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Abstract: This paper analyzes the feasibility of Global Positioning System (GPS) L2C signals for
use with the space service volume (SSV) receiver on satellite-based augmentation system (SBAS)
geostationary orbit (GEO) satellites equipped with L1 and L5 band signal transmitters. Augmentation
signals transmitted at L1 and L5 bands from SBAS GEO satellites may interfere with the same bands
of SSV GPS-receiving antennas. Therefore, the use of L1 and L5 band signals for the GPS SSV receiver
on SBAS GEO satellites is prohibited, and the GPS L2C signal is selected. Unlike ground systems, the
various constraints of space exploration in GEO should be considered. Therefore, signal feasibility
analysis is essential before considering the use of new global navigation satellite system (GNSS)
signals in GEO. This paper presents satellite visibility, dilution of precision, and navigation solution
error when the GPS L2C signal is used in GEO satellites through numerical simulation.

Keywords: Global Positioning System (GPS) L2C; space service volume (SSV); satellite-based
augmentation system (SBAS); geostationary orbit (GEO)

1. Introduction

The global navigation satellite system (GNSS) is widely used to obtain continuous
navigation solutions in various fields such as ground, maritime, and aviation systems.
Over the last few decades, there have been many studies on the use of the GNSS in space
missions, which can achieve continuous navigation solutions at a relatively low cost. The
National Aeronautics and Space Administration (NASA) of the United States defined
an altitude of 3000 km to 36,000 km as the space service volume (S5V) and summarized
the characteristics of the Global Positioning System (GPS) signal reception environment
according to altitude [1]. With the development of various GNSSs such as GLONASS,
Galileo, and the BeiDou System (BDS), several studies have been conducted on how to
use multiple GNSSs in the SSV [2,3]. In particular, the International Committee on GNSS
Working Group B published a booklet titled “The Interoperable Global Navigation Systems
Space Service Volume” [4], where they presented a signal reception performance analysis
in various space mission scenarios such as low Earth orbit (LEO), medium Earth orbit
(MEO), geostationary orbit (GEO), high Earth orbit (HEO), and lunar missions, in terms of
satellite visibility, signal power, geometric dilution of precision (GDOP), etc., when using
multiple GNSSs.

Considering only the main lobe of a GNSS signal, LEO satellites can observe more
than four satellites most of the time, similar to ground users, such that conventional signal
processing schemes can be used, except for the advanced signal acquisition method with a
wider Doppler search range. In upper SSVs such as MEO, GEO, HEQO, and lunar missions,
as shown in Figure 1, since the signal must be received from the opposite side of the Earth,
which leads to an area blocked by the Earth’s shadow, most of the main-lobe signals cannot
be received, and the signal power is reduced due to the increase in free-space loss. This
leads to the use of an effective high-gain antenna at the SSV receiver with an efficient weak
signal processing scheme in signal tracking [4].
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Figure 1. Signal reception geometry in GEO satellites.

As a method to improve GNSS performance in the upper SSV, use of the side-lobe
signal has been proposed. If the side-lobe signal is used, the signals in the third area shown
in Figure 1 can additionally be used. Because additional signals are available, the number
of visible satellites and the GDOP performance are improved but with a lower C/Nj in
comparison to the main-lobe signal case. It was verified by a flight test that side-lobe signals
with a low carrier-to-noise ratio could be tracked in the high-altitude environment of HEO
during the AO-40 satellite mission [5]. In the Chang’E 5T mission, China’s HEO mission
analyzed on-board GPS measurements in HEO such as visible satellites, position DOP, code
measurement errors, and orbit determination results [6]. In addition, the GOES-R mission,
a geostationary orbit satellite belonging to NASA, analyzed the signal performance using
raw measurement data from the GPS L1 C/A signal [7].

Some simulation results using side-lobe signals have been presented in the literature.
The signal feasibility when using the side lobe of multi-constellation GNSS signals over
the Korean peninsula was analyzed [8]. The GNSS receiver performance for a new satellite
navigation system was analyzed by simulation without considering the interference be-
tween the transmission and reception bands [9]. In China, the performance when using the
BDS side-lobe signal was analyzed using the precise three-dimensional antenna pattern of
the BDS satellite [10].

