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Abstract— Earth Stations in Motion (ESIM) is a new satellite communication technology which allows mobile platforms to communicate with the
Geostationary Orbit (GSO) in the Ka-band. The ESIM’s benefits of providing high-power multiple spot beam coverage and allowing very high data rates
makes it ideal for commercial use. Small aperture antennas with precise tracking antenna systems are desirable in ESIM systems in order to limit radio
interference to adjacent satellite systems. Even with precision in tracking, motion-induced antenna pointing errors are unavoidable. This paper proposes
a methodology to analyze the significant contribution made by motion-related antenna pointing errors to the overall interference effects from ESIM to the
Fixed Service (FS) station in the 28 GHz frequency band. The results from computer simulation show that a reduction of 5.2 dB in the boresight Effective
Isotropic Radiated Power (EIRP) Spectral Density (ESD) was obtained for a parabolic dish with circular aperture diameter of 0.3 m when a fixed antenna
pointing error of 0.5˚ was introduced. The overall transmission data rate can be significantly reduced if the International Telecommunication Union (ITU)
recommendations are observed.
Index Terms— ESIM, ESD, radio interference, pointing error, adjacent
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1 INTRODUCTION
One of the modern satellite communication technologies is the
Earth Station in Motion (ESIM) system. It allows mobile
platforms to communicate with the Geostationary Orbit (GSO)
in the Ka-band to provide high-power multiple spot beam
coverage, allowing very high data rates. The ESIMs have been
developed and designed for use on aircraft, ships and land
vehicles [1]. An ESIM terminal consists of a small aperture
antenna mounted on a mobile platform. Due to the ESIM’s
operation in different terrains, motion-induced antenna
pointing errors are unavoidable. Since antenna pointing errors
in ESIM technology are unpreventable, they need to be taken
into account during interference analysis [2].
Owing to the mobile nature of the ESIM system, accurate
tracking antenna systems need to be employed to maintain the
communication link to the Geostationary orbit (GSO) to ensure
reduced interferences to adjacent satellite systems. Even with
an accurate tracking system, pointing errors will occur and
these errors contribute to the interference to other
communication systems in the same frequency band [3]. These
errors can cause the Effective Isotropic Radiated Power (EIRP)
Spectral Density (ESD) from the transmitting ESIM to exceed
the off-axis ESD limits defined in Recommendation ITU-R
S.524-9 [4]. Anytime the off-axis limit is exceeded, switching off
or reducing the transmit power is a way of overcoming this
pointing error problem. However, drastic reduction of the
overall throughput and unacceptable signal-to-noise ratio
respectively are the complications that would be encountered.
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The International Telecommunication Union (ITU) in [4] and
Resolution 156 (WRC-15) [5] laid down very strict rules and
recommendations on limits of the off-axis emissions in the Kaband in order to reduce interference to other satellite systems.
These off-axis emission regulations critically limit the power
transmitted by a wide beamwidth ESIM terminal in the
direction of its boresight (direction of maximum gain).
Terminals with large aperture antennas can transmit higher
ESD levels because there are no constraints by the main beam
but by the side lobes. However, small aperture antennas are
desirable in communications on the move applications because
of their size and weight. A drawback to this attractive feature is
that these terminals will have wider beamwidths therefore
increasing interference to and from other adjacent satellite
systems [6].
Author in [7] examined the applicability of the Federal
Communications Commission’s (FCC) Earth Stations on
Vessels (ESV) regulations for mobile satellite communications.
The impact of pointing errors was determined using the FCC
mask as a regulator in the Ku-band. A reduction of 2.5 dB in
the boresight EIRP was recorded for a circular aperture
parabolic dish antenna with a diameter of 0.5m and a fixed
pointing error of 0.5˚. It was noted that switching off the
transmission when the antenna pointing error exceeds an
unacceptable level would result in serious performance
degradation.
The rest of the paper is organized as follows: Section 2 presents
the problem statement for this research. Section 3 presents an
overview of antenna pointing errors and Section 4 describes the
procedure for limiting antenna pointing errors. Sections 5 and 6
present the interference analysis and the numerical results
respectively. The conclusion and suggestion for further work
are given in section 7.
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2 PROBLEM STATEMENT
As ESIM systems move, antenna mis-pointing may occur
causing interference to adjacent satellite services. Analyzing
the significant contribution made by motion-related antenna
pointing errors to the overall interference effects from ESIM to
the Fixed Satellite Service (FSS) is therefore vital. In this paper,
a method was proposed to analyze the impact of pointing
errors in the 28 GHz frequency band. The relationship between
the Power Spectral Density (PSD) of the ESIM terminal and its
antenna pattern is presented. The appropriate level of the
boresight EIRP from the ESIM terminal is established to
comply with the interference limit of adjacent satellite systems.
Although the frequency band considered in this paper has not
yet been approved for ESIM uplink transmissions, the results
can serve as an illustration of the importance of pointing errors
in interference analyses.

