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Abstract: Global navigation satellite system signals are known to be an efficient tool to monitor the
Earth ionosphere. We suggest Galileo E5 AItBOC phase and pseudorange observables—a single-
frequency combination—to estimate the ionospheric total electron content (TEC). We performed a
one-month campaign in September 2020 to compare the noise level for different TEC estimations
based on single-frequency and dual-frequency data. Unlike GPS, GLONASS, or Galileo E5a and E5b
single-frequency TEC estimations (involving signals with binary and quadrature phase-shift keying,
such as BPSK and QPSK, or binary offset carrier (BOC) modulation), an extra wideband Galileo E5
AItBOC signal provided the smallest noise level, comparable to that of dual-frequency GPS. For
elevation higher than 60 degrees, the 100 s root-mean-square (RMS) of TEC, an estimated TEC noise
proxy, was as follows for different signals: ~0.05 TECU for Galileo E5 AItBOC, 0.09 TECU for GPS L5,
~0.1TECU for Galileo E5a/E5b BPSK, and 0.85 TECU for Galileo E1 CBOC. Dual-frequency phase
combinations provided RMS values of 0.03 TECU for Galileo E1/ES5, 0.03 and 0.07 TECU for GPS
L1/L2 and L1/L5. At low elevations, E5 AItBOC provided at least twice less single-frequency TEC
noise as compared with data obtained from E5a or ESb. The short dataset of our study could limit the
obtained estimates; however, we expect that the AItBOC single-frequency TEC will still surpass the
BPSK analogue in noise parameters when the solar cycle evolves and geomagnetic activity increases.
Therefore, AItBOC signals could advance geoscience.

Keywords: Galileo; total electron content; AItBOC; single-frequency TEC; ionosphere

1. Introduction

Many scientific problems and practical applications (involving transionospheric prop-
agation) require reliable monitoring of the ionospheric variability at different spatial and
temporal scales. For some applications, engineers need 3D electron density distribution,
but often they need only total electron content (TEC)—an integral parameter.

To estimate TEC, scientists have suggested radio beacons which provide data on the
Faraday rotation of the signal polarization plane [1] or the signal phase and pseudorange
(group delay) [2,3]. The first approach requires geomagnetic field data along the line of sight
and linearly polarized signals. This makes the second approach more usable for low Earth
orbit (LEO) [4], medium Earth orbit (MEO) [5], and geostationary Earth orbit (GEO) [6-8]
satellite data. Global navigation satellite systems (GNSS)—such as GPS, GLONASS, Galileo
and BeiDou—include MEO and GEO (BeiDou) satellites which provide global coverage of
stable signals at multiple coherent operating frequencies. Thus, global navigation satellite
system signals have become an efficient tool to monitor the Earth ionosphere.
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GNSS TEC provides a basis for different techniques: GNSS radio tomography [9-11],
GNSS radio interferometry of travelling ionospheric disturbances (TID) [12], ionosphere
mapping [13,14], absolute TEC estimation [15], and ionospheric perturbation indices esti-
mation [16-18]. Scientists use these techniques and data to study space weather, to create
empirical or first principal ionospheric models [19,20], to estimate the quality of different
models [21,22], and to update ionospheric models [23].

Most of the above studies involve dual-frequency phase and pseudorange observa-
tions. The dual-frequency approach exploits frequency dependence of the ionospheric
delay. The single-frequency approach exploits opposite dependence of ionosphere effects
on phase and pseudorange observations. For binary-phase shift keying (BPSK) and binary
offset carrier (BOC) [24] modulation, noises of pseudorange observations exceed those of
phase observations. This results in high amounts of noise in dual-frequency pseudorange
TEC or single-frequency TEC. The high noise limits the applications of single-frequency
TEC, though exceptions are some data from geostationary satellites [7] and from low-end
GNSS receivers in legacy smartphones [25].