Numerous studies have analyzed the L1 and L5 band signals commonly transmitted
by multiple GNSSs for civilian use with interoperability, as well as for actual missions.
However, it was remarked in satellite-based augmentation system (SBAS) GEO satellites,
which are equipped with a transmitter broadcasting an augmentation signal at the L1 and
L5 bands of the GNSS [11-13], that the L1 and L5 band signal transmission antennas may
strongly interfere with the GNSS receiver mounted close to the transmitter. Therefore, the
use of L1 and L5 band GNSS signals by the SSV receiver on SBAS GEO satellites may be
limited. As an alternative, the use of GPS L2C, which is a second civilian signal broadcast
in the L2 band, may be considered.

This paper analyzes the feasibility of using GPS L2C signals in SBAS GEO satellites.
Before the feasibility analysis, Section 2 analyzes whether SBAS signal transmitters in the
L1 band can suppress the interference of receiving antennas in isolation. Section 3 presents
the simulation conditions and methods for determining the number of visible satellites,
user equivalent range error (UERE), link budget, GDOP, and navigation solution error
using real GPS L2C transmitting antenna gain patterns to analyze the feasibility of GPS L2C
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signals for SBAS GEO satellites. Section 4 provides the corresponding simulation results.
Section 5 presents the discussion and conclusions.

2. Assumption of Isolation between GNSS and SBAS Signals

Since the SBAS correction signal has a transmit signal power of about 40 W, which
is much stronger than the received GNSS signal, with an intensity of approximately
—160 dB-W on the ground, isolation is required to suppress the interference from the
transmitted signal. The required isolation performance in the L1 band is 202 dB. Table 1
summarizes the required isolation performance and the theoretically calculated isolation
performance. Specifically, it consists of 62 dB by transmitting effective isotropic radiated
power (EIRP) and 130 dB by receiving signal power compensation, with a 10 dB margin for
receiver operation. Isolation of the transmitting and receiving antennas can be divided into
isolation by spatial arrangement and isolation by frequency. Transmitting and receiving
antennas using the same band can only be used for isolation by spatial arrangement. Isola-
tion by spatial arrangement of the transmitting and receiving antennas using the L1 band
signal can be achieved through antenna isolation, antenna directivity isolation, physical
shielding, or antenna polarization.

Table 1. Required isolation performance and theoretical maximum isolation performance in the L1 band.

Required Isolation Performance (dB)

Receiving
EIRP Signal Power Margin Total
Compensation
62 130 10 202

Theoretical Maximum Isolation Performance (dB)

Antenna

Antel}na Directivity Ant.e nna Physical Shielding Total
Isolation . Polarization
Isolation
424 60 20 30 152.4

The theoretically expected isolation performance by spatial arrangement is 152.4 dB,
which does not satisfy the required isolation performance of 202 dB. Therefore, it is neces-
sary to use a signal of a different band that can be isolated using a bandpass filter. SBAS
GEO satellites with the function of transmitting signals in L1 and L5 bands have restrictions
on using GNSSs in L1 and L5 bands. Thus, the use of GPS L2C signals broadcasted in
another frequency band should be considered.

3. Feasibility Analysis

This section presents the feasibility analysis of the GPS L2C signal in the SSV. The
feasibility analysis in this paper was conducted by assessing various figures of merit for GPS
SSV receiver performance through simulation, such as satellite visibility, C/Ny, GDOP, and
navigation error using real GPS L2C transmitting antenna gain patterns. For a comparison
according to the receiver performance target, C/Ny thresholds of 18 dB-Hz, 20 dB-Hz,
and 23 dB-Hz were used for the analysis. The threshold was selected to 18 dB-Hz by
phase and delay lock loop filter thresholds with a little margin [14]. Both 20 and 23 dB-Hz
were set for analysis based on the number of available side-lobe signals. For the side-lobe
signal, the received signal power intensity is up to 23 dB-Hz, so if the C/Nj threshold is
set to 23 dB-Hz, most side-lobe signals will not be available; if the C/Nj threshold set to
20 dB-Hz, it will be able to use a moderate number of side-lobe signals.

3.1. Satellite Visibility Analysis

Satellite visibility analysis is the process of identifying visible satellites, and the results
are derived by analyzing the geometrical arrangement of satellites and the GPS signal
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power. Visible satellites are GPS satellites that satisfy several conditions. Firstly, the
satellites signals should not be obscured by the Earth’s shadow. Secondly, satellites should
not exceed the off-boresight angle limit of the transmitting antenna. Thirdly, the calculated
received signal power of the satellite should be above the C/Nj threshold.

