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Abstract: This paper verifies the applicability of multiple Global Navigation Satellite Systems (GNSSs)
and side lobe signal utilization in Space Service Volume (SSV), especially for Geostationary Earth
Orbit (GEO) missions over the Korean region. Unlike the ground or terrestrial systems, various
constraints of space exploration in SSV cause a problem when estimating position using GNSS. This is
mainly due to the limit of GNSS signal availability where its dominant variables include altitude, side
lobe issues, as well as longitude because of different constellations of several GNSS. The numerical
simulation shows the effectiveness of additional side lobe signals from multi-GNSS. In addition, the
effect of non-MEO satellites” signals in SSV for different longitudes is presented.
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1. Introduction

Global navigation satellite system (GNSS) signals are employed in various fields of ter-
restrial application to obtain position, navigation, and time (PNT) information, and several
studies to expand its applications to space have been conducted with the goal of utilizing
GNSS signals in space [1]. With the modernization of the global positioning system (GPS)
and the development of additional global satellite navigation systems such as Russia’s
GLONASS, Europe’s GALILEO, and China’s BEIDOU (BDS), and regional satellite systems
such as Japan’s Quasi-Zenith Satellite System (QZSS) and India’s Navigation with Indian
Constellation (NavIC), the utilization of multi-constellation GNSS in space has been dis-
cussed. The use of the multi-constellation consisting of more than 100 active GNSS satellites
will provide a great improvement in terms of signal coverage and system diversity, thereby
improving the overall PNT performance and resiliency even in space [2,3]. Additionally,
South Korea is also planning a satellite navigation system called the Korea Positioning
System (KPS) to provide an RNSS service over the Korean Peninsula [4,5]. For development
of these infrastructure systems, research on the use of GNSS technology for deep space
exploration has been carried out by the National Aeronautics and Space Administration
(NASA) [6], the European Space Agency (ESA) [7-9], and other projects [10].

The orbit of the GNSS satellites is located at an altitude of about 20,000 km. The GNSS
satellites orbit around the earth and transmit signals in the direction of the center of the
earth. For GPS L1 signals, the beam width of the main lobe is about 47°, which transmits
signals to areas including the ground and Low-Earth Orbit (LEO). Thus, by employing this
characteristic, GNSS signals can be utilized in LEOs through the same method used on the
terrestrial region. However, when GNSS signals are utilized at higher altitudes than LEOs,
a limitation occurs due to the geometric structure between the GNSS satellite and receiver,
and this should be taken into consideration.
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The geometric structure when GNSS satellite signals are received at geostationary
orbits is shown in Figure 1. When a receiver is located at a higher position than the GNSS
satellite orbit, no GNSS satellites are present in the zenith direction. Thus, GNSS signals
transmitted from the opposite of the earth in the nadir direction should be received.
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Figure 1. The geometry of GNSS signals in Space Service Volume (SSV).

In this case, the visibility of GNSS satellites is considerably degraded due to the
blockage produced by the earth [11]. As is well known, at least four satellites should be
observed simultaneously in order to achieve the position, and more satellites can improve
the position accuracy. However, due to the signal blockage by the earth, the satellite
visibility and geometry problem occurs when only individual GNSS is utilized [12].

Moreover, the propagation distance of the signals transmitted from the opposite of
the earth is increased followed by an increasing free space loss, resulting in a weakening
of the signal strength. For this reason, it is necessary to study minimal receivable signal
strength in order to utilize GNSS signals at the geostationary orbit.

In relation to this, NASA defined the concept of space service volume (SSV) based
on the characteristics of GNSS signals at different altitudes. That is, a section from the
ground’s surface up to an altitude of 3000 km is classified as the terrestrial service volume
(TSV), and a section from an altitude of 3000 km up to 36,000 km is classified as the SSV.
For an example of the LEO in the TSV, almost constant signal strength can be received, and
PNT can be estimated using the GPS alone, with no signal outage. GPS receivers, which
are utilized in the ground, can be employed by the satellites in the TSV with only minor
modifications. That is, only the Doppler Effect due to the high-speed rotation is taken
into consideration in the design of the signal tracking unit in the GPS receiver. The SSV is
classified into Medium Earth Orbit (MEO) SSV and High Earth Orbit (HEO)/Geostationary
Earth Orbit (GEO) SSV based on an altitude of 8000 km. In the MEO SSV, GPS signals from
more than four satellites can be received, and accuracy at a level of 1 m precision can be
obtained. In the HEO/GEO SSV, signals transmitted from the opposite of the earth are
utilized, and a section of GPS signal outage occurs. Furthermore, the signal strength in
the HEO/GEO SSV is lower than that of the TSV and MEO SSV. Nonetheless, it has been
known to have a position accuracy within 100 m [1].