3 ANTENNA POINTING ERROR
Antenna pointing error is the angular distance between the
antenna boresight and its intended direction usually a target
satellite. Due to the mobile nature of the antenna platform,
there might be displacement of the boresight of the antenna. A
key factor that dictates the efficiency of the satellite
communication system is the pointing accuracy of the antenna
at the mobile satellite terminal. The antenna pointing error is
measured in terms of its elevation error and azimuth error
components and these components are available for analysis.
Pointing errors in point-mode are dominated by errors in the
yaw, pitch, and roll measurements in addition to errors in
antenna boresight [8]. ESIMs with irregular mobility of the
platform operate in uneven terrain conditions causing the
antenna pointing errors to be random. The motion-induced
antenna pointing error can be represented by a random
variable,
and comprises its elevation and azimuth
components. Because the antenna pointing errors are random
variables, the resulting ESD from the transmitting ESIM can
also be considered a random variable [9]. Fig. 1 shows the
geometry representing an antenna pointing error,
in the
boresight direction of the antenna. The earth terminal is located
at the origin, and the direction of the intended satellite is S.
Therefore, in the absence of pointing errors, the axis of the
antenna is
. The off-axis angle is represented as in Fig. 1
and
is its direction. When pointing errors are present, the
angular distance between the boresight of the antenna and the
direction of the off-axis angle is denoted by
. According
to ITU-R S.1857 [9], It is useful to represent the probability
density function (pdf) of pointing errors by well-known
statistical distributions. Laboratory measurements of motioninduced antenna pointing errors have indicated that these
pointing errors have long-tailed characteristics, that is, the pdf
will not decay fast for large values of the antenna pointing
error [9].

Fig. 1. Geometry representing antenna pointing error
The Symmetric α-Stable (SαS) distribution with scale
parameter, c and stability parameter or characteristic exponent,
α is used to model antenna pointing errors in the elevation and
azimuth directions due to its long-tailed characteristics. The
characteristic function of the SαS distribution with zero
location parameter meaning symmetry about the center, is
expressed as;
| |
( )
(1)
Where represents the elevation and azimuth components, c>0
is the scale parameter and ,0< ≤ 2 is the stability parameter.
The width of the pdf is proportional to the scale parameter, c
and the stability parameter, α is a determinant of the tail of the
distribution. It can be noted that lower values of α result in
longer tails and higher values of c result in higher errors.
Therefore, smaller α values and higher c values give rise to
higher probability of error of the tracking system. By varying
the values of these two parameters, many types of antenna
pointing errors can be practically represented. Different pdfs
can be generated from the SαS distribution because of its many
parameters. Fig. 2 shows the pdf of the SαS distribution for α
=0.5,1.1,1.45 and 1.75 when c=1.0. From the figure, it can be
concluded that the lower the value of the stability parameter, α,
the longer the tail of the distribution keeping a constant value
of the scale parameter, c. Fig. 3 displays the pdf of the pointing
error when α is held constant and different values of c are used.
It is observed from Fig. 3 that the higher the value of the scale
parameter, c, the greater the width of the pdf. Fig. 4 shows the
Cumulative Distribution Function (CDF) of the SαS
distribution for c=1.0 and different values of α while Fig. 5
displays the CDF of the pointing error for c=0.35 and different
values of α. It can be concluded that by varying the values of
these two parameters, it is possible to represent many types of
antenna pointing errors.
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Fig. 2. The pdf of the antenna pointing error with c=1 and
different values of α
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Fig. 5. CDF of pointing error with c=0.35 and different values
of α

4 LIMITING ANTENNA POINTING ERRORS

Fig. 3. The pdf of the antenna pointing error with α =1.5 and
different values of c

A statistical approach based on the ITU-R S.1857
recommendation [9] can be used to limit the motion-induced
antenna pointing errors. The off-axis EIRP mask for an FSS
earth station in the 27.5 to 29.5 GHz frequency range is defined
in Recommendation ITU-R S.524. For radio interference to
adjacent satellites to be reduced, the ESIM terminal should
satisfy the ITU EIRP spectral density mask given in Table I. The
power spectral density transmitted by the ESIM terminal can
be limited by this mask. The off-axis angle is represented by .
Since the characteristics of antenna pointing errors (long-tailed
characteristics) and the antenna are known, it is possible to
determine the probability that the ESIM’s ESD exceeds the ITU
off-axis limit [10]. This probability is dependent on the
boresight ESD level. Antennas with larger pointing errors
require larger reduction of their boresight ESD levels to comply
with the ITU standards.

