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ABSTRACT We propose a novel method to calculate the propagation from a geostationary orbit (GEO)
satellite to a ground station considering dispersive and inhomogeneous atmospheric environments with an
actual satellite parabolic reflector antenna. The proposed simulation method is based on the hybrid numerical
techniques including physical optics (PO), the 3-dimensional (3-D) ray tracing technique, and geometrical
optics (GO). The electromagnetic propagation from an actual GEO satellite parabolic reflector antenna to a
ground station at Seoul, Korea is calculated using PO. Reflections and refractions at the boundaries of the
stratified refractive index model for the atmosphere are then calculated by the ray tracing approach and GO
to take into account inhomogeneous atmospheric environments. Our method is verified by comparing with
the results with the prediction method of rain attenuation given in ITU-R P.618-13 and the unified model.
The comparison generally shows a good agreement. Atmospheric attenuation and boresight errors from a
GEO satellite to a ground station are calculated and discussed. As a result of the calculations, when the
rainfall rate is 26.19 mm/h, the atmospheric attenuation from a GEO satellite (COMS-1) to a ground station
at Seoul, Korea is 12.1621 dB and the boresight error is 0.0336 degrees.

INDEX TERMS Atmospheric environments, 3-D ray tracing technique, geometrical optics, physical optics,

dispersive and inhomogeneous media.

I. INTRODUCTION

To estimate the characteristics of geostationary orbit (GEO)
satellite links for navigation, communications, broadcasting
and surveillance, it is necessary to accurately calculate the
electromagnetic wave propagation in the atmosphere. In gen-
eral, the atmospheric environment affects the attenuation and
refraction of electromagnetic wave propagation on satellite
links [1]-[4]. Electromagnetic waves are reflected, refracted
and absorbed when they pass through the atmosphere. The
atmosphere can be classified into five layers according to
altitude: the troposphere, the stratosphere, the mesosphere,
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the thermosphere, and the exosphere with their altitudes
ranging from 0 to about 10000 km. In the troposphere and
stratosphere, below 30 km, the atmospheric effects depend
on the temperature, air pressure, relative humidity, and sus-
pended droplets [5], [6]. In the ionosphere, which includes
the thermosphere, parts of the mesosphere, and exosphere
between 60-1000 km, atmospheric effects depend on the ion-
ized particles. The region from the upper stratosphere to the
boundary of the ionosphere is approximated with vacuum due
to low temperature and low integrated water vapor [7], [8].
In addition, the atmosphere above 1000 km is also approx-
imated with vacuum due to the low density of gases. Thus,
electromagnetic wave propagation is mainly affected by the
troposphere and ionosphere, where the critical effects on
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electromagnetic wave propagation are attributed to oxygen,
water-vapor molecules, and free electrons.

The atmospheric environments have been monitored using
radiosonde, ionosonde, magnetometer, and solar flux mon-
itor [9], [10]. In addition, atmospheric absorption and rain
attenuation have also been measured or calculated to estimate
the influence of the troposphere and ionosphere on the wave
propagation [11]-[17]. Atmospheric attenuation of electro-
magnetic waves was measured at 58, 94, and 122 GHz by the
Czech metrology institute, while at 19.7 GHz by Universi-
dad Politécnica de Madrid using the Eutelsat Hot Bird 13A
Ka-band beacon [11], [12]. Studies have been conducted on
predictive models for calculating atmospheric absorption and
refraction [13], [14]. Rain attenuation was calculated using
probability of rainfall rate and radiometric measurements
[15]-[17].

However, the theoretical analysis of electromagnetic
wave propagation considering dispersive and inhomogeneous
atmospheric environments seems to be lacking. It is very
difficult to apply the numerical techniques such as the
finite-difference time-domain (FDTD) method, finite ele-
ment method (FEM), and methods of moments (MOM) into
the actual atmosphere, because they require huge computa-
tional resources. Some models which analyze the electro-
magnetic wave propagation in dispersive media have been
studied using the FDTD method, but have not been applied
to the actual atmosphere [18], [19]. In addition, the parabolic
equation can be used to analyze wave propagation in the
atmosphere to reduce computational resources, but it has
limitation that the result is accurate only in a limited angular
range from the antenna beam [20].

