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ABSTRACT This paper proposes a ray-tracing method to estimate a propagation path between a ground
station and low-Earth-orbit (LEO) satellites. To accurately predict a propagation path and detection error,
the proposed ray-tracing method adopts an atmospheric refractivity model that includes not only the
troposphere but also the ionosphere. Herein, atmospheric refractivity in the troposphere is the measurement
data obtained from weather observatories in Korea. In addition, atmospheric refractivity in the ionosphere
is obtained from the simplified Appleton-Hartree equation. The detection angle errors are examined by
changing various conditions, such as the locations of ground stations, satellite trajectories, and observation
date. For the trajectories of the KOMPSAT-5 satellite, the maximum detection angle errors observed at
inland and coastal meteorological observatories are 309 mdeg and 331 mdeg, respectively. The results
demonstrate that the proposed ray-tracing method is suitable for determining the propagation path between
the ground station and LEO satellites.

INDEX TERMS Space surveillance, atmospheric propagation, LEO satellite, ray-tracing, atmospheric
refraction model.

I. INTRODUCTION

LOW-EARTH-ORBIT (LEO) satellite technologies have
become increasingly useful for various applications,

such as satellite broadcasting, Earth observation, and mobile
communications [1], [2]. A large number of satellites,
approximately 8,000, operate at altitudes from 160 to
2,000 km, which may increase the risk of collisions between
operational satellites [3], [4], [5]. Therefore, many orga-
nizations, such as the National Aeronautics and Space
Administration (NASA) and the European Space Agency
(ESA), continuously track satellites to predict potential
collisions in advance. To track the location of LEO satellites,
ground stations utilize space surveillance radars with high-
gain characteristics, such as reflector antennas or phased
array antennas [6], [7], [8], [9]. In Earth’s atmosphere, the
propagation paths of the electromagnetic waves emitted by
radars may be refracted, which can significantly reduce the
tracking performance of space surveillance radars. Therefore,
a method that can estimate a propagation path while

considering atmospheric refraction is required to reduce
tracking error.
The parabolic equation (PE) method can effectively esti-

mate a radar’s propagation path because it can consider the
atmospheric refractive index and ground effects. Therefore,
studies using the PE method to estimate various radar prop-
agation scenarios, such as ground-to-ground, ground-to-air,
and air-to-air, have been reported [10], [11], [12]. However,
the PE method can only provide reliable results when a
radar’s steering elevation angle is within 15◦ [13], [14].

In contrast, the ray-tracing method can effectively analyze
a wave propagation path for all the steering elevation angles
of a radar. Therefore, the ray-tracing method is suitable for
estimating the propagation path between a ground station
and LEO satellites. PHaRLAP simulation software based on
the ray-tracing method is utilized to analyze this propagation
path [15], [16].
Although these studies focused on changes in the wave

propagation path caused by the refractive index of the
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ionosphere, they did not consider the tropospheric environ-
ment, which can also affect wave propagation. Conversely,
some studies have considered only the troposphere, neglect-
ing ionospheric effects [17], [18]. To analyze the effect on
the entire region between a ground station and LEO satellites,
the Niell function and the Klobuchar model have been used
in some previous studies, which can estimate signal delays
between a ground station and LEO satellites by consider-
ing both the troposphere and ionosphere [19], [20], [21].
However, there is a lack of research analyzing the prop-
agation paths of radar waves based on an actual satellite
trajectory.
In this paper, we propose a ray-tracing method to

estimate the propagation path between a ground station and
LEO satellites. The proposed ray-tracing method uses an
atmospheric refractivity model that includes not only the tro-
posphere but also the ionosphere. This refractive index model
enables accurate estimation of the ray-path across the entire
0–600 km altitude range. Herein, atmospheric refractivity
in the troposphere is the measurements data obtained from
weather observatories in Korea. In addition, atmospheric
refractivity in the ionosphere is obtained from the simplified
Appleton-Hartree equation [22], and this equation utilizes
the electron density data of the NeQuick2 model [23].
Then, we conduct a tracking simulation using real satellite

trajectories to predict detection errors in real satellite tracking
scenarios. The trajectories of the LEO satellites use the
consolidated prediction format (CPF) data of the KOMPSAT-
5 satellite provided by NASA. In these trajectories, the
position of an LEO satellite is converted to an east-north-
up (ENU) coordinate system based on a ground station.
Then, the detection angle errors over the tracking time for a
satellite are calculated by comparing a refracted path with a
non-refracted path. The detection angle errors are examined
by changing various conditions, such as the locations of a
ground station, satellite trajectories, and observation dates.
The results demonstrate that the proposed estimation method
is suitable for predicting the propagation path and detection
error of a ground station’s space surveillance radar.