Such results are basically due to the lack of enough visible satellites for navigation
in SSV. Thus, regarding this problem, using interoperable multi-GNSS in SSV has been
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studied with respect to a significant advantage in visibility [13,14]. In addition, since a
large region of the main lobe signal is not received due to the shadowing effect, a method
of utilizing the side lobe signal is presented [13,15]. Using a broader beam-width and
complementary radiation pattern due to the difference between L1, L2, and L5 signals also
benefits visibility [15,16]. Furthermore, to deal with weak signals in SSV, authors in [17]
studied a four-state Kalman filter and Inertial Navigation System (INS) aiding open loop
tracking strategy for a receiver algorithm. Many studies on transmitting antennas also
have been conducted, such as using different transmission antenna patterns for various
conditions in SSV [18] or emphasizing the importance of side lobe transmission antenna
modeling to use a side lobe signal in SSV [19]. In [20], taking into consideration the L1 and
L5 frequency bands of GPS and Galileo, the processing of different GNSS signals, with the
goal to determine the best navigation performance for the GEO mission, was investigated.

An analysis of the effect of non-Medium Earth Orbit (non-MEO) GNSS satellites on the
GEO mission is also needed. An interim result of the analysis on this was presented [21]. In
particular, the effectiveness of the utilization of the first side-lobe signals for KPS satellites
were analyzed recently [22].

In this study, the possibility of GNSS signal utilization according to a longitude of
geostationary satellites is analyzed. In this study, a means of ensuring the GNSS satellite
visibility by utilizing multi-GNSS and first side lobe signals is presented. To analyze
GNSS signal utilization performance, GDOP and link-budget are introduced and simulated
to represent User Equivalent Range Error (UERE) and position estimation results. All
results are analyzed according to the longitude of the GEO. Since the visibility of non-MEO
satellites have a significant effect on position accuracy, performances are compared by
dividing the area according to whether BDSs are non-MEO satellites. Through this study,
the applicability of GNSS signals in the space mission is investigated. In particular, the
analysis is focused on the applicability of GNSS signals of geostationary orbit satellites
located over the Korean Peninsula.

2. Figure of Performance for Analysis

To evaluate GNSS availability in SSV, we assessed receiver performance in terms of
satellite visibility, GDOP, C/Nj, UERE, and position errors for four types of multi-GNSS
constellations and an additional first side-lobe signal. In addition, we set the threshold of
C/Nj and analyzed results according to receiver performance through comparison of two
cases, which are pessimistic and optimistic receiver parameters such as DLL bandwidth
and correlator spacing.

2.1. Visible Satellite Determination by Reflecting Geometric Structure

The geometric structure between the GNSS satellite and receiver should be taken
into consideration to analyze the characteristics of GNSS signals at the geostationary orbit.
Figure 2 shows the geometrical structure of the receiver located in the geostationary orbit,
the earth, and GINSS satellites. The reference vector v,.¢ represents the direction vector
towards the center of the earth at each GNSS satellite by a red line. The blue line represents
the line-of-sight vector between the GNSS satellite and the earth’s surface perpendicular to
the earth. The angle 6., between of the two vectors is calculated as follows:

_1 Earth Radius

Vref

M

Otan = sin

Given that the altitude of the GNSS satellites, located in the MEQO, is about 20,000 km,
Otan is about 14°. The direction vector vg, towards the receiver located in a GEO from the
GNSS satellites is depicted by a green line, where 0y represents the angle between v ¢

and vgy. :
esx — C0571 (vSeref ) (2)

Vsx Vref
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If B5x > Btan, the GNSS signal can reach the other side beyond the earth’s surface. In
this paper, the half-beam width of the main lobe of GNSS satellites is set at 23.5°, identical
to the GPS signal, to determine the visibility of GNSS satellites. Moreover, some of the
transmission signals from GNSS satellites are blocked by the earth and cannot reach the
other side.

It is also possible to receive a signal from the region of the side lobe. The side lobe
half-beam width of GPS is set at 27° to 39°. Therefore, as shown in Figure 2, the area in
which satellite visibility is obtained can be represented for 65y as follows:

Btan < Oy < 23.5° o1 27° < Oy < 39° 3)
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Figure 2. Sequential search acquisition schema.

