly constrain one satellite clock rather
than fix the reference clock on a ground receiver because the
master-station time scale for QZSS/GPS is not available in
these scenarios. Here, clock solutions are aligned with the
MGEX product by setting the reference clock as the mean
value of clock differences. Therefore, the standard deviation
of the clock difference is used as a performance parameter
across scenarios.

3. STRATEGICAL QUESTIONS

3.1 Effect of GPS Inclusion in Small Network (R11)

First, orbit determination is performed for the base
scenario with 11 regionally distributed ground stations.
The achieved orbit and clock errors are then compared
with the MGEX product from the GFZ analysis center
(Montenbruck et al. 2017). For the scenarios R11_J and
R11_GJ, the 3-dimensional position error of four QZSS
satellites and the standard deviation of satellite clock error
differences from the reference product are depicted in Figs.
2 and 3, respectively. As can be seen from Figs. 2 and 3,



(a) 3D RMS of orbit error (R11_J)

(c) 3D RMS of orbit error (R11_G)J)
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(b) std. dev. of clock error (R11-J))

(d) std. dev. of clock error (R11-GJ)

Fig. 2. 3D RMS orbit error and standard deviation of clock error for Scenarios R11-J and R11-GJ.

Table 3. Orbit and clock error determination result from R11-J and R11-GJ.

PRN 3DRMS (cm) Radial (cm) Along(cm) Cross (cm) std. Clk. (ns)
Jo7 478.7 30.3 476.9 36.1 0.9
Jo2 107.0 45.9 86.4 52.1 0.8
R11-J Jo3 98.4 44.8 75.4 48.4 1.0
Jo4 60.4 32.8 43.3 32.1 0.6
Mean of daily median 101.5 40.2 82.2 43.3 0.9
Jo7 409 12.8 408.5 14.2 0.4
Jjo2 325 21.3 19.5 15.4 0.5
R11-GJ Jo3 32 17.1 21.2 16.9 0.5
Jo4 21.1 10.8 15.7 11.3 0.3
Mean of daily median 335 14.9 23.6 13.6 0.4

PRN J04 (yellow) from DOY 35 to 37 and PRN J07 (purple)
from DOY46 to 49 are excluded due to outage of the satellite
(PS-QZSS-005 2025). It should be noted that some analysis
centers provide the solution for that satellite, even if the
outage is notified by the operator. In this study, we remove
those satellites from the analysis to remove unreliable
solutions. Table 3 summarizes the mean 3D RMS, the
decomposed position errors, and the standard deviations
of clock errors in two scenarios. The along-track error for
PRN JO07 is significantly larger than other QZSS satellites
because J07 is a geostationary orbit, the determination of
which in the along-track direction is challenging due to low
measurement sensitivity and poor geometry. Nevertheless,
radial directional accuracy is the most dominant factor to
determine the positioning quality since satellite navigation
systems are based on range measurement. Improving the

OD accuracy of GEO is one of the challenging tasks in the
GNSS community (Kawate et al. 2023).

The overall orbit quality is analyzed by the mean daily
median value of 3D RMS because the median is robust to
outliers and fair for day weighing. By incorporating GPS
observations into the processing, the median of 3D RMS
and the standard deviation of the clock error improve
about 67% (101.5 cm to 33.5 cm) and 51% (0.9 ns to 0.6 ns),
respectively. The decomposed directional components
exhibit improvements of similar magnitude. These results
demonstrate a clear benefit to including GPS measurements
in the OD processing, even with a regionally distributed
ground network of about ten stations. This network cannot
cover the whole arc of the GPS orbit within the arclength (24
hours) and the average number of observations per satellite
is approximately 900 for GPS, which is about one-third of
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(a) 3D RMS of orbit error (R20_J)

(c) 3D RMS of orbit error (R20_GJ)

(b) std. dev. of clock error (R20-J)

(d) std. dev. of clock error (R20-GJ)

Fig. 3. 3D RMS orbit error and standard deviation of clock error for Scenarios R20-J and R20-GJ.

that of QZSS. Despite these limitations, the data processing
change from QZSS only to GPS+QZSS yields a large jump in
measurement redundancy and sky coverage and resultantly
causes this improvement.

Lastly, only three satellites were available on seven of
20 days and therefore it is worthwhile to assess differences
between the three-satellite and four-satellite cases. The
median of 3D RMS for the four satellites case is improved by
about 10% from that of the three satellite case, i.e., from 96.1
cm to 85.9 cm. These improvements are mostly achieved
in radial and cross track components, i.e., 30% and 32%,
respectively. Because of large errors in the along-track
component, the resulting improvement is limited to about
10%.

3.2 Expansion of Ground Stations

Since the number of observations is a key factor for
estimating precise orbital position, having enough well-
distributed stations is one of main approaches to improve
orbit and clock solution. It is therefore natural for service
providers to seek to expand their ground network
geometrically or densify the network, even though it could
be very difficult to install and maintain ground stations in
a foreign country. Because of these practical difficulties,
any expansion of ground station should be based on a
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comprehensive analysis - specifically, in terms of determining
whether a global but sparse or regional but dense network
configuration is more effective.

In practice, expanding the network coverage is related to
the question of whether GPS can be incorporated into the
OD processing. A globally distributed network enables longer
orbital-arc and is expected to be particularly beneficial for
improving GPS OD quality. However, incorporating GPS into
the processing is not a simple decision as it can compromise
the system’s independency, especially for the open service.
To evaluate these trade-offs, two configurations are tested:
R20, representing a denser regional network, and G20, a
globally distributed network. If maintaining independence
is the top priority, R20 would be the preferred option. On the
other hand, if future policy allows GPS augmentation, the
relative advantages of R20 and G20 must be reevaluated in
terms of OD quality for both GPS and QZSS, ensuring that the
chosen configuration remains robust against potential policy
changes.

For each network, orbit and clock error estimations are
processed with QZSS only and QZSS+GPS. A total of four
cases are evaluated by comparing the basis scenario (R11_]J).
Through these tests, we can determine the best expansion
approach when the data processing strategy is not yet
fixed. Expansion of the ground monitoring network and the
adoption of multi-GNSS (multi-constellation) processing



(a) 3D RMS of orbit error (G20_J)

(c) 3D RMS of orbit error (G20_GJ)
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(b) std. dev. of clock error (G20-J)

(d) std. dev. of clock error (G20-GJ)

Fig. 4. 3D RMS orbit error and standard deviation of clock error for Scenarios G20-J and G20-GJ.

are also closely linked to high-precision services beyond the
open service. Japan’s SLAS (Sub-meter Level Augmentation
Service) (Matsumoto et al. 2019) and Galileo’s HAS (High
Accuracy Service) provide high-accuracy corrections by
leveraging multi-GNSS processing (Naciri et al. 2023). KPS
likewise should consider an expanded satellite constellation
and ground monitoring network for services such as MLS
(Meter-Level Service) and CLS (Centimeter-Level Service)
(Choi et al. 2020, KARI 2025).

Fig. 3 and 4 depict bar charts of 3D RMS and the standard
deviation of clock error for all four cases, i.e., R20-J,
R20-GJ, G20-J, and G20-GJ. As seen in the R11 case, the
improvements by co-processing GPS can be seen in both
Figs. 3 and 4, i.e., figures (c) and (d) over (a) and (b). Table 4
summarizes the RMS of orbit errors and standard deviation
of clock errors per satellite during the test period. For QZSS,
the percentage of improvement of the mean of the daily
median with respect to the base scenario R11-] is depicted
as a heatmap in Fig. 5. The largest improvement is achieved
from R20-GJ and the lowest is obtained with G20-J. The
improvement of R20-J (41%) compared with G20-J (19%)
indicated that the ground station expansion strategy should
be to increase the density of the regional network when the
RNSS should be a stand-alone system.

If GPS inclusion is an option, we should consider the orbit
determination quality of GPS as well. In Table 5, the means

of the daily median of all GPS satellites are summarized
and their distributions are depicted in Fig. 6 for 3D RMS
and clock error as a boxplot. In Fig. 6, the box covers the
25" to 75" percentile of the daily median and the whisker
extends to the maximum and minimum values. The red
plus symbols denote outliers, which are located outside an
area 1.5-fold larger than the interquartile range. In the case
of 3D RMS, the resulting means of the daily median from
G20-GJ and R20-GJ are 6.7 cm and 23.1 cm, respectively.
The average number of observations per GPS satellites
in the G20-GJ case is about 1700, which is just slightly
larger than that of R20-G]J, i.e., about 1650. The accuracy
improvement in G20-G]J therefore can be attributed to its’
global distribution providing a longer orbital arc than the
case of the regional network. Therefore, we could conclude
that G20-GJ is the best strategy when the ephemeris of GPS
is part of the service since the improvement difference of 3D
RMS of QZSS between R20-GJ and G20-GJ is less than 4%.

4. CONCLUSION

Transmitting precise ephemeris is the core of navigation
satellite systems and therefore it is often challenging
to determine satellite orbits with limited resources. In
particular, regional navigation satellite systems pose a

http://www.ipnt.or.kr
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Table4. Orbit and clock error determination result from R20-[G]) and G20-[G]J.

PRN 3DRMS (cm) Radial (cm) Along (cm) Cross (cm) std. Clk. (ns)
Jo7 194.4 18,5 193.4 19.9 0.6
R20-] Jo2 55.9 36 35 30.6 0.6
J03 56.9 29.3 42.9 26.4 0.7
Jo4 50 25.5 33.8 29.2 0.4
Mean of daily median 59.3 27.7 41.9 27.3 0.6
Jjo7 168.6 7.4 167.6 8.5 0.3
J02 18.4 133 10.2 8.5 0.3
R20-GJ Jjo3 23.3 15.8 14 11.1 0.4
J04 19.3 8.7 13.6 10.8 0.3
Mean of daily median 22.1 11.5 14.2 9.5 0.3
Jo7 392.7 22.8 392.4 25.9 0.6
J02 83 435 58.8 434 0.7
G207 J03 78.5 39 59.9 37.7 0.9
Jjo4 55.6 29.4 38.9 30.4 0.5
Mean of daily median 82.2 34.3 60.9 35.0 0.7
Jjo7 348.6 8 348.3 8.1 0.3
Jo2 23.3 12.6 15.1 12.1 0.3
G20-GJ Jo3 27.1 18.7 15.9 12.7 0.5
Jo4 16.2 6.8 11.4 9.4 0.2
Mean of daily median 25.9 11.3 16.9 10.2 0.3
Table 5. Mean of daily median for GPS satellites.
Mean of dailymedian 3DRMS  Radial (cm) Along(cm) Cross(cm) Std. Clk. (ns)
R11_GJ 52.1 20.3 65.4 12.6 2.4
R20_GJ 23.1 9.8 28.0 6.2 1.2
G20_GJ 6.7 3.1 5.4 3.7 0.2
Fig. 5. Relative improvement of the tested scenarios with respect to R11-J. (@)
particularly challenging environment for precise orbit
determination. From the perspective of ground tracking
stations, the satellites remain confined over a limited
geographic region. This confinement reduces the temporal
and azimuth-elevation diversity of the line-of-sight and
thereby weakens the observation geometry and impedes
accurate orbit determination. To mitigate this, RNSS o)

operations often consider augmenting the processing with
measurements from other constellations; however, such
inclusion introduces external dependence and thus reduces
stand-alone system independence.

In this study, we analyzed which expansion strategy
is the most appropriate when the monitoring network
is scaled up, depending on whether GPS is included in
the processing. We considered three network designs: a

https://doi.org/10.11003/JPNT.2025.14.4.353

Fig. 6. (a) 3D RMS and (b) Std. Dev. of GPS satellite for the tested ground
tracking networks.

regionally distributed 11-station network (R11), a denser
regional 20-station network (R20), and a 20-station network
expanded to a global distribution (G20). For each network,
we evaluated two processing modes—QZSS-only (J) and



joint QZSS+GPS (GJ)—and assessed orbit quality against
IGS MGEX reference products. Also, the percentage of
improvement is calculated with respect to the R11-]J case,
which is possibly the basis of a RNSS.

When focusing on QZSS orbits alone, the best performance
was obtained with R20-GJ. Notably, even without GPS
inclusion, the denser R20-] network outperformed the
globally distributed G20-J case. This pattern indicates that,
for RNSS with near full-arc visibility from regional sites, the
number of usable observations is the dominant driver of
POD quality; increasing the regional station density directly
improves the geometry and reduces orbit error. However,
when the GPS orbit quality is considered, the overall optimal
choice becomes G20-GJ. Including GPS raises the QZSS’s
orbit quality to the level achieved by R20-GJ, while the GPS
orbits are substantially more accurate: the mean (over
days) of the daily-median 3D RMS for GPS reaches 6.7 cm,
compared with 23.1 cm under R20-GJ. In other words, joint
processing with a globally distributed 20-station network
yields the best composite performance when both QZSS and
GPS solutions are considered.

These findings have a practical design implication:
the station-deployment strategy that yields the best orbit
determination performance is tightly coupled to the
processing strategy. If preserving stand-alone independence
(QZSS-only processing) is a priority, densifying the regional
network to 20 stations (R20) is a safer and more effective path
than moving to a globally distributed 20-station network. If
GPS inclusion is acceptable, a globally distributed 20-station
network with joint processing (G20-GJ) provides the highest
overall orbit quality. This study thus offers a technical
basis for selecting a deployment and processing strategy
that maximizes performance under realistic operational

constraints.
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ABSTRACT

This study evaluates the performance of Global Navigation Satellites System, Reflectometry (GNSS-R)-based tide estimation

techniques in coastal environments such as the Korean coastline, where the spatial and temporal variability of the sea level

is large. GNSS-R estimates sea surface heights by analyzing multipath interference patterns in the signal-to-noise ratio (SNR)

of GNSS signals. To enable the retrieval of sea level estimates with higher spatial and temporal resolution, several signal

processing methods were applied, including a time-dependent phase model, optimal sliding-window spectral analysis, and
multi-frequency consistency checking. The methods were tested at two coastal GNSS stations in the United States: CALC in
Louisiana, which experienced Hurricane Harvey in 2017, and ATO01 in Alaska, which was affected by a storm surge in 2019.
GNSS-R-derived sea level estimates were compared with tide gauge observations at each site. At CALC, correlation coefficients

reached 0.99 during the full period and 0.97 during the hurricane, with mean differences of 2.7 cm and 3.7 cm, respectively.

At ATO01, correlations were 0.96 and 0.87, with larger mean differences due to the spatial offset from the reference gauge. The

results demonstrate that GNSS-R can effectively monitor tidal changes even during extreme weather conditions and can serve

as a practical complement to traditional tide gauges. For implementation in Korea, further in-situ validation to account for

local tidal characteristics, infrastructure compatibility, and vertical datum alignment should be performed.

Keywords: GNSS-reflectometry (GNSS—R), tide estimation, multipath interference, signal—to—noise ratio (SNR),

storm surge monitoring
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1. INTRODUCTION

sl Hae shok At ﬂi%, oAk gt 293, S gl
g A, 2A A8 T8
& HololA] a4l el 7]
£ Aol obdg e g

ot
2024), 3= A5 A £, 29 18] 24] (Qiao et al. 2022,

—
Z,
o
>
>
Z,
)
=
@]
jou]
-
o
(@}
@
%)
jem]
2]
D
=
=.
(@}
@

Received Sep 29, 2025 Revised Oct 09, 2025 Accepted Oct 14, 2025

TR 7, A

TizEH (SNR), ¥ s ZYEHT

Woppelmann & Marcos 2016) = =7} s[joF )0 ¢lo] W47
ol Agkg Sayskm glek. ol2igt 29) FHE ol Py
Moz A7) glsh A 29) BEAE S WelE 17

= & x%oﬂk] Loz éxﬂ sl= x]—u]; Yt sl4e _;;q;,o_
gz o) 47 1EWE Rolshs Hlols FeHch (
National Ocean Service 2024). &7 $-2|ubets 2 sl|kR ALY
2 2402 0 507]¢] ZEIUSAS FT Hotel U] - L5}

fCorresponding Author E-mail: sukyung kim@lignex1.com

Creative Commons Attribution Non-Commercial License (https://creativecommons.org/licenses/by-nc/4.0/)
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the

original work is properly cited.

Copyright © The Institute of Positioning, Navigation, and Timing

http://www.ipnt.orkr Print ISSN:2288-8187 Online ISSN: 2289-0866


https://orcid.org/0000-0001-6488-267X
https://orcid.org/0000-0002-0379-9079
https://orcid.org/0000-0002-5133-4540
https://orcid.org/0000-0002-0431-984X

366 JPNT 14(4), 365-374 (2025)

4715t 290 910} o2 744 7]

&7 - B3 WAE 22 ok el 2L $E, W)

A 5 /1% sie FaEO] Farsol AN nE Ao et
!