The method given in ITU-R P.676-12 to calculate
the atmospheric gaseous attenuation has been suggested
considering air pressure, temperature, and humidity as a sum-
mation of the individual spectral lines from oxygen and water
vapor [16]. However, this method uses only a line-by-line
summation of gaseous attenuation without considering atmo-
spheric reflections. Also, the rain attenuation model is sug-
gested by ITU-R P.618-13 and Mello and Pontes [4], [21].
But these models did not include the boresight error and
phase dispersion, and the only rainfall attenuation was cal-
culated. In the previous study, we analyzed electromagnetic
wave propagation in the atmosphere using the 2-dimensional
ray-tracing technique [22]. However, we did not apply to the
3-dimensional (3-D) space, did not compare our results with
measured data, and did not accurately consider the disper-
sive refractive index of the atmosphere. Moreover, the study
on the electromagnetic wave propagation from the actual
antennas of GEO satellites to a ground station seems to be
insufficient. Therefore, it is necessary to accurately com-
pute the atmospheric attenuation, boresight error, and phase
dispersion, taking into account dispersive and inhomoge-
neous atmospheric environments. Herein, the radiation from
an actual GEO satellite antenna should be considered for
more accurate prediction of wave propagation in the satellite
links.
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FIGURE 1. Offset parabolic reflector antenna configuration used in

calculation(D=1.1m,Xa=02m,X0=0.75m,Xb=13mF=1.76 m,
Gain = 41.36 dBi, and 3dB Beamwidth = 1.84°).

In this paper, we propose a novel method to calculate
the propagation from a GEO satellite to a ground station
considering dispersive and inhomogeneous atmospheric envi-
ronments with an actual satellite parabolic antenna. The
proposed simulation method is based on hybrid numerical
techniques including physical optics (PO), the 3-D ray trac-
ing technique, and geometrical optics (GO). The equivalent
surface currents of reflector meshes are calculated using PO.
Reflections and refractions at the boundaries of the strat-
ified refractive index model for the atmosphere are calcu-
lated using 3-D ray tracing technique and GO. The effective
refractive index is calculated from electron density of the
ionosphere and meteorological conditions of the troposphere.
Our method is verified by comparing with the results with
the prediction method of rain attenuation given in ITU-R
P.618-13 and the unified model [4], [21]. Atmospheric atten-
uation and boresight errors from GEO satellites to a ground
station at Seoul, Korea are calculated using the proposed
hybrid method, and the results are discussed in detail.

Il. ANALYSIS PROCEDURE

A. RADIATION FROM OFFSET PARABOLIC REFLECTOR
ANTENNA

The offset parabolic antenna configuration used in this work
is shown in Fig. 1. The reflector size and focal length are the
same as the reflector antenna specifications of communica-
tion, ocean and meteorological satellite-1 (COMS-1), and the
material of the reflector is assumed to be a perfect electrical
conductor [23]. The feed antenna of the parabolic reflector is
a pyramidal horn with a 10-dB beamwidth of 29.13 degrees.
The surface of the parabolic reflector is divided into meshes,
and the distance between two centers of adjacent meshes
is less than 1/10 wavelength [24]. The equivalent surface
current density is calculated using PO. The electromagnetic
field of the horn antenna is calculated in [25], and the radiated
electromagnetic fields are calculated as the product of surface
area and the surface current density.

B. ATMOSPHERIC ENVIRONMENTS
To consider the refraction, reflection, and absorption in
atmospheric environments, we use the effective complex
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TABLE 1. Refractivity Of lonospheric Layers (I-Cheon, South Korea,
Aug. 14, 2019, 12:00).