2.2. GDOP

The geometry arrangement of satellites, as well as satellite visibility, is a factor that
affects navigation performance. Assuming position estimation and estimated clock bias

A ~
error as Ax = x — x, Ab = b — b, and the measurement errors are zero-mean, uncorrelated,
and identically distributed, the covariance is calculated as follows:

Cov{ i)lj } = Covl ’5 ] = cTZ(GTG)i1 = o’H 4)

where G is the geometry matrix, x = (x,y, z)T is the nominal vector of the user’s ECEF
position estimation, b is the range equivalent of clock bias, and o is the total UERE composed
of the satellite clock and ephemeris error, atmospheric error, receiver noise, and multipath
expressed in units of distance. The diagonal components of the H-matrix are used to
indicate the variance of the (x, ¥, z) components of the position error and the clock bias.

The geometric dilution of precision (GDOP) and root-mean-squared error of the
three-dimensional position are expressed in (9) and (10), respectively.

GDOP = \/Hy; + Ha + Hss + Hy ®)
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RMS(3D position and clock bias estimation error) = c-GDOP (6)

In general, GDOP is about two to three for open ground areas. Since the GDOP
computed as above is affected by the number of visible satellites, visibility more than
minimum number of satellites contributes to the improvement of the GDOP performance.
Thus, the increase of satellite visibility using side lobe signals will eventually influence
navigation performance.

2.3. Link-Budget

The link-budget analysis predicts performance by calculating gains and losses in the
signal transmission and reception chain of a communication channel. For analysis of the
geostationary GNSS signal link-budget, the GNSS satellite’s transmission beam pattern
and earth shadowing effect should be considered. Figure 3 shows the half-beam pattern of
the main and side lobes of the GPS signal transmitter. Because GNSS signals are designed
mainly for ground users, the gain is high in the direction towards the earth’s center, and
lower beyond the areas. Signals in the 0° to 14° area are not available in SSV due to the
earth shadowing effect; however, signals in the 14° to 23.5° range can be transmitted to the
other side of the earth. It is also possible to transmit from an additional area of 27° to 39°
using the side lobe signal. In link-budget analysis, we consider the appropriate transmitter
gain after calculating 0sx. Using Friis’s formula, the received power density and received
power of the signal, taking into account for free space loss according to the distance from
the GEO, are expressed as follows [23]:

Pap = Prap+Grap—20log; R — 11 — Ly g dBW/m? 7)
Pr = Prérf A 2W.al’cts (8)
R="T, 4nR

where Pp is power spatial density in Watts/ m?, Pr 4p is transmission power in Watts,
Gr 4p is transmitting antenna gain, L, 4p is atmospheric loss, R is pseudo-range, and
subscript dB represents decibels in the logarithmic scale. Pr means received power in
Watts; A is wavelength of the carrier; and Pr, Gr, L4 are transmission power, gain, and
atmospheric loss, respectively, in Watts.
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Figure 3. Mean gain patterns for the GPS Block II/IIA and Block IIR satellites [24]. Adapted with
permission from ref. [24]. Copyright 2002 The Institute of Navigation, Inc.

We can express C/ Ny using equations above as

C/No = Prgp + Grap — Lrap — No — Frap(Ta) dB-Hz ©)
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where Py is received power, Gy is receiver antenna gain, Ly is receiver loss, Fr is noise
figure, Nj is noise power, and T, is equivalent temperature.

In this manner, C/ Ny at the receiver on GEO satellites depending on off-nadir angle
of a GNSS satellite is obtained (see more details in Appendix A).

2.4. UERE

In Equation (4), position and clock bias estimation error are calculated using GDOP
and UERE, which means pseudo-range error. In fact, the UERE is composed of the Signal-
In-Space User Range Error (SISURE), which includes errors related to the space and
control segment (i.e., satellite orbit and clock errors and group delay error), and the User
Equipment Error (UEE), which comprises the remaining contributions specific to the
receiver and environment (i.e., atmospheric error, multipath, and receiver noise) [23,25].
Note that the dominant component of UERE in the low C/Nj environment of SSV is the
receiver noise. Therefore, for simplicity, we focus on the range equivalent receiver noise in
the UERE analysis of this study. Later, we take into account the SISURE together in the
UERE.

The range equivalent receiver noise, which is used to estimate the position error, is
expressed by the standard deviation of time error, AT, of the code delay-lock-loops (DLL)
assuming a zero mean white Gaussian noise such as the following;:

Tcy/var{Ng — Nr} d
_ ./ 2\ —
oar =\ E{AT?}~ 2T =T, ITC/ N, meters (10)

where T¢ is chip width, Ng and Nj, are noises at early and late, respectively, T is average
time, d is correlator spacing, and c is speed of light. o, can be expressed in meters, using
speed of light, and this error corresponding to user range error. In addition, the above user
range error can be modified as follows, considering the bandwidth of the loop filter:

dB;,

m meters (11)

opar = c1;

where B ; is loop filter bandwidth [23].