A, AHaa A, 4l A

)

Am
ol
o ox M o ofn ro

Lo do

o
AL
rlo
ol
>
o
)
:?g
12
2
>
rlr
)
1
offl
r
ro,
2]
i)
A
[
Hz i

A - Hul} oleig] & 29170 £ Yot o
2016). o]} AR AR R )% QefaT} Aol 5
o] 9L RLAWZATF AL AR= o] LA FAL 2
g eoielm glck. AW, 24 ok, 34 F4 27 5o
H) &4 A7} o2 o155 7] wfjiZol™, o] & Qlsf
of A4 Aol ABT 44 71 EHe] Bojuz
Global Navigation Satellites System (GNSS) 7|8t 1= 5.
Sfilem 71| Aol B E Aol A14E A glrk (AOOS 2016,
Kim & Park 2019, Alaska DGGS 2025). ©o|2{$F Z¢|A|9] sHAl=
WA FAol} St 7 ae] Feke g Sl
oF Zro] Zre It AAYolA 297 FHHske 1ol W2 A
Aol TR BEG FEI AH fA Tt Dol
AR, 2], 24, f-A8E] 9 ofefgo] Tt

ol2gt wiZ oA HIT FEEI Y& Ao] GNSS-

4 Hf
i
5
(@)

o
e
o3
o o fr
T e

Pt
N

- I
2

o

T Mo
ol
ok

M2

N

FARE WA AES 2 2R S oo EgsRA 471 A
O, UYIESL GNSS Z910)A =
“Teju} GNSS-ReJA o] A} 4157}

2 FE3HolE 2 SiMEM, ¥iA 4159 AR AN BEe 4
Al 415 7} e WiskE B 29E 4T 4 Atk GNSS-RE&
o] &%t 29 &2 HE o LR FolU PHI W JEHS
AT 5k Y= HIEEY T 291 34 Hlor TEAF
Z9A visf xA 02 7hasiar g A SHAAME £
45}t (Kim & Park 2019). ESH AL & 5 7|2 A2 E
of o]&stA] ghak 2] W TEo] Fhsslo], x| #1x] 9] Aok
o] H3 27| #& H|EE AHH o & HAH o[t} o]t £
Yol GNSS-RE F3F 7|14 27, ¢l 3o ofl @ Ay,
Ee= 7] 2ABELY AX E 2YFo] AT Aol A Bt
Aol ALt thA| 7HsT BE AAR 02 A A8/ e 754
o] At}

GNSS-R 7]8F 4=9] TZof] tfgh I 1990ty o] < Tkt

3t 71 270A FEs] T

R}
2L

2t} Martin-Neira (1993)

= ¢4 A5 viat A &85 dllaed 1k 2 TS
2|22 AA5P GNSS-R 7| 9] 7] 2& u}2ds}$i 3, Anderson

(1994, 2000)-& signal-to-noise ratio (SNR) Aloj|A] Lre}L= 2]
kol whakat ko] 7hd FHE BAlsled, 271 ) glo] 71
Z2] 4 GNSS $417|3k0 2 & 4:9] T2 0] 7453 HhH S At

C

https://doi.org/10.11003/JPNT.2025.14.4.365

5}itt. o] & Larson et al. (2013a)-2 SNR 7]} 7Hd =
& A8l FFol et sl s PRl 9] 3 5
31 912519 on Kim & Park (2019)2 A7} a1oke]A] <]
GNSS-R 24 241& Foll I3t 71§ 27041 % GNSS-R 7|4t
29 &40 A 28 7573 & AlAlskith HFell= Hu
et al. 2024)0] &Jsfi F2'd 7|9 A5 X 7] o] AHQtE & 5,
GNSS-R 49| 49 AH & TS 915 thefRt AAt5o] 2
3] o] Fo{Z] 1 Qlct.

o] AtollA
9 B3 7
Fo] AAE oAE gt o 2 Bee 4 Q=& GNSS-R 4

Z

i

24
7

u
ofr N,

o]

o

L o
XN,
12
O
a
ACh
)
o o

Harvey2}, 2019\ L2 A7 A5 Q1<)
dtom 4He Sasigon, 1 At
GNSS-R 7|4k Z917010] 4 8407} 2 7Hs 4 BhIsloich

B =go) P ket ek 28 GNSS-Re] 7 &
A3 4 9 ol i %

ol
==
re.
A
off

ol
==
A

>~
>
e}
i

=z =
=2 T o2 T XU

e
5 EAS 2 T o R SEeAE 7] e At
2 okslm, B T AL M 4L 9 37} IS Ak

2. INTERFERENCE ANALYSIS OF GNSS
REFLECTED SIGNALS FOR TIDE LEVEL
ESTIMATION

2.1 Interference Effects in GNSS Observables
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U FH R EA] BRAtE o] EYsh= BRAE S| 4151
et o] 2 Qs 44l Al 5ol A5 ahet vt 7he] 7hd A4
o] WAYstH, o= TheFSl GNSS 5 ol YFe mjzict. of
© 2 "k2u}l @A} (carrier phase), 2JAFA 2] (pseudorange),
th3H-&-H](Signal-to-Noise Ratio, SNR) 52| g}=of|A] 7+
27} BEETE o HT VS F A
7e] 34 237} dudom A1 A 415, 5
(lock-on)& =5 A= o] 17] wi&oll, Rhalato]
2 Y= A Qe P Al ok 1 4
] 2ite 55T 714 JFHEoE 2HE Hiolof
& T AFa o]28 Yehtes 797t Wk (Misra & Enge
2011, Bilich & Larson 2007). BHH, SNRE- 2d u}o} vkajute] 2

3

i)
oo
o9

=}

)

¢
-

0,
ol
ol

¢

odh mx AN fu fol
N,
flo
N _1),
u)
TR

fo B &
ol L =

b Hz o
12 o
o

o2 2l o>t
N

ri
.Y

o
ol



Y i AAE R REdstE R, 7l ot RlEe] 94
E7to] what “é?—‘o}ﬂl Uehdth (Lofgren & Haas 2014). o]2{ 3
£/ =&l SNRZ GNSS-R& 283 2] 5ol 71 A 3tsl
TS HeE g7 }Qﬂ‘r

AAHZ 27] GNSS-R 7|8k 9] = AP FHuHY
(LHCP) 9 - HYI(RHCP) QIEU-E AFE-5}o] whalkel 2]t

g Ba 20813, O xjolE o] L3 vidat YAt oaA g
7Rk 2 W FolE 25l E A=} o] FoiF Tt (Lofgren
et al. 2010). LU} QAF BB A A0 o]alg, 22417 A% A
o, B3kt 412 5o ol42 485l TAPL U2, olol
gl F 2 e 12U} sl A LR 7 mjjElo] E=aislA
LFERLF= SNR 7]8F 29] 24 "o =20 3 dkAs) 1o
(Larson et al. 2013b, Roussel et al. 2015).
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2.2 SNR Interference Modeling and Reflector Height
Estimation
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Fig. 1. Geometric configuration of direct and reflected GNSS signal paths
for reflector height estimation (Kim & Park 2019).
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3 REFINEMENTS TO THE REFLECTOR
HEIGHT RETRIEVAL MODEL
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1 = 24tZ - my(e) + 241% - m,,(e) (10)
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3.2 Determination of Optimal Sliding Window for
Reliable Frequency Retrieval
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3.3 Multipath Frequency Correction via Multi-
Frequency Height Consistency Check
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Fig. 2. Flowchart of the multi-frequency consistency check algorithm for
multipath frequency correction.
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Fig. 3. Example of multipath frequency correction performed using the
algorithm described in Fig. 2.
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4. EXPERIMENTAL EVALUATION OF
TIDE LEVEL RETRIEVAL FROM GNSS
REFLECTED SIGNALS
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4.1 Experimental Sites and Data Overview
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Fig. 4. Photos of GNSS-R experimental stations installed at coastal sites
with open visibility to the sea surface: (left) CALC station in Louisiana, (right)
ATO1 station in Alaska.
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Fig. 5. Map showing the location of the ATO1 station and two nearby
tide gauges: St. Michael (1.5 km, not used due to unavailable data) and
Unalakleet (74 km, used for validation).
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4.2 Tide Estimation and Validation Results
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Fig. 6. Time series of GNSS-R-derived sea surface heights and tide gauge
observations used for validation (co-located at CALC; 74 km distant at
ATO01). Red boxes highlight the event periods: Hurricane Harvey at CALC
(top), storm surge at ATO1 (bottom).

Fig. 7. Correlation analysis between GNSS-R-derived sea surface heights
from the CALC station and tide gauge observations from the same NWLON
sentinel station: (left) full analysis period, (right) event period during
Hurricane Harvey.

Fig. 8. Correlation analysis between GNSS-R-derived sea surface heights
at ATO1 and tide gauge observations from Unalakleet (74 km away). The
plot includes both the full analysis period and the storm event period,
distinguished by color.

ATOI A= AA| 717 Bt 29 2po]7114.0 cm, o[HIE 7|7t 5
Qtoll= 41.0 cmZE, RMS 20.0 cmoj|A] 540 cm2 & Zo 2 =7}
sliet. ole} Zo] ATOL Abo|Eo]A olHIE 717k ek 2l &
9] xjolgt £7H GNSS-RO) A BAIZ SAls17] Bk w2

]
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5. SUMMARY AND CONCLUSION
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Implementation of Multi-constellation GNSS Spoofer Using Zynq
UltraScale+ RFSoC
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"Duksan Navcours Co. LTD, 66-6 Techno 2-ro, Yuseong-gu, Daejeon 34014, Korea
“Department of Intelligent System & Robotics, Chungbuk National University, Cheongju 28644, Korea

ABSTRACT

This paper presents the design and implementation of a multi-constellation Global Navigation Satellite System (GNSS) spoofer
utilizing a multicore Asymmetric Multi-Processing (AMP) architecture based on the Zynq UltraScale+ RFSoC platform. The
proposed system can simultaneously generate L1 band signals for GPS, GLONASS, and BeiDou and manipulate the target
receiver's position solution in real time. For system implementation, three cores of the Cortex-A53 quad-core processor were
operated in independent real-time OS environments, with each core performing signal generation parameter calculations for
different constellations. The calculated parameters are shared through on-chip memory (OCM) and transferred to the signal
generator in the programmable logic (PL) region for real-time GNSS signal synthesis. To achieve precise time synchronization
between authentic GNSS signals and spoofing signals, the system delay time was measured and calibrated. The calibration
results confirmed a time synchronization accuracy of 0.03 chips (approximately 30 ns) based on C/A code. Spoofing tests were
conducted on a commercial GNSS receiver, the Septentrio SB3 Pro+. The results confirmed that the target receiver could be
successfully spoofed to manipulate its position solution along an intended trajectory even in an environment where authentic
GNSS signals and spoofing signals coexist.

Keywords: GNSS spoofing, multi—constellation, Zynq RFSoC, AMP
ZFQ0{: GNSS 7|9, thF 94 A2", Zyng RFSoC, AMP

1. ME Ry % 719k Aol uf-e- Hekstnd, /N E L2 EZ} o
AA] 22 A|ARY AT} Fad0] B2 g3ks nA
Global Navigation Satellite System (GNSS)2] ¥z o 2 2la) O‘E]- (Warner & Johnston 2003, Humphreys et al. 2008). &
AAA oAU 8 91X] B He} Felgh A|7hs &4 &5 5| GNSS 4155 BHlelA] AAdohs 719k 342 ¢ 41717
4 QA HQIok GNSS& =2 Aol A Hdolgke 25 RIS AdstA stAY A7 A RS XAk Aol 7t
AR AU Glo] BE, e, 59 5 e Bololld 9 B sleh ol GNSSE Juke. sl AARe) A=l £
257 ok (Rumsfeld 2001, John 2001). 181} o]ZA| 31t of] Y¥o] Tui, A4 Unmanned Aerial Vehicle (UAV)L &
o1§ 5T A5 FX} e AEHAL GNSSO] WA o T Ak SolA A2 EAIS LA 4 9k Gohn 2001
o] &7|% 3t} Warner & Johnston 2003, Humphreys et al. 2008).
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82 5 ol ONSS U A1g51e K29 U 3T
% sl o

Epa KL @Xﬂi 201 1%15 129de] v
SALE 7 2 Qs gy
Sk A E P32EL7L lot (Shepard et al. 20123), o]Z Algo}
WA (C4ADS 2019)3} #AJo}-o-Fetolut AR (Lo et al. 2025)
I 22 B oA E GNSS 7|RE7) & 2-gstel A E29] 9
A& AESAY AR E FER FETOEZH AR S Al
AskAL Beslebs Azl B E T ok B3 2ujoAE
Slko] Asjo 2 HThElE= GNSS 7|9 2 QI8 a7 2 A
ghe] YA BT A== AR It (Goward 2024). ©]€]
o= GNSS 7RIS & Q13 F5fl= | &H 02 W ok
(Scott 2017, Jones 2017).

o]X ¥ GNSS 7|Fto] AxolA] Fg5= Alel7h BasEwA,
012 7H53hAl sH= FHlQl GNSS 7|Th]ol] that 77} wol
Z| a1 @it} (Psiaki & Humphreys 2016). GNSS 7|97 = 22 &
A 171014 Holi= GNSS $l4e] A58 FeUshl ke 91z
GNSS 4155 A/dstod, GNSS 41717} A5 fIA|siut A1z
;H_\]ﬂ_% ]A]—;]__t,:_i == ZH:I] ]1:]- = 1:-1 235] GNSS 7]u]-

70l A9 sl DHW AAhE L 222 Yol £F
eloh oA g 2apsle] £41717} o] HRE AMBIE
2 o osl= 31 5351E GNSS 7|9 7|e % AA3E 3 9t} (Kerns
et al. 2014).

HA GNSS 719)E F2 F 74X Ao THE D 9l
t} X HAls GNSS A[Ed 0|8 79k 7|9k7| 2, Spirent (2024),
Rohde & Schwarz (2025) 5-2] A8 ZH|E Zg3] YAl A=,
EZ9, A1 AHE HWs1A] Alelsh] multi-constellation £
3 ANARE FAlO] BARE 4 Qi) 22y th 2 wi2le
Z & Hoj glo] xAH 07 pHo] ofgrh. Tt AlEH Ol F
Ztel| FAdolu HEE vt AAITE Hlof7} o AL, Ae]7} of
$ a7toln Al E e =oiglr] wiiZel Friido] @oix
o} oy o] it} & Mzl Software Defined Radio (SDR) 7]
Hl 7]9k7] 2 HackRF (Margana et al. 2021), USRP (Altaweel et

al. 2023) 52] AH|9} @ ZAA GNSS A5 A7 E o] 3| #
oA PR 2 9h. o WAL T 4 B A
Eoh= APd o] 9ot tEE GPS L1 AlSof|9t H =) ud multi-
constellation GNSS A|AE] 130l = 54A| 7} Z2ah5ic.

ol2|gt v & o2, & =FollA& Zynq UltraScale+
RFSoC 7|dte] HE]F o] Asymmetric Multi-Processing (AMP)
FZE a3 Az Aol £al5}= multi-constellation GNSS
£ FAlol BARSH= GNSS 7|RE71 & AA| D L3351t

o] =9 142 oh&t 2t 2% oA GNSS 7]9t7] 9]
JZE AWslal Zyng UltraScale+ RFSoCE o] £5F multi-
constellation GNSS 7|9t7]¢] Lz 2 =2} HRXlo]| &l A5}
31, 3Ao A= L3S GNSS 7|9k 2] A5S AFE GNSS —’,\—*1

719 “Xﬂ GNSS 4159} 7|7} X155 EAlol| 550 24 4)
GNSS $417]¢] A} ghe] MstE ERISIITE upAete 2 XJ
oM AE “x‘ F3A e sl A5kt
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Fig. 1. Delay time components for time synchronization of GNSS spoofing
signal.

2. HE|Z 0 7|9te] MULTI-CONSTELLATION
GNSS 7|at7]

o] Zofl= HE|Fo] TR2AA-S E-4-3F multi-constellation
GNSS 7]9t7] 8] A 9 3dof chisfl g gkt =] GNSS 7]k
719] 718 729k B3 o1 AmR 7, 0lF 2P Yel 2ol
7]¥ke] multi-constellation GNSS 7]9+7] 9] AJAE] LA T E 7]
Algte}, AA|GE A|ARLS 1ds) AA| GNSS 4159} 7|71 S A}

olof] dugtF o] z]eio] HHAI=x2] constellation H 2 =45}
1, 23 = 218 BAFSH multi-constellation GNSS 7]7F7]2] 7]
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GNSS A15&= 37 §H5a} PRN ZE, 3 HA]2]9] g2
£ F4gch 53], L1 e 4159 %9 1CD7k B o glo 41
3 F2I7F gEA ok Xl 418 A2 E o]g3] g7 GNSS
AEZ AT 4 9lok T S GNSS 7]5E 415 A4
2 SIshME Bs] Wbk, PRN SE, 4 oA S Q2147
= Auto 2 2H351z] okth (Humphreys et al. 2008, Shepard &

Lee et al. 2022). @3}4 o & GNSS 7|TH 415
3l F3 41719 Qe Aol A pAlEE AR
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ch ol#jgt HHyL e GNSS 7|¥HIS S Eq. ()3 Zo] Bdl
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Fig. 2. Block diagram of multi-constellation GNSS spoofer system using multicore AMP structure.
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2.2 Zynq UltraScale+ RFSoCE 0|23t Multi-
constellation GNSS 7|9t7] M|

GNSS 7|97] 9] £ & o] &3l " Z o] 7]RES] multi-
constellation GNSS 7|9H7| & 3L3i5}17] sl XilinxAFe] Zyng
UltraSacle+ RFSoC ZCU28DRo] EzlE ZCUlll EEE slE9
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719 35BS A 4 1k oIPfT 25k 715 E Al

(Park et al. 2024).
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Fig. 3. Memory map of available memory regions in multi-constellation
GNSS spoofer.
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Fig. 4. GNSS signal generator structure in PL region.
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Fig. 5. Signal spectrum results of multi-constellation GNSS spoofer (a)
center frequency: 1575.42 MHz, frequency span: 100 MHz (b) center
frequency: 1575.42 MHz, frequency span: 7 MHz (c) center frequency:
1602 MHz, frequency span: 10 MHz (d) center frequency: 1561.098 MHz,
frequency span: 7 MHz.

Table 2. FPGA resource utilization for multi-constellation GNSS spoofing
system.

Resource Available Utilization
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Fig. 6. System delay time measurement results (a) GPS PRN 11 satellite
showing approximately 2 chip delay (b) GPS PRN 21 satellite showing
approximately 2 chip delay (c) GLONASS channel number 5 satellite
showing approximately 1.1 chip delay (d) BeiDou PRN 16 satellite showing
approximately 2.4 chip delay.
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Fig. 7. 1PPS time synchronization measurement results showing 30.268 ns
offset between authentic GNSS and spoofing signals.

Fig. 8. Experimental setup for multi-constellation GNSS spoofing
performance verification.
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Fig. 9. Measured C/N, of multi-constellation GNSS spoofing signal (a) GPS
C/N, (b) GLONASS C/N, (a) BeiDou C/N,,
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Fig. 10. Static scenario: position manipulation commands and target
receiver position result (a) planimetric plot from Septentrio application (b)
spoofing position setting in spoofing control application.

Fig. 11. Signal strength changes measured by commercial receiver during
spoofing interval.
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Fig. 12. Dynamic scenario: trajectory manipulation commands and target
receiver position result changes (a) planimetric plot from Septentrio
application (b) spoofing position setting in spoofing control application.
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Navigation Satellite Code/Message Generator Engineering Model

Development
Jinseok Kim'@®, Kwangho Yun'®, Byeong Gyun Kim!'
Yeongyun Jeong?®, Sangsoon Yong?®

'"Microinfinity, Daejeon 34012, Korea
2LIG Nex1, Gyeonggi-do 16911, Korea
*Korea Aerospace Research Institute, Daejeon 34133, Korea

, Hung Seok Seo'’
, Byong—Suk Suk?®

, Hyunchul Kim?®,
, Shin—Mu Park?®

ABSTRACT

Through the Space Pioneer Program, researchers are striving to develop navigation code and message generators at a level

comparable to leading nations, with the aim of replacing foreign technology currently relied upon for satellite payload systems.

The ultimate goal is to achieve Technology Readiness Level (TRL) 7 and develop a qualification model (QM) for navigation

code and message generators tailored to the Korean satellite navigation system. To this end, various activities are undertaken,

including the development of an engineering model (EM) and electrical ground support equipment (EGSE), functionality and

performance testing, space environment testing, payload assembly support, and payload testing and analysis of the obtained

results. This paper presents the design concept, configuration, and verification test results of the code and message generator

EM. The results verify that the EM, produced using components compatible with space-grade parts for satellite integration,

meets all reviewed requirements to date.