Satellites” clock stability and the coherency of the two operating frequencies affect the
dual-frequency TEC estimates. Thus, EGNOS dual-frequency phase TEC noises exceed
those in GPS/GLONASS single-frequency TEC [6]. However, advances in GNSS signals
have allowed the signal to noise ratio (SNR) to be increased and the noise in observables
(and subsequently in TEC) to be decreased, mostly by implementing advanced signal
coding. Among those advanced signal coding methods is AItBOC (alternative BOC),
described in detail in [26]. The AItBOC signal features an extra wideband within twice a
bandwidth of QPSK signals and provides a very steep autocorrelation function.

Following [27], we considered the properties of an AltBOC signal, which can affect
noises in TEC estimates. The upper panel in Figure 1 shows autocorrelation functions of
BPSK and AltBOC(15,10) signals. Integers (m,n) and (n) in brackets stand for multipliers for
subcarrier frequency fs = m X fp and chip rate frequency fu;, = n X fo, with fy = 1.023 MHz,
a value typical for GNSS; Ty, is chip length. The main correlation peak of the AItBOC
signal is steeper than the peak of the BPSK signal.

Because code tracking noise is inversely proportional to the steepness of the autocorre-
lation function, we expect a decrease in pseudorange noise for the AItBOC signal compared
to the BPSK signal. The middle panel in Figure 1 shows pseudorange noise (0¢ode) Vs.
the carrier-to-noise ratio (C/NO) for AItBOC(15,10), BPSK(10) and BPSK(1) signals. For
calculations we used the following parameters: a delay-locked loop filter bandwidth of
1Hz, delay-locked loop correlator spacing of 1/12 chips for BPSK(1) and 1/5 chips for
BPSK(10) and AItBOC(15,10), and a correlation time of 20 ms for BPSK(1) and 100 ms for
BPSK(10) and AItBOC(15,10).

The AItBOC signal outperforms both BPSK(1) and BPSK(10), with a noise below 5 cm
down to a C/NO of 35dB-Hz. The bottom panel in Figure 1 describes signals’ resistance
against multipath (code multipath envelopes) for BPSK and AltBOC signals assuming an
early-late power discriminator with the above-mentioned spacing and one reflected ray
with a signal over multipath ratio SMR = 2.

The AItBOC modulation provides much higher multipath resistance compared to the
BPSK(1) modulation. AItBOC signals surpass BPSK(10) signals for long delays to mitigate
multipath, while the signals have comparable characteristics for short multipath delays.
Such an improvement in both pseudorange noise and multipath resistance should improve
noise in TEC estimates if they rely on pseudorange observables.

Recently, Galileo started to exploit extra wideband E5 AItBOC signals [26] available
with modern geodetic receivers. The current article studies the potential of Galileo E5
AItBOC signals for TEC estimates. For that, we compare TEC noises when different
observables are used, and analyze the rate of the TEC index deduced from AltBOC signals.
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Figure 1. Autocorrelation functions (top), pseudorange noises (middle) and code multipath en-

velopes (bottom) for BPSK and AItBOC signals. Blue lines stand for BPSK(1), the green line represents
BPSK(10), and the red line is for AItBOC(15,10).

2. Galileo E5 AItBOC Signal

The Galileo satellites transmit E5 signals in the [1164-1215 MHz] band, which is
the largest radionavigation satellite system (RNSS) band. It is also a highly protected
aeronautical radio navigation services (ARNS) radio band, but it is not exclusive to RNSS.
That means that Galileo E5 signals share this band with other GNSS signals, as well as with
non-RNSS services. In particular, GPS L5 and L2C, QZSS L5S and L2, SBAS L5, IRNSS L5,
BeiDou B2a/B2b, as well as future GLONASS L3 all fall within this band.