2.5. Navigation Error

Navigation performance is directly affected by GDOP and UERE. In SSV, the use of
multi-GNSS and additional first side lobe signals is beneficial for increasing GDOP but may
be harmful in range accuracy due to the use of the signals in low C/ Ny, i.e., the trade-off
between these two different things should be taken into account. We assume that range
error performance can be improved by employing a high-sensitivity receiver processing
technique, such as narrow bandwidth and correlator spacing, especially for static receivers
of GEO mission.

In this study, for simplicity, navigation error is computed by using the covariance
propagation rule of least-squares estimation in each time epoch via Equations (4) and (11)
assuming zero-mean, uncorrelated, and non-identically distributed UERE. Inter-system
bias that is an offset in time scale between different satellite navigation systems should
be properly taken into account but is not considered in this study. This is because the
inter-system bias at the user end is stable and can be calibrated well as an additional
parameter provided by satellite navigation systems as part of the broadcast message [25].

3. Simulation Results and Discussion
3.1. Simulation Configuration

In this paper, simulations were performed using four satellite systems: GPS, GLONASS,
GALILEO, and BDS. Performance figures were analyzed for satellite visibility, GDOP, link-
budget (C/Ny), UERE, and navigation error, respectively, according to time and longitude.
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Scenarios and parameter settings for the simulation performed are given in Table 1. The
beam-widths of the main lobe and first side lobe of all systems were set identically, and the
receiver simulation part computed the range error and navigation error above received
power threshold of 20 dB-Hz. Among the results, the figures of visibility, GDOP, and C/ Ny
were computed according to all of the GEO longitudes with the average simulation values
for 24 h. Especially, UERE and navigation errors were analyzed at regions corresponding
to the free space above the Korean Peninsula and the opposite side. The results of the two
regions represent the difference in the impact of the GEO and IGSO satellites of BDS.

Table 1. Simulation parameter setting.

Parameter Configuration

Simulation time 0-86,400 sec (024 h), epoch interval: 600 s (10 min)
GEO (Korean Peninsula (128°E), the opposite side of

Orbit Korea (308° E))
Multi-GNSS (number of satellites) GPS (32), GLONASS (24), GALILEO (30), BDS (35)
Beam-width Main lobe (23.5°), first side lobe (27°-39°)
C/Nj threshold: 20 dB-Hz
Receiver setting DLL bandwidth: 1 Hz
Correlator spacing: 0.1 chip
Performance Satellite visibility, GDOP, C/Ny, UERE, Navigation Error

3.2. Performance Analysis
3.2.1. Visibility Test of GNSS Satellites

The number of visible satellites for each constellation averaged for 24 h observed
at a GEO satellite located at the different longitude is shown in Figure 4. In Figure 4a
the results show that if each of the GNSS system is utilized individually, the number of
satellites necessary for point positioning does not satisfy the minimum number of required
satellites, and the GNSS satellite visibility problem may occur. On the other hand, if all
GNSS satellites are integrated and inter-operationally used at the receiver, the number
of visible satellites becomes more than six, which verifies that the visibility required for
point positioning is ensured. In addition, when the side lobe signal is utilized, as shown in
Figure 4b, it can be seen that satellite visibility increases significantly. In this case, even if
the single system satisfies frequently the minimum number of visible satellites, the multi
GNSS system can increase navigation accuracy using satellite visibility advantage. As
verified in Figure 4, the number of visible satellites in the GPS, GLONASS, and Galileo
does not change significantly according to the longitude and does not satisfy minimum
visibility in all areas. This is because GPS, GLONASS, and GALILEO are in the MEO
satellite group whose orbital inclination angle is constant, whereas BDS has five GEO
satellites and three IGSO satellites arranged in the IGSO, so that mean visibility is increased
at a specific longitudinal section.

Figure 5 shows the visibility of BDS satellites according to longitude divided by MEO,
GEO, IGSO, and all, over 24 h. Since BDS includes non-MEQ satellites, the difference in
satellite visibility is evident about longitude. For MEO satellites, the satellite visibility
remains constant. On the other hand, IGSO and GEO satellites differ by a maximum of more
than four satellites for the main lobe. As a result, the Multi-GNSS GDOP trend is similar to
the BDS GDOP, which is discussed later. The figure of using side-lobe signals indicates that
the visible area and the number of the GEO and IGSO of the BDS have expanded.
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Figure 5. BDS satellite visibility for 24 h in Geostationary orbit with longitude.