Keywords: code/message generator, engineering model, satellite payload, GNSS
F0{: F=/HAIA] A7), AXYAR ZH(EM), 94 BAA, GNSS

. INTRODUCTION

Global Navigation Satellite System (GNSS)+&= X315 E11 Q)
QFOol A HAI5H AT E o] aato] Abaate] 913, 4
A)Z+(Position, Velocity, and Timing) A2 & xﬂd—s}— A|AH
FI14 ol BN, Y, YT g FU A2
7} R FE = Fofol AfgF Ylu| Ao, g7 U /Hl:l c=Z o
A2FY A 5 VG SIS 2ok oo
188571 =715k Qlek (Kim et al. 2017).
GNSSojl&= n]=2] Global Positioning System (GPS), #A]
o}9] Global Navigation Satellite System (GLONASS), g3
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Fig. 1. Block diagram of Galileo GIOVE-B spacecraft architecture (left) and the picture of FOC NSGU test (right) (Eoportal 2012,

Thales Alenia Space 2020).

NS 3K SISt A1 T ARl At U
HAA S A Este] ALkt 14“ AAE Fste] #41719] $12
U A 7HE ZAA5HA Eo} (Kim et al. 2017).

FHYAE Fe/mAA] A 7] (Navigation Satellite Code/
Message Generator, KCG)= GNSSE 295}7] &3l Z42 Q1
1 F T o) AR E YAl 7];<1EH°4(baseband)
A/dsks Alolth 8 7152 A AE5E $1T
A A AR A, oY, 0} o] AR

2)0] A, 18] 7 0] S-S MY W M ZE 7| &
gAElol THE TR A BsHE Aolth & AT
A 71e & ZE/MAA] B8] A4kEke) 2| F4
QPR FAA] 28 B Tofsks AL BRa
olofl Wt 4] AWEERE WEAZL 4 =S AR
A5}tk (Kim et al. 2023).
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2. CODE MESSAGE GENERATOR
STRUCTURE ANALYSIS

HEEEE ':«;xﬁzﬂ NSNS SIet ge 77k A
At AR FEA] £ 3rd Generation Partnership Project
(3GPP) Non—Terrestrlal Networks (NTN) 7]8F A EA] 9 Skt
W Lo/s $10ah 3714708 A72 Eol Lois s A
144 7% AEEOIEE A, S5 L6 $AEAS
AZS Y5 A SAA 7S Fi51aL GPS L1 gh4Als ol e 9
AR S 7|8k 2 7235199t (Bang 2021, Kim & Lee 2021). Yl
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Fig. 2. Block diagram of Galileo NSGU Pre-DM interface.
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2 Al %9 S<1 Galileo $14d9] 20} 34| thsiA &
7R=l v} 21k (Eoportal 2012, Thales Alenia Space 2020). Galileo
GIOVE-B YAlA|e] Sz} Full Operational Capability (FOC)
FHEAHA L] NSGUE AlFshs B2 Fig. 13} Zt} o] &
of|A] Navigation Signal Generation Unit (NSGU)7} Z =/HA]|
2] 23710l siFEet. NSGUE #53517] $13F ¢S Power
Distribution Unit 2 2€] FZ¥=c}. Integrated Control &
Data management Unit, Remote Terminal Unit} 01E—]ﬂ]0]¢
slo] FE 9 AR E TE7] g L dlolE 55 A5t
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3. DESIGN AND IMPLEMENTATION

2 Pl 25 24T 7158 KOG EMel B4
ST 4 YES 87 F4S AL, oIS uhoh Kco
EME A 9 :,Lsi SISt Table 12 KCGEMS] @ #4& &

ol

oFgh Zlolch. A7le} Fere 4] AAY] FAL FEFES 4
Hojglom, 15 Aeslolat TEol oalA7t gAE ZA
o $41 15Z A 3 670e] $41 AN} AR AL 9
3 ElolE & $41sks 27h0] 441 P FAsiic 1714 9
Eolols B QY 25 B8 AH9] AASkS] AF] BA} Ay
siA AhEs AL AOSIGTE 3 E, 71, HIE SE, A=
o ubAL R A 5L AR Ao AT S Bk
3] Slall Aol F5sIES FAS STtk AL b
gk gl i AR U W THel] Aol AR 14
2 A gstol 452 AFskaT

3.1 Hardware Design and Implementation

A" KCG EM 714 QlEd|o|A &5 tho]oj a7
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Table 1. Specification for KCG EM.

Specification
Size 322 x 239 x 27 (mm)
Weight <2.0kg
Signal interface 6 transmit channels, 2 receive channels (Primary)
Electrical interface LVDS, LVTTL

Input clock 10.23 MHz

Chipping rate Configurable (> 1.023 Mcps)

Chip period Configurable (> 1 ms)

Bit rate Configurable (> 25 bps)

Encoding Configurable (CRC, Convolution encoding, LDPC, etc.)
Modulation Configurable (BPSK, BOC, etc.)

Fig. 3. Block diagram of KCG EM signal and electrical interface.

Fig 30] A|Alekoit. KCG EM= FPGA Wjof 13H 671
S B0 2 ohel S R Wyolm kel 414
2 olgsle] 5 7o) AEE AIsIES AR 4
= 25 BE REXTH) O ERE ¥, $41 435 2
Hofl G == HAA] dolelE 517 $Ial A= ES AA
=Holok $41 A5 EE 3312 P 4135 AY/3 7] (Navigation
Signal Generator, NSG)¢} A1 4= 0, £$41 A5 4HEE 6HS
QIR BE 2HEXTH)I} ASHES T qlch ' 4
7] KCG EM2] A+H9] B2 A9l Alo] ZE(Power control
Module, PM), A]AE] 2o BE(system Control Module, CM),
A5 x|2] 2-&(Signal processing Module, SM) 2. 2 JLAIEITH
SlE]Ho|A 142 Al FHFAlof wla} Low voltage differential
signaling (LVDS) ®}413} Low voltage transistor-transistor logic
(LVTTL) vl o 2 LB En] Primary9} Redundancy -2 & o]
FojEo] 7k HED} A5e] FHES Eof AR} YA B
Bl & A QEHo|A A Sole 2ol Bagh10.23
MHz 2& 4159} 1 Pulse Per Second (IPPS) 415 S-o] Z3k=c}
9lH B ¥ SlEHo]AL LVDS HHAl 0 & o]23lE 4xid e
AAESG o, o F B5 2H QlEHo]AE o|F3E 62E R
A= Qich &% ol=r dl(Qualification Model, QM)A = &5
SO A AFR 7155 WHEARA (radiation-hardened) H-Z-& A
83} 2 Q)L 2 FPGAS %35l 2@ BE S AAsioict Ae
Hl Z8]Q1 (backplane) AYE & S5l 5V A US Fgitor HEE
o]E](regulator) AA}S o]&35}o] 1.2V, 2.5V, 3.3VE Hglslo] A}
STk AR KCG EMO] RARE Fig, 4ol AIXI o] 9lt.
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Fig. 4. Detailed image of KCG EM.

3.2 RTL Design and Simulation
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Fig. 5. RTL Block diagram of KCG EM FPGA.

Signal Generator

Code/Message Sequencer

Fig. 6. State diagram of signal generator and code/message sequencer.
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Fig. 7. Timing diagram for the code/message sequencer, signal generator, and activated memory location.

Fig. 8. RTL simulation result: (a) code/message sequencer and (b) signal generator.
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3.3 Interface Board
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Table 2. Resource usage of FPGA.
Total Used

4LUT 151,824 49,862
DFF 151,824 45,109
UserI/0 720 60
RAMIK18 209 67
CCC 8 2
ROSC_50 MHZ 1 1
SYSTESET 1 1
GRESET 1 1
RGRESET 206 1
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Interface board

KCi +5VDC Regulator Input 8 ~ 36 VDC
RLG P P DC JACK Power Supply
Clock }j External clock (10.23 MHz)
9 OSC(LVDS)
1-pPS.
—
SPI
> Level Translator
T t 3 -
__ Temperature | Back- | Back:
Reset Plane Plane
| Level Translator
JTAG JTAG /P
@ JTAG /R
Level Translator
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Fig. 9. Block diagram of interface board.

Fig. 10. Detailed image of interface board.

Table 3. Signal specification for verification.

Signal 1 &4 Signal 2 & 5 Signal 3 &6

Modulation BPSK(2) BPSK(5) BOC(1,1)
Code type Weil code Weil code Weil code
Chip rate (Mcps) 2.046 5.115 1.023
Chip period (ms) 5 2 10

Bit rate (bps) 50 4000 25
Encoding CRC Serial encoding CRC
Symbol rate (sps) 50 500 25
Frame length (bits) 1500 4000 1500
Frame length (sec) 30 1 60
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Fig. 11. Detailed frame structure: (top) frame and subframe structure for
signal 1&4 and 3&5; (middle) subframe configuration for signal 1&4 and
3&S5; (bottom) data example for signal 2 and 5.

Fig. 12. Experiment environment.
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Table 4. Verification result: interface.

Requirement KCG EM Result
Offset (LVDS) 1.125~1.375V 1.17~1.24V OK
Differential (LVDS) 247 ~454mV  378~385mV  OK
Output (LVITL) 224V 3.23 OK
Input (LVTTL) 224V 2.86 OK
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Table 5. Verification result: generated signal analysis.

Requirement Result
Modulation BPSK(2) / BPSK(5) / BOC(1,1)  OK
Code type Weil code OK
Chip rate (Mcps) ~ 2.046 /5.115/1.023 OK
Chip period (ms) 5/2/10 OK
Bit rate (bps) 50 /4000 / 25 OK
Symbol rate (sps)  50/500/25 OK
Frame length (bits) 1500 / 4000 / 1500 OK
Frame length (sec) 30/1/60 OK
Encoding CRC, serial encoding OK

Fig. 13. Detailed image of verification result: (a) LVDS (signal 4~6) and (b) LVTTL signals (SPI interface).

Fig. 14. Detailed image of verification result: (a) logged data from oscilloscope, (b) decoded frame comparing result of signal

1&4, 3&6 and (c) decoding result of signal 2&5.
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Fig. 15. Detailed image of verification result: FPGA EVM terminal.
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Analysis of Natural Frequency Characteristics According to Type of
Cluster Dither with 3-axis Ring Laser Gyroscopes

Cheon Joong Kim'@®, Jun Eon An'@®, Haesung Yu'®, Kyumin Shim'®, JunMin Park?"

'Agency for Defense Development, Daejeon 34022, Korea
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ABSTRACT

The ring laser gyro, a representative optical gyro, has an area where small angular velocity inputs are not measured due to
backscattering of the reflector. This area, referred to as a lock-in, is typically removed by applying a very large sinusoidal
vibration to the gyro body. A mechanical device that applies sinusoidal vibration to the gyro body is called a dither. Dithers
have various shapes depending on the gyro size, and when the gyro optical path is relatively large, a single-axis dither is
applied. In the case of a single-axis dither, it is located at the center of the gyro body, but if the optical path of the gyro is small,
a cluster dither that simultaneously applies sinusoidal vibration to the 3-axis gyro should be used. In the cluster dither, unlike
the single-axis dither, a gyro body tilted at a certain angle is mounted on the spoke of the dither, and the gyro mounting part
for mounting the gyro is attached at the end of the spoke. In addition, the dither fixing hole is located in the center of the
gyro body in the case of single-axis dither, whereas is located on the outside of the dither in the case of the cluster dither.
Therefore, unlike the single-axis dither, the rotation center of the cluster dither does not coincide with the center of the gyro
body, but rather is located at the center of the cluster dither. Depending on the shape of the cluster dither, the dither natural
frequency varies and a different dither frequency analysis method must be applied. In this paper, we analyze natural frequency
characteristics according to the shape of a cluster dither and present the results. We also verify the results through modeling
and simulation.

Keywords: cluster dither, dither natural frequency, dither spoke, mounting part
F0: 9 94, 4 14 Fupg, Oy 223, IR
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2 Q7lste] ty X Eof #3 BHE (bending moment)S 2
A7 Aolth. etk doe] £ AA @4+ HY 15 F
e 9 o 2150] "ot =9l o] MEE AIZMS HAd)s
o Feflo]A] zpo]| 29 HE| YA J5-& P77 SeliAe o
O] 24 Eg Z7hAlAk s0], B 7= of 7h4;
Z7hA71= w0 B trle] 14 Fieg 27hA7)E
2t} (Aronowitz 1999). whata] PFlo]z] o] 2o] 24
AZAH olof BA vl 1§ Fat4E FSTFAIAF St
o2 PR 28 cmy FE|o| A 2po| 2] 742 2F 40
2 16 cmg glo]#] zpo] 2] 79 ¢F 600 Hzo] @& H©
S 7 e Ao gHA 9lor o)A 2po]Re]
27} 2ol 48 EQl Yool #AX]7] wiio] r| Y Af Fuabg
= FAxJoF gt} (Siouris 1993).

Yy o 2 15 tti FHo]A 2po| 2 FH 9] FAlFl
2ten, o AX T (spoke)e] el I H Zfol 2 FAo
A} 5ol AV EE AZHEc) tebA] 15 Hos 28
(clamped-free cantilever)2 RE & 715510, olof tigt A &
Bdo] tha w31y} 9lodth (Li 2013, Yu et al. 2013, Xiong
et al. 2016, Lee et al. 2002, 2009). o]2]3} 1= t]t]S Yao]|]
z}o| 2 3717} el el = A &4 AF=] (inertial measurement unit)
o 8% A%, Vo) AR ThE 1§ Fu4E 7HE 39
o7} 282 Bas) Bk Siours 1993). W] Folze] 2
|5 15 Yo o)A 2po|Re] FHETL ol HE & 7
Sof Yurd o2 AMRE, YHo|# zfo]Re] F7Y 271 Zol]
= 73olle g el 5185 WHo] Faste] tr A4
9 A Zpof| ojz]go] wETt. o] F F5SI] $J5te] 359] Afo|2
Ao Z1AA &S FAll A7 4 e 9@ HErt Aljk
%It (Hanse 1992). A¢He @ ttl= o] o] = 7|9t
WIEHFA 235} Al 4ot L, FARE AIQtE
SA TY o A L A thek Aot 21 Al gl
t}. o] =ollAe FElolA Aol 2 7R B S| of A&
7Fse B ] A 9 P whE f Fokee sl Aat
£ AT ShollA g3k viel o] &l | 1f Fabee
Bello]A] zto]2 2l Y] F71eF TAZE 7] wioll, T
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Fig. 1. The picture of typical one-axis dither.

Fig. 2. The configuration of cantilever beam.

ARFAHQI 15 Ht+= Fig. 13} 2Tt Fig. 194 Htj= 3709 &
< o] gsle] FHo|A] Apo] £ A =, tr] AxFo|
B0z 2po| =2 FAZE AYEHEE ARt 2B R g A
2z 0] B2 PZTol| AYE Q7ksk Aol 2 A7 & dat X
5= SHA Hrt. ol2ig YR Yurt FAEER tr AxF
£ Fig. 29} 7+& <)X (cantilever beam)2 R @& o] 755l
o1 o] Bt Q](transverse deflection) &% WAL Eq. ()1}
Zrt} (Timoshenko et al. 1974, Lee et al. 2002, Rao 2004).

Eq. DoflA] E= @R 9] o &(Young's modulus), I+ IH =
W E (moment of inertia), pr= Wk, A= THA N, p(x,H= 2
FoA A7FE = flolck. 23} o FH ] 13 Fotps 9 Ho
A Q7= 3} FHsEE Eq. DllA] plxpe ol 78T
4 Atk Eq. WollA] FEIL 1) F34-5 7HA AL 9 JF
° & Fehhar 75, W] y(x, O Eq. (2)2F 2t} Egs.
(1, 2°fl M4~ 25 -&sto] xof| thet 54 B AlS ok
Eq. (3)2} 2. Eq. (3)ollA] M= Eq. (D} 231, Eq. (4)ell thet ¢
HHell & 51 Eq. (5)<F 2tk Eq. (5)<] dutsfiol thet A&
5h7] SlslM e EE L FAR ] QEw, o]F Alog 1}
ER¥ Egs. (6a, b)2} T} Eqs. (63, b)o] Q]FE HARAL <]
TR 1 E x=0 AH A, FHY L RS 7]-&7](slope)
= 742 00w, ¢ R o] Tl x=L x| ZofA], MY IHE
(bending moment)2} A+ (shear force) TgF ZHz2F 09 2jH]
St} (Timoshenko et al. 1974, Lee et al. 2002, Rao 2004). Eq. (5)
ol A, x=00] 4] 2] L] FH A ZAR] Eq. (6a)°]] thslo] Bg A&
51 Eq. (D)o] AXEM, Eq. (1)< &5 s Al 731
o Eq. (5)ofl HYshHH Eq. (8) Zth. Eq. (8)ollA] x=Lel| A <] €]
TR A 279 Eq. (6b)F 2-gste] 2|5k Eq. (9)71 Al4b=]
o, Eq. (9)¢] @ Al(determinant)o] o] == ALE 614 Eq.
(10)2} Zt} Eq. 10)& THE3h= AL F718% s E 7= AL

fo F



Table 1. Solution of characteristic equation.
Type of beam

Solution of characteristic equation ~ (AL)

Clamped-free chsh ALcos AL=-1 0.59686471
Clamped-clamped chsh ALcos AL=1 1.50562n
Clamped-supported tan AL-tanh AL=0 1.249876m
Supported-supported cos AL=0 b1

2 S A0 A2 LS 4§ 29 0566} 3
t}. Eq. @ f,o] chsle] Helshd Eq, D3k 23 Eq, ADe] Eq,
10)& TE5H= AL sk 2 BRe] 38 T4 f,0] T

=y
EIZ 4+pAZZ =p(x.,1) (D
(x,0) =Y (x)cos(er +y) 2)
il;f Y=0 (3)
=L @)

Y (x) = ¢, sin(Ax) + ¢, cos(Ax) + ¢, sinh(Ax) + ¢, cosh(Ax)  (5)

y©y=0, %X lo=0 (6a)
dx
&Y &Y
E‘szzo, E x:L:() (Gb)
G
|:0 10 1:|C2 -0 (7)
A0 4 0fc
C4
Y (x) = ¢,(sin(Ax) —sinh(Ax)) + ¢, (cos(Ax) — cosh(Ax)) (8)

—A2(sin(AL) +sinh(AL)) —A*(cos(AL)+cosh(AL)) || ¢ —0 (9)
—2A3(cos(AL)+cosh(AL)) A’(sin(AL)—sinh(AL)) B

coshALcos AL=-1 (10)
1 EI

=— (AL |— (11)
’ 27r( )‘\lm/?