Figure 2 compares the spectrum of the Galileo E5 signal with the spectra of GPS L5 and
L2C. These spectra were obtained from the MSU test site equipped with a JAVAD Delta3
receiver according to the procedure described in [28]. (Section 4 provides information about
the MSU test site.) The Galileo E5a signal overlaps with the GPS L5 signal, which has similar
signal characteristics (see Figure 2), as well as with the BeiDou B2a signal. The Galileo
E5b signal does not interfere with any of the GPS signals, but it has the same frequency
and modulation as the BeiDou B2b signal and is very close to the future GLONASS L3
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signal. Figure 2 shows that the spectrum of the E5 AItBOC signal has twice a bandwidth
compared to those of GPS L5 and L2C. That fact, together with the steeper autocorrelation
function of the AItBOC modulated signal [29], should lead to significant improvements in
positioning and multipath mitigation, and, thus, to a decrease in noise for single-frequency
TEC estimation.
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Figure 2. Spectra of Galileo E5(E5a + E5b) (red line), GPS L5 (blue line) and L2C (purple line) signals.

Table 1 presents the details on the Galileo E5 signal [30]. The signal consists of
2 components—E5a and E5b, which are centered on 1176.45 MHz and 1207.14 MHz,
correspondingly. The E5b and Eba signals are QPSK-modulated with 10230-chip long codes
of 10.23 MHz. Both components include the data (nav) channel (I—in-phase) and the pilot
channel (Q—quadra-phase) with equal powers. A receiver could treat both channels (data
and pilot) as two independent BPSK-modulated signals.

Table 1. Main characteristics of the Galileo E5 signal.

Minimum Chip
Signal Channel CI){lils\Ie];:'zr(a?l:?:s Fre l(;:::ralMHz Bandwidth, Modulation Rate,
quency, MHz MHz
E5al Nav L5X BPSK(10)
E5a C5X 1176.45 20.46 QPSK(10)
E5%Q |  Pilot O 8-PSK BPSK(10)
E5 C8X 1191.795 51.15 AltBOC 1023
S8X L7X (15,10)
E5b| E5bl Nav C7X 1207.14 20.46 QPSK(10)| BPSK(10)
S7X

Being in adjacent bands, E5a and E5b signals are transmitted coherently using Alt-
BOC(15,10) 8-PSK modulation [26] with the same filter and high-power amplifier (HPA)
operating at saturation for higher efficiency. The whole Galileo E5 signal is thus an extra
wideband signal (see Figure 2) that can be received either as a whole or separately.

When processing E5a and E5b signals simultaneously, the whole E5 band (51.15 MHz
minimum bandwidth) should be downconverted through the same RF/IF chain. Extra
wideband requires a rather high sampling rate, which GNSS receivers have not provided
until recently, because it was hard to implement in hardware. However, such extra wide-
band receivers benefit from pseudorange measurements, which are the most resistant GNSS
signals toward thermal noise, multipath and narrow-band interference [27,29,31]. In turn,
these measurements should provide a low noise level for single-frequency TEC [31,32].
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Processing E5a and E5b signals separately as two independent QPSK-coded signals
does not require an extra-wide bandwidth receiver, thus reducing its complexity. This is
exactly the way the majority of current-generation professional GNSS receivers operate.
In this case, low-noise TEC estimates can be obtained only with dual-frequency E5a/E5b
phase measurements, while range measurements contain significant noise due to narrower
bandwidth and less sophisticated coding.

Note also that the minimal receiving power of both Galileo E5a and E5b signals
exceeds those of the Galileo E1 signal by 2 dB [30]. Therefore, using E5a/E5b, we could
assume a better performance (as compared with Galileo E1) in case of signal obstruction.