Next, the environments for GNSS satellite signal reception at the geostationary orbit
over the Korean Peninsula (about 128°E) and the other side of Korea (about 308°E) were
investigated. Figure 6a,b show the results of a simulation of GNSS satellite visibility for
24 h at the geostationary orbit over 128°E longitude. Because the geostationary orbit over
the Korean Peninsula is not a region that can receive non-MEO BDS satellite signals, the
visibility of GNSS satellites due to BDS is not improved.
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On the other hand, the area on the other side of Korea can utilize non-MEO BDS
satellite signals, resulting in a significant increase in BDS satellite visibility, as shown in
Figure 6¢,d. In this area, it is possible to obtain stand-alone navigation using even only BDS
itself, and on average more than three satellites are observable using only main-lobe signals.
Nonetheless, if side lobe signals are used, the number of visible satellites in multi-GNSS on
both sides increases dramatically and can lead to more accurate navigation solution.

A summary of the simulation results of the visibility test is provided in Table 2. If each
individual system or only the main lobe signal is used, a serious visibility problem may
occur. Thus, GNSS satellite visibility should be sufficiently ensured to estimate PNT by
configuring the multi-GNSS and the side lobe signal.

Table 2. GNSS satellite visibility for 24 h in geostationary orbit about the longitude.
Type Main Lobe Signal Only (Main + Side) Lobe Signal

Figure GPS GLO GAL BDS Multi GPS GLO GAL BDS  Multi

All At least 4 (%) 0 0 0 23.33 100 100 0 100 100 100
Orbit Min (#) 1.63 0.42 2.13 1.67 5.96 6.15 2.60 7.06 6.02 21.95
(GEO) Avg (#) 1.90 0.58 217 3.01 7.66 6.80 2.80 7.16 8.47 25.22
Max (#) 2.11 0.72 2.23 6.58 11.35 7.35 3.04 7.25 12.31 28.79

Atleast1 (%) 8472  45.83 96.53 90.28 100 100 99.30 100 100 100

Above  Atleast 4 (%) 5.56 0 21.53 5.56 97.92 95.14 29.86 99.30 91.67 100

Korea Min (#) 0 0 0 0 2 2 0 3 2 14
(128°E) Avg (#) 1.79 0.63 2.16 1.76 6.35 6.49 2.90 717 6.08 22.63

Max (#) 6 3 4 4 11 11 5 11 10 31

Atleast1 (%) 8542  45.83 96.53 100 100 100 99.30 100 100 100

Opposite Atleast4 (%)  4.86 0 21.53 97.22 100 96.53 29.86 99.31 100 100

Korea Min (#) 0 0 0 3 5 2 0 3 6 18
(308°E) Avg (#) 1.76 0.63 217 523 9.79 6.53 2.90 717 10.83 27.42

Max (#) 5 3 4 8 14 10 5 11 15 35

3.2.2. GDOP Test

The previous section verified that sufficient visibility of GNSS satellites at the geo-
stationary orbit can be ensured. Thus, the precise analysis of GDOP, which refers to
positioning accuracy via the geometric arrangement of satellites in the space environment,
is critical. The simulation in this study analyzes GDOP only when the multi-GNSS is
utilized so that the minimum four satellites are ensured.

The mean GDOP simulation results of GNSS satellites for 24 h according to the
longitude of the geostationary orbit is shown in Figure 7. The GDOP of the main lobe
signal was only about 89.77 on average, where its GDOP intermittently exceeded the
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threshold (i.e., 100) many times. Compared to the GDOP in the ground open space, which
is approximately two to three, GDOP in the geostationary orbit is significantly larger. Thus,
a performance degradation is expected due to the increase in position errors for point
positioning. To overcome this problem efficiently, a method of using the side lobe signal is
presented together. GDOP is 9.94 when the side lobe signal is used, and the signal could be
observed at all times. The results also clearly show the effects of non-MEO BDS satellites. In
Figure 7a, when using main lobe signal only, it can be seen that the GDOP had significantly
low values corresponding to the visible area of the non-MEO BDS satellites compared to
the area that is not.
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(a) main lobe signal only (b) main lobe and side lobe signal

Figure 7. Geometry dilution of precision for 24 h in geostationary orbit with longitude.

Next, the environment of the geostationary orbit over the Korean Peninsula compared
with the other side was investigated thoroughly. As seen in the sky plot shown in Figure 8,
it was verified that satellites were not observed around the nadir due to the signal blockage
by the earth. The GNSS satellites were concentrated in the nadir direction when viewing
from the receiver, and GNSS satellites are not observable due to the shadow effect of the
earth in the nadir center direction. Thus, the GDOP was high. Since satellites are observed
as a form of ring, a suitable beam pattern of the receiving antenna (e.g., antenna with donut
shape beam pattern) should be used [26]. This analysis was the same for the above and
opposite of Korea. However, if there was a difference, the GEO and IGSO satellites of the
BDS were observable in the opposite of Korea, so that motion can be identified.