TABLE 1
ITU EIRP SPECTRAL DENSITY
ITU EIRP spectral density mask
Off-axis angle, θ
Maximum EIRP per 40
kHz
2° ≤ θ ≤ 7°
(19 − 25 log θ) dB
7° < θ ≤ 9.2°
-2 dB
9.2° < θ ≤ 48°
(22 − 25 log θ) dB
48° < θ ≤ 180°
−10 dB

5

ANALYSIS

The EIRP density levels of ESIM can be computed knowing the
off-axis EIRP in Recommendation ITU-R S.524 as follows:
Fig. 4. CDF of pointing error with c=1.0 and different values
of α

𝐸( )

𝐸 𝐺( )

(2)

Where 𝐸 represents the EIRP spectral density in the boresight
direction and 𝐺( ) is the normalized antenna gain for a
parabolic dish antenna with a circular aperture.
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According to [11], the EIRP spectral density pattern of the
ESIM can be expressed in the form of the Power Spectral
Density (PSD) transmitted as (3);
𝐸( )

𝑃 − 10 log(𝐵𝑊) + 𝐺( ) + 2.15

(3)

Where the expression, 𝑃 − 10 log(𝐵𝑊) represents the PSD
transmitted by the ESIM. The gain of an ideal half-wave dipole
antenna relative to an ideal isotropic antenna is 2.15 dBi. The
normalized antenna gain is given by;
𝐺 ( )

(

(

)
(

⁄

(

⁄
)

)

)

(4)

(. ) is the Bessel function of first kind and order
Where
(n+1), is the diameter of the circular aperture antenna, is the
wavelength and
is the aperture illumination parameter;
0 corresponds to an ideal uniform case which is practically
unrealizable,
1 corresponds to a parabolic illumination
pattern and
2 corresponds to a parabolic squared pattern.

6

RESULTS

Several computer simulation results were conducted in a
MATLAB R2018b environment with an 8 GB RAM, 1 TB hard
disk, core i5 Lenovo ideapad 310 laptop. Fig. 6 shows the
maximum EIRP spectral density patterns for parabolic dish
antennas with circular aperture diameters of 0.3, 0.4 and 0.5
that satisfy the commercial Ka-band ITU-specified spectral
density mask. A carrier frequency of 28 GHz and a parabolic
illumination pattern, n=1 is used in this analysis. The ITU mask
limits the power spectral density transmitted by the ESIM
terminal. the power spectral density transmitted by the ESIM
terminal. The boresight EIRP spectral density is dependent on
the signal power transmitted by the ESIM terminal.
By gradually increasing the signal power transmitted, the EIRP
in the boresight direction increases until the EIRP spectral
pattern falls just below the ITU mask. When the boresight EIRP
spectral density exceeds the ITU mask, radio interferences
could be experienced at an adjacent satellite. The boresight
EIRP spectral density increases with the diameter of the
circular aperture antenna and this is evident from the plots
obtained in Fig. 6.

Fig. 6. Maximum EIRP spectral density
In the presence of pointing errors, the signal power transmitted
by the ESIM terminal has to be reduced to enable the resulting
EIRP spectral density pattern fall just below the ITU-specified
mask. This reduction in the PSD consequently results in the
realization of low data rates at the 40kHz bandwidth which is
not desirable.
In the presence of a fixed antenna pointing error
normalized antenna gain is expressed as;

𝐺

( )

(

2 +1 ( +1)

( ⁄

+1 (

⁄
−

)

−
+1

)

, the

2

)

(5)

The expression of the normalized antenna gain, 𝐺 ( ) with the
fixed pointing error in equation (5) is substituted in equation
(3) to obtain the new EIRP spectral density pattern. A
maximum pointing error of 0.5˚ is used to quantify the
interference effect.
The need to reduce the boresight EIRP spectral density in the
presence of a fixed antenna pointing error, is shown in Fig.7.

From Fig. 6, boresight EIRP spectral density values of 19.36,
26.1 and 31dB/40kHz for diameters 0.3 m, 0.4 m and 0.5 m
respectively were recorded.

Fig. 7. Maximum EIRP spectral density in the presence of a
fixed antenna pointing error, ϕ.
In this instance, the antenna pattern is shifted to the right by
the pointing error. The transmitted power spectral density has
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to be reduced to ensure that the EIRP spectral density pattern
falls just below the ITU-specified mask. Fig. 7 illustrates the
ESD pattern when
0.5˚,
1, and the carrier frequency is
28GHz. The reduction in the boresight EIRP spectral density
when
0.5˚ are 5.2 dB, 9.24 dB and 11.4dB for aperture
diameters of 0.3m, 0.4m and 0.5m respectively. The reduction
in the boresight EIRP is proportional to the aperture size of the
antenna with larger diameters experiencing higher reduction.
This reduction will be costly to the overall data rates realized.

7 CONCLUSION
The simulation results have proven that motion-induced
antenna pointing errors are significant in the ESIM analysis
and cannot be overlooked during interference analyses. In the
presence of antenna pointing errors, the power spectral density
transmitted at the antenna input of the ESIM is reduced to
ensure that there are reduced or no interferences to adjacent
satellite systems. Therefore, in ESIM system, the use of a
precise tracking antenna system with small aperture size is
needed so as to maintain the communication to the intended
satellite and in turn reduce radio interference to adjacent
satellites. In future, the ITU regulations governing the EIRP
spectral density limits should be made flexible in order to
ensure a trade-off between high data rates and reduced radio
interferences.
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