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and Miroslav Voznak

Abstract— Preprocessed signals from Global Positioning Sys-
tem (GPS) satellites can be used for ionospheric research. Impor-
tant ionospheric characteristics are for example ionospheric
propagation delays and scintillations. These characteristics are
important for understanding the ionosphere and showing how
the ionosphere reacts to external forces (e.g., geomagnetic dis-
turbance, solar eclipse, etc.). Dual-frequency systems use an
approach based on the difference between two pseudoranges.
However, this approach has two possible disadvantages: 1) the
price of the dual frequency receiver is relatively high and
2) both pseudoranges can affect the obtained results so the
operators cannot separately analyze their relative contribution.
The objective of the article is to demonstrate an algorithm for
processing data from a GPS receiver. The algorithm does not
merge the pseudoranges obtained from different carrier waves.
Accordingly, it was decided to use whitening filters to accomplish
this task for every frequency separately. Compared with the dual-
frequency approach, the obtained results of the newly developed
algorithm demonstrate that this algorithm works accurately, and
the propagation delays can be estimated independently of the
used frequency.

Index Terms— Global Positioning System (GPS), ionospheric
delay, pseudorange, signal propagation, whitening filter.

I. INTRODUCTION

ONOSPHERIC measurements are essential for electronic
systems because the presence of free-charged particles in
the ionosphere affects the precision of communication and
navigation systems. If the frequency of the propagating signal
is lower than the plasma frequency, the transmitted signals are
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Fig. 1. Example of the electron density profiles during part of one day
measured at the observatory Prtihonice [3].

reflected [1]. The plasma frequency is calculated according to
the following equation; see [2]:
5,  N,-é?

fN: €0 - m (D

where N, represents the electron concentration, e represents
the electron charge, m is the mass of the electrons, and g is
the permittivity of the vacuum.

The signal’s propagation delay due to the ionosphere has
significant consequences for the Global Navigation Satellite
System (GNSS). Because the signal influences to be removed
by our approach are caused by the GNSS system parameters
(time bias and others), the algorithm is valid for all the
ionospheric conditions.

Tonospheric radars can be based on the pulse [4] or the
FMCW system [7]. Nowadays, the pulse ionosonde systems
are used for the vertical and oblique sounding and measure-
ment of traveling ionospheric disturbances (TID), as described
in [5] and [6]. An example of the ionospheric profiles of the
plasma frequency, measured for 15 h, is shown in Fig. 1.
The shape of the profile is dependent on the time of day,
season, solar and geomagnetic activity, and other sources.
Another type of ionospheric measurement can be realized with
the continuous Doppler sounding system (CDSS), which is
described in [8] and [9]. The third possible way to monitor
the state of the ionosphere is based on GNSS, one of which
is the Global Positioning System (GPS). The application of
the GPS for ionospheric measurements is presented in [10].
Vertical total electron content (VTEC) can be obtained from
the GNSS signals during the post-processing. The slant TEC
(STEC) is the integral of free electrons in a column (defined
as unit cross-sectional area) between the satellite and the
GNSS receiver [11]. The TEC influences the delay of the
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Fig. 2.  Five-day interval showing the estimated pseudorange differences

measured at the observatory Pardubice.

signals. The TEC can be measured, for example, with the dual-
frequency GNSS or it can be derived using the electron density
profile obtained from the ionospheric radar. An example of
the STEC received from one satellite is shown in [12]. The
transformation of STEC to VTEC is described in [13]. The
TEC can be calculated in different ways, for example, formula
(2), according to [14]. Description of the signals transmitted
by the GNSS is described in [15]. The quality of the on-board
oscillators in GPS satellites is also important. Measurement
and clock corrections are described in [16]

fE-f3

TEC = :
40.308 [ — f}

(Li A =Ly 2+ K +nL]
@)

where fi and f, are the frequencies of the satellite signals, L
is the number of the phase rotations, and A is wavelength and
the indices 1 and 2 denote corresponding frequency bands.

The TEC maps created using many available GNSS
receivers can be used for the description of the ionospheric
variations, earthquakes, solar eclipses, solar flares, and moni-
toring of other events [14], [17]. The ionospheric scintillations
produced by the small scales of ionospheric structures are
other distortions of the phase and amplitude of the GNSS
signals.

Fig. 2 shows the differences in pseudoranges between a
specific GPS satellite (by color-coding) and the observatory.
These pseudorange differences are obtained by using two
different frequencies. The figure also shows that the delay is
dependent on the local time and satellite zenith angle, i.e., the
pseudorange difference is still not free of the slant effects. The
pseudoranges are provided, e.g., in the RINEX format [18].

The dual-frequency concept does not routinely allow sepa-
ration of the effect only on the specific frequency being used.
We present a new approach using only a single frequency
for the reconstruction of the TEC. By doing this, information
about differences in the effects on both signals during propa-
gation is still available.

Nevertheless, the downsides of this new approach are more
difficult signal processing and dependence on the satellites’
corrected orbital positions from NASA.