II. ANALYSIS OF LEO SATELLITE DETECTION ANGLE
ERROR USING RAY-TRACING METHOD
Fig. 1 illustrates the propagation path between the space
surveillance radar of a ground station and an LEO satellite.
The electromagnetic waves emitted by a space surveillance
radar propagate into the atmosphere to track LEO satellites in
space orbit. These electromagnetic waves may propagate with
refraction due to variations in the atmospheric refractive index.
The refraction of electromagnetic waves in the troposphere
occurs due to changes in the refractive index of the atmosphere
according to altitude (h). Then, free electrons distributed
in the ionosphere also refract electromagnetic waves. On
the other hand, the stratosphere has a stable atmosphere,
so electromagnetic waves are barely refracted. Therefore, to
accurately track the location of an LEO satellite, it is necessary
to estimate the detection angle errors of space surveillance

FIGURE 1. Propagation path of a radar signal in the atmosphere for an LEO satellite
tracking scenario.

FIGURE 2. The ray-tracing method for wave path analysis considering atmospheric
refractive index.

radars by applying an atmospheric refractivity model that
includes the troposphere and the ionosphere.
In this scenario, propagation paths can be defined as

ideal paths and real paths. An ideal path is a straight
line between a radar and an LEO satellite, assuming no
atmospheric refraction. A real path is the refracted path
caused by atmospheric refraction in the atmosphere. Herein,
the steering elevation angle of the ground station for the
ideal and real paths are θi and θr, respectively. The detection
angle error of θc is determined by the difference between θi
and θr, as shown in Fig. 1.
Fig. 2 explains the ray-tracing method used to analyze

the real propagation path of an electromagnetic wave in
the atmosphere. The ray tracing method can achieve high
accuracy even at high steering angles, making it suitable
for analyzing the propagation path of space surveillance
radar [14]. As can be seen in Fig. 2, the entire ray path is
calculated by dividing the path into several ray segments, and
the path of the j-th segment is determined by �rj and �hj.
In this analysis, �hj for all the segments is set to 1 m,
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and �rj is calculated considering the atmospheric refractive
index as follows [24], [25]:

θj+1 = sin−1
(

nj
nj+1

sin θj

)
(1)

�rj+1 = �hj+1

tan θj+1
(2)

where nj is the atmospheric refractive index for the j-th
segment, and θj is the angle between the r-axis and the
j-th segment. Therefore, θj, which indicates the direction of
the ray segment, is updated according to the change in the
atmospheric refractive index with altitude. Then, the entire
ray path can be obtained by iteratively updating the ray
segments until the boundary of the analysis area.
Even if the radar is accurately steered to the target’s

location, the propagating waves may not reach the target
due to atmospheric refraction along the propagation path.
Therefore, the steering angle should be adjusted to find the
ray path that reaches the target. Fig. 3 shows the process used
to find the steering angle at which a ray can reach a target. To
solve this, we utilize the binary search method [26], which
finds a ray that reaches the target through the following
procedure: First, several rays are generated with a steering
angle ranging from 0◦ to 90◦ at intervals of θd, and two
rays adjacent to the satellite are then selected, as shown
in Fig. 3(a). After selecting these adjacent rays, the area
between the steering angles θs1 and θs2 that generate each
ray is designated as a binary search area. In this area, the
distances lsn are calculated for adjacent ray 1 (generated
at θs1) and adjacent ray 2 (generated at θs2), respectively.
Herein, the steering angle θsn of the ray with a greater
distance ln is updated using the following equation:

θsn = θsa + θsb

2
(3)

For example, if the l2 of a ray generated at θs2 is greater
than the l1 of a ray generated at θs1, the steering angle θs2
is updated as θs3, as shown in Fig. 3(b). Then, l1 and l3 are
compared between the rays generated at angles θs1 and θs3
again. If the l3 for θs3 is greater than l1 for θs1, the steering
angle θs3 is recalculated to θs4. By repeating this process,
the ray progressively gets closer to the target, as shown in
Fig. 3(b). If the distance ln between the ray and a satellite’s
position is less than 1 m, the ray is assumed to have reached
the satellite.
Fig. 4 presents the atmospheric refractivity model with

respect to the altitude (h) for use in the proposed ray
tracing method. This model includes refractive indices for
all layers of the atmosphere, including the troposphere (h <
30 km), stratosphere (30 km < h < 80 km), and ionosphere
(h > 80 km), as follows [27], [28]:

n =

⎧⎪⎪⎨
⎪⎪⎩

(77.6×10−6× P
T + 0.373× e

T2 ) + 1, h <30 km
1, 30 km ≤ h <80 km√

1 − 1
ω2

0

Ne2

ε0me
, 80 km ≤ h ≤600 km

(4)

FIGURE 3. Binary search method in the ray-tracing method. (a) adjacent two-rays
selection. (b) finding a path that reaches a target.