3. Ionospheric TEC Estimation with GNSS Signals

As mentioned above, TEC can be estimated using either dual- or single-frequency
pseudorange and carrier phase measurements. In the first case, the linear combinations
of phase (L; and L;) or pseudorange (P; and Pj) measurements at two frequencies f; and
fj give the slant TEC estimate along the receiver—satellite line of sight via the following
well-known relations [33]:

Li L\ fif%
STEC = % (fz — f/]> Jff]z] + const, (1)
1 f2if%
TEC = — (P — P) 2.+ DCB, @)
§ K( j )fzi — 7

where K = 40.308 m?/s?, c is the speed of light in a vacuum, const represents undefined
carrier-phase ambiguities, and DCB stands for the sum of differential code biases in satel-
lites transmitting and receivers receiving chains. For Galileo, (L;, L;) and (P;, Pj) correspond
to phase and code measurements for any pair of signals. Combination (2) proved to be
very noisy compared to (1) when applied to BPSK- and BOC-coded signals. We used
dual-frequency combination (1) as a reference in the comparative TEC noise analysis.

A single-frequency pseudorange / carrier phase combination for slant TEC estimation
can be also constructed by exploiting the fact that ionospheric contribution enters phase
and group refractivity index with the opposite sign [34]:

2 L:
SsTEC = ?K(  — sz> + const, 3)
1

where the same notations apply and const once again stands for unknown carrier-phase
ambiguities. When one uses combination (3), a significant noise appears when applied
to BPSK- and BOC-coded signals due to pseudorange measurements. Moreover, like
combination (1), it provides only relative estimates of slant TEC due to an unknown initial
phase. This is the reason that single-frequency combination (3) is not widely applied in
ionospheric studies. New extra wideband GNSS signals (i.e. Galileo E5 AItBOC) could
resolve some issues arising with single-frequency combinations, especially the TEC noise
problem: the wider spectral occupancy and steeper main peak of autocorrelation function
of such signals results in lower noise and higher multipath robustness. Below, we provide
the comparison of noise characteristics for slant TEC estimated via (3) with BPSK-, BOC-
and AlItBOC-coded signals, assuming dual-frequency combination (1) as a reference.

We corrected raw data to mitigate cycle slip effects. If two consecutive TEC values
exceed (in absolute value) the previous values by more than 4 TECU, cycle slips occur. The
TEC jump provides a correction constant for the TEC values after the slip.

Following [6], we used the TEC root-mean-square within 100 s (or 100 s TEC RMS) as
a proxy for TEC noise throughout this work:

TEC RMS = \/ < TEC? >190; —(TEC)7, @
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The 100 s interval was selected for two reasons: on the one hand, it is reasonably long
enough to provide a statistically significant amount of TEC data, and on the other hand,
it is reasonably short enough to limit the influence of the ionospheric variability (which
usually has larger timescales) on the obtained results.

Note that assuming DCBs are known/calibrated carrier leveling or code smoothing
procedures can be applied to (1) and (2), providing absolute values of TEC, while due to
unknown phase ambiguities, single-frequency combination (3) seems to be suitable for
monitoring TEC changes rather than absolute TEC values. Nevertheless, the approach for
resolving unknown constants in (3), which is quite similar to DCB estimation [34], could be
adopted, making single-frequency relative TEC estimates quite useful for applications that
require absolute TEC data.

4. Experimental Setup

Currently, there are 24 Galileo satellites continuously transmitting wideband E5 Al-
tBOC signals, which can be used to estimate the ionospheric TEC via single-frequency
combination (3). The number of receiving sites capable of working with that type of signal
is also increasing. To analyze the noise level of TEC estimation with E5 AItBOC signals, we
performed a one-month campaign in September 2020. The test receiver MSU was located
at the roof of the Faculty of Physics, Lomonosov Moscow State University, Russia. Table 2
shows the coordinates and technical characteristics of the receiver.

Table 2. Characteristics of the MSU receiving site used for studying the TEC noise level.