The GNSS signals include two types of errors: the system
effects (caused by the technical parameters and must be sup-
pressed), and the propagation effects (monitored parameters).
The main task for signal processing is to suppress the system
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effects (distance of the satellite, time bias, and others). The
system effects can be predicted, and the whitening filters are an
appropriate approach for system error suppression. The system
effect characteristics are then estimated, and the transient
inversion function is applied to the measured data.

II. DESCRIPTION OF OUR SOLUTION

We have created an algorithm using only one frequency
for the measurement of ionospheric characteristics. To use
this algorithm, two conditions must be fulfilled. First, to have
adequately precise information about the satellite position
in the required resolution. Second, the position of the GPS
receiver antenna should be highly precise. If these condi-
tions are met, we can apply the algorithm, which gives us
information about the signal propagation delay. The time
delay is dependent on the signal frequency and total electron
concentration along the path (STEC). The first use of this
algorithm is when we have just one frequency GPS receiver to
obtain the data. The second possibility of using this algorithm
is when we can get the scintillation for both frequencies
separately and compare them. The current solution gives us
only the mutual signal, and comparison is impossible. The
current solution and our algorithm are compared in Section III.

A. Principle of the Proposed System

The operating principle of the designed model is shown
in Fig. 3. The orange arrow represents the signal propaga-
tion from the satellite to the observatory (red cross). The
exact distance between the observatory and the satellite can
be obtained from (3). The errors in the measured distance
obtained from the receiver are caused by the GNSS system
(e.g., time bias) and by the ionosphere. These errors can be
obtained as the difference between the real distance and the
measured distance. As the first step, we need to estimate the
receiver time bias. The receiver time bias is estimated by
the GNSS receiver and saved in an sbf file. This knowledge
will be used for the first whitening filter. The obtained signal
still contains interferences and scintillations. The scintillations
are too small compared to the interference, and the disturbed
segments must be detected. The second filter is used for
interference suppression. The whitening filters are described,
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Fig. 4. Tracking of the GPS satellite GO1 at the observatory Pardubice with
the 15-min resolution. The red marker represents the observatory, magenta
markers represent the historical satellite positions, and the green marker is
the last satellite position.
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for example, in [20] and [21]

D= (X5 — Xo)? + (Ys — Yo) +(Zs — Zo)  (3)

where X, Y, and Z are the coordinates of the observatory (O)
and the satellite (S).

B. Required Data and Their Post Processing

The satellite positions are obtained from the NASA website
in sp3 format with 15-min resolutions [19]. In Fig. 4,
the trajectory of a satellite (with the 15-min resolution) and the
observatory position are shown. The black lines represent the
distances in the recorded times. These distances are calculated
using (3). Our algorithm uses these direct distances between
the satellite and the observatory, but this resolution is not
detailed enough for our purpose, and NASA’s data must be
interpolated.

The satellite positions can be interpolated by various meth-
ods, but the resulting interpolation error must be extremely
small (much smaller than the expected results). We tested
polynomial interpolation, but its error levels were higher than
the scintillation signal. Therefore, we used the Zero Padding
algorithm in a spectrum shown in Fig. 5. The first step
is the transformation of the signal from the time domain
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Fig. 6. Satellite (GO1) distance measured from the Pardubice observatory
(1 May 2021 to 12 May 2021) before interpolation (blue markers) and after
the interpolation (orange line).
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Fig. 7. Data from the measurements of the GPS antenna correct position.
(Scale size of the graph is approximately 3 x 3 m in longitude and latitude).

(distances, between the satellite and the observatory, derived
from the signal time delay) to the spectrum. The second
step is the spectrum extension (by the middle value of the
spectrum) to the required length. The third step is signal
transformation back to the time domain. Application to the
real positions is shown in Fig. 6. The blue dots represent the
distances calculated from NASA’s data, and the solid orange
line represents the interleaved distances.

The antenna’s position must be known with very high
precision. The uncertainty in position must be much smaller
than the distance error caused by expected scintillations. The
calibrated position of the GPS antenna and data from the
calibration measurement is shown in Fig. 7. The blue line
represents data with a 1-s resolution, but the data in this
resolution has a very big correlation. For this reason, we use
data with a 30-s resolution (orange points in Fig. 7). The data
are measured at two stations. The first is the reference station,
where we know the exact position. The second is the antenna
in the new position. Pseudoranges measured at the reference
station give us information about the propagation delay and
interferences for all used satellites and used frequencies. These
corrections are applied to the data at the new station, and we
can obtain (after the analysis of the set positions data) the
corrected position (green cross in Fig. 7). The sequence of the
positions must be recorded for at least 1 h and repeated 3 times
with at least a 1-h break for suppression of the errors caused by
the different positions of the antennas. The series of measured
positions are used for the real position estimation (with a minor
error). This position is used to calculate distances between the
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Fig. 8. Main whitening filter application, when the radio visibility, satellite
distance, and receiver’s time bias are suppressed.

satellites and the observatory (see (3), dimensions X, Y, and
Z with the index O).

C. Whitening Filter Application

The first step for the signal processing is to create the
whitening filter model. The whitening filter is used for the
system effects suppression. This model has an inversion func-
tion of the expected undesirable influences on the received
signal. The expected system effects are the real distances of the
satellites, time bias of the receiver, satellite radio visibility, and