S N

[MHz 1GHz 10GHz 20GHz  30GHz

E-layer 035  -00613 -6.13E-4 -1.53E-4  -681ES
(110 km)

(22'91%;) 5250  -1378  -0.1378  -0.0345  -0.0153

refractive index of the atmosphere, which is determined
by the frequency, air pressure, air temperature, water-vapor
pressure, electron density, and magnetic field of earth. The
atmosphere is stratified by altitude, and the effective com-
plex refractive index n of each layer is calculated from the
complex refractivity N using (1). The complex refractivity
of the troposphere and stratosphere is the central quantity
computed by the millimeter-wave propagation model (MPM)
[5], [6]. The propagation constant y and intrinsic impedance
n are calculated by using refractive index n, permeability of
vacuum [Lg, permittivity of vacuum &g, angular frequency w
in (2), (3). The relative permeability of the atmosphere is
assumed to be 1.

n=14+Nx10=14+N —jN)x 107 (1)

y =JB +a = joroeo(n — jn") 2
jou 1

= = 3

7 joe + o ’7()”/ —jn” )

In the ionosphere, free electrons exist for a short period
before they are captured by positive ions and affect electro-
magnetic wave propagation. Our target frequency is above
1 GHz, it is permissible to neglect electron collisions and
magnetic field of earth [26]. The effective refractive index
of the ionosphere is calculated by the simplified Appleton
Hartree equation (4) [27].

n=1—(2y @)
[201]
Ppiue = 27.55,% )

In (4), wp is plasma frequency which is calculated from
electron density in the ionosphere. Ionosonde data including
plasma frequency is provided by DIDBASE [28]. Ionospheric
attenuation includes the ionospheric absorption and iono-
spheric scintillation, which reduces the amplitude of the
received signal. The ionospheric absorption is cited in ITU-R
P.531-14, and peak-to-peak fluctuations Pgyc of the iono-
spheric scintillation is calculated by (5) [29]. S4 is the scintil-
lation index and can be provided by [30]. The real refractivity
of the ionosphere has a negative value and is shown in Table 1.
As the frequency increases, ionospheric effects decrease, and
above 10 GHz, ionospheric effects can be negligible.

The real and imaginary refractivity in air by frequency
is shown in Fig. 2 and Fig. 3. The refractivity N is calcu-
lated from air pressure, air temperature, and relative humid-
ity. Dispersion of the complex refractivity represents the
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FIGURE 2. Real refractivity in parts per million of saturated air (relative
humidity: 100%) at sea level for temperature T = 273.15 K below 100 GHz.
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FIGURE 3. Imaginary refractivity in parts per million of saturated air
(relative humidity: 100%) at sea level for temperature T = 273.15 K below
100 GHz.
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FIGURE 4. Refractivity in atmospheric environments (30 GHz, Osan,
Korea, Aug. 14, 2019).

resonance contribution of absorber molecules of water vapor
and oxygen.

Fig. 4 shows the refractivity of the Osan’s atmosphere in
South Korea calculated from meteorological data [31]. As the
elevation increases, the air density decreases and the effective
refractivity approaches zero. The imaginary refractivity has
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FIGURE 5. Problem geometry of the ray tracing technique in atmosphere.
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FIGURE 6. Overall analysis procedure for electromagnetic wave
propagation.

a large value in the vicinity of the resonant frequency of
the gas.

Fig. 5 and Fig. 6 show the problem geometry and overall
analysis procedure for electromagnetic wave propagation.
The electromagnetic wave propagation is approximated in the
atmosphere using high-frequency approximation techniques
such as PO, 3-D ray tracing, and GO.

We divide the surface of the reflector antenna into meshes
and calculate the equivalent surface current of each mesh
using PO. The distance between two centers of adjacent
meshes is less than 1/10 wavelength for accuracy of results.

Note that we divide the atmosphere by elevation, and
the effective complex refractive index of stratified layers
is calculated from meteorological data such as humidity,
air temperature, and air pressure. Then, we can search the
ray path considering the reflection and the refraction at the
layers using the 3-D ray tracing technique. The ray path is
updated until the distance between the actual arrival point and
the observation point is less than hundredth of wavelength.
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FIGURE 7. Reflection and transmission at an oblique angle upon a
dielectric-dielectric interface.