Parameter Value
Station name MSU
Coordinates 55.75° N, 37.62° E
Receiver #1 type JAVAD Delta3
GPSL1/L1C/L2/L5; GLONASS L1/L2; Galileo
Signals tracked by Receiver #1 E1/E6/E5a/E5b/E5; SBASL1/L5;, QZSSL1/1L2/1L5/L6;
BeiDou B1/B2/B3; IRNSS L5
Receiver #2 type JAVAD Sigma

GPSL1/L1C/L2/L5; GLONASS L1/12; Galileo
E1/E6/E5a/E5b; SBAS L1/L5
Antenna type JAVAD Ring Ant-G3T (Choke Ring)
Data rate 1Hz

Signals tracked by Receiver #2

We performed our campaign in the early ascending phase in solar cycle 25; the
monthly average F10.7 was 71 s.f.u. The studied equinox period covers mostly undisturbed
conditions, except 2 geomagnetic storms (Kp indices reached 5° on September 28, and
5* on September 27). However, we do not expect significant effects on GNSS signals at
mid-latitudes for these minor storms.

Experimental facilities included two receivers (Sigma and Delta3), but only one
(Delta3) treated extra wideband E5 signals, while the other (Sigma) processed E5a/E5b
signals separately. In the current study, we show only the Delta3 receiver data. However,
both receivers used the same RingAnt antenna connected by a 20 m RG-8x cable through
the Mini-Circuits ZB4PD1-2000-s splitter (6 dB loss). To adjust the input signal (which is
split between two receivers), the chain included a 20 dB low-noise amplifier (LNA) with
a bandpass of 1.1-1.65 GHz (see Figure 3). The amplifier resulted in comparatively high
values of SNR for all GNSS signals observed at this site.
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Figure 3. Block diagram of the receivers’ installation at the MSU site.

Note also that the receiver is located in the Moscow urban area; 200 m to the north there
is the 240-m-high main building of Lomonosov Moscow State University dominating the
landsight from the receiving site. That may lead to additional errors due to multipath effects.
To mitigate them, we excluded corresponding azimuthal directions from the analysis.

5. Experimental Results

This section considers an example of TEC data on 2 September 2020, statistical analysis
of TEC observations based on different observables, and finally the application of single-
frequency Galileo TEC for ROTI (rate of TEC index) calculations.

5.1. Galileo TEC Observations: Case Study on 2 September 2020

The top panel in Figure 4 shows an example of a signal strength observable (SNR)
from the Galileo E11 satellite on 2 September 2020. The dynamics in SNR correspond to
the dynamics in elevation, including low signal strength when the satellite rises above the
horizon, maximal SNR at maximal elevation and then minimal SNR in the end of the pass.
Sharp decreases in SNR correspond to multipath effects. The Galileo E5 signal strength
(S8—see Table 1 for RINEX notations of the observables) exceeds the signal strength of the
other signals, while the E1 signal features the smallest signal strength (S1). The E5b signal
strength (57) exceeds the E5a signal strength (S5).

The relative slant TEC (the middle panel in Figure 4) shows typical dynamics as well
as corresponding dynamics with elevation, including higher TEC values at low elevations
and minimal TEC values at high elevations. Decreases in SNR result in sharp variations in
TEC data. It is evident that the single-frequency L1C1 TEC (from here on L stands for phase
measurements, while C stands for code pseudorange measurements) combination provides
the most noisy data, while single-frequency L8C8 and dual-frequency L1L5 combinations
provide less noisy data.

The bottom panel in Figure 4 provides TEC noise estimates based on 100 s TEC RMS
(RMSTEC ¢gs)- The noise of the L1L5 TEC combination varies from 0.01 to 0.1 TECU, de-
pending on the elevation and SNR. The noise of the AltBOC single-frequency combination
(L8C8) exceeds several times the noise of the L1L5 TEC combination, but at elevations
higher than 20 degrees, it does not exceed 0.1 TECU. Other combinations demonstrate
higher noises, even up to 1 TECU (L1C1).
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Figure 4. SNR (top), slant TEC (middle) and RMSTEC;(gg (bottom) for the MSU-Galileo E11 pass
on 2 September 2020. On the upper panel the grey, blue, black and red solid lines correspond to
S1, S5, S7, S8 observables, correspondingly. On the middle and bottom panels, the grey, blue, black,
purple, green, and red lines correspond to L1C1, L5C5, L7C7, L5L7, L1L5, L8C8 combinations,
correspondingly. The dashed line in the bottom panel shows the satellite’s elevation dynamics.