The geometry of the GPS satellites is calculated through orbital parameters. The
simulation in this paper used the Yuma almanac on 25 July 2021 as the orbital parameter
of the satellite [15]. Table 2 shows the block type and PRN numbers of satellite operation
in July 2021 [16]. Among the 31 GPS satellites in operation, the satellites that broadcast
GPS L2C signals were 23 satellites after block IIR-M. In the simulation in this paper, two
scenarios were considered: the current scenario, in which 23 satellites broadcast signals,
and a future scenario assuming that all block IIR satellites are replaced with GPS III/IIIF
satellites, such that all GPS satellites broadcast signals in the full bands.

Table 2. Block type of each GPS satellite [16].

Block Type PRN
IR 2,13,16,19, 20,21, 22,28
IIR-M 5,7,12,15,17,29, 31
IIF 1,3,6,8,9,10,24, 25,26, 27, 30, 32
I 4,14,18,23

The GPS L2C signal uses a line-of-sight signal from the GPS satellite to the GEO satellite,
and it is assumed that both the transmitting and the receiving antennas face the center of the

Earth and are at the center of gravity of each satellite position. The received signal power uses
the C/Nj calculated from the link budget as shown in Equations (1)-(3) [17].

Prap = Prap + Grap —201log;o R — 11 — L4 45 dBW/m?, (1)
A

Pr 4 = Ag 4 + Prap dBW, where Ap = e ()

C/No = Prap + Grap — Lrgp — No — Frp(Ta) dB-Hz, 3)

where Pp 45 is the received signal’s power spatial density. The received signal power can
be obtained by adding the effective area Af 45 to Pr 45. A is the wavelength of the carrier
wave. Pr, Gr, and L 4 represent the transmit signal strength, transmitting antenna gain, and
atmospheric loss in watts, respectively, and subscript dB represents the logarithmic scale.
R represents the distance between the transmitting antenna and the receiving antenna, and
—201log;, R — 11 represents the free-space loss. Figure 2 shows the transmitting antenna
gain (Gt) and the receiving antenna gain (Gg) for each off-boresight angle. For G, gain
data for each off-boresight angle published by Lockheed Martin were used [18]. For Gg, the
receiving antenna gain for each off-boresight angle of a high-gain antenna with a maximum
gain of 9 dB was used. The off-boresight angle is calculated as the angle between the vector
from the GPS satellite to the center of the earth and the vector from the GPS satellite to the
GEO satellite, as shown in Figure 3. In addition, according to the GPS interface control
document (ICD) [19], the minimum received signal power strength of the GPS III satellite
is 1.5 dBW stronger than that of the block IIR-M/IIF satellite. Therefore, to reflect this, the
transmit signal strength of the GPS III satellite was set slightly higher. This is summarized
in Table 3.
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Figure 2. Antenna gain patterns: (a) gain pattern of GPS IIR-M/IIF transmitting antenna [16]; (b) gain
pattern of high-gain GNSS receiving antenna.
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Figure 3. Satellite visibility analysis.

Table 3. Minimum received power of GPS L2C signal [19].

Block Type Minimum Received Power
IIR-M/IIF —160.0 dB-W
I —158.5dB-W

3.2. GDOP and Navigation Error

GDOP is a figure of merit indicating the geometrical distribution of GNSS satellites
over the user and affecting navigation accuracy, as shown in Equations (4) to (6).

-1
_ XXy _ Ys1—Yu _ Zs17Zu
Ry 1
_ Xs2—Xu  _ Ysp—Yu = Zs2—Zu 1
G=| ° . Y )
Xsn—Xy sn—Yu Zs1—Zu
o Ry —4 Rny - lRl 1
GDOP = \/H11 + Hpo + H3z + Hyy, 6)

where x = [x y z| is the position in Earth-centered and Earth-fixed coordinates, and b is
the clock bias. The covariance matrix of the estimated value is equal to the product of the
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pseudo-range error component oyjgrg and H, where H can be calculated through the G
matrix as shown in Equation (4). The G matrix is a part of the linearized pseudo-range
equation. It is an n x 4 matrix calculated from the position of the visible satellite (xs, ys, zs),
the distance R from the visible satellite, and the position of the GEO satellite (xy, Yy, zy ).
The GDOP is expressed as the square root term of the sum of the diagonal components of
the H matrix computed through G [14].