NORTH GPS NORTH o GPS
GLONASS GLONASS
®  GALILEO ®  GALILEO
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EAST

SOUTH SOUTH

(a) main lobe signal only (above Korea) (b) main lobe and side lobe signal (above Korea)

Figure 8. Cont.
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Figure 8. Sky-plot for 24 h when looking at the nadir in GEO.

The results of GDOP simulation for 24 h at a geostationary orbit of 128°E longitude
are shown in Figure 9 as an example. The mean of the GDOP for multi-GNSS using
only the main lobe signal and with the side lobe signal together was 134.04 and 12.84,
respectively. Most of the single system using only the main-lobe signal failed to obtain a
suitable GDOP because the number of visible satellite or GDOP value did not satisfy the
minimum conditions. In this scenario, GDOP over the threshold of 1000 is excluded.
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Figure 9. GDOP for 24 h in geostationary orbit above Korea (128°E).

However, the GDOP can be relatively lower at the opposite side due to BDS satellites
observed additionally, i.e., GDOP benefits greatly from non-MEO BDS satellites in this
case. In particular, the GDOP of BDS has a value that is fairly small enough to approach
multi-GNSSs when using the side-lobe signal together. The mean of the GDOP using the
side lobe signal together was 8.27. These are summarized in Table 3.
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Table 3. Geometry dilution of precision for 24 h in geostationary orbit about longitude.

Type Main Lobe Signal Only (Main + Side) Lobe Signal
Figure GPS GLO GAL BDS  Muli GPS GLO GAL BDS  Multi
All
Orbit Avg 305.9 - 215.4 185.1 80.77 4710 2990 3216  23.68 9.94
(GEO)
Above  lessthan100 ., 0 20.83 2.78 9722 9514 2639 99.31 91.67 100
Korea (%)
(128°E) Avg 23314 - 23741 33134 13404 4241 29253 3124 4531 12.84
Opposite lessthan 100, 0 20.83 96.5. 100 9653 2639 99.31 100 100
Korea (%)
(308°E) Avg 27781 - 23732 11231 5107 4273 29253 3124 11.97 8.27

C/NO [dB-Hz]

50

45

5

(a) main lobe signal only (above S. Korea)

3.2.3. Link-Budget Test

Next, the link-budget analysis over the Korean Peninsula was conducted. GNSS main
lobe signals were observed starting from a section, which was 8.47° away from the nadir
due to the blockage of the earth, and were observed up to 14.54° due to the limitation of
the beam pattern of non-MEO GNSS signals, whereas, in case of MEO GNSS, signals in the
14° to 23.5° could be observed, as shown in Figure 3.

The signal strength became weaker moving farther away from the nadir because of
the free space loss and the beam pattern of GNSS transmission antenna. Figure 10 shows
C/Np for 24 h in the geostationary orbit. The corresponding minimum, maximum, and
average values are summarized in Table 4. The reception strength at 128° E longitude in
the geostationary orbit is in the range of —179.76 dB to —163.74 dB. For C/ Ny, it is in the
range of 23.24 dB-Hz to 39.26 dB-Hz. In the opposite of the Korea at 308° E, the results of
received power are similar. The benefits of received signal power from using multi-GNSS
and non-MEO satellites are not particularly apparent. If side lobe signals are used, the area
of observed nadir angle is broader, but the corresponding range of C/Nj is lower. This
means that when using the main lobe signal only, overall C/Nj is large, but many signals
cannot be received from each system. On the other hand, if additional side lobe signals
are used, the number of weak signals around 20 dB-Hz increases. In this case, the average
C/ Ny value is reduced, but the benefit from the GDOP obtained due to the increase in the
number of received signals is large, which effects navigation performance. In addition, in
areas where a non-MEQ satellite signal of BDS can be received, the specific signals of GEO
and IGSO are always received with high intensity even if the main lobe is used only. As a
result, a certain level of visibility could be successfully satisfied in this area for 24 h.

[HIGPS MIGLONASS INGALILEO IBDS

[GPS BEGLONASS IMGALILEO IEBDS
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Figure 10. Cont.
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Figure 10. C/Nj for 24 h in geostationary orbit.

Table 4. C/Ny [dB-Hz] for 24 h in geostationary orbit.