Remote Sens. 2021, 13, 3973

9of 14

5.2. Galileo TEC: Statistical Analysis

One single pass gives only a clue regarding the situation but provides unreliable
evidence of AltBOC performance. Thus, we statistically analyzed the whole available
one-month dataset, involving all time intervals and all Galileo satellites. The data were
split into 3 sets, corresponding to low elevations (0-30°), medium elevations (30-60°), and
high elevations (60-90°). For each set, we considered probability density functions of TEC
RMS for two single-frequency (L8C8 and L5C5) combinations and one dual-frequency
(L1L5) combination (see Figure 5).

0-30° 30-60° 60-90°
] 0.06
£ 0.100 @ 8 03
g 8 2
3 < 3
= 0075 > | -
&{ E 0.04 302
Z 0.050 > Z
2 = =
1L8C8 | % 3 002 3 01
3 0025 8 8
5 g g
0.000
00+ 00 -
0002 RM'); $'EGCU 08 10 0095 0.1 02 03 00 01 02 03
1008+ RMS, s, TECU RMS;q0s, TECU
I \ @ @
T 002{ T < 006
2 2 004 ;
L 2 3
2 oor) 3 5004
L5C5 | 3¢ 3 002/ 3
k] s S 0021
S 8 8
o Q Q.
000 000} 0.00
%0 02 o4 06 08 1 0.0 01 02 03 0.0 01 02 03
RMS; 95, TECU RMS; 05, TECU RMS; 05, TECU
£ 015" £ £ 0100
< c 0.06 1 <
3 010 3 = 0075
g g o
LIL5 | £ 2% £ 0050
3 | 3 3
g 005 s S 0025
S 8 2
= = * 0009
00%% 0z 04 o6 08 10 01 02 03 T00 0.1 02 03
RMS 05, TECU RMS 05, TECU RMS10s, TECU

Figure 5. Probability density functions of 100 s TEC RMS for L8C8 (top), L5C5 (middle), L1L5
(bottom) combinations at different elevations.

Both ionospheric irregularities and observables’ noises contribute to 100 s TEC RMS.
The gap between the histogram and the zero value show the base noise level. L1L5 data
features the smallest gap; calm conditions (when no ionospheric irregularities appear)
correspond to zero TEC RMS values. Conversely, L8C8 and L5C5 data show no small 100 s
TEC RMS values due to higher noises.

The higher the elevation, more narrow the distributions and the closer it becomes
to the zero value. We expected this, because higher phase and pseudorange noise at low
elevations should produce higher amounts of TEC noise. Even at 60-90° elevations, noise
shifts the L8C8 TEC RMS distribution to higher values. However, the L8C8 TEC RMS
distribution is shifted much less than the L5C5 distribution, especially at low elevations.

Table 3 summarizes the average TEC RMS for the whole observational dataset. Note
that an increase in elevation decreases the TEC RMS by 7-10 times for combinations
involving the AItBOC signal.

Table 3. Average RMS (in TECU) for the whole campaign: Galileo.

Dual-Frequency Combinations Single-Frequency Combinations

Elevation, °© L1L5 L5L7 L8C8 L1C1 L5C5 L7C7
0-30 0.302 0.920 0.341 3.233 0.701 0.740
30-60 0.069 0.138 0.098 1.455 0.206 0.211

60-90 0.030 0.069 0.047 0.846 0.106 0.103
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The Galileo E5 AItBOC signal provides the smallest noise of single-frequency TEC
(L8CS8), which is comparable to that of the L1L5 dual-frequency combination. At low
elevations, L1L5 and L8C8 TEC RMS are almost the same; at higher elevations, L8C8
TEC RMS exceeds L1L5 ones by 1.5 times. Other combinations feature ~1.5-20 times
higher values of TEC noise against Galileo L8C8. The worst results correspond to the
single-frequency L1C1 combination.