4
e BAZAS 1 Fig 19] SiEo ] 245 S
s} S0l Bq, (2)9] AAZA, 9% BEe 1gsla
s -‘?"%% AAsHe Aol Eq (133} Ze AAZRT, %
S B 225k ASols Eq (49 2e AAIZAL 7R
Egs. (6a, b)9} Egs. (12-14)9] A Z70] Eq. (5)& st Eq.
(9)¢} 7Z+e HEAlS 2 Tslo] ST Alo] ofo] B AL Falo]
2|5} Table 13} 2t} (Rao 2004). Table 1 oTH o] HA X

el weh 24 kst 34 debye Hojsm glrk.
dy dy
Y(0)=0,d—\x:o=0>Y(L)=0,d—L:L=0 (12)
dy d*y
Y(O)—O,d l-,=0,Y(L)=0,— el l,,=0 (13)
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Fig. 3. The configuration of cantilever beam with an end mass.
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(15, 16)3} 7t} (Bhat & Kulkarni 1976, Anderson et al. 1978, Lei
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St G AZRAE F- =51 Egs. (17, 18)3} At

3 2
E]a NC 6 y(x,1) M, O y(x,1) 0 (15)
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X X

A71M M2 ED EAY FA|, Jze YBR EHE F ‘—-%—O
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~___ Fixing Hole

e PO

——— RLG Body

_—— Dither Spoke

Mounting Part
Fig. 4. The shape of cluster dither.

G RORORGE 08311 Eq, 19)9} o] TE 249} A2
% 71%0) ¥4 ZHE7} AT Rao 2004). Eq, 19)eflA] /&
Lo 22 249 P BHE 9, d oA Ae W, 1,8 B
9 W™ oujgith. Eq. (9014 ALE B4 ZHES Egs. (17,
18)o] L x=0 A 0] AAZXAL WEsh= Eq, (8)9] W]
A1 Egs. (17, 18)°]] Telated Eq, 8)9] A% o, cioll thald 3]
shwl Eq (20)7} ek Eq, (20 TASHs M4 gelsiu Egs.
(21-23)3} 7k, Fig. 39] O FE 1§ Fapii 21804 AR
Ak uPE I ST W02 Eq, (2000 FPAle] gl Hi AL
2 7313, 0% Eq. ()] thlsted Helshel ool 247 3
25l ojga o) 1§ Fuid Alste] 7Hssic

J=CJ Cl+M(dd"I,,—d"d) (19)

~G,(L)+ mALF(L)+ g °LE(L) F(L)+ p ALE(L)- g, °LG(L) H

=0 (20)
G- wALRD-pALRL) -6D)+p LG (L)- A TE(L)

G
F,(x) =sin(Ax) —sinh(1x) F,(x)=cos(Ax)—cosh(ix) (21)

G (x) =sin(Ax) +sinh(Ax) G,(x)=cos(Ax)+cos(Ax) (22)

M M, o J
Hy AT Hy AL

(23)

U PHOE AA| FE thshA f Fabs Aqto]
7Fesh, AA] SER| 79 x=L 2| 8] A x| oFE
th27] wigell AjEo] frEstoiol Tt QTH o A2

Solld ST 7Hssa 49 e ok T Aejolne B,
(1492) Y(L)=00]eke 7o) ARk weba] YL Azbe of
3 o]} HlE G go] HH2 o] 2712 Egs. (15,16 thglsle]
A7 olg o) BAZAE Mol T Eags. (24, 2509 ek,
Eqs. (24, 25)°] Eq. ()& Tilshel geisha Eq, 263 ek,

3 3
w2 g(f’t) —Md. 6;5;’” -0 (24)
X 1" Ox
2 3
E1° gif’t)uﬂ 5;%’) =0 (25)
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Fig. 5. The total top view of cluster dither.
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Fig. 6. The 1-axis top view of cluster dither.

T
§ ot
R L o] 29| A5 RAYLS 4006}3_ Figs.6, 73 2k
Figs. 63} 79] tjt] 2325 Fdto] B2y 42 94 o] 1
F Fu S #sk] fIeiA = Egs. (15-18)0ll4 875+
Alg2] Aito] Basiet ¢4 M, o] tigt £A(m,) 9} T4
EHEQ,)E o1 Egs. (27, 28)3F 2, M, o] gt A
o} THg EHIE F51H Egs. (29, 30)2 2tk M, 2R FeolA
Aol el shfsled, elejehs e AE R Ak Yelol
X}Olit |0} moFo|ut ol Ze]| e W3} RESo| Bz}
o} 1L, Felo|x] Apo] =5 AR ixéé}h =
T FAIE Eq. G ok FE|o]A] Afe|= J&*é
Aol Aol 2§ SUAL Asle] 24 2 2
L z2Hlgko 2 vy, y= Hgko 2 g ZIhE S]Z A
E& Eq. 195 olgsto] FsHH Eq. 32)9F 2tk Egs. (16, 1)<
FASH= A2l M, I, = Figs. 63} 7] TAZ M, M, ¥ M, =&
Z¥zto] RHIE 4l BA|o] sto 2 A a|sHH Eq. (33)7} Zth

-

|

_ Phhh, (27)
al
2
T (hz +2h ] my, (d} +d,) (28)
m, = h(h‘”( —_ j (29)
2 tany
Ty =T I (A ) (30)
My = PpLpWpHy +m, (31)
J.,= 1;3 ((Lz +H2)sm (O)cos’ (l//)+(H2 +Wz)sm (H)sin*(w)

2 2 2 2 2
+(L 41} )cos (19))+ma3 (a2 +d2) (32)

3 3
Jzz:zjzzi M:Zma[ (33)

i=1

i=1

Fig. SoA ©ie) Az ] Ap] 47 Aok 2oz Yehy
® Fig 83} 2} 2ol Lehd vle} Zo] Hle Ax A O
o] 3§ FAp4-5 F71A1717] Slal Ellelmz] WArelw, M The
AL A A Ee] AR Weoln ofgio) g F

Cheon Joong Kim et al, Natural Frequency Analysis for Cluster Dither 399

Fig. 7. The 1-axis side view of mounting part & RLG in a cluster dither.

Fig. 8. The top view of dither spoke in a cluster dither.

Table 2. Equations related to dither spoke.

Length of cantilever Thickness Mass
0<x<L, (x)=t; mg=pt;+hL,
t,-t, (t+t,)h(L,-L,)
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Lysx<L, 1(x)=t, my=(pti+2p,1,, )h(L -Ly)
Lysx<L, t(x)=t,+2t, m=(pyli+2p,t,)h(Ls-Ls)

L,sx<L, t(x)=t, my=p,t,h(L,-L,)
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Table 3. Parameter of Eq. (40).

No. of model Type of cluster dither model Boundary condition

Parameter of Eq. (40)

(EDeq

a b [¢ d e
1 Egs. (6a, b) 0 0 6 -4 1 6623
2 Clamped-free Egs. (6,17, 18) 0 0 100 -54 13 5431
3 Eq. (13) 0 0 3 5 2 4021
4 Clamped-supported Eqs. (6a, 24, 25) 0 0 11 -18 7 3830

(]

QT o 57 EF AlLHETh Eq. (oA Y& He
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Fig.9. Determinant of Eq. (20).
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Fig. 10. Determinant of Eq. (26).

Table4. Parameter values of designed cluster dither model.

Type of model Parameter of Egs. (27-32, 35, 36) and Table 2
Parameter L h m t t t
Dither spoke > v !
Value 23.5mm 15mm 98g 2mm 03mm 8mm
M Parameter Ton m,, d, d, d, v
! Value 1.548¢-5 14g 9mm 3mm 0 60°
M Parameter ) m,, d,, d, d, v
2 Value 3.362e-5 20g 5mm 10.5mm 0 60°
M Parameter Tus m,, dg dy d, v/0
’ Value 4858e-5 71g 1lmm 2lmm 9mm 60°64°

Table 5. Natural frequency according to cluster dither model.

No.of model Type of cluster dither model Boundary condition Natural frequency from Eq. (11)
1 Egs. (63, b) 1026.6
2 Clamped-free Egs. (6a, 17, 18) 929.6
3 Eq. (13) 927.6
4 Clamped-supported Egs. (6a, 24, 25) 872.2
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Table 6. Natural frequency from moment of inertia of Solidwork RLG model.

No.of model Type of cluster dither model

Boundary condition Natural frequency from Eq. (11)

1 Egs. (63, b) 988.4
2 Clamped-free Eqs. (6a, 17, 18) 895.1
3 Eq. (13) 870.6
4 Clamped-supported Egs. (6a, 24, 25) 849.7

Fig. 12. The design result of cluster dither.
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Fig. 13. Natural frequency test result of manufactured cluster dither.
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Parallelizing KF-RAIM with OpenMP: Execution Time Analysis
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ABSTRACT

Monitoring the integrity of global navigation satellite systems is important to continuously and stably operate their navigation
systems. KF-RAIM has been developed to guarantee the integrity of high-precision navigation solutions such as PPP. This
paper presents a KF-RAIM algorithm with an OpenMP-based parallel structure. Compare with the serial structure, the
proposed structure provides the same protection levels and thresholds while reducing the KF-RAIM execution time. The use
of a look-up table can further decrease the execution time with only centimeter-level differences in the protection level. The
simulation results validate the effectiveness of the proposed structure in the view of the computation time.

Keywords: KF—RAIM, parallel processing, OpenMP, look—up table
=0 HEst, A7 244 AAL & HolE

. INTRODUCTION Augmentation System (ABAS)Z & 4= it} (Lee 1986,
Parkinson & Axelrad 1988, Sturza 1988, Walter 2017, Pullen
2017). o] = ABASZ2] F £29] Receiver Autonomous Integrity
Monitoring (RAIM)2 57} 1} §lo] £417] G502 F44
= HAlsks 71 o2 Ax7EA] Wol AF-E 3L It (Lee 1986,
Parkinson & Axelrad 1988, Sturza 1988, Brenner 1996, Joerger
et al. 2014, Joerger & Pervan 2016, Gunning et al. 2018, Meng &
Hsu 2020, Bhattacharyya & Mute 2020, Wang et al. 2023).

27] RAIM-E range domainof|A] 3% & &4 2| 9] Zxj2 B

Global Navigation Satellite System (GNSS)-& o8] =719} A]

oAl =3k oA 3 AAEIS H3bst= Ao, Al Al
£ ol &3l AFgtollA $12] W A1t AR 5& AlFchs AL
o]t} GNSSE= u|=2] Global Positioning System (GPS), 2] A]
o}9] GLObal NAvigation Satellite System (GLONASS), 43 o
3to] Galileo, &=-2] BeiDousS st W&, 24} &X|/&%F
o Q1 Tz 5 ko Boleld BEE T gk GNSSO] 4

m l’ol' _L«.u

H 97 ARG AR QP A AR ok SefEwAl, GNSSS| 3
oIS Quit A=Y 4 QEAE Yl HEQl Ra4el
Zro] 2@ 51 3kA)|7} ]9l Th (Teunissen & Montenbruck 2017).
GNSSo] 2AKE BAsl] SIah W e A 0 7E A
Aol Al Alg&sH= FAof] w2t 24| Satellite Based Augmentation
System, Ground Based Augmentation System, Aircraft Based
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B AA EAZE Lol @ 55 71X 51= Residual Based RAIM
(RB-RAIM)®| HZ] A= Sitt RB-RAIMO] thAQl A+ 2

== Lee (1986)2] Range Comparison Method, Parkinson &
Axelrad (1988)2] Least-Squares Residual Method, Sturza (1988)
9] Parity Space Method So] Qich 1eju}, 44 As A%
+ position domainof|A] A 2= 7]o] 7]&2] RB-RAIM-E range
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PPP KF-RAIM
] Get Vo Get P
! C . et protection
; all-in-view =P subset B solution P Get thresholds F——P» pl "
! eve
solution Vo solutions separations '

Fig. 1. Sequence of the PPP and KF-RAIM.

domain®] AI}+E position domain® 2 Wslkst= 7o) @
Skal, o|uf] E4A 9l 7148 ARESIC} (Brenner 1996, Joerger et
al. 2014, Joerger & Pervan 2016, U.S. DoD 2020, ESA 2021). o]

2ok B9l Mk T o 2 WSl BAIS sidslo] 18l
position domainollA] 114 7}4lo] wet AN S D] A&
slo] FAAlS 7A]5H= Solution Separation RAIM (SS-RAIM)
o] W3l A7} v o]—S{i\:]- (Brenner 1996, Blanch et al. 2012,
Joerger et al. 2014, Joerger & Pervan 2016).

9] AFE] FEEHE Fle GNSSY ZE S S
AF25}o] Weighted Least-SquaresE 7|9ro 2 A18zto] 9
2] W A|ZF AR =8 =A51= Single Point PositioningS A}
aigith Y FHAE Aot s mE A7} Y
T]o], Wkdu}l =4 %9} Kalman Filter (KF)E 2235} Precise
Point Positioning (PPP)o] A|¢t=] it EAJof PPPL] RZAA]
& TAIBH] AT 719 dtEel E e, AT &
o] SS-RAIM-S &Hak5} KF based SS-RAIM (KF-RAIM)o]| 5F
A7} 288 E 31 Itk (Gunning et al. 2018, Meng & Hsu 2020,
Bhattacharyya & Mute 2020, Wang et al. 2023).

KF-RAIM 49 141=] FslE AlFshATE A
ol BE 13 7MWl hek FhHshE Atslol sk B3
{1l KPS A81] Thel A2l A1zho) Aok EAel
o} 2ol Aleln]e F Y 24lE GEs) AT A,
27} GNSS H Ao} Regional Navigation Satellite System
(RNSS)& B7Fste] ARGSIth o] ¢, 2 7Hd x9t9] 47t
3A —7P0P7l o Tl RAIME] AAAIZE B oA o] & S5}

7] 13k ¥ete] mido] P4Aolnt, o] & s dsty] 13 A 4
TFolMe #AE FAIAL ARHlE AFgSlo] AdES E3
5= HS ARSIt} (Gunning et al. 2018, Meng & Hsu 2020,
Bhattacharyya & Mute 2020, Wang et al. 2023). 2|, &3} A
AF TR oA T3 Axkk slo]] BiE z]g] WAl Tolslo] X
2] A|7HE ©E51 3= Q19it) (Choi et al. 2023). 121 RAIM
oA HEH A WS &8 A glck 2370 A%
il S7koke A2 589 21X o B3s}r] 25 RAIME] H
I A7 ke HES F ot Qi

0 %

B =Hojx] KF-RAIMS] oA Y e Wil 59
3 2] A7He BES A2 A st AREeE BHAle A
7P o] 47} E71ske|| whet 2]2] Al7to] Aoj| = HojlA, 1%k

M 2 B AL PSR A4S WY AR el
Aelsigict. PR 0 3 bkt Agtslor sk 4 B

AlgF, threshold 2 protection level (PL)2] 2|HZF} X|4=7) A
AbE WY HEsigiaL, ol B dargES o83 PLY ALt
2 &xF A sl 1 7ol tig B E X2 E el 35
B Y X2 227 APIQl OpenMPE AHE-SIITh &
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ﬂ*g} 2 e3g10] o} Look-Up Table (LUT)S AF&513Ich
A B0l e Al THEAol|A] A5 GPS LUL2 2% S
Ionosphere Free (IF) 4 mdlo] &85t A| o)A Ax}

oAl Aetshs HHE A2 F271 &2 AF -2 diH] 22

FEE M B2 3 £

X17h0] B B8 ek, = 2] TAL Ol KF-RAMS]
$412 Hel593, 3ol KF-RAME] e e $ere Lheh
sick 22l sgolis Agelold Aok wsiz, sy deo

2. KF-RAIM

PPP7E 2] 7 02 KFS AR, RA4 RAE 913
$THO 2 KF-RAIME 243t 4= 9ltt. Fig. 12 PPP Y KF-RAIM
o) a1 B2 AE LrERd Aol Fig. 12 olsfsk] $19)
@ 5 KF-RAIME) 448 2j3he}.

2.1 Kalman Filter

KFZ AM&317] 9J8llA] Egs. (1, 209 e Z2hA md 2 A4
oé]_g]_o]- XX‘] EIE“ g _IE:]@-E]-.

Xp+1 = FeXge + Wy, wy ~NV(0,Qp), (1)

Vi = HiXp + v, vie ~ V(0,Ry). (2)

o371 A, okl A2} ke Al7E IEA, xi= AFE] HE], Fi= Al o]
Y, wel Qe 2 LEAM A S W I FEANE, y= 55
HE] He 35 3, vo} RS 42 54 42 WE] 2 334
& et 283 N(p2)= B+ HE7E pol L 354 I

o] 381 7}eAQ B E vepdT]
KFe= AR 2 FAeta g, 27] A 344 2,9 271 &

2} 24 BE P 7k 2 a35ltt KF] time update= Egs. (3, 4)

Rik-1 = FiRpe-1)k-1» (3)
Pyji—1 = FiPy_1e—1Fy + Qp. (4)

AZIA &y 2 AP AR 8], Py S AR Q2F FAT S o]
;a1 sitk KFe] measurement update= Eqgs. (5-7)1} o] 43
e

-1
Ky = Pk|k—1H}1—(HkPk|k—1H}1— +Ry) (5)

Rk = Rppe—1 + Kg (Yk - h(ﬁklk—l)): (6)



Py = (I — KeHi) Py @)

A7 A %y 5 AR AdE] 2], Py E AFE &

11 gt} K= Kalman gaino] 12, k(- )+ H]A1S 3= gk4o|t}t Eq.
@)9] = B B HIAE BE T4 0

2.2 All-in-view Solution, Subset Solutions and
Solution Separations

Eq. (07 2] RE 2475 AHgslo] 73 Al 2442
“all-in-view solution”o]2}1 ka1, 113 7Pdo] wel AeiE =
A xutro g AL Al 24 2] & “subset solution”o]2}al sk 11
ZF 7Hdoltt 7HAl 914 AR 5 d5UE ol WAgE 7
o) Aol 23 il SRk SR RE S5 Sl
7

1
K = P HYT (H(”Pk HITHRD) @)
Rk = Regp-1 + K ( ¢ = AR 1)) 9)
P = (1= KOHP )Py (10)
A71A 9] HA (D 2 7Hd dd Aot i=0Y & e
A} all-in-view 7} o2t A2ttt Time update?] Ail=
S X9t BAVE GlonF Egs. (3, 499 AIE AMESHAIN,
measurement update®] ZAit= 13 7pdo] et 24 %] y,
% 92 H, 2% 28 FEAL B R Kalman gain K7} #ish2
Egs. (9, 10)3} Zo] |2 A4lsljoF T-& o 4 it} ©17]4] Eq.
(9)7} subset solutiong 2]=|glC},
KF-RAIMo| §24d& 7FAI517] 915 A4 FAI%FE “solution
separations”2} 11 s}, Eq. (11)3} Z+o] all-in-view solutioni}
subset solution®] o] 2 He] A o5k 4= glt}.