In the troposphere, atmospheric density decreases with
increasing altitude, allowing the tropospheric refractive index
to be calculated from meteorological data, including air
pressure (P), absolute temperature (T), and water vapor
pressure (e). Therefore, we collect meteorological data from
meteorological observatories in Korea. This data enables
statistical analysis of detection angle errors with respect to
seasonal and regional characteristics. Then, the stratosphere
is assumed to be 1 from h = 30 km to h = 80 km, which
means that the stratosphere has no atmospheric refraction
because it has a stable atmosphere [29]. On the other hand,
the ionosphere is the region where electromagnetic waves
are refracted by free electrons, even though the atmospheric
density is very low. Therefore, the refractive index in the
ionosphere is calculated using the simplified Appleton-
Hartree equation. This equation uses the electron density
(Ne), electron mass (me), angular velocity (ω at a frequency
of 3 GHz), and absolute permittivity (ε0) [30]. The electron
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FIGURE 4. Atmospheric refractivity from the troposphere to the ionosphere (Jan. 1,
2019). (a) in the troposphere (h = 0 to 32 km). (b) in the ionosphere (h = 80 km to
600 km).

density data can be obtained from the NeQuick2 model pro-
vided by the ITU-R. (P.531-12). Therefore, the atmospheric
refractivity model applied in the proposed ray-tracing method
contains all the atmospheric refractivity information from 0
to 600 km in altitude, which helps to accurately predict the
propagation path between the ground station and the LEO
satellite.
Fig. 5 shows the propagation path according to the

steering angle, considering the effects of atmospheric refrac-
tion. The radar’s elevation steering angles are set to 0.5◦,
1◦, and 10◦, respectively. In this analysis, atmospheric
conditions are assumed to be a standard condition [31],
and the results of the proposed method are compared with
those of the Advanced Refractive Effects Prediction System
(AREPS) simulation to verify its accuracy [32]. The ray-
tracing simulations are performed using MATLAB R2023a,
and average computation time for each ray path is 79 seconds
(Intel Core i7-12700F CPU and 128GB RAM). The blue

FIGURE 5. Comparison of propagation paths based on elevation steering angle with
the proposed method and AREPS simulation. (a) steering angle = 0.5◦. (b) steering
angle = 1◦. (c) steering angle = 10◦.

solid line and the red dashed line represent the propagation
paths calculated using the proposed method and the AREPS
simulator, respectively. In addition, the green dotted line
indicates the propagation path without refraction (ideal path).
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TABLE 1. Detection angle error in temperate continental air.

As can be seen in Fig. 5(a), when the steering angle is
0.5◦, the electromagnetic wave has a slightly refracted path.
Therefore, at a range of 200 km, the difference in elevation
between the ideal and actual paths (using ray-tracing) is
780 m. On the other hand, if the steering angle is 1◦, the
altitude difference is reduced to 776 m under the same
conditions, as shown in Fig. 5(b). When the steering angle is
10◦, the electromagnetic waves have a nearly straight path, as
shown in Fig. 5(c). In addition, when comparing the results
of the proposed method with AREPS, the altitude differences
for steering angles of 0.5◦ and 1◦ are 0.14 m and 0.009 m at
a range of 200 km, respectively. Similarly, a small altitude
difference of 0.006 m is observed at a range of 50 km in the
steering angle of 10◦. The result means that the propagation
path using the proposed method is in good agreement with
the AREPS result.
Table 1 provides the detection error results when using

the ITU-R model (P.834-9) and the proposed method,
respectively. In this analysis, ITU-R is temperate continental
air conditions, and the proposed method is applied under
inland conditions (Jan. 1, 2019, Osan) [33].

The steering angles of the radar are assumed to be of 2◦,
10◦, and 20◦, respectively, and the expected detection errors
using the ITR model for each steering angle are 360 mdeg,
110 mdeg, and 50 deg. The estimation results using the
proposed method under the same conditions are 355.8 mdeg,
101.5 mdeg, 49 mdeg. Despite the difficulties in using real
measurement data for validating radar detection angle errors,
the analysis demonstrates that the proposed method provides
highly reliable results.