Increasing the number of iterations by 1 makes both the zenith
angle 6 and azimuth angle ¢ accurate, and the maximum
error is halved. If this condition is satisfied, the ray path is
fixed and the electromagnetic fields can be calculated from
the equivalent surface currents of the reflector and geomet-
rical optics. When the electromagnetic waves encounter the
boundary of stratified lossy layers, the electromagnetic fields
are calculated by using (6)-(10). Note that the equation (10)
is given by geometrical optics.

Fig. 7 shows the reflection and transmission at an oblique
angle upon a dielectric-dielectric interface. We resolve an
arbitrarily polarized incident wave into components that are
parallel field E;; and perpendicular field E| to the plane
of incidence, and calculate the reflection and transmission
coefficients of each component T|| and T, . The refractive
angle 6; is the complex value and is not the true refractive
angle of ray path. The true refractive angle v, is calculated
if the propagation constant of the media o and B is obtained
in (9). In (10), po is the distance from source to current layer
and s is the distance from current layer to the next layer.

E'(x, ) = (TJ_Ei 4 THElil)e*(Zp‘HX]x sin Gi)ef(Z(H‘ﬂ]x sin 6;)

(6)
1cos 6y { [arct (Im(cos 6;)
= |cos oy cos[arctan(——
P %2 Re(cos 6;)
. Im(cos 6;)
— tan(——— 7
B sin[arctan( Re(cos 9:))} 7)
1cos 6| { infarct (Im(cos@,)
= |cos oy sin[arctan(———
q %2 Re(cos 6;)
Im(cos 6;)
tan(——— 8
+ B2 cos[arctan( Re(cos 9:))} (8)
1 sin 91
Yy = tan(—ﬂ p ) )
i £0 _ ing) — 0.
El — E! (zp4a1x sin6;) —(zqg+pB1x sin ;) 10
n 1) o0 € e (10)

The direction of transmission wave is calculated
using the 3-D ray tracing technique. The transmission
angle at the boundary is calculated by (9). After the
direction of the transmission angle and transmitted field are
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TABLE 2. Comparison of atmospheric effects calculated by our method
and ITU-R P.676-12 model (Osan, South Korea, Aug. 14, 2019, 12:00,
20 GHz).

. Power Phase Boresight
Atmospheric . di .
effects attenuation ispersion error
[dB] [degrees] [degrees]
ITU-R
P.676-12 [16] 1.1368 -7.2474 -
Our method P
(point source) 1.3396 -7.2682 4.98x10
409 i 1 R ITU-R P.618-13 [4]
354 ".‘ = = = The unified model [21]
— - == Our method
o 30
pof
-S 251
S 20-
=
2 154
©
E 104
54
0
-5 T T T )
0.001 0.01 0.1 1 10

Time percentage [%]

FIGURE 8. Comparison of rain attenuation calculated by our method,
ITU-R P.618-13, and the unified model (20 GHz, Tx: GEO satellite
(COMS-1), Rx: South Korea, rain height: 3.601 km [37]).

determined, the transmitted wave is defined by the incident
wave at the next boundary of the layer. Once the transmitted
wave of the boundary is obtained, we can calculate the
incident wave at the next boundary using the GO approxi-
mation by (10) [32]. This computation is iterated until arriv-
ing the final atmospheric layer. When the electromagnetic
field is obtained at the observation point, we can calculate
atmospheric attenuation and refraction.

C. NUMERICAL RESULTS

We calculate the atmospheric attenuation and refraction of
electromagnetic wave using PO, 3-D ray tracing technique,
and GO. Atmospheric attenuation consists of (1) the reflec-
tion at boundary of stratified layers due to change of the
refractive index, (2) the attenuation within the stratified layer
calculated from the imaginary part of refractive index, and
(3) the ionospheric attenuation. The ionospheric attenuation
is calculated by considering scintillation coefficient at target
frequency and ionospheric absorption.

Table 2 shows the comparison of atmospheric effects by
calculated by our method and ITU-R P.676-12. The ITU-R
P.676-12 provides attenuation by atmospheric gases and
related effects, excluding boresight error. But our method
can calculate the boresight error through the electromagnetic
field analysis using the hybrid numerical techniques includ-
ing physical optics (PO), the 3-dimensional (3-D) ray tracing
technique, and geometrical optics (GO).