At low elevations, E5 AItBOC provides at least twice less noise as compared with
E5a/E5b combinations (both single- and dual-frequency). The E5a/E5b dual-frequency
combination provides almost no advantage over the single-frequency E5 AItBOC com-
bination, probably due to the closeness of their frequencies. Nevertheless, the noise in
single-frequency E5a or E5b combinations exceeds those of the dual-frequency E5a/E5b
phase combination by ~1.5 times.

We also compared obtained Galileo TEC noise with those from GPS. Table 4 provides
results on 100 s RMS for L1L5, L5C5 and L1L2 GPS TEC. Except at low elevations, the
Galileo E5 AItBOC single-frequency combination features less noise as compared with the
GPS L1L2 and L1L5 (and, of course, the GPS L.5C5) combinations.

Table 4. Average RMS (in TECU) for the whole campaign: GPS.

Dual-Frequency Combinations Single-Frequency Combination
Elevation, ° L1L5 L1L2 L5C5
0-30 0.430 0.367 0.708
30-60 0.145 0.110 0.157
60-90 0.068 0.033 0.088

At high elevations, the 100 s single-frequency TEC root-mean-squares were (from
low to high values): ~0.05 TECU for Galileo E5 AltBOC, 0.09 TECU for GPS L5, 0.1TECU
for Galileo E5a/E5b BPSK, and 0.85 TECU for Galileo E1 CBOC. At the same elevations,
dual-frequency combinations provided: 0.03 TECU for Galileo E1/E5 TEC, 0.03 TECU
and 0.07 TECU for GPS L1L2 and L1L5. Therefore, the Galileo E5 AItBOC signal provided
the smallest amount of noise for TEC among single-frequency combinations, which is
comparable to that of the dual-frequency TEC of both GPS and Galileo.

5.3. Galileo Single-Frequency Data for ROTI Calculations

Many scientists use the ROTI index [16] to study small-scale ionospheric irregulari-
ties [35]. A higher noise level in the single-frequency TEC data (against dual-frequency
data) results in higher ROTI values. However, we expect that such data could also be
useful to estimate the effects of ionospheric irregularities. To estimate this, we analyzed
ROTI quality from Galileo AItBOC data (L8C8) against ROTI quality from dual-frequency
data (we chose L1L5 as a reference).

Figure 6 shows how the ROTI values from single-frequency Galileo AItBOC data
(L8C8) corresponds to those from L1L5. We compare the data for the same satellite-receiver
set, but for different observables. L1L5 provides a reference to find a discrepancy for
AItBOC single-frequency data.

We expect a noise-multiplying effect for ROTI. Figure 6a provides the ROTI gcg-to-
ROTIy 115 ratio. ROTTI; gcg values 3 times (maximum of the distribution) exceed ROTI; 11 5.
Outliers in ROTI estimations provide an increase in distribution at 20 (we chose this value
as a limit). ROTI; 115 values could exceed ROTI; gcg values due to L1/L5 noises.

Scattering diagrams (Figure 6b) also show (for low ROTI) a positive correlation be-
tween ROTI;gcg and ROTI 115, but the coefficient between them differs from 1. This
positive correlation gives hope that scientists could use the single-frequency AItBOC ROTI
as an additional indicator for the ionosphere state.
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Figure 6. ROTI quality from Galileo AItBOC data. (a) ROTI;gcg/ROTI; q15; (b) ROTI gcg vs.
ROTI; 11 5.