III. CALCULATION DETECTION ANGLE ERROR
Fig. 6 shows the detection angle errors and a radar’s steering
angle according to the range between a ground station and
an LEO satellite. The altitude of the satellite is fixed at
500 km, and the range increases from 800 km to 1000 km.
The solid line indicates the detection angle errors (left y-axis)
with respect to the range, and the dashed line is the steering
angle (right y-axis) between the ground station and the LEO
satellite. As the satellite’s altitude increases from 800 km
to 1,000 km, the radar’s steering angle decreases from 32◦
to 26.6◦. In contrast, the detection angle error increases
gradually from 28.8 mdeg to 38.7 mdeg. The analysis
indicates that the troposphere has a greater influence on wave
refraction than the ionosphere; however, the ionospheric
contribution is not negligible.

FIGURE 6. Detection angle error and a radar’s steering angle according to range.

FIGURE 7. Error bar plot for detection angle error according to seasonal and
regional atmosphere environments.

Fig. 7 presents the error bar plot for the detection angle
error where the surveillance radar is located at the inland
region (Osan) and the coastal region (Jeju Island). The
circular markers indicate the average errors, and the vertical
lines mean the deviation (difference between the maximum
and minimum values) of angle errors. For this analysis,
we use four-season meteorological data covering spring
(Mar. 1, 2019 to May 30, 2019), summer (Jun. 1, 2019 to
Aug. 30, 2019), fall (Sep. 1, 2019 to Nov. 30, 2019), and
winter (Jan. 1, 2019 to Feb. 28, and Dec, 2019). In addition,
the position of the satellite is fixed at a range of 1000 km and
an altitude of 500 km. At the inland region, the average and
deviation of detection error during winter are 43.7 mdeg and
5.9 mdeg, respectively. On the other hand, during summer,
an average error of 51.9 mdeg and a deviation of 25.5 mdeg
are observed, which are higher than the average detection
error during winter. In addition, the average error in the
coastal region is higher than that in the inland region across
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TABLE 2. Detection angle error values according to seasonal and regional
atmosphere environment.

FIGURE 8. Histogram of the detection angle error according to ground station
position. (a) in inland region (Osan). (b) in coastal region (Jeju Island).

all seasons. The values of the seasonal and regional detection
angle errors in 2019 are listed in Table 2.

Fig. 8 represents a histogram of the detection angle errors
according to the location of the ground station. In this
histogram, we utilize the same data and conditions as in
Fig. 7, and the bar width is set to 0.5 mdeg. In Fig. 8(a), the
detection angle error between 44.5 mdeg and 45 mdeg occurs

FIGURE 9. Coordinate systems for the LEO satellite tracking scenario:
(a) coordinate conversion of ECEF to ENU. (b) satellite tracking scenario.

a maximum of 73 times in the inland region. In addition, the
variance of the detection angle error in the inland region is
calculated as 0.00005. In the coastal region, the highest error
occurrence is 40 times, from 46 mdeg to 46.5 mdeg, and
the variance of the error is 0.000263, as shown in Fig. 8(b).
The results indicate that the detection angle errors in the
coastal region are more disturbed than in the inland region.
The large deviations in detection angle errors observed in
coastal regions are primarily attributed to convective activity,
which induces frequent variations in the refractive index. In
contrast, the atmosphere over inland areas tends to be more
stable, leading to smaller deviations in detection angle error.
Fig. 9 illustrates the coordinate systems for a LEO satellite

tracking scenario. To simulate a situation in which an actual
satellite is tracked by a ground station, information about the
ground station’s position and satellite trajectory is required.
In addition, this information must be expressed in the ENU
coordinate system with the location of the ground station
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as the origin (Og). To obtain information for the satellite
trajectory, we use the CPF data of KOMPSAT-5 provided
by NASA. Since the CPF data includes actual satellite
trajectory information, it allows us to realistically model the
trajectory of the detected satellite. However, this data consists
of the Earth-centered Earth-fixed (ECEF) coordinate system
(x, y, z), which has the Earth’s center of gravity as the origin
(Oe), as shown in Fig. 9(a). Furthermore, a ground station’s
location is typically given in the WGS84 coordinate system,
which consists of latitude, longitude, and altitude. Therefore,
the ground station’s coordinates must first be converted to the
ECEF coordinate system using the following equations [34]:

N = a√
1 − e2sin2φg

(5)

xg = (N + h) cos φgcosλg
yg = (N + h) cos φgsinλg

zg = ((1 − e2)N+hg) sin φg (6)

where N is the radius of the Earth, a is the ellipsoidal
equatorial radius (= 6378.137 km for WGS84), e is the
eccentricity of the ellipsoid (e2 = 0.00669437999 for
WGS84), ϕg is the latitude, λg is the longitude, and hg
is the altitude of the ground station location information.
After obtaining the coordinates of the ground and satellite
in the ECEF coordinate system, the coordinates for CPF
data (xs, ys, zs) and the ground station (xg, yg, zg) are
converted once more to the ENU coordinate system for ray-
tracing simulation. This conversion must take into account
the relative positions of the ground station and the satellite,
and the vector (dx, dy, dz) describing this relationship is
defined as follows [35]:

dx = xs − xg
dy = ys − yg
dz = zs − zg (7)

The satellite position in the ENU coordinate system
(es, ns, us), relative to the ground station, can be determined
using the following conversion matrix:⎡
⎣esns
us

⎤
⎦ =

⎡
⎣ −sinλg cosλg 0

−sinφgcosλg −sinφgsinλg cosφg
cosφgcosλg −cosφgsinλg sinφg

⎤
⎦

⎡
⎣dxdy
dz

⎤
⎦ (8)

The converted trajectory information can be obtained
based on the ground stations on Osan and Jeju Island,
respectively. Fig. 9(b) illustrates the LEO satellite tracking
scenario, where the satellite’s trajectory is represented in the
ENU coordinate system. In this scenario, the location of
the LEO satellite is expressed as range d and altitude h, and
the trajectory of this satellite is observed overtime from ts
to te.
Fig. 10 shows the detection angle errors when space

surveillance radars on the ground station track the actual
LEO satellite’s trajectories. In this analysis, atmospheric
conditions are applied as either normal or duct conditions

FIGURE 10. Detection angle error during satellite tracking (KOMPSAT-5). (a) an
example of a radar’s steering angle for the satellite trajectory of Case 1. (b) in the
inland (Osan). (c) on the coast (Jeju Island).

as defined in Recommendation ITU-R P.453-13 [28]. The
normal condition corresponds to typical atmospheric states in
which moderate electromagnetic wave refraction occurs. In
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TABLE 3. The detection angle error according to the tracking time in the inland.

TABLE 4. The detection angle error according to the tracking time on the coast.

contrast, the duct condition indicates that the electromagnetic
waves can be strongly refracted toward the Earth’s surface.
When a satellite is observed, the steering angle of the surveil-
lance radars gradually increases until the satellite passes by
the ground station. After this, the steering angle gradually
decreases. For example, when surveillance radar tracks the
LEO satellite with the trajectory of Case 1, the steering
angle varied from 0.58◦ to 76.37◦, as shown in Fig. 10(a).
Therefore, the detection angle error is also varied according
to the observation time. Fig. 10(b) and (c) represent the
detection angle errors in the inland and coast for different
dates. Cases 1 to 4 are normal atmospheric conditions, and
Cases 5 to 8 are duct conditions with strong atmospheric
refractivity. For all the cases, the detection angle errors
at specific observation times are listed in Table 3 (inland)
and Table 4 (coast). As can be seen in these results, at an
observation time of 20 sec., the detection angle error of
Case 5 is 305 mdeg, which is greater than that of Case 1
(251 mdeg). In addition, at an observation time of 20 sec., the
detection angle error of Case 3 is observed to be 263 mdeg,
which is also greater than that of Case 1. This tendency
is observed for all the analysis cases. These results mean
that the following results: first, detection angle error on the
coast is typically greater than that of the inland. Second,
strong atmospheric refraction can cause a large detection
error. Finally, a great detection angle error may occur when
space surveillance radars on the ground station begin tracking
the LEO satellite.

IV. CONCLUSION
We investigated the ray-tracing method to estimate the prop-
agation path between a ground station and LEO satellites.
To accurately predict a propagation path and detection error,
the proposed ray-tracing method adopts the atmospheric
refractivity model, which includes the troposphere and the
ionosphere. The detection angle errors were examined by
changing various conditions such as locations of ground
station, satellite trajectories, and observation date. For the
inland observatories, the average and deviation of detection

error during winter were 43.7 mdeg and 5.9 mdeg, respec-
tively. On the other hand, during summer, an average error
of 51.9 mdeg and a deviation of 25.5 mdeg were observed,
which were higher than the average detection error during
winter. For KOMPSAT-5 satellite trajectories, the maximum
detection angle errors observed at the inland and coastal
meteorological observatories were 309 mdeg and 331 mdeg,
respectively. The results demonstrated that the proposed ray-
tracing method is suitable for finding the propagation path
between the ground station and the LEO satellites.
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