Axm |x,% x,g(2| (11)

o714 ofel kgl 9113} Q1 2o0lck. Qole] S1x)s) el
goll thSt solution separation®] #4H- Eq. (12)9} o] A4kt

ORI N
o] 7] A (ao)z% Eq. (7)o]] YR all-in-view solution®] A} @
2} ZEAFFE poll A qiA] 3, giA] Bo] Yiolx ( e
Eq. (10)of] LUrebH subset solution®] AFS @ 2} F-E-AF 33 plo]]
A qa) o, g o] £1491& Uekic,

2.3 Threshold

KF-RAIMo| A4t HA FAFLERE % {75 245)
= SHA| A& “threshold”g}al s}, B Lo A]+= Blanch et al.
(2012)°] 72 F25}0] Eq, (13)3} 2] A4t 3 AHSCY.

h - (Pr{FA,} .
) _ x-1 q @)
Tk,q =0 <T) Aak,q (13)
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A7IA O )= TFE ZFAIQE B9 AE] EiL F4old, his
37 7P o] grolm, FA = YA QE A qoflA] AA] Y1x] 24}
= 518 A el AT B SAFL 718XE dolA] 1%
© 32 sk ARAS 9u|gich KF-RAIM2 Eq. (1D)o]] YR
solution separation Ax.’7} Eq. (13)] YeRd threshold T,7= c}
3 3140 2 HEgict

2.4 Protection Level

PLE 9B} 27

234 919 B olsht =S 44

& S 1e) aTiolck 4l 1 23 PLE Aokl
£ 248 A2 23 AR (HMDo] WAYE SHgo] A Ago]
T 724 9 SRS YA YR8 PLE Folelch 771
5744 $1% 82 Bq, (49} o] hetd 4 glck

h
Pr{HM1,}(1 - Pr{NM}) > ZPr{|PEkq|>Pqun|Ax(‘) <TopOrfs0). (14)

i=0

oy 7] A HMqu AR50 A A gof] tfst HMI AR, NM2 A|AH]
o] AAF 4 gl ARdE ekt 284 PE, = x5 Q1Y)
A g9 AA| 93] @2}, PL = RIS Q1A g2] PL, H0= iHA)
12 7S ojulsict A AE] FATE LAK 9 HEL 9
Asle] 4 ET} $2%0] el o) AR 4 AT, SHET
—’r— 12o] tfjs}] F+5F PL-& Z+Z} Horizontal PL (HPL)%} Vertical

L (VPL)E A o3t}
H 9§ LofA+&= Blanch et al. (2012)2] AAFE 2Fa15}e] Eq. (14)
£ Eq. (15)2} Zo] ZALg Be] ths) o] 84 daejgo =
PLE AL

h o)
Pr{HMI,} (1 - Pe{NM}) = 23 (PL(O) ) + z 3 (M) (15)

o —

=1 Okq
HPL3} VPLE ZFzh Egs. (16, 17)3} o] aizich.
I'IPLk= \/PL%((q 1)+PLk(q 2) (16)
VPLy = PLyq=3) (17)
3714 q=1,2,32 Z+ZF NED 2t2%9] N, E, Doj sfjgstct.
3. PROPOSED METHODS TO REDUCE
KF—=RAIM EXECUTION TIME
3.1 Parallel Structure
42} 27| FL29] KF-RAIM-L Fig, 20|41 2218+ 4= ¢Jt}. 7]

all-in-view solution2 AAFsF & 12F 714 1 ~ hol] tis)| subset
solution AF&, solution separation A4k, threshold 2%, PL AF
o e eAHoR 4Tt 7H S 47 FALEE T
371 2tel 471 35 SRR 42 el wlg g
A AlkE Eoled SAZE ek & =&elAlE Fig. 3o yEt
W OpenMPZ 0|5+ KF-RAIMS] ¥ 2] ukal L A|¢ksk
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PPP KF-RAIM
Get ' 3 Get subset Get solution Get threshold Get min/max
! el reshol
all-in-view [  solution |  separation > | protection level
| soution | 1| (@hyp) (1% hyp.) (% hyp) (1% hyp.)
3 Get su‘bset Get solufion Get threshold Get mfn/max
solution separation nd protection level
nd nd 2" hyp.) nd
2" hyp) (2" hyp.) (2" hyp.)
I I I I
Get subset Get solution Cot threshotd Get min/max Get min/max . i
e reshol et tecti
solution  f— separation  |— by | protection level —] protection level —» I;"' el‘ on
" hyp) " hyp) & byp) ™ hyp) @l hyp.)
Fig. 2. Sequential structure of the PPP and KF-RAIM
PPP KF-RATM (4) KEF-RAIM (B)
Get : l‘ Get subset Get solution Get threshold Get min/max | : !
v et thresho :
all-in-view [ solution [—P»| separation [ ah —| protection level
solution o @thyp) (1% hyp.) VP) @thypy |
' Get subset Get solution Get threshold Get min/max .
B el resno [ il
-  solution [ separation [P @ hyp) —P>| protection level = Get min/max Get final
: hyp. i+ | protection level > |
H (2" hyp.) (2™ hyp.) P (2" hyp.) HH P (all hyp) protection level |
' all hyp..
| Getsubset Get solution Get threshold Get min/max | !
| et threshol '
| solution [~ scparation [P & hyp) —1 protection level
" hyp) @™ hyp) v " hypy | 1

Fig. 3. Parallel structure of the PPP and KF-RAIM.

Fig. 3] “KF-RAIM (A)"= AH|$F5l= KF-RAIMO] L of|A| ok (M)} (B) Y9 WHE AT Ao A ATHS v aLste] A
HE Aok gYola, “KF*RAIM B &2t Aok 99 Qrohe 29| BldAdS BTt Fig. 39] (A) Y92 1 7ol
olm, “" hyp. "= A 1 7PdS ou|gich & =2ofA] At w}z} subset solution, solution separation, threshold, PL2] Z|TH
5l KF-RAIMO] 2 (A) 0303,.4 subset solution, solution St 2| &gk A RES HE A3, Fig. 39 (B) 9

separation, threshold 12|31 7Md W Z|cj/2| & PLE] A4S 31 2 7y 317 7o) 7|l REA Y EES Akl BE
ZF 7pdel wheba] WE Aejsla, (B) P9 o|xl © garelE < WHE H3ict
< o] &85k 2% PLO| AXEE ¢} A E]she 2T

OpenMPE o] &5} Wale] AL 34 & 7127} 9k R 3.2 Look-up Table of ® and %' Function
A MY AT GaE|Eo] A& FgFolojof gt Aol
SR WE A gaeEe] g Al7ke] S3] Aojof gtk 2 =RollA= KF-RAIMO] & AJ7HE 7s)7] gt 0
£ Zoltt o= sl A= A, 5718}, me] viz] 52 o2 o()d @'(-)2] LUTE 2H4d5te] ARE3I3iTh ()& 05
17 eHE|Er) pRIE DR WY e Ay o] A Al7to] 107k2] A48 AAIL A 500 SE3IAL, @'(-)E le-165-E 0.5
5] 2R b A Al7ke] A Zo] AFEAY HitHE 712 23 AA LA 500 SESISICH 3H2 AL A 2|7t

2] Albo] 57}* T 7] wiZe ID} A) °§°ﬂ°ﬂ*1 Aliksks A A Z7Fste] ARSI

o 1l S At

!
3l (A) 9] AU FS 3 7He] wfet

He) Azrol 24 hsAel
(B) ool = o) AL

Eq. (15)2] #oflA] 7t 7 7pdo
& Aiksle dto] 34k 7ol ot
AJ7ko] Zhh. TR EE (B) ole] 2
= A2l e o, A2 A7k A7) o
I3k @WE| =2 Qlslo] Azlalzbo] 27}

& =2ollA= Fig 391 (A)
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4. KF-RAIM EXECUTION TIME AND
PROTECTION LEVEL ANALYSIS

4.1 Simulation Environments

3akollA] A EE X2 dere] &84S BRIk 9l o
£3} 7-& 72.9] KF-RAIME S| 22| A|7H
29] &b 2] KF-RAIM, (i) Fig. 39] (A) 939 ¥ xg] KF-
RAIM, (iii) Fig. 32] (A), (B) %3] vi& x| KF-RAIM. X&] A|7+

hS Rk () Fig.



Table 1. Environment of system running PPP and KF-RAIM.

CPU AMD Ryzen 9 7900 12-Core Processor
GPU DDR5 16 GB
IDE  Visual studio 2022

Table 2. Execution time comparison for KF-RAIM (7 visible satellites) [ps].

Structure (1)+LUT (ii)+LUT (iii)+LUT  (ii)+Exact
T 70.838 22.609 22.745 23.205
T 0.194 0.224 0.236 0.232
Ts 1.869 1.935 10.323 4.244
Topoch 72.901 24.930 33.304 27.681

Table 3. Execution time comparison for KF-RAIM (8 visible satellites) [ps].

Structure ()+LUT (ii)+LUT (iii)+LUT  (ii)+Exact
T, 100.057 27.061 27.401 27.847
T 0.184 0.181 0.202 0.219
Ts 2.051 2.183 10.829 4.730
Topoch 102.291 29.424 38.432 32.796

Table 4. Total execution time comparison for KF-RAIM [us].

Description  (i)+LUT  (ii)+LUT  (iii)+LUT (ii)+Exact
Tooral 339.767  101.365  133.196  112.534
2 KF-RAIME dsh=t] 22l A7 S50k A2

oL 95t 24 %] ujl & 2 E 9] Shintotsukawao]] ¢ x|5F L=
A (STK200JPN)of|A] 4215 2022 119 8 18:00:00~18:59:59
F7hol| #fdsl= 12 744 9] GPS L1, L2 RINEX 3Y-& A5}
Qich ¥4 A H = JAXAO|A] A|55]= precise orbit/clock data,
Earth rotation parameter, differential code biasE AF&30 11,
GPS LI/L2 && A]of IF A3 X3S #8435} Zia]% 1]01 o
2 QIS exte] IxehE B Jct. 8| el iR A] 4171
9] 9%, &%, 7145, AJA| @4}, zenith tropospherlc wet delay,
float ambiguity S F45}93 20, PVA 2 &l Z 230c}

Elevation mask angle 15°2 A%s}o] sHH & 5}
7HA] 4 = T-NR WEEHTE 17 7HE GPS ¢
T PRk e, 2 14 8 9 2 /e 5
2 3 Aelsio] qel AkE B ]
2}u]El= Gunning et al. (2018)2] AF+E zFRslo] A
¥ X480 7H8A S Beks}7] Slel PLIH vl e
o] Alert Limit (AL)2 LPV-2000] w}z} HALE & o]x|= 2=
o] ALS 40 m, VALE R o]g]= -/Faéq ALS 35 mE AIAE
PPP= MATLABO & 7315}91 31, KF-RAIMS C++& J1315}0]
MEXZ #Aats] MATLAB qiToﬂAi 5% U A8Y5}9ict PPP
4! KF-RAIMO| 2§ 2172 Table 1of] UrER Tt
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4.2 Simulation Results

KF-RAIMe] 32] A|7Hg v]2et AoRs 7ha] 914 4ol m
2} Tables 2-4of] A|A|5}3ATE Tables 2, 30f|A] LUTQ} Exacte] <]
vl 78z PLE] Alitoll 3.2 o] LUTE AHRRE At A3 A4k
e AT AE —4‘3]5‘}11]' Tables 2, 300 7,7, 73,7 oS A
331, Table 41| 7, A2t Tables 2, 39] 7,1, 7= ZFzt

> o

gl
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Analysis of Guided-Missile Navigation Accuracy under Initial Alignment

Methods in Maritime Vertical-Launch Environments
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ABSTRACT

Guided weapon systems operating in maritime environments, such as the Vertical Launch System (VLS), form a core element
of modern naval capabilities. Although vertical launch provides an advantage in confined spaces, the dynamic motion of
the platform (ship) is directly transferred to the launch vehicle until just before launch, making navigation initialization
challenging. Weapon systems deployed on offshore platforms are continuously affected by environmental disturbances such
as waves, wind, and currents, as well as the ship’s propulsion and steering. Consequently, assuming a stationary initial state
when estimating the weapon'’s attitude using an Inertial Measurement Unit (IMU) introduces significant limitations. The
process of determining this initial attitude, known as alignment, is critical in IMU-based navigation systems. Errors in initial
attitude estimation directly propagate through the entire guidance phase. This leads to accumulated navigation errors and
ultimately degrades missile accuracy. Although Global Navigation Satellite System (GNSS) updates can correct navigation
solutions during the midcourse phase, IMU-based inertial navigation is indispensable during the early post-launch phase—
before GNSS data become available. Moreover, GNSS corrections may be unavailable in jamming or spoofing environments. It
is therefore important to accurately determine the initial attitude and rapid transition to inertial navigation mode to ensure the
required guidance performance of ship-launched missiles. This study compares and analyzes three representative alignment
methods applicable to maritime environments: one-shot alignment, one-shot mixed alignment, and shipboard transfer
alignment, under identical sea conditions. To quantitatively reflect the dynamic nature of the marine environment, simulation
data based on wave conditions were generated using the Marine System Simulator (MSS). The initial alignment accuracy of
each method was evaluated using these data, and the subsequent inertial navigation performance was analyzed. From the
obtained results, one-shot mixed alignment, which utilizes missile-mounted IMU acceleration data, exhibited large alignment
errors due to hull motion effects, while transfer alignment using attitude and velocity data from the Master Inertial Navigation
System (MINS) achieved higher accuracy. It was confirmed that in high sea state conditions, the transfer alignment method
utilizing continuous velocity and attitude information from the MINS provided the highest performance in estimating the
missile’s attitude.

Keywords: one—shot alignment, one—shot mixed alignment, transfer alignment, inertial navigation
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Fig. 2. Algorithm of transfer alignment (attitude and velocity matching).
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Table 1. Specification of SINS.

Sensor Parameter Value
Bias 0.5° /hr
ARW 0.04°/~y/hr
Gyroscope  Scale factor 100 ppm
Misalignment  0.02 mil
Output rate 200 Hz
Bias 200 pg
ARW 50ug /vhr
Accelerometer Scale factor 200 ppm
Misalignment ~ 0.02 mil
Output rate 200 Hz

Table 2. Specification of MINS.

Parameter Value
Attitude 0.7 mil
Velocity 0.05m/s
Time delay 20 msec
Output rate 12.5Hz

Fig. 3. Trajectory of simulation data.
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Fig. 4. Velocity of simulation data (NED).

Fig. 5. Attitude of simulation data.
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Fig. 6. Acceleration of simulation data (body frame).

Fig. 7. Estimated heading error of velocity/attitude matching transfer
alignment.

Table 3. Initial attitude accuracy without flexure and time delay.

Roll Pitch Heading

Alignment method [mil, 10] [mil, 16] [mil, 10]
One-shot align 1.77 1.77 1.77
Sea state 2 One-shot mixed align ~ 1.49 1.6 1.78
Transfer align 0.15 0.06 3.11
One-shot align 1.77 1.77 1.77
Sea state 5 One-shot mixed align 12.26  13.23 1.77
Transfer align 0.16 0.07 1.37
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Table 4. Effect of flexure and time delay.

Error source Roll Pitch Heading

[mil, 10] [mil, 10] [mil, 10]
Sea state 2 Flexure 0.29 0.29 0.29
Time delay 0.05 0.05 0.05
Sea state 5 Flexure 1.90 1.90 1.90

Time delay 0.40 0.40 0.40
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Table 5. Initial attitude accuracy with flexure and time delay.
Roll Pitch Heading

Alignment method [mil, 16] [mil, 10] [mil, 1o]
One-shot align 1.79 1.79 1.79
Seastate 2 One-shot mixed align  1.52 1.63 1.78
Transfer align 0.33 0.30 3.12
One-shot align 2.63 2.63 2.63
Seastate 5 One-shot mixed align  12.41 13.24 1.81
Transfer align 0.43 0.43 1.43

Table 6. Inertial navigation error.

Horizontal error Vertical error

Alignment method [m, 2DRMS] [m, 2DRMS]
One-shot align 901.07 625.76
Seastate 2 One-shot mixed align 834.54 584.85
Transfer align 897.04 296.41
One-shot align 1297.91 847.28
Seastate 5 One-shot mixed align 4855.13 3805.97
Transfer align 489.88 316.56

Fig. 8. 3D flight trajectory of inertial navigation.
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Reinforcement Learning Reward Design for Robust Autonomous

Shipboard Drone Landing
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ABSTRACT

The autonomous landing of multirotor UAVs on ship decks is challenging due to wave-induced deck motion, degraded

visibility, Global Positioning System (GPS) interference, and communication uncertainties. To address this, a reward design

framework based on reinforcement learning for vertical drone landing on a heaving shipborne platform using the Deep

Deterministic Policy Gradient (DDPG) algorithm is developed in this study. The training environment combines a simplified

vertical UAV dynamics model with wave profiles generated from the JONSWAP spectrum to enable randomized and realistic

heave motion in each episode. To enhance training stability and policy robustness, we introduce a distance-based reward, a

strict terminal penalty for failed landings, and hyperparameter scaling consistent with vehicle dynamics. MATLAB simulation

results show that the proposed reward design achieves stable policy convergence and landing performance across diverse

wave conditions. These results demonstrate the proposed reward model effectively improves the learning efficiency and

robustness of autonomous shipboard landing systems.

Keywords: autonomous landing, DDPG, deep RL, drone
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Fig. 1. Overview of a reinforcement learning-based autonomous landing system.
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Fig. 3. Comparison of reward structure (a) Baseline reward (b) Proposed
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Fig.4. Actor network and critic network architecture.
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Table 1. WMO sea state code.

Sea state code Wave height [m] Characteristics

0 0 Calm (glassy)

1 0t00.1 Calm (rippled)

2 0.1t0 0.5 Smooth (wavelets)
3 0.5t01.25  Slight

4 1.25t02.5  Moderate

5 25t04 Rough

6 4t06 Very rough

7 6t09 High

8 9to 14 Very high

9 Over 14 Phenomenal
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Fig. 5. Wave height according to sea state.
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Table 2. Training hyperparameters for the DDPG algorithm.

Fig. 6. Comparison of sparse, distance-based, and scaled reward schemes in DDPG training.
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Table 3. Mean time-to-land (TTL) comparison between PID and the
proposed RL method.

. Mean TTL [s]
Techniques s
<5m Entire interval
PID 27.830 35.402
DRL (proposed) 6.470 11.030
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Fig. 7. Comparison of RL and PID landing trajectories below 5 m.

Fig. 8. Distribution of relative landing velocity.