6. Discussion and Conclusions

Different factors affect TEC measurements: the intrinsic thermal noise of the receiver,
the stability of the disciplined oscillator, the coherence of the operating frequencies, mul-
tipath, etc. [36]. Increase in the satellite transmitter power [37], application of choke ring
antennas, or advanced signal coding (providing a steeper and narrower main maximum of
the autocorrelation function) could, to some extent, compensate for such negative factors.

Our results (involving Galileo as an example) show a one-order decrease in single-
frequency TEC noises when a system uses AItBOC signals instead of BPSK signals. The
estimated TEC noise proxies (for elevation higher 60 deg.)—100 s root-mean-square (RMS)
of TEC—were: ~0.05 TECU for Galileo E5 AItBOC, 0.09 TECU for GPS L5, ~0.1TECU for
Galileo E5a/E5b BPSK, and 0.85 TECU for Galileo E1 CBOC. Dual-frequency combinations
provide RMS values of 0.03 TECU for Galileo E1E5 and 0.03/0.07 TECU for GPS L1L2/L1L5.
At low elevations, E5 AItBOC provides at least twice less single-frequency TEC noise as
compared with the data obtained from Eba or E5b.

The obtained results indicate that AItBOC signals level down the noise in TEC from
a single-frequency phase-code combination to the noise in TEC from the reference phase
dual-frequency signals encoded in BPSK.

Note that our comparison used data obtained simultaneously on the same receiver
and antenna, which guarantees the same level of thermal noise. We installed a choke
ring antenna, which itself suppresses multipath effects. We could expect that the single-
frequency AItBOC TEC has even more of an advantage over single-frequency BPSK TEC
when standard antennas are used, especially at low elevations. However, this requires a
separate study.

The short dataset during mostly undisturbed geomagnetic conditions could limit
obtained estimates. Mid-latitude observations also could limit our study, since no intense
small-scale ionospheric irregularities (which appear at mid-latitudes usually during strong
or severe storms [38]) affected the GNSS signals. It would be important for future studies
to verify our results in the presence of small-scale irregularities at high-, mid- and low-
latitudes under intense geomagnetic storms and plasma bubble conditions. We expect
that, qualitatively, results will hold as the solar cycle evolves and geomagnetic activity
increases, such that the AItBOC single-frequency TEC will still surpass BPSK analogue in
noise parameters.

The obtained TEC noise estimates contain contributions from the intrinsic noise
specific to each individual receiver. Therefore, we cannot consider the obtained estimates
as universal estimates. However, we suppose similar features for other receivers: a fold
reduction in TEC noise when using AItBOC signals could be expected, but the TEC noise
level should agree with a receiver’s intrinsic and multipath noise. To verify, one can use
the approach by Demyanov et al. [36].
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We also analyzed the ROTI index based on single-frequency AltBOC TEC. The positive
correlation observed with dual-frequency data gives hope that scientists could use the
single-frequency AItBOC ROTI as an additional indicator for the state of the ionosphere.

Note that assuming DCBs are known/calibrated dual-frequency combinations to-
gether provide absolute values of TEC, while single-frequency combinations seem to be
suitable for monitoring TEC changes rather than absolute TEC values. Nevertheless, the
approach for resolving unknown constants through LxCx combinations, which is quite sim-
ilar to DCB estimation [34], could be adopted, making this data quite useful for problems
that require absolute TEC.

We expect similar features (a fold decrease in the single-frequency TEC noise) for
BeiDou B2 AItBOC signals. Unfortunately, Galileo and BeiDou use AItBOC coding only
on one operating frequency. We could also expect a decrease in dual-frequency TEC noise
when both frequencies use AltBOC coding. That would make it possible to record TEC
disturbances of low amplitude from such important events as, for example, the effects
of artificial high-frequency heating [39], the response of the ionosphere to C-class solar
flares [40] and low-magnitude earthquakes [41], which can produce effects at levels typical
of the current GNSS TEC estimates. Therefore, AItBOC signals could advance geoscience.
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