To check the accuracy of our method, the rain attenuation
is calculated and compared with the prediction method of
ITU-R P. 618-13 and the unified model at 20 GHz, which pro-
vides the rain attenuation versus time percentage, as shown
in Fig. 8 [4], [21]. A short duration precipitation rate is needed
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FIGURE 9. Problem geometry for calculation of boresight error on
downlink.

to assess the rainfall attenuation [33], [34]. To account for
the atmospheric environment, it is more accurate to use a
short-term precipitation than a long-term precipitation. The
International Telecommunication Union (ITU) has implicitly
accepted a 1-minute integration time as the most desirable for
rain attenuation prediction [34]. Therefore, our method uses
short duration precipitations including the 1-minute rainfall
rate. Time percentage is defined as a cumulative distribution
of descending data. For example, if time percentage is 0.1%
and rain attenuation is 9.52 dB, the rain attenuation exceeds
9.52 dB for 0.1% of the total time. In order to compare
our results with ITU-R data, we obtained the rainfall rate
corresponding to time percentage [35], [36]. The time per-
centages of 5, 1, 0.5, 0.1, 0.05, 0.01, and 0.005% correspond
to the rainfall rates 0.157, 3.46, 6.33, 18.14, 26.19, 54.8, and
72.5 mm/h, respectively. This rainfall rate is calculated as a
part of the effective refractive index N by the MPM [5], [6] in
our calculation. Also, we use a fixed rainfall cloud height and
assume that the rainfall cloud height is 3.601 km [37]. And
the number of layers of the atmosphere is 81.

The boresight error is an angle difference between the
direct ray in vacuum and the actual ray in atmospheric envi-
ronments. Fig. 9 shows a problem geometry for calculation of
the boresight error. We can determine the number of stratified
layers of the atmosphere for accurate calculations through
convergence of boresight error.

As the atmospheric refraction increases, the boresight error
increases. Convergence of the boresight error is shown in
Fig. 10. The number of layers indicates the number of strati-
fied layers in the troposphere and stratosphere. The converged
boresight errors are 0.0000048 degrees for the downlink. The
boresight error converges if the atmosphere is stratified into
50 or more layers. Note that 80 layers in Fig. 10 is enough for
convergence and the number of layers used in Figs 11 through
14 is 80.

Fig. 11 shows the atmospheric attenuation in the
troposphere, stratosphere, and ionosphere. The meteorologi-
cal data were measured at Osan in South Korea. Atmospheric
effects include the effects of the troposphere, stratosphere,
and ionosphere on the attenuation. Tropospheric and strato-
spheric effects are calculated assuming that the ionosphere is
a vacuum. Also, Ionospheric effects are computed assuming
that the troposphere and stratosphere are vacuum. We used
the gigahertz scintillation model given in ITU-R P. 531-13 to
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FIGURE 10. Convergence of boresight error on downlink (20 GHz, earth
station: 37.546°N, 126.883°E, satellite: GEO, 128.2°E (COMS-1)).

Atmospheric effects
e Tropospheric and stratospheric effects

—=— lonospheric effects
40 5

Attenuation [dB]
N w
Lo 3 o

-

o
L
.

° °
]
T T T T |

0 20 40 60 80 100
Frequency [GHz]

Lo
|

FIGURE 11. Atmospheric attenuation on downlink according to
frequency (earth station: 37.546°N, 126.883°E, satellite: GEO, 128.2°E
(COMS-1), Osan, South Korea, Aug. 14, 2019).
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FIGURE 12. Boresight error on downlink according to frequency (earth
station: 37.546°N, 126.883°E, satellite: GEO, 128.2°E (COMS-1), Osan,
South Korea, Aug. 14, 2019).

calculate the ionospheric attenuation assuming that the peak-
to-peak amplitude fluctuation of the ionospheric scintillation
is 1 dB at 2 GHz [28]. At 5 GHz or less, ionospheric atten-
uation is dominant, but it decreases rapidly as the frequency
increases. Attenuations in the troposphere and stratosphere
have large values at around the resonant frequency of oxygen
(22.3 GHz) and water-vapor (60 GHz) molecule.