Fig. 9. Scatter plot of drone-platform velocities at landing.
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[e)
Delayed Deep Determmlst ic policy gradient algorlthm (TD3),
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ABSTRACT

Global Navigation Satellite Systems (GNSS) provide worldwide positioning services, while Regional Navigation Satellite
Systems (RNSS) offer services for specific areas. Korea has been developing its own RNSS called the Korean Positioning System
(KPS), which includes a Wide Area Differential-RNSS (WAD-RNSS) concept that transmits both navigation and correction
signals simultaneously. In satellite navigation, Signal-In-Space (SIS) User Range Error (URE) represents errors in navigation
signals, while User Range Accuracy (URA) provides a conservative estimate of the standard deviation of the SIS URE. The
navigation signals are transmitted in either Legacy Navigation (LNAV) or Civil Navigation (CNAV) formats, with CNAV
offering advantages including improved flexibility, shorter update intervals, and separate error component representation.
Therefore, CNAV achieves smaller UREs and provides a more sophisticated URA in a format different from LNAV. This paper
proposes a CNAV URA calculation model for the Korean WAD-RNSS including mathematical expressions for both Elevation-
Dependent (ED) and Non-Elevation-Dependent (NED) URA parameters specifically designed for WAD-RNSS satellite orbital
characteristics. Simulation results show that the proposed CNAV URA conservatively bounds the Worst User Location (WUL)
URE within the service area. Furthermore, our analysis shows that the proposed CNAV URA can be reduced compared to the
LNAV URA without compromising conservatism. The proposed method can contribute to the development of modernized
navigation messages for WAD-RNSS.

Keywords: KPS, BDS, service, research trend
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Fig. 1. BDS satellites and orbits by development stage (Lu 2018).

Table 1. History of the BDS (Lu 2018).

Year Events
- Development start of the regional satellite navigation system (BDS-1) for test
« Deployment design of 3 geostationary orbit (GEO) satellites
- Operation of BDS-1 (I0C declaration in 2000, FOC declaration in 2003)
2000~2010 e« Launch of total 4 GEO satellites (including 1 backup) from 2000 to 2007
« Military services (positioning, timing and messaging) are provided within Chinese Territory from 2003

1994

- Development start of the regional satellite navigation system (BDS-2)

« Deployment design of 5 GEO satellites, 5 inclined geosynchronous orbit (IGSO) satellites, and 5 medium earth orbit (MEQO) satellites
- Operation of BDS-2 (I0C declaration in 2010, FOC declaration in 2012)
2007~2012 e« Launch of 5 GEO, 5 IGSO, and 5 MEO satellites

« Services are provided in the Asia-Pacific region
- Development start of the global satellite navigation system (BDS-3)

« Deployment design of 24 MEQ, 3 GEO, and 3 IGSO satellites (later changed to 27 MEO, 3 GEO, and 5 IGSO satellites)
2015~2020 - Launch of 27 MEO, 3 GEO, and 5 IGSO satellites (including 3 MEO and 2 IGSO satellites for verification)

2018 - Construction completion of the main BDS-3 system and IOC declaration

- Deployment completion of 35 BDS-3 satellites
- Declaration of system construction completion
- Launch of 2 additional BDS-3 satellites
2024 - Developing an integrated augmentation system of BDS with low earth orbit (LEO) satellites and conducting high-precision positioning
correction experiments for GNSS and LEO

2004

2009

2020

73S nZA O] 9 FH AHAE ATE U AR THAl BDS-2¢= S Wi2] ARIAE Qe 2] 9143 P AJAE]
Ak 4= it olof] Bt §8% 02 KPS} BDSS FAlo 4 o|u, 3¢tA] BDS-3+= 3 A7 943 & A|ARle]t} (Ko & Choi
5H7] $l5te] Y43 ol Tslted =3t =t e Y S 49 2015).

Shal oF=ro] st 7F 3+t E s nF {Y 7Hhe 24T 199413 = of| 1THA| BDS-12] 7Rbe]| 2h4=5]a1, 2003 o]l 7HRE
Za7t ok S ¢85 T, I L8 AH|AE ARSI (China Satellite

o] ol Tt = 2] A el T Ve Navigation Office 2018a, Lu 2018). 2004 o] 20HA] 2 BDS-2
F Y 7Hkg 243517] {712 AR EA dA7EA] Ak o] Aol 25, 2012 o) S $hE S & ofAlol/Ef g
BDS2| dA3+S A 2]5tar BDSo|| Tt 5= tfste] A+ 5 ot & A HFof|A] MH|AE A|F5I Tt (China Satellite Navigation
oFs} a2} shct. Office 2018a, Lu 2018). BDS-32] 7|RFe 2= 2009W Fof] 24
Wx], 22o]| A BDSS] 7ft sty uE 22 AAE A5 5lod 2020 o L&& 2+=3519i} (China Satellite Navigation

H

N

R =

31, 3%Fof|A] BDS A{H]|A, Als 2 5 et vieko] tiste] Ae Office 2018a, Lu 2018). 2024d 11'Y 7|52 2 157]1¢] BDS-29A]
g} 4ol A =t oishe] BDSO] g A d8he A ejgict

3L 52 o] =] AEoltt

2. BDS 7H% & A JHE =T HIA
2.1BDS2 M2
FHE71E 9 PP A5 FEE FolL, A W EE A

HIAS A3 915te] 24 14 B Al2EQ) BDSE P55}
%k BDSE % 35 Mo £71E|9liu], 15 BDS 19} 2
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3} 307)2] BDS-3 9|4, B 457)2] $]do] A= Atel|A] B2k}
11 9JT} (Han et al. 2023).

20198 7|& 2 2 BDSQ] XAMA|AHEI(ground segment) O 2
Master Control Station (MCS) 17§4~, Monitor Station (MS) 29
7l 4, Time Synchronization and Upload Station (TS/US) 27} 4
£ 893353 ¢t} (Yang et al. 2017, China Satellite Navigation
Office 2018a).

BDS& g, A8, 714, oY, 5%

E, 58, 58, il 5 olg A ZokellA g flsA &
4,

AL glen, F=r ool ]



Table 2. BDS ground system (Yang et al. 2017).
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Component

Function

- Status monitoring and control of the BDS satellites and navigation message generation

Master control station

« Satellite precise orbit tracking, status monitoring, and anomaly detection

« Navigation message generation and transmit to uplink antennas

- BDS satellite observation

« Satellite tracking and collection of navigation signals and data

Monitor station

« Provide the collected data with the master control station

« (Type-A) Monitoring satellite orbit and ionospheric delay
« (Type-B) Augmentation service and integrity service

Time synchronization/ pload antenna - BDS system timing management and satellite control, upload navigation message

2.2 BDS 7l sigh

BDS®] 52 @188 Table lof A 2l5}90.m, Fig. lof 42
4} A HISITt (Lu 2018), BDSE 3 3¢ A At
of wfek, 219 94 ahy AlARIQ] BDS-19} BDS-29) g A
2 A 217 914 A ARl BDS-3E ¢HAsIIth 20204 6
BDS-3 94 357] vljx] &5 & 7Y A|AH] 1= A48 E A5}
Atk

1996, A 33 Tt S 9171 A £ 5 makd 2717} 54
Ebdel] Afs}oin, QRIS A) ALg-E mlsHe] GPS AH]
A AE EHo 2 2A5I3IT] 2000 o= AL 24 Beidou-
1A (573 80%)2} Beidou-1B (573 140%), 20030l = A& £
4 Beidou-1C (573 110%), 2007 o)l = A4 Al Beidou-1D
CEESERAL TN

BDS2+= 2006\ 25 F-A] TRl ond, 2007'd0] 9
A& Wa}slr| A]ZHSF9ITh (China Satellite Navigation Office
2018a). 20076 = MEO 2J4 17], 200990l = GEO $14 17],
2010401 = GEO 2J4] 37]9}IGSO 214 27], 2011do] = IGSO <]
A3 37], 20120l = MEO A} 47], GEO €4 27]1& wWhalstoich
201260]1 = 91 1672 QAT SAIBET AHIAS ARSI 0.
o, 2016 o] MM A A5 §A15 BH o2 WG IS WA}
STt o]%of 201619 GEO YA 171} IGSO ¢A] 17], 2018
o] IGSO £14d 171, 2019l = GEO 94 17]1& Akt

BDS3& 20159 A13-§ 914& HAlskA 7Hdo] AR ]
t} (Deutsche Welle 2020, GPS World 2024a). 2015 o]l = MEO
914 27], IGSO 214 27], 2016Wo= MEO <14 17], 2017\d0]
= AH|AE 2133 MEO 9148 27], 2018'dofl= MEO $143 167],
GEO €4 17], 201940l = MEO €4 67], IGSO £JA4 37], 2020
Holl= GEO 94 2715 HAlsitt 2018 delle 27|28 AH|
AZ A1 on, 20200 FOCE AMelslgitt. 20204 94
o= 914 307](MEO 247], GEO 37], IGSO 37]) B4+ &8 0
BDS-3 AZ4 914 57](MEO 37], IGSO 27])7} o= 28 =4)
o slolsloit) 20234 10Y 7120 2 BDS-3 <4 317] (W E2]
3 94 307], MG 948 1717 8= %o, 2024f BDS
914 2712 uhalalmA] 20244 6 71202 BDS-3 $14 337]
UEHZ 2144 3071, HI= Al & 37]) 8= %1t 20240
= BDS¢} A AIE 24 (low earth orbit, LEO) 94 3 B 7} A]
AHO] B3k JdF Tl AFA AZS =X 5].51_ Qlom L= =01
LEO $14 & o] olg] A1% 9IS 2H8slo] GNSSe} LEO T
;Gtﬂ ZH H2Z] A3 L ]3] 3_,—1%1\1:]-

Fig. 2. BDS ground system deployment (Lu 2018).

Table 2¢]] A 2]3F BDS-3 X AIA|AEIS BDS-29] Z|AAA
el (ground segment)& 5to] ZHE5}QiT (Yang et al. 2017).
20199 7|& Master Control Station 174, Monitor Station 29
N (Type-A 7704, Type-B 227]4), Time Synchronization/
Upload Station 27} A2 vl X]5}9it}. Fig. 2= BDS<] A|AF A|AH]
o) w22 LheRdTH (Lu 2018).

20204 o] Fo] BDS-37} 2= AJH|A S Alzkslair] ol
Z9I35l B2b A1 5 & ]85} Precise Point Positioning (PPP) A{H|
A= STt A 3-E v Galileo HASU QZSS CLAS A{H]A o
b] 2% Al7bo] A3, Q14xel 7 AW %) AulAES B3I
(Gao et al. 2024, GPS World 2024b). 18] 11, 52 A= A&}, 2}
A 2}, A5Y 5E, A 7Y, 3 59 5 oleirA Bolo
FENE EEADLI

2.3 BDS 7HE =X HiAl

BDS+= Fig. 3o Uehd F= A H F 29| A4 ofefol A
L= ATt Jee 2017). AUV BN = 449 oA 2
3 7)goln], A1) EhE] Abslo] TRAT} SRR
A37} lrk. FEY ofeo] ol X A F FAHHBR
(Ministry of Industry and Information Technology, MIIT)o]|
A1 BDS s ot YR EIR Absl S8 sd =
(State Administration for Science, Technology, and Industry
for National Defence)x} 3:}5%7} }d=+(China National Space
Administration, CNSA)o] &3 & 7t A|&-& Pt BDS
W B S AR B Y 04%-‘8 Table 3| g 2|5}3it} (Ahn
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Fig. 3. Decision-making structure of the Chinese government for BDS development (Jee 2017).

Table 3. Chinese government ministries and roles related with BDS development (Ahn et al. 2021).

Ministry

Role

Ministry of Industry - Ministry under the state council similar to South Korea’s ministry of science and ICT, management of broadcasting, wireless

and Information communication, and internet industry

China National Space - Responsible for civil space activities, policies, regulations, and management by the authority from the defense science and technology

Technology (MIIT) - Overall government agency for BDS
Administration industry bureau
(CNSA) - Government’s operational agency on BDS

rE

et al, 202). FAIAPAFE YT| FYTOR R
U 12 ol U SRUE, A, Aok el S ek

ZF=2 BDSO] 245 flste] 2719] Yool 7] A&
29ty 22 9A3IHALE A (The China Satellite Navigation
Office, CSNO)+ BDS<} ==+ Positioning, Navigation and
Timing (PNT) AJAR] 3481 571 Ak} o] ox A & 48
Sh= 2 AR ojA|o|m, 1 529t v China Satellite Navigation
Conference (CSNC)Z 7 2|5}0] 2] S uletslar, =4
HE g F1813ick 130 2025 o] Fofli= CSNCE ¢ o]4} 7
Z|5}A] ¢Foni oAl vl International Summit on Large-Scale
BDS ApplicationsE 7] X of| A o]t}

The National Technical Committee on BeiDou Satellite
Navigation of the Standardization Administration of China+=
the Standardization Administration of the People’s Republic

S
T

flo

of China®} The Equipment Development Department of the
Central Military Commission®] & slof] 2014 o) AH =) o
o, BDS 94, T2, &, 1§ W Aul2o) BEeE ARl
T} CSNOL= BDS 7J4HS 9154 Ha) yh2]7|2A] £2 BDS

T5, olZelAlold AL U Aist 5 el o0, Akl
J«LE% AR7} Sisle} BRI ATHS L5kt

17 BDS9Q] %L National Development and Reform
Commission (NRDC) Aks}2] ZZ]o] gislal ¢l on], CSNO+=
BDS /gt o] F ]Ho|B g2 oFo 2 Jiut oA ] BDS47} ¥
AH 0.2 AAE7) F7 s BDSS Tiste] SHa Qe gl
S Ao= Bt

The Central Station for Satellite Navigation (CSSN)& BDS
o] ] U 293E f1sh 1999ol A E|QiTE CSSN9| 7] &

2
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2 BDS9| A+, Al AN, -8 E 2§ B5oln, BDSO A4
= Ao HEo] &-8of 2FHg wrE 11 ¢Jt} The China National
Administration of GNSS and Applications (CNAGA)+= BDS A]
Hl 0] AFI5h W AP 913 71558 2% o|ck CNAGAE 9HY
91 BDS A4 AT 913 £83 9 B, ohasly 1 F
Ao) Al QTS 91 AR Beloh 75, BDS 2]
LIS QI3 Hotel WE W 8 Qlue} 4% P4, BDS B
7+ AS Y Zslels v 71X E 228 A 51e] BDSQ)

H
S A5t gk

3. BDS AMH|A, 85 ¥ = L Y
3.1 BDS AMH|A

BDS&= AMGARA 77EA1 8] AHIAE AlFsthedl, d A+
£ tjalo 2 PNT A{H|A (@ A{H]A, RNSS, Radio Navigation
Satellite System Service), A Z|¢ TG&E EA1AH]A (Global
Short-Message Communication Service, GSMC), M LR A{H]
A (International Search-And-Rescue (SAR) Service)2] 37}%]
£ AFsh, obxlot-eE Y A& iAo R 1379 B A
H| A (BeiDou Satellite-Based Augmentation Service, BDSBAS),
A Ay 718 27F AH]A (BeiDou Ground-Based Augmentation
Service, BDGBAS), A& =¢£] AH]|A (PPP Service), |} ©H&
EAl AH]A (Regional Short-Message Communication Service,
RSMCS) 9] 47}2) & A3k} (GPS World 2021, GPS World
2022a).
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Table4 BDS-3 service areas, signals, and satellite types (China Satellite Navigation Office 2019a, 2021, Lu 2024).

Service Area Signal Satellite
Downlink B11, B3I 3GEO+3IGSO+24MEO
RNSS Global
oba Downlink BIC, B2a, B2b 31GSO+24MEO
SBAS China and surrounding area* Downlink BDSBAS-B1C, BDSBAS-B2a 3GEO
Uplink Lband
Regional China and surrounding area* P 1n. an 3GEO
SMC Downlink Sband
Global Global Uplink L band 14MEO
oba oba Downlink GSMC-B2b 31GSO+24MEO
Uplink UHF band 6MEO
SAR Global
oba Downlink SAR-B2b 31GS0+24MEO
PPP China and surrounding area*  Downlink PPP-B2b 3GEO
GBAS China and surrounding area* 2G, 3G, 4G, 5G Mobile communication or internet

*Longitude 75°E to 135°E, Latitude 10°N to 55°N

Fig. 4. BDS coverage by service type (China Satellite Navigation Office
2019a, 2021, Lu 2024).

Table 4of BDS AMH|AH Jo, A5, 44S Fesiion,
Figs. 49} 50 BDS9] AH|AH AlF 9J2I3} BDS RNSS 7d-S
29It} (China Satellite Navigation Office 2019a, China Satellite
Navigation Office 2021, Lu 2024). RNSS& &utelofA] F7H=
BIL, BIC, B2a, B2b, B3I A1 5 & E3F PNT AJH|AQ] UuHE7H) A
H|A (Open Basic Navigation Service)Q} A Hof| oJ3] %2l% A}
Lx2}o] Shaf] 0] 755k BIA, B3Q, B3A 4155 £5F PNT A{H|
AQ1 AR AH|A (Authorized Basic Navigation Service)S A
F5hc}. Table 59 BDS RNSS A% #2428 A2|519 11, Table 6
o] BDS RNSS 415 & A #]s}9it} (China Satellite Navigation
Office 2017a, 2017b, 2018b, 2019b, 2020a, 2021, International
Telecommunication Union 2024). Table 70 BDS RNSS 415 9]
29 Asle 1AL Aes)9) 1, Tables 83} 9of] BDS RNSS 415
o %5 24 HBE FA43 A B FAL gsidict
(China Satellite Navigation Office 2021). Tables 102} 119]] BDS
RNSS 415.9] PDOP o]& 7VsA] 43 5] AJH|A o] 7Hs
A 7#23E #2519ttt (China Satellite Navigation Office 2021).

Fig. 60l A 27 @ F4IAHIAQ] GSMC 7Hd-& BTt
(Yang et al. 2019). A 2G5 thF o2 THEo] HIAZ] FAE AJH|
25 flote] Lt o] AP AE ol8siH, siFd e 5 H
& 94 4715 Estel S thea} B2b thel & o] g3ttt 3 A
H]|A¢1 GSMCS: 147] 9] MEOS} Inter-Satellite Link (ISL) 3.

Fig. 5. Concept of BDS RNSS (China Satellite Navigation Office 2019a, 2021,
Lu 2024).

Table 5. BDS RNSS performance standard (China Satellite Navigation Office
2017a,2017b, 2018b, 2019b, 20203, 2021, International Telecommunication
Union 2024).

Item Standard
Positioning accuracy <10m
Accuracy Timing accuracy <20ns
Velocity accuracy <0.2m/s
Availability >0.99

2 o] gslo] BE WAIX] FAIL ATECE 2021 9Ge] FAHE
SMCSE AXQl AIFE & 4 9t} (Inside GNSS 2021). Tables
12¢} 130 BDS GSMC] A% FZ 3} BDS GSMCE] AH]A A]
S £ A5}t (Yang et al. 2019, China Satellite Navigation
Office 2019a, 2021, Chen 2021).

Fig. 7] SAR Service2] 7J@-2 E$i+=d], COSPAS SARSAT2]
x| et A& A5 E fAlskaL 8ok AlH|A0ltt (Yang
et al. 2019). BDS SAR AH|AE = F& 24 67]2 Eslo] 2t
2} 912 E A143] motsla Txs17] 915 AR AG AHAR,
3F¥ A= UHF )& o] &5lal sl A+ B2b the & o]
Sic} o] Z-& COSPAS SARSAT HFof Return Link¢} ISL 7]%
2 2715 Aot Fig. 8] BDS SAR Return Link A{H]A20] 7id
< H9lon] Fig. 9o Return LinkES Z3F5F BDS SAR A{H] A 9]
a2 Bt} (Yang et al. 2019). Table 140]] BDS SAR AJH]A A%

http://www.ipnt.or.kr
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Table6 DS RNSS signal standard (China Satellite Navigation Office 2017a, 2017b, 2018b, 2019b, 202043, 2021, International Telecommunication Union 2024).

