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Abstract—In low-Earth orbit (LEO) satellite communication
systems, the rapid relative movement between satellites and
user equipment (UEs). While 3GPP Release 17 defines an open-
loop timing advance (TA) method that uses location information
obtained through a Global Navigation Satellite System (GNSS)
fix and ephemeris, the estimated TA may differ from the actual
propagation delay because the UE continues to move even after
the GNSS provides a fix. This paper analyzes timing errors in
the GNSS fix-based open-loop TA method through simulations
assuming various UE movement scenarios, including linear, cir-
cular, and zigzag. For linear and circular movements, it exceeds
the maximum timing error tolerance time defined by 3GPP
for subcarrier spacing (SCS) of 30 kHz. For zigzag movement,
we observe that errors approach the maximum timing error
tolerance time. Therefore, this study confirms the limitations of
the open-loop method and emphasizes the need for additional
correction techniques to achieve accurate synchronization.

I. INTRODUCTION

Non-terrestrial networks (NTNs) are gaining considerable
attention as a key technology that can provide communication
services in disaster areas, deserts, oceans, and polar regions,
where building terrestrial infrastructure is difficult [1]-[7].
Low Earth orbit (LEO) satellites, which move quickly in orbit
at a low altitude, are expected to play an important role in
future NTN communication environments due to their ability
to provide low latency and high data transmission rates [8]-
[12].

Accurate time synchronization between user equipment
(UE) and satellites is essential for stable connections in
LEO-based satellite communication systems. In particular,
for orthogonal frequency division multiplexing (OFDM)-based
waveforms, if transmission and reception timings are out
of sync, inter-symbol interference (ISI) may occur, which
significantly degrades communication quality. To prevent this,
all UEs must apply time alignment (TA) when transmitting
uplink data. However, maintaining precise synchronization is
challenging in LEO satellite communication environments due
to the rapid changes in relative positions between satellites and
terminals [13].

In 3GPP Release 17, the UE can use GNSS data to deter-
mine its position and calculate TA based on the ephemeris
provided by the network [14]. However, obtaining GNSS
signals to calculate position, known as a GNSS fix, is difficult
to reflect in real time. Since the UE continues to move
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after the fix, the TA calculated based on previous position
information may differ from the actual value. For this reason,
open-loop TA estimation results in cumulative errors that are
subject to the terminal’s speed, movement path, and GNSS
fix intervals. These errors significantly affect communication
quality, especially in highly mobile environments. Therefore,
investigating TA errors considering the terminal’s movement
characteristics is essential.

For this reason, in this paper, we delve into the character-
istics of time synchronization errors caused by the periodic
GNSS fix-based open-loop TA method under various UE
mobility scenarios in LEO satellite communication systems
through simulation. The simulation results confirm that TA
error accumulation varies depending on the UE’s mobility pat-
terns and suggest the need for additional correction techniques
to achieve precise synchronization in the future [15].

II. SYSTEM MODEL

In this paper, we consider a LEO satellite communication
system, where each UE is assumed to identify its position
through GNSS fixes at regular intervals. The ephemeris is
assumed to be provided by the network, by which the UE
can estimate the location of the LEO satellite. Hence, based
on this information, the uplink open-loop TA value can be
calculated. Suppose thattgy is the time at which the UE obtains
its position information using the most recent GNSS signal. At
a certain time before the next GNSS fix, denoted by ¢,ps, Where
tobs > thix, the satellite’s position is defined as s(tops). The
UE’s actual position is denoted by u(tops ), While the estimated
position at the latest GNSS fix is indicated by (¢x).

The open-loop TA is computed based on the UE’s position
at the GNSS fix time, using the estimated distance to the
satellite as

Ci(tobS) = [[s(tobs)

Then, the estimated propagation delay and the open-loop TA
value are calculated as

— a(ta)| - (1)

7A-(tobs) = —, (2)

TA (tops) = 2 - 7(tons), 3)
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where c is the speed of light. However, since the actual
UE continues to move after tg,, the actual distance and
propagation delay can be expressed as

d(tobs) = |8 (tons) — U(tobs )|l O]
(tn) = 2le), )
Thus, the actual open-loop TA value is given by
TA(fabs) = 2 - 7 (faps)- (©)
Accordingly, the TA error is defined as
E(tobs) = T(tobs) — 7 (tobs)
_ [[S(obs) — u(tons)||  lIs(tobs) — ﬂ(tﬁx)H. %)
& (&

This TA error, €(tops), varies depending on the UE’s move-
ment path and speed; thus, this paper considers various UE
movement scenarios to investigate their impact. We assume
that the GNSS fixes are updated at regular intervals, while
satellites are assumed to move at a constant speed in circular
orbits at an altitude of 600 km.

III. UE TRAJECTORIES

In this paper, we present the following three movement
scenarios to analyze the error of the GNSS fix-based open-loop
TA method according to various movement patterns of the UE.
In all scenarios, GNSS fixes occur at five-second intervals.
During these intervals, TA is calculated based on the UE’s
position at the last fix point.