In this study, for simplicity, the three-dimensional root-mean-square (RMS) navigation
solution error of the GNSS is computed by the covariance propagation rule of least-squares
estimation in each time epoch as shown in Equations (7)—(9) assuming zero-mean uncorre-
lated and non-identically distributed UERE. The UERE can be divided into signals of the
space range error that occurs at the GNSS satellite and the user equipment error (UEE) that
occurs at the receiver. Therefore, for simplicity, in this paper, oyjgrg is calculated as the DLL
thermal noise of the receiver o;py 1, as shown in Equation (8) [20,21], where c is speed of
light in m/s, B, is the DLL noise bandwidth in Hz, and Ss(f) is the power spectral density
of the signal, which can be calculated using Equation (9), where By, is the double-sided
front-end bandwidth in Hz, and T, is the chip period.

GNSS 3D RMS position error = oygre - GDOP. (7)
Bu 'féjfz Ss(f) sin®(nfDTe)df
OUERE = UtDLL = € B, 2
(2m)%C/ Ny (f%fe £Ss(f) sin(r[fDTc)df>
— ®
Bf,/2
5 /2SS(f)cosz(7'(fDTC)df
x |14 fe S 5.
fe
TC/Ny (f%fe Ss(f) cos(nfDTc)df)
T2
Ss(f) = Tesin (T fTe). )

4. Results

Table 4 shows the simulation parameters such as simulation time, user location, receiv-
ing antenna, receiver parameters, and ionosphere height. The simulation was performed at
GEO over the Korean peninsula for 12 h. The current and future scenarios were described
in Section 3.1. The iono-excluded scenario is a scenario in which signals delayed through an
area up to 400 km are excluded from visible satellites. The iono-free scenario is a scenario
eliminating the influence of the ionosphere on external data. For satellite visibility analysis
according to receiver sensitivity, C/Ny thresholds were analyzed at 18, 20, and 23 dB-Hz.

Table 4. Simulation parameters.

Parameter Configuration
Simulation time 12 h, time epoch: 300 s (5 min)
GPS constellation Current/ future
User position GEO (over the Korean peninsula, 128 °E, 36,000 km)
Rx antenna High-gain antenna (up to 9 dBi)
Ionosphere height 400 km (iono-excluded)/0 km (iono-free)
C /Ny threshold 18/20/23 dB-Hz
DLL noise bandwidth (B;,) 1Hz
Receiver Frond-end bandwidth (Bg,) 4 MHz
parameters . .
Early-late correlator spacing (D) 0.1 chips
Coherent integration time (T) 20 ms

Code chip width (T;) 1/0.5115 ps
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C/N,, Threshold 23 dB-Hz

4.1. Satellite Visibility

Figure 4 presents graphs of the number of visible satellites for each scenario, while
Table 5 shows the average number of visible satellites and the ratio for the three C/Nj
threshold cases when the number of visible satellites was larger than four for point-
positioning. The difference in the average number of visible satellites between the iono-
excluded scenario and the iono-free scenario with ionosphere correction was about 0.1,
which is very small. In addition, since the average number of visible satellites in all future
scenarios was four or more, point-positioning would be possible most of the time. In future
scenarios, if the C/Ny threshold was less than 20 dB-Hz, point-positioning would always
be possible. When the C/Nj threshold was lowered from 23 dB-Hz to 18 dB-Hz, more
satellite signals could be received; hence, the average number of visible satellites increased.

CIN, Threshold 20 dB-Hz C/N, Threshold 18 dB-Hz

m=lono-free, Future
==lono-excluded, Future 16
~—lono-free, Current
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Figure 4. GPS L2C satellite visibility over 12 h in geostationary orbit for each scenario: (a) C/Njy
threshold = 23 dB-Hz; (b) C/Nj threshold = 20 dB-Hz; (c¢) C/Nj threshold = 18 dB-Hz.

Table 5. Satellite visibility analysis results.

C/No Current Future
Threshold lono.F Iono- lono.F Iono-
(dB-Hz) ono-tree Excluded ono-tree Excluded
Average 23 3.59 3.51 4.52 4.44
number of 20 5.16 5.08 7.47 7.39
visible SV 18 8.22 8.15 11.83 11.75
- 23 47.92 43.75 84.03 81.94
VISIbl(?, /S)V >4 20 97.92 97.92 100 100
° 18 100 100 100 100
4.2. GDOP

Figure 5 GDOP graphs are shown for each scenario, while Table 6 shows the average
GDOP and the time ratio of the GDOP < 100(%) which means the ratios of time when the
GDOP value is less than 100. When the C/Nj threshold is 18 dB-Hz, the GDOP is always
less than 100 and the average GDOP ranges from 6.34 to 11.01. When the C/Nj threshold is
20 dB-Hz or higher, the GDOP exceeds 100 for 6 to 80 % of the 12 hours. The average GDOP
ranges from 16.03 to 79.18 which is higher than the 18 dB-Hz case. The iono-excluded
scenario has a larger GDOP value and less time ratio of GDOP < 100 than the iono-free
scenario because of its poor visibility.
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Figure 5. GDOP over 12 h in geostationary orbit for each scenario: (a) C/Nj threshold = 23 dB-Hz;
(b) C/Np threshold =20 dB-Hz; (c) C/Nj threshold = 18 dB-Hz.