Band Signal Frequency (MHz) Data rate (bit/s) Chip rate (Nchip/s) Modulation method Satellite
MEO/IGS0:50
B1l 1561.098 GSO:500 2.046 BPSK-R(2) MEOQO, IGSO, GEO
QMBOC(6,1,4/33) (B1CP)
Bl B1C 1575.42 50 1.023 BOC(1,1) (BICD) MEO, IGSO
MEO/IGS0:50
B1A 1575.42 GSO:125 2.046 BOC(14,2) MEQ, IGSO, GEO
aP- no data
B2 B2a 1176.45 aD- MEO/ IGS0:100 10.23 BPSK-R(10) MEQO, IGSO, GEO
GS0:250
B2b 1207.14 500 10.23 BPSK-R(10) MEQO, IGSO, GEO
MEO/IGS0:50
. B3I 1268.52 GSO:500 10.23 BPSK-R(10) MEOQO, IGSO, GEO
B3Q 1268.52 500 10.23 BPSK-R(10) MEQO, IGSO, GEO
B3A 1268.52 50 10.23 QPSK-R(10) MEO, IGSO, GEO

Table 7. BDS RNSS signal positioning accuracy standard (China Satellite
Navigation Office 2021).

Positioning accuracy standard (95%)

Service mode

Item Range (m)
Single or dual Horizontal average over entire area <9
frequency Vertical average over entire area <10
Single or dual Horizontal error at lowest performance point <15
frequency Vertical error at lowest performance point <22

Table 8. BDS RNSS signal velocity measurement accuracy standard (China
Satellite Navigation Office 2021).

Velocity accuracy standard (95%)
Item Range
Average of all regions <0.2m/s

Service mode

Single or dual frequency

Table 9. Timing accuracy of BDS RNSS signal standard (China Satellite
Navigation Office 2021).

Timing accuracy standard (95%)
Item Range
Average of all regions <20ns

Service mode

Single or dual frequency

Table 10. BDS RNSS PDOP availability standard (China Satellite Navigation
Office 2021).

PDOP’ availability standard (95%)

Service mode

Criterion Range (%)
. Average of all regions >98
Single or dual frequency Minimum performance point >88

*PDOP: Position Dilution of Precision

Table 11. BDS RNSS positioning service availability standard (China Satellite
Navigation Office 2021).

Positioning service
Service mode availability standard (95%)
Item Range (%)
. Average of all regions >99
Single or dual frequency Minimum performance point >90

A& A estlen, Table 159] SAR AH|A9] AT 5 |5}
itk (Yang et al. 2019, China Satellite Navigation Office 2019a,
2021).

Fig. 100] BDS©] BDSBAS®] £& 7ju< ®aith (Li et al.
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Table 12. GSMCS performance standard (Yang et al. 2019, China Satellite
Navigation Office 2019a, 2021, Chen 2021).

Item Performance standard
Success rate >0.95
Response time 1 minute
Capacity uplin.k 300,000 time / hour
downlink 200,000 time / hour

Maximum message length 560 bits (40 Chinese characters)

Fig. 6. Concept of GSMCS (Yang et al. 2019).

2020). =AFEF714 (ICAO0)9] 2F-& w2t GEO 914 37]
£ ol gsle] & B Hrol RA4d (W) FRE AFs
= xju]Ao]th WAAS, EGNOS, GAGAN, MSASe} Z+8 7| Z£9]
SBASA§] GPSe|| tiet BHAHE A5 #4F olyz} BDS
i3t B4 JH T A|F3c}. Fig. 119 BDSBASS] AH] A A2 o
o1& "It} (China Satellite Navigation Office 2019a). BDSBAS
‘d%& AL Table 160 B3] CAT-1/d%5 45 9H53ic). Table
170l BDSBAS A% B7} oAl W Aste §7-8 317, Table 18
o]l BDSBAS 0F4 A & A1 2|4 F-2-& 299t} (Lu 2024). BDSBAS
£ ¢5}o] GPS Y€ BDS 415 & 7FA|= (monitoring station)of| 4]
AI5EAL, SR B (master station)of|A] X3t HAYHRE
GEO ¢/ E3) BICS} B2a Al 52 A|-3stch BDS-2 A5 (Bl
B3R L Al ZFcha el A QlAnk FAH FRE Fo6HA
o131 9Jt} Table 19¢f BDSBAS A& & A &]s}9it} (Yang et al.
2019, China Satellite Navigation Office 2020b).



Table 13. GSMCS service signal (Yang et al. 2019, China Satellite Navigation
Office 20193, 2021, Chen 2021).

Frequency Signal Data Modulation L .
(MHz) name rate method Authorization Satellite
1610.0~1626.5 Uplink - - - 14 MEO
1207.14 B2b - - - 14 MEO

Fig.7. Concept of SAR service (Yang et al. 2019).

Fig. 8. Concept of BDS SAR return link service (Yang et al. 2019).

Fig.9. . Example of SAR service including return link (Yang et al. 2019).

A% 716 B
AAZE cm 2 %HE’J mm 45 &l =
=1, Table 200} BDGBAS?] A% H4& A5}t (China
Satellite Navigation Office 2021)

Fig. 120] A 2] AH]A21 PPPE] 7S Bl 3719
GEO $141 ol g3lo] B2b thd o2 1 A Z9lof Bagt 9]

PAVSIEIES
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Table 14. SAR service performance standard (Yang et al. 2019, China

Satellite Navigation Office 2019a, 2021).

Parameter Performance standard
Detection probability >99%
Positioning accuracy <5km
Availability >99%

Return link delay <2min
Return link success rate >95%
Bit error rate <5x10°

Table 15. SAR service signal (Yang et al. 2019, China Satellite Navigation
Office 20193, 2021).

Frequency Signal Data Modulation Author-

Item (MHz) name rate type ization Satellite
406 Uplink - f
SAR 154421 Downlink - ; 6 MEO
Return 3IGSO+
link 1207.14 B2b - - - 2AMED

Fig. 10. BDSBAS operational concept (Li et al. 2020).

Fig. 11. BDSBAS coverage (China Satellite Navigation Office 2019a).

A, AA 03} 50 FUT B YuE AT, 5~ 54
cm 479] W] G AMu|27E FP5EA, 308 FEL] A
l-O] I @ 5}c}. Table 210]] BDS PPP AJH|A Q] A& A5
1, Table 220 BDS PPP A{H|A A5 2 Aa]s}glon] Table 23

of] BDS PPP AJH|A 9] A5 HA& A )51t (Yang et al. 2019,
China Satellite Navigation Office 2019a, 2020c, 2021). Table 24
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Table 16. CAT-l performance standard (China Satellite Navigation Office

Table 17. BDSBAS augmentation target and accuracy standard (Lu 2024).

2019a).

Item Augmentation Frequenc Accurac
Item Performance standard objects 1 ¥ Y
Accuracy Horizontal: 16 m, Vertical: 4 m Single Horizontal 20 m
Integrity 1-2 x 107 per hour (approach) frequency GPSLIC/A BDS GEO BIC Vertical 20 m
Continuity 1-8 x 10°® per hour (within 15 s) Dual BDS B1C/B2a BDS GEO B2a Horizontal 16 m
Availability  0.99 frequency  GPSL1C/A/L5 Vertical 4 m
Table 18. BDSBAS integrity and reliability standard (Lu 2024).
Item Time-to alert Integrity risk Alert limit Continuity  Availability
Single frequency 10s Hor{zontal 40m >99%
B Vertical 50 m N
2x10°/150s ———————— 1-8x107/15s
Dual f 6 Horizontal 40 m >99.9%
ual frequency S Vertical 10 m =TI
Table 19. BDSBAS signal (Yang et al. 2019, China Satellite Navigation Office 2020b).
Item Fraellllfscy Signalname  Datarate  Modulation type  Authorization  Satellite
- 1575.42 SBAS- B1C 250|500 BPSK (1) Open GEO
- 1176.45 SBAS- B2a 250 QPSK (10) Open GEO

Table 20. BDGBAS service performance standard (China Satellite Navigation Office 2021).

Service type Service accuracy Performance accuracy

Performance standard

Single frequency pseudorange augmentation service Horizontal position accuracy (95%) sl2m
& 4 yp geaug Real-ti Vertical position accuracy (95%) <25m
eal-time
meter-level Horizontal position accuracy (95%) <0.8m
Single carrier phase augmentation service Vertical position accuracy (95%) <1.6m
Convergence time <15 min
. Horizontal position accuracy (95%) <0.3m
. . . Real-time . o
Dual frequency carrier phase augmentation service - Vertical position accuracy (95%) <0.6m
decimeter-level . .
Convergence time <30 min
. . . . Real-time Horizontal position accuracy (RMS) <4cm
Dual or multi frequency carrier phase augmentation service R . s
centimeter-level Vertical position accuracy (RMS) <8cm
. Horizontal position accuracy (RMS) 4 mm
. . . . Post-processing . .
Relative baseline measurement by post-processing service L Vertical position accuracy (RMS) 8 mm
millimeter-level .
Convergence time <45s

Table 21. BDS PPP service standard (Yang et al. 2019, China Satellite

Navigation Office 2019a, 2020c, 2021).

ol&

Item

Standard

Kinematic

Positioning accuracy Static

Decimeter level
Centimeter level

Bit rate

500 bps

Convergence time

20 to 30 minutes

31T} Fig. 130 BDS RSMCS9] ¢4 e

2ol o Table

250] A's 7#2L A5t} (Yang et al. 2019, China Satellite
Navigation Office 2021).

3.2BDS ¥s

Fig. 12. Concept of BDS PPP service (Yang et al. 2019, China Satellite
Navigation Office 2019a, 2020c, 2021).

Fig. 140l|A] B
olEellA 4% 5 m A=l 2
Foke] 1 %

ol BDS PPP-ARY} PPP-RTK AJH| A 9] o4} A5 114-& A 2|8]

3t} (Gao et al. 2024).
RSMCS+= ©-2] HAIA]

~ﬂ£4@owﬂa—smﬂg

AEIAZ, L oo 4FHa
Folol AU 4 318
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m{o
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o] H}e} Z+o] BDS-29]
& 4= 9] o u Fig. 1501]A1 2090

o] fro) PN

e 4}

P A2

2t} (Shen 2019). Table

)J\EIEQ—I’ =T
2601 BDS-39] 415 '8 7h8A L W A gelsialon,

Figs. 163} 170]] BDS-3 BII/B3I 415} BDS BIC/B2a Al 5.2 7}-&



Table 22. PPP service signal (Yang et al. 2019, China Satellite Navigation
Office 2019a, 2020c, 2021).

Frequency Bandwidth Signal Data Modulation Authori- Satel-
(MHz) (MHz) name rate type zation lite
1207.14 20.46  PPP-B2b 500 QPSK(10) Open GEO

Table 23. PPP service performance standard (Yang et al. 2019, China
Satellite Navigation Office 2019a, 2020c, 2021).

System - Performance
. . Criterion

configuration standard

Horizontal position accuracy (95%) <0.3m

BDS Vertical position accuracy (95%) <0.6m
Convergence time <30 min

Horizontal position accuracy (95%) <0.2m

BDS+GPS  Vertical position accuracy (95%) <0.4m
Convergence time <20 min

Table 24. Expected performance standard of PPP-AR/PPP-RTK service (Gao
etal. 2024).

. Expected
Service S
configuration Criterion performance
standard
Horizontal position accuracy (95%) <10 cm
PPP-AR Vertical position accuracy (95%) <20cm
Convergence time 10 min
Horizontal position accuracy (95%) <10 cm
PPP-RTK  Vertical position accuracy (95%) <20cm
Convergence time <3 min

Table 25. RSMCS performance standard (Yang et al. 2019, China Satellite
Navigation Office 2021).

Item Performance standard
Success rate >95%
Service delay time Better than 2 seconds on average
Service frequency Aver_a &8¢ ! time/SO s
Maximum 1 time/s

Maximum message length < 14,000 bits
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Fig. 13. RSMCS operational concept (Yang et al. 2019, China Satellite
Navigation Office 2021).

Fig. 14. Site-specific BDS-2 position error (Shen 2019).

Fig. 15. Site-specific BDS-2 position error over 2090 days (Shen 2019).

A& 77+ 39k (Ma 2018, Shen 2019).

GPS7} Receiver autonomous integrity monitoringg ©]-&5}
A oot BDS-3HTh 943 55 Holw, NGA A=< ©]
45 o8 &45ltka ] itk (Renfro et al. 2020). Table
27¢] BDSE] AH|AY A5 H7F At Asiaitt (Lu 2024).
Fig. 189]] 2025 29 7|& 71X 94 25 KT, Fig. 199f 2025
9 2¢] 7]% L1 BDSS] PDOPE B 9ITh (Lu 2024).

3.3 &% BDS & ek

2 AU oA Al AEE 27

2022b, GPS World 2023). 203542 532 PNT A|AHE Y} 13

o] A28 A ke FR15T gl AF9HS BE
&

o&a &2 0
BDS-39] £9] FUEG A5 P4
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Table 26. BDS-3 signal availability and navigation performance (Ma 2018, Shen 2019).

B11/B3I B1C/B2a Remark (objective)
Position Horizontal: 3.6 m Horizontal: 2.4 m 10m
L ositio Vertical: 6.6 m (95%) Vertical: 4.3 m 10m
Navigation performance -
Velocity 0.05m/s 0.06 m/s 0.2m/s
Timing 9.8 ns (95%) 19.1 ns (95%) 20 ns
Availability >99 % >87% 95 %
Table 27. BDS service performance evaluation result (As of June 2024) (Lu 2024).
Service types Item Performance standard Performance
GSMC Time delay <60s 16s
Success rate 295% 99%
RSMC Time delay <2s 1s
Position . Vertical < 0.3 m Vertical 0.17 m
BDS osttion aceuracy Horizontal <0.6 m  Horizontal 0.23 m
Convergence time <30 min 18min better than requirement
PPP . -
Position accurac Vertical < 0.2 m Vertical 0.11 m
BDS+GPS y Horizontal <0.4m  Horizontal 0.21 m
Convergence time <20 min 11min better than requirement
Single f Horizontal < 16 m Horizontal 1.29 m
ngle frequency L Vertical <20 m Vertical 1.99 m
SBAS — Position accuracy - -
Dual frequenc Horizontal < 16 m Horizontal 0.77 m
u quency Vertical <4 m Vertical 1.41 m
Fig. 16. Availability of BDS-3 B11/ B3l signals (Ma 2018, Shen 2019). Fig. 17. Availability of BDS B1C/ B2a signals (Ma 2018, Shen 2019).
Fig. 18. Number of L1 BDS visible satellites (Lu 2024). Fig. 19. PDOP distribution of L1 BDS (Lu 2024).
o AUE P4 7142 A3 =Ustel FHe| sl WAL Wt olnk (Gao et al. 2024). ISL 7]¥F FZH PPP AJH| A, PPP-ARY
31 9lck. BDSO] QPYAHQ 99 WS 13 MG S PPPRIKS 53 5 AR B3, LEOS TE3H PPP M) 20|
ST Lo, 5G 41, ALEA, Helole] 140 §UE T Tl ISL AN 22 PP AulAskE A% W A HHEE Y
&3lsto] 2521 =7} PNT AAE 2035712 +55kaLAt § A FIAL, A AT AMEAFEOA L HE 1A Mu|AE Zﬂ#
t} (GPS World 2022b, GPS World 2023). &+ 2~ 9lth PPP-ARES 94 7]ul PPP AjH|A0] 27] 43 A]
20040] AIQHEF BDS 31 W A A0 vle W 3744 @o] Hsshu, GEO PPP-B2b AlEE HEsto] W2 Y 9]
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Fig. 20. Future development directions of BDS (GPS World 2022b, GPS World 2023).

Table 28. Research status of Chinese universities to field of BDS.

Field

No. of universities
publishing papers

Number of
publications

Top 3 publishing university (number of publications)

GNSS applications

35

93

Wuhan University (18)

Shandong University (6)

Tianjin University of Technology (5)
Chinese Academy of Science, Beijing (5)
HohaiWuhan University (18)

GNSS and their augmentations

11

24

Beihang University (6)

Wuhan University (4)

Chinese Academy of Science, Beijing (3)
Shandong University (3)

Satellite orbit determination and
precise positioning

21

57

Wuhan University (21)
Chinese Academy of Science, Shanghai (6)
Chinese Academy of Science, Beijing (4)

Time frequencies and precise
timing

22

56

Wuhan University (14)

Chinese Academy of Science, Shanhai (5)
Nanjng Normal University (4)

Beihang University (4)

Tongji University (4)

Chinese Academy of Science, Wuhan (4)
Chinese Academy of Science, Xi'an (4)

System intelligent operation and
autonomous navigation

32

65

Wuhan University (17)

Nanjing University of Aeronautics and Astronautics (5)
China University of Geosciences (3)

Southeast University (3)

Shanghai Jiao Tong University (3)

Harbin Engineering University (3)

GNSS signal technologies

46

156

Wuhan University (45)

Hohai University (10)

Chinese Academy of Science, Wuhan (9)
Shanghai Jiao Tong University (9)

GNSS user terminals

Tsinghua University (2)

China University of Mining and Technology (1)

Naval University of Engineering

Beijing University of Posts and Telecommunications (1)
Civil Aviation University of China (1)

National University of Defense Technology (1)

Chinese Academy of Sciences, Wuhan (1)

Nanjing University of Aeronautics and Astronautics (1)

PNT architecture and new
technologies

15

24

Beihang University of Posts and Telecommunications (5)
National University of Defense Technology (4)

Chinese Academy of Sciences, Wuhan (2)

Information Engineering University (2)
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o] S= HetollA AT ==& A6kt 2= 9148
BolollA] E3o] 714 2 sh&tl3]¢l China Satellite Navigation
Conference % 2024 0] 7§2|H CSNC 20240]] HHH =75
ARSI & 4841 9] =28 AESIIE A =& F A
1A A7} 23 s 2491 368W 0] =53} CSNC 20240] 2Fm sl
=8 = BDSof| st Aol AR} 2 sk 2401 116H-ES

BESISIEE BDS Tl A7 Aok 9

BDS ¥ =F 9] Holx= GNSS Applications, GNSS and
Their Augmentations, Satellite Orbit Determination and Precise
Positioning, Time Frequencies and Precise Timing, System
Intelligent Operation and Autonomous Navigation, GNSS Signal
Technologies, GNSS User Terminals, PNT Architecture and
New Technologies © 2 CSNCO|A 535} 8714 & u}zkch
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VDES R-Mode Experimental Test and Analysis in Daesan Port Testbed

Tae Hyun Fang®, Younghoon Han®, Youngki Kim

, Kiyeol Seo’

Ocean and Maritime Digital Technology Research Division, Korea Research Institute of Ships & Ocean Engineering (KRISO),

Daejeon 34103, Republic of Korea

ABSTRACT

Global Navigation Satellite Systems (GNSS) are vulnerable to radio interference, which creates challenges in determining

vessel positions at sea. In response, by extending the functionality of the VHF Data Exchange System (VDES) for maritime

navigation support, the VDES Ranging Mode (VDES R-Mode) has been proposed. A testbed was established around Daesan

Port, and both static and dynamic trials were conducted to assess its feasibility. Initial correction was applied to mitigate bias

errors. The results show that positioning errors varied with line-of-sight conditions, transmitter-receiver distance, signal-

to-noise ratio (SNR), and horizontal dilution of precision (HDOP). The positioning performance remained stable without

persistent bias errors. Excluding geographical constraints specific to the west coast of Korea, the results demonstrate the

potential of VDES R-Mode as a maritime auxiliary navigation technology.