Fig. 12 shows the boresight error in the troposphere and
ionosphere. Atmospheric effects include the effects of the tro-
posphere, stratosphere, and ionosphere on the boresight error.
Tropospheric and stratospheric effects are calculated assum-
ing that the ionosphere is a vacuum. Also, ionospheric effects
are computed assuming that the troposphere and stratosphere
are vacuum. The boresight error in the troposphere and
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FIGURE 13. Normalized received power on downlink (transmit location:
GEO, receiving location: 128.2°E, South Korea, Aug. 14, 2019).

TABLE 3. The calculated information (satellite: GEO, 128.2°E).

Environments Maximum point | Boresight |Distance Power
(rain rate) (received power) |error [degs]|error [m]| difference [dB]
@1 37.537° N

a) In vacuum 1268840 E

(b) In atmosphere 37468° N 0.0085 | 7673 1.3801

(0 mm/h) 126.885° E ' ]

(c) In atmosphere 37425 N 00138 | 12457 3.6403
(6.33 mm/h) 126.887° E

(d) In atmosphere 37266' N 0.0336 | 30147 12.1621
(26.19 mm/h) 126.894° E ) ]

stratosphere is almost constant, while the boresight error in
the ionosphere decreases as the frequency increases.

Fig. 13 shows the normalized received power of an
offset parabolic reflector antenna relative to the latitude
of the earth at the GEO satellite with an east longitude
of 128.2 degrees when the direction of antenna is towards
the receiving point with latitude of 37.546 degrees and lon-
gitude 126.883 degrees. It is assumed that the rain distri-
bution is uniform under the rain height. When rainfall rates
are 0 mm/h, 6.33 mm/h, and 26.19 mm/h, the main beam
moves 0.059 degrees (or 6561 m), 0.1 degrees (or 11119 m),
and 0.258 degrees (or 28688 m), respectively, compared with
the case of vacuum. Attenuation of the main beam is 1.38 dB,
3.59 dB, and 12.16 dB, respectively, when the rainfall rate is
0, 6.33, and 26.19 mm/h.

Fig. 14 illustrates the normalized received power by
latitude and longitude from the GEO satellite to the Korean
Peninsula. The normalized received power is the ratio of
the received power to the maximum received power of the
vacuum case at Seoul, Korea. As the observation point
moves away from Seoul, the received power decreases.
The boresight error and attenuation in each case are given
in Table 3.

The maximum point of the received power in each case
depends on the atmospheric environments. As the rain rate
increases, the maximum points move southeast. The dis-
tance error is calculated using the boresight error and radius
of the earth. The power difference is the subtraction of
the maximum received power in vacuum and maximum
received power in each environment, and is regarded as the
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FIGURE 14. Normalized received power on Korean Peninsula. (earth station: 37.546°N,
126.88°E, satellite: GEO, 128.2°E, Osan, Aug. 14, 2019).

atmospheric attenuation. As the rainfall rate increases,
the atmospheric attenuation and boresight error increases.

IIl. CONCULSION

The method to calculate the propagation from GEO satellites
to a ground station considering dispersive and inhomoge-
neous atmospheric environments with an actual satellite
parabolic reflector antenna has been proposed. The proposed
simulation method is based on high-frequency approxima-
tion including PO, 3-D ray tracing technique, and GO. An
electromagnetic propagation from the actual GEO satellite
parabolic reflector antenna was calculated by using PO, and
reflections and refractions at the boundaries of the stratified
refractive index model for the atmosphere were computed
by ray tracing technique and GO. Our method showed good
agreements with the results with the prediction method of rain
attenuation given in ITU-R P.618-13 and the unified model.
We have also discussed how the inhomogeneity and disper-
sion of the atmosphere affect the wave propagation in terms
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of attenuation and boresight error from the GEO satellites
to the ground station at Seoul, Korea. Our method is useful
for accurately estimating the electromagnetic wave propaga-
tion on GEO satellite links for navigation, communications,
broadcasting, and surveillance.
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