Table 6. GDOP results. Average GDOP is calculated when GDOP is less than 100.

C/N, Current Future
Threshold Tono-Fr Iono- Tono-Fr Iono-
(dB-Hz) ono-tree Excluded ono-tree Excluded

A 23 75.88 79.18 64.59 65.85
ggg%e 20 36.19 36.52 16.03 16.25
18 10.94 11.01 6.34 6.37

Time ratio of 23 25.00 21.53 53.47 51.39
GDOP < 100 20 85.42 84.72 93.75 93.75
(%) 18 100 100 100 100

4.3. Navigation Error

The simulated navigation errors for each scenario are shown in Figure 6. Since the
navigation error was calculated as the product of GDOP and oyjgrE, there were no values
where the number of visible satellites was <4. Table 7 shows a summary of the average
values of range error (0y;grp) and navigation error. As the C/Njy threshold was lowered,
the range error increased due to the inclusion of many low C/Nj signals in the side-lobe
region; however, since the decrease in the GDOP was much larger, the navigation error
decreased from approximately 300 m to 85 m. The precision of navigation error results can
be improved by many other algorithms such as SPP with Kalman filtering or precise orbit

determination

C/N0 Threshold 23 dB-Hz
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V- v’u \v« /
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Figure 6. Estimated navigation error over 12 h in geostationary orbit for each scenario: (a) C/Ny
threshold = 23 dB-Hz; (b) C/Nj threshold = 20 dB-Hz; (c¢) C/Nj threshold = 18 dB-Hz.



Remote Sens. 2022, 14, 5329 90of 10

Table 7. Block type of each satellite.

C/No Current Future

Threshold Tono-Fr Iono- Tono-Fr Iono-

(dB-Hz) ono-tree Excluded ono-tree Excluded
M. 23 4.59 4.66 4.47 4.81
ean range 20 7.70 7.79 8.82 8.90
error 18 12.65 12.76 13.51 13.60
Mean 23 293.89 317.86 302.79 315.47
navigation 20 263.97 273.39 136.33 139.44
error (m) 18 130.21 132.16 85.35 86.35

5. Conclusions

This paper analyzed the GPS L2C signal feasibility for SBAS GEO satellites equipped
with L1 and L5 band signal transmitters; however, L1 and L5 band signals are not available
due to interference. Through simulation, 12 h of data were generated at 5 min intervals
to calculate satellite visibility, GDOP, UERE, and navigation error. Because the entire
GPS constellation does not broadcast the GPS L2C signal, it was assumed that all GPS
constellations will broadcast the GPS L2C signal in the future, and we compared this
scenario with the current broadcasting conditions. In the case of GEO satellites, and because
the GNSS signal must be received from the other side of the Earth, the ionosphere delay
occurs twice, and the effect must be eliminated through dual-frequency signal processing.
Therefore, a comparison was made assuming that the ionosphere correction was performed
using external data, and the signal passing through the ionosphere was excluded. To
analyze the effect of receiver sensitivity, three C/Nj threshold cases were analyzed.

In the future scenario, the number of satellites broadcasting the GPS L2C signal was
increased by eight; correspondingly, the average number of visible satellites increased by
one to three or more. When it was assumed that ionosphere correction was performed
using external data, the average number of visible satellites was reduced by about 0.1 less
than the case where the signal passing through the ionosphere was excluded. When the
C/Np-threshold was 23 dB-Hz, there were more than four visible satellites for about 40 to
80% of the time, the average of the GDOP < 100 was as high as 60 to 70, and the mean
estimated navigation error was 85.3 to 132 m. However, when the C/Nj threshold was
18 dB-Hz, and because the number of visible satellites was always four or more in all the
scenarios, it was possible to derive the navigation solution through point-positioning using
only GPS L2C signals. In that case, the average GDOP was about 6.3 to 11, the mean range
error was about 13 m, and the mean estimated navigation error was about 85.3 to132 m.
In general, as the range error increased, the navigation error increased; however, since
the decrease in the GDOP was larger, the navigation error tended to decrease with the
C/Np threshold.
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