Keywords: global navigation satellite system, user range accuracy, regional navigation satellite system
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o 2AT) TAY HlolE £4 A|AB R 7]E Automatic
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Fig. 1. VDES R-Mode transmitting stations and sea trial area shown on the
map.

Fig. 2. Prototype VDES R-Mode transmitter.
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Fig. 3. Appearance of the test vessel Hanuriho, a harbor patrol ship.

Fig. 4. Ship-mounted VDES R-Mode receiver and reception server.
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Fig. 5. Allocation of VDES R-Mode transmitter and receiver for static test.
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Fig. 6. Frequency number of Horizontal Position Error (HPE) and
Cumulative Distribution Function (CDF) of HPE.
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Fig. 7. HDOP with 3 transmitters at Daesan port testbed. Transmitter 1
(red circle) is Nanji-do station. Transmitter 2 (red square) is Humang station.
Transmitter 3 (red pentagon) is Bu-do station.
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Fig. 8. Trajectories of test vessel estimated by VDES R-Mode and GNSS.

Fig. 9. HPE variations (left) and HPE distribution from sea trial at June 9,
2023.

Fig. 10. SNR, range and range measurement error for Nanjido transmitter:
(a) SNR to range, (b) Range measurement error to range, (c) Range
measurement error to SNR.
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Fig. 11. SNR, range and range measurement error for Humangsan
transmitter: (@) SNR to range, (b) Range measurement error to range, (c)
Range measurement error to SNR.

Fig. 12. SNR, range and range measurement error for Budo transmitter:
(a) SNR to range, (b) Range measurement error to range, (c) Range
measurement error to SNR.
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Evaluation of Real-Time Dynamic Performance of SBAS and RTK along
the K-UAM Demonstration Route Based on Helicopter Flight Tests

Yong—Hui Park'®, Sung—Hyun Park'" @, Kyung Ryoon Oh2(®, Eunju Choi?

'Research and Development Center, Dusitech.Inc, Daejeon 34027, Korea
*Korea Aerospace Research Institute, Daejeon, 34133, Korea

ABSTRACT

This study evaluates the dynamic real-time navigation performance of the Satellite-Based Augmentation System (SBAS)
and Real-Time Kinematic (RTK) positioning through helicopter flight tests conducted along the K-UAM Grand Challenge
2nd phase (GC 2-1) demonstration route. In previous studies, flight tests were conducted. However, it was not possible to
transmit or receive real-time RTK correction data. Consequently, the RTK performance was analyzed using post-processed
raw measurements. In contrast, this study conducted thirteen helicopter flight missions along the Ara Waterway section (GC
2-1 demonstration route) connecting the Geyang Vertiport and the KIAST Drone Certification Center. During these missions
real-time correction data were received and applied. The flight tests covered all operational phases, including take-off, cruise,
and landing. Due to aircraft safety regulations and electromagnetic interference management standards, the GNSS antenna
was installed inside the aircraft cabin (beneath the canopy). Although this configuration could cause signal attenuation and
multipath effects, both navigation modes (SBAS and RTK) were operated under identical conditions to ensure a reliable
comparison of relative performance. The results show that the mean horizontal and vertical position errors of SBAS were
approximately 1.94 m and 1.62 m, respectively, while those of RTK were about 0.07 m and 0.09 m. This study experimentally
demonstrates the dynamic performance characteristics of real-time SBAS and RTK navigation in K-UAM flight environments
and is expected to contribute to the establishment of Navigation System Error (NSE) and Total System Error (TSE) standards
for navigation systems within UAM corridors and vertiports.

Keywords: UAM, SBAS, RTK, dynamic performance, flight test, NSE
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2.1 GNSS 28 3z

2025 @A Global Positioning System (GPS)& & 327],
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Table 1. Meteorological parameters for tropospheric delay.
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Average

Latitude (*) P,(mbar) T,(k) e)(mbar)  By(kim) Ao
15° or less 1013.25 299.65 26.31 6.30e-3 2.77
30 1017.25 294.15 21.79 6.05e-3 3.15
45 1015.75 283.15 11.66 5.58e-3 2.57
60 1011.75 272.15 6.78 5.39¢-3 1.81
75° or greater 1013.00 263.65 4.11 4.53e-3 1.55

Seasonal variation

Latitude (*) AP(mbar) AT(k) Ae(mbar)  AB(kim) AL
15° or less 0.00 0.00 0.00 0.00e-3 0.00
30 -3.75 7.00 8.85 0.25e-3 0.33
45 -2.25 11.00 7.24 0.32e-3 0.46
60 -1.75 15.00 5.36 0.81e-3 0.74
75° or greater -0.50 14.50 3.39 0.62e-3 0.30
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Fig. 1. K-UAM demonstration route (CNSi R&D project) (Specialized Map. 2024).
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Fig. 2. RTK reference and onboard equipment configuration.

Fig. 3. Navigation configuration of reference and rover stations for SBAS and RTK.
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Fig. 4. 2025/08/26 16:00 flight trajectory from flight tests.

Table 2. GNSS, SBAS, RTK flight test result.

Date/Time GNSS (1-Freq.) GNSS (2-Freq.) SBAS RTK
Hori.(m)  Vert.(m) | Hori.(m) Vert.(m) | Hori.(m) Vert.(m) [ Hori.(m) Vert.(m)
2025/08/26 16:00 4.398 4.574 1.631 2.393 1.610 1.449 0.065 0.105
2025/08/27 12:00 2.551 3.152 2.787 2.199 1.712 1.269 0.074 0.082
2025/08/27 16:00 2.580 3.682 1.191 2.014 1.400 1.572 0.051 0.048
2025/08/28 12:00 2.486 3.522 3.144 3.572 2.874 2.530 0.045 0.076
2025/08/28 16:00 3.232 4.655 1.998 2917 1.975 1.465 0.065 0.104
2025/08/29 12:00 1.672 3.894 1.354 2.001 1.691 1.506 0.112 0.151
2025/09/02 12:00 2.284 3.687 1.929 2.560 2.422 1.555 0.062 0.077
2025/09/02 16:00 3.061 6.516 2.041 3.449 1.545 2.563 0.061 0.089
2025/09/03 12:00 6.827 6.907 2.343 4.257 2.853 1.594 0.113 0.149
2025/09/03 16:00 4.343 4.367 1.426 2.531 1.940 1.512 0.061 0.068
2025/09/04 12:00 2.942 3.975 2.225 3.905 2.030 1.181 0.049 0.099
2025/09/04 16:00 2.393 6.389 1.635 5.341 1.134 2.182 0.075 0.107
2025/09/05 12:00 1.880 2.051 1.844 1.008 2.054 0.718 0.038 0.057
Table 3. Number of satellites for solution & availability.
Positioning solution ~ Avg.SVs ~ Num. of Obs. Availability (%) Remark
GNSS only (1 Freq.) 22.6 24607 100 C/No 240
GNSS only (2 Freq.) 14.9 16937 68.8 C/No 240, SV=10
SBAS 5.6 13288 54.0 C/No 240, SV=5
RTK 42.2 24269 98.6 -
27135193tk 2k Epoche] 2HgF AFE-2 25l Waypoint GrafNav 4~(1-Freq.), GNSS o]=Fu}4~(2-Freq.), SBAS, RTK &} R E9]
AZEYOIS AHg51o] FAE RIK WHAI02 Z1F AAS A4 AR 54 H2E 2 7he4e Bk 2 wige) 1% 5
stdch. g ALEdol Fxe) Jke] MElnlElF FHES  Hb FAE RIK AR A5 713 A4 ghe Abgsigion,
BRIk AR BAISHE or], AAZ el olel & olF JjukeE 2t g RE 2] Avele] 0x1E ARSI
TollA 71E A 4FE HA o2 F8E 3 Qlth (NovAtel 2025). t}. Zt @] REO] AAIZE ¥ 715 epoch 45 7R 08 718
EIHEER 23T AA 2 AolA mm #E9] 912 e d& AFET 23k Table 30 AAISHITE HIF F 7] 7150l
2 sIsisdck T FAT 2 sk} Y WEOR Qls) A5 Al o}
FHEZ AVEE V1F WA HES ol §slel 2 P BE W AR 9 A1E wo] ASIIon, o] 2T AF HAL] Ao
S % 47 93 0B AL BA SA71) AFR H L ol B wlole B4 7% AEsle] A1 A7 2 7
o]El & ©]-&-5to] Multi-GNSS T Fuba= Bl o] Fubs 912] 4 g ol it Al 232 A &slar dlofe] AAY & &
SHeg AHES19L00 SBAS, RTK BTl M Rabg vl 3 @ Aol Al=iidat nla B40) dThS shusigict o
SA19Ic). Fig 4% 2025\ 89 262 164] HRAIE AF, Table Tk, 2k &Py MPAPE AR 2AGSA], 914 49 Fol2 <l
20l A HIAIENA AFEE 7 b BE W AR G & 3 AR 7Fs e epoch 47} Aelslglond, o] qls) DOP W 9]
B - 54 032 ANSIGTE ASHE HoHE 2DRMS (95%) 1% A 4] AL Hlael A% AL etk

[e}
02 Sa519 o, Bl mle (meten 2 EAIS9ICH
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Fig.5. 1-Freq. 2-Freq. GNSS East/North/Up error.

Fig. 6. SBAS/RTK East/North/Up error.

Table4. Summary of dynamic navigation accuracy for each navigation mode.

T . Horizontal
Positioning solution

Vertical
CEP (50%) PE(50%) 2DRMS (95%)

GNSS only (1 Freq.) 1.303
GNSS only (2 Freq.) 0.819
SBAS 0.809
RTK 0.028

Horizontal Vertical
2DRMS (95%)
3.127 4.413
1.965 2.934
1.942 1.623
0.067 0.093

Fol- 25 U vEne 49 Pav e 2y gy a7 2
Aol AL Al 4502 W SBASS) Z$ %e)E
22 gfoo] 23 QHEILLE o] 82} 24017H B S AAlal
11 SBAS 2DRMS(95%) AEte = 4=A17] A4t A3} 43 1.350 m,
A kel E ALY AT 53 1292 me AR A e
Eo} 553 Al HRIsIgon, ol F Fal SBAS 441 Aol
2A7} 6 e-g ASsIsch

119 Aol A MSAS BAHH F9ko 2 AFET At 4
ﬁg 194 m, 424 162 me] AEHE 2 Ho] GNSS THE =9 thu] of

. S 2024 585 33]
o 23] Hlo“*l?ﬂ-‘ll $3]2] SBAS (MSAS, KASS) ZH47
1648 m, 4] 0967 m)e} vl 3IRE W 2 Hfel7} gl Aoz
Shol=| Qi) (Park et al. 2024).

NI, Table 20 AIAIE T S5} 33 B A of it
A UAM 2-& Alue] o] wet &7] 7]% A] 3lY 2 2pAlst

=)
0

4 FEER e,
SBAS #=Folli= w2 A Zsl8ith Table 2-04 75?4% uigto g 7t
& o] v AJF 7k % RMS ¥she Fig. 73} 2tk RTK
£ A =3 F7hellA] 0.05~012 m 9] oFF Al RMS 7He &
2519 01}, SBASE +1 m -&0] HEo] H2H Qi)
Table 3& 7} 3 R & —‘]Eﬂolﬂ Z2 2702 Axaw

Z Epoch & 7|9to 2 AlkbE 71848 Uehdith 71842 ;ﬂ
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Fig. 7. Horizontal RMS variation per flight test for GNSS, SBAS, and RTK.
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If the examiners acknowledge that the contents of the papers are relevant to one of the following matters, the papers are
labeled as “postponement of approval’, and the examiners specifically point out the relevant matters and demand revision or
supplementation. The papers revised by the authors are subject to reexamination by the previous examiners.

(1) If there is no clear difference between the author’s research findings and others'research findings

(2) If the key research contents are unclear

(3) If indications or explanations about figures or tables are insufficient or unclear

(4) Other cases in which revisions are deemed necessary

If the examiners acknowledge that the contents of the papers are relevant to one of the following matters, the papers are

labeled as “not suitable for publication”and must clarify the reason in detail.

(1) If originality is unclear

(2) If the facts or ideas determined by the author are unclear in the content of the paper, or if it is unclear that a well-known fact
is comprehensively analyzed or studied in angles different from the methods or perspectives used in cited literatures

(3) Other cases in which the paper is deemed inappropriate to publish in the Journal

If the views of the three examiners on whether to approve the paper or not are conflicting, the decision can be made by the
relevant editor; and if difficult to make the decision, a fourth examiner will be determined and the relevant editor can make the
decision with reference to this examiner’s view.

Papers may not be accepted if they are acknowledged by the Editor-in-Chief that they are not suitable for the writing
techniques of the Society.

Regarding manuscripts written in foreign languages, the Editor-in-Chief may suggest the authors to revise or rewrite the papers
for submission if the contexts are unclear or are grammatically incomprehensible.

The examiners must examine the assigned manuscripts within 3 weeks (21 days) by principle after the appointment, and
submit their examination reviews to the Society.

This Society shall send the examination reviews to the authors within 1 week of receiving them from the examiners.

If the examiners do not submit their examination reviews within 3 weeks (21 days) after the request, the request may be
withdrawn, in which case the manuscripts must be immediately destroyed.
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Article 4

Code of Ethics

Enacted on July 16,2012
Amended on December 20,2013

(Purpose) This Code provides the basic ethical principles and directions that must be followed the members of the Institute
of Positioning, Navigation, and Timing in conducting research activities, thereby intending to maintain the high level of the
English journal of Position, Navigation, and Timing and contribute to the development of research on global navigation satellite
systems.

(Code of Ethics for Authors) Authors of submitted papers must comply with the following code of ethics in writing and
submitting the papers.

1.

9.

Authors must secure generality in the respect for human rights, compliance with bioethics and environmental protection in
the research process, and conduct research on topics of sufficient academic value.

. Authors must describe the research contents and findings completely, concisely and accurately in the submitted papers,

and must not use the data of other researchers inappropriately (plagiarize) or distort the research findings.

. Authors, when using open academic data that is closely related to the research contents of their papers, must include it in

the references and clearly state the sources.

. Authors, when citing undisclosed information obtained through personal contact, must use the information after obtaining

the consent of the researcher who provided the information.

. Submitting a paper to this Journal redundantly, even though it is already submitted to or published by another journal or is

expected to be submitted, is an unjust behavior and thus not permitted.

. All researchers that contributed significantly to the research process must be coauthors, and corresponding authors must

be responsible for all parts of the papers.

. For non-academic support such as administrative and financial support or simple academic advice, it is desirable to indicate

the relevant details in the "Acknowledgements”.

. Authors must obtain approval from the relevant parties regarding copyright before submitting the papers when necessary,

and confirm that no form of dispute may arise later.
If errors are found in submitted papers, it is the authors’ duty to revise or withdraw the papers.

(Code of Ethics for Examiners) Examiners must comply with the following code of ethics in examining the submitted papers.

1.

Examiners must fairly and objectively examine the paper with a consistent standard without prejudice against the author’s
gender, age, race, organization or personal connections.

Examiners must avoid examination based on their personal academic beliefs or assumptions that are not perfectly verified.
Examiners must respect the personality of authors as specialized intellectuals, and clarify in detail their judgments, revisions
and supplementations regarding the examined papers.

(Code of Ethics for Editors) Editors (Editor-in-Chief, editors) must comply with the following code of ethics in examining and
judging the submitted papers.

1.

Editors must fairly and objectively judge the examined paper according to the fixed guidelines without prejudice against
the author’s gender, age, race, organization or personal connections.

. Editors must determine whether to publish or reexamine the submitted papers with a consistent standard based on the

examination results of the examiners.

. Editors must not disclose or misuse information obtained in the process of examination.
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Article 6

(Research Ethics Committee) The Research Ethics Committee may be temporarily operated for investigation of unethical
behaviors, and investigative and disciplinary measures will be taken against unethical behaviors in the following procedures.

1. If unethical behaviors are exposed or there is an appeal in the examination process of submitted papers, the Editor-in-Chief
determines the significance of the matter and organizes the Research Ethics Committee with a few editors and experts in

the field when necessary.

2. The Research Ethics Committee performs a prompt, objective and fair investigation of the related matter, and must provide
an opportunity for explanation via document within 30 days to the relevant party or organization, and ultimately submit a
written report to the Editorial Board.

3. The Editorial Board determines the level of discipline for the relevant party based on the report written by the Research
Ethics Committee, and submits to the Board of Directors.

4. The Board of Directors reviews the report of the Research Ethics Committee and decisions by the Editorial Board, and takes
final measures. If it involves a paper that is already published, the publication of the relevant paper may be cancelled.

(Others) Matters not included in this Code are decided based on related acts and subordinate statutes as well as social norms.



Ethics Charter

Enacted on July 16,2012

All members of the Institute of Positioning, Navigation, and Timing shall give top priority to improving the quality of human life as the main
agent of improving scientific knowledge and bringing technological innovation, and behave honestly and justly so that they can preserve
honor, integrity and authority with high ethics as GNSS experts.

1.

2.

We shall give top priority to improving the quality of human life, and use and contribute to our knowledge and technology.

We shall contribute to developing GNSS technology and industry through our activities at the Society, and strive to enhance public safety,
health and welfare.

. We shall be honest and fair in education, research activities, publication of findings and participation in reality, and be faithful to ethicality

and conscience as scientific technicians and scholars.

. We shall conduct general activities according to the foundation purpose of The Institute of Positioning, Navigation, and Timing.

. We shall not present in our papers or writings the research or arguments of others as if our own, and respect the research and development

achievements of others.

. We shall not pursue unjust or inadequate profits using information obtained in academic activities or research.

. Members in charge of examination, advice and evaluation of papers and research must be fair in their activities only by their academic

conscience.
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