1) Linear Trajectory: The UE moves in a straight line at

a constant speed of 60 m/s in the y-axis direction, as
shown in Fig. 1(a), while the x and z coordinates remain
constant. The equation for the linear motion model is as
follows:

®)

where rg denotes the Earth’s radius, while vyg corre-
sponds to the UE’s speed.

2) Circular Trajectory: The UE moves in a circular orbit
with radius R at a constant speed, as shown in Fig. 1(b).
Based on the total distance traveled L = vyg - total, the
radius of the circle is set as R = L/2m. The formula
for the circular motion model is as follows:

u(t) = [O, VUE t, T‘E],

u(t) = [Rcos(wt), Rsin(wt), rgl, )

where w = vyg/R is the angular speed.

3) Zigzag Trajectory: The UE moves diagonally along
both the z-axis and y-axis as shown in Fig. 1(c),
reversing the direction of movement along the z-axis at
regular intervals to form a zigzag trajectory. The zigzag
movement model is given by:

u(t)

= ug(t—1) +a- VB

V2

VUE
't7 uy(tfl)Jrﬁt» TE:|3

(10)
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Fig. 1. UE movement trajectories

where « is a coefficient representing the x-axis direction,
initially set to a« = —1, and then its sign is reversed
every 10 seconds.

IV. SIMULATION RESULTS

In this simulation, we consider a LEO satellite moving along
a circular orbit at an altitude of 600 km and a UE moving at a
constant speed of 60 m/s on the ground. At the simulation start
time tg, the satellite is positioned directly above the UE. The
UE’s movement trajectory consists of three scenarios: linear,
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scenario.

Distance variation and timing error for the three UE movement

circular, and zigzag. GNSS fixes occur at five-second intervals.
At each fix, the open-loop TA is estimated by calculating the
round-trip propagation delay to the satellite based on the UE
position at the last GNSS fix. The timing error is defined as the
difference between the true value TA (tobs) and the estimated
value TA (tops)-

Fig. 2(a) shows the actual distance variation between the UE
and the satellite during the 150-180 second interval. While
the distance generally increases due to the satellite’s orbital
motion, the amount of change varies depending on the UE
trajectory. In the linear scenario, the UE moves in a straight
line in the opposite direction of the satellite, resulting in the
most rapid increase in relative distance and thus the largest
timing error. The zigzag trajectory includes movement along
the z-axis, reducing the effective distance change. The circular
scenario exhibits varying distance change depending on the arc
segment of the movement.

Fig. 2(b) illustrates the timing error over time under the
open-loop TA method for the three trajectories. The error
resets every 5 seconds with each GNSS fix but accumulates
between the fix points. Among the three, the linear scenario
resulted in the most significant error accumulation, followed
by circular and zigzag in descending order.

Fig. 3 compares the root mean square error (RMSE),
maximum error, and standard deviation of the timing errors
across the three movement scenarios. The RMSE of the linear
trajectory was the highest at approximately 0.41us, while
circular and zigzag trajectories are lower at around 0.29us. In
terms of the maximum error, the linear and circular scenarios
yield relatively high values of approximately 0.93us and
0.92us, respectively. Regarding standard deviation, the linear
scenario shows the greatest standard deviation at 0.25us, while
the zigzag scenario gives the most stable error distribution at
approximately 0.17pus.

I Linear
I Circular
0.8 - [ ZigZag |
@ 06 B
)
Wo4r 1
) I. H |
RMSE Max Error Std Deviation

Fig. 3. Comparison of TA error metrics (RMSE, Max error, Std. deviation)
across movement scenarios.

V. CONCLUSIONS AND FUTURE DIRECTIONS

In this paper, we analyzed the effect of cumulative po-
sition errors during GNSS fix intervals on open-loop-based
TA calculations in various UE movement scenarios within a
LEO satellite communication environment. Simulation results
demonstrated that changes in the relative distance between the
satellite and the UE vary depending on the UE’s movement
trajectory, resulting in different levels of accumulated timing
error.

In particular, in the case of linear movement, the relative
distance increased rapidly as the UE moved in a straight line
in the opposite direction of the satellite’s movement, resulting
in the largest timing error. In the case of zigzag movement,
which included an z-axis component, the relative distance
change was smaller than in the linear case. For the circular
trajectory, the relative distance varied depending on the section
of the arc path. Numerically, the maximum errors for the
linear and circular trajectories were approximately 0.93us and
0.92us, respectively. These values are close to the maximum
allowable timing error of 0.94us defined by 3GPP for the
SCS 15kHz standard, and exceed the 0.72us limit set for the
SCS 30kHz configuration. These results indicate that accurate
synchronization cannot be guaranteed under certain conditions
when relying solely on the open-loop TA approach.

Therefore, this study confirms the necessity of a TA correc-
tion that accounts for the GNSS fix interval and the UE’s
movement pattern. It also suggests that a robust synchro-
nization framework should incorporate auxiliary mechanisms,
such as the closed-loop correction method [16] and estimation
techniques based on the extended Kalman filter (EKF), as in
[17] and [18].
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