Type Main Lobe Signal Only (Main + Side) Lobe Signal
Figure GPS GLO GAL BDS Multi GPS GLO GAL BDS Multi
Above Min 0 0 0 0 0 20.03 0 20.01 20.15 0
Korea Avg 33.50 30.98 34.21 33.09 33.34 27.58 26.32 27.43 27.07 27.33
(128°E) Max 39.58 36.58 39.83 39.72 39.83 39.58 36.57 39.83 39.72 39.83
Opposite ~ Min 0 0 0 21.85 0 20.02 0 20.01 20.00 0
Korea Avg 33.60 30.98 34.22 35.35 34.43 27.53 26.32 27.43 29.92 28.36
(308°E) Max 39.63 36.58 39.83 39.84 39.84 39.63 36.58 39.83 39.84 39.84

3.2.4. UERE Test

As aforementioned, the UERE consists of SISURE and UEE, where the SISURE com-
prises errors related to the satellite orbit and clock and the group delays, and the UEE
includes the unmodeled atmospheric error, the multipath error, and the receiver noise.

Among others, UEE contributions may differ widely among individual receivers
and environments. The unmodeled atmospheric error is assumed to be negligible in this
study. This is because the ionospheric delay error, a dominant component of UEE, can
be compensated by using a dual-frequency receiver. Additionally, the multipath-free
environment is assumed due to the characteristics of the surrounding environment of GEO
satellites in space. Therefore, the remaining component of the UEE is the receiver noise that
differs significantly depending on C/ Ny, the loop bandwidth, and the correlator spacing,

as shown in Equation (11).

In this study, we assumed a static receiver for the GEO mission in the SSV environment.
As shown in Table 1, the receiver setting had a 1 Hz of bandwidth with a 0.1 chip of
correlator spacing in this simulation, which reflects a highly sensitive signal tracking loop
for weak signals in static mode. The value for SISURE was assumed to be 1.8 m on average

in this simulation [23,25].

The results of UERE analysis are shown in Figure 11 and summarized in Table 5. The
estimated range errors using multi-GNSS were 2.63 m (main lobe only) and 3.21 m (main
and side lobe) above Korea on average. The result of UERE had similar values regardless
of whether the region is above Korea or not. If side lobe signals are used, it is possible to
achieve available pseudo-ranges in more sections than using the main lobe signal only, but
the value of UERE may be larger. Therefore, we should consider the GDOP simultaneously
with the UERE when estimating the error in the navigation solution, as described in the

next section.
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Figure 11. UERE for 24 h in Geostationary orbit.

Table 5. UERE for 24 h in geostationary orbit.

Type Main Lobe Signal Only (Main + Side) Lobe Signal
Above Korea Mean (m) 2.67 2.63 3.15 3.21
(128°E) Std (m) 0.47 0.45 0.46 0.26
Opposite Korea Mean (m) 2.35 2.34 3.35 3.29
(308°E) Std (m) 0.46 0.30 0.47 0.25

3.2.5. Navigation Solution Error

The mean visibility of a GNSS satellite for 24 h according to the longitude of the
geostationary orbit is shown in Figure 4. The result shows that if each of the GNSS systems
is utilized individually, the number of satellites necessary to point positioning does not
exceed the minimum number of satellites.

The position estimation error is computed by the covariance propagation rule of
least-squares. Figure 12 shows the position estimation error for 24 h in two geostationary
orbits, where the black line is the result of multi-GNSS using main and side lobe signals
together. Navigation is possible in almost all sections with the GPS alone system using
main and side lobe signals, whereas the single-GNSS system using only the main lobe
signal cannot achieve comparable results because it has low accuracy except in areas where
non-MEO signal reception is possible.
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Figure 12. Position estimation error for 24 h in geostationary orbit.

Table 6 summarizes the results in terms of mean value and standard deviation. The
estimated position errors in case of multi-GNSS are 279 m (main lobe only) and 35 m (main
and side lobe), approximately, above Korea, whereas the opposite side of Korea has the
results of 92 m (main lobe only) and 23 m (main and side lobe), respectively.

Table 6. Navigation error for 24 h in geostationary orbit.

Type Main Lobe Signal Only (Main + Side) Lobe Signal
Figure GPS Multi GPS Multi
Above Korea Mean (m) 1391.02 279.80 112.79 35.88
(128°E) Std (m) 382.44 439.51 76.22 7.04
Opposite Korea Mean (m) 1046.14 93.23 112.96 23.58
(308°E) Std (m) 366.13 36.02 76.54 1.77

Results for the single-GPS system and multi-GNSS eventually differ significantly in
the GDOP due to the number of visible satellites. This affects the estimated position error.
As previously described, in addition to the multi-GNSS, the use of a side-lobe signal also
increases the number of visible satellites. Additionally, non-MEO BDS satellites provide
additional signals. On the other hand, the magnitude of C/ N is larger when using only the
main lobe. Thus, the UERE error is better than using side lobe signals together. However,
it can be seen that navigation errors could be more effected by the visibility of increasing
numbers of satellites, as indicated from the results.

4. Conclusions

In this study, simulations were conducted on the feasibility of GNSS signals in SSV
according to a longitude of geostationary orbit, which is higher than the GNSS satellite
orbit, and on a specific region, over Korea and the opposite side. The unusual geometric
structure and its effects on GNSS satellite visibility and the UERE should be taken into
consideration in order to utilize GNSS signals at a geostationary orbit, in contrast with the
general ground environment.

Prior to simulation, we investigated the figure of merits of the five components in
order to analyze the performance in SSV. Satellite visibility, received power(C/Ny), GDOP,
UERE, and navigation error were included.

In the simulation results, 7.66 visible satellites on average were secured by utilizing the
multi-GNSS at the geostationary orbit using only the main lobe signal, thereby verifying
that the minimum number (four) of satellites needed to estimate PNT was ensured. When
using additional side lobe signals, it could be seen that more than 25 visible satellites were
obtained, which could compute more accurate navigation solution. This study verified that
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when utilizing medium orbit satellites, the number of visible satellites in the geostationary
orbit at the opposite side of Korea was increased if non-MEO orbit satellite signals were
involved in the navigation computation.

Accordingly, GDOP was 89.77 for main lobe signals, which was higher than average,
and thus positioning accuracy was expected to be significantly degraded. However, using
the side lobe signals together, the GDOP could be reduced about 9.94, and these figures
affected positioning accuracy.

The analysis of the signal reception environment at the geostationary orbit through the
link-budget analysis showed that the C/ Ny had a mean value of 27.33 dB-Hz, above Korea
when using main-lobe and side-lobe signals together. Side lobe signals were distributed
near 20 dB-Hz. Thus, using side lobe signals together, the strength of C/Ny would be
decreased, although the number of satellites observed would increase. In addition, if it is
possible to use GEO and IGSO signals of BDS, the receiver in those areas can receive high
power signals all the time, so the received power is slightly higher at the opposite of Korea.

Finally, UERE and position estimation errors were computed based on the assumption
of static receivers with a high sensitivity capability. The results showed that Multi-GNSS
with side lobe signals could obtain more accurate navigation performance than others,
significantly. When using only main lobe signal above the Korea, there were intermittent
signal outage regions. However, the accuracy of position estimation increased noticeably
in areas where additional non-MEO satellite signals could be obtained.

It is noted that, in this study, side lobe signals are used to improve the visibility and
GDOP. These signals are less affected by the earth blockage effect, which contributes to
GDOP enhancement. As a result, it can be seen that position error estimation result is
reasonable. Furthermore, as it can be seen from the results which configure the receiver in
static mode, it is expected that the utilization of an effective signal processing algorithm and
high-performance receiver will be essential to process weak signals in SSV. Additionally,
a pseudo-distance is estimated sequentially for a long time, which is then input to the
orbit determination (OBD), enabling an estimation of the position through precise orbit
estimation of geostationary orbit satellites [27], though this study only focused on point
positioning using GNSS. Other studies, including [27], suggest the need for using orbit
determination techniques for further research [28].
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Appendix A. Link-Budget Analysis

Table A1 summarizes link-budget analysis for GNSS signals on geostationary orbit for
the main lobe signal used in this study. In accordance with 6y, data such as antenna gain,
received power, and C/ Ny are calculated for main lobe and side lobe signals. As the 0y
increases in the main lobe, the gain of the satellite antenna decreases, but the gain increases
in the peak of the side lobe and subsequently decreases again. From the received power
and C/ Ny, it is noted that the gain reduction of the transmitter antenna pattern is affected
more seriously than the free space loss.
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Table A1. Link-budget analysis summary of GEO satellites.

Off-Nadir Angle (Deg) 14.04° 17.01° 19.00° 21.06° 23.50°
Power at the satellite antenna input (dBW) 14.3 14.3 14.3 14.3 14.3
Range (km) 67,709 67,112 66,652 66,127 65,440
Path loss (dB) 167.61 167.54 167.48 167.41 167.32
Satellite antenna gain (dB) 14.98 12.56 10.80 7.35 -1.34
Atmospheric loss (dB) 0 0 0 0 0
Effective area of omnidirectional receive antenna (dB) 254 254 254 254 -254
Received signal power (dB) -163.74 -166.07 -167.77 -171.16 -179.76
Preamplifier noise floor (dB) —4 -4 —4 -4 -4
Cable/filter losses (dB) -1 -1 -1 -1 -1
Correlation loss (dB) -1 -1 -1 -1 -1
Receiver antenna gain (dB) 5 5 5 5 5
Noise power (dBW/Hz) 204 204 204 204 204
C/No (dBHz) 39.26 36.93 35.23 31.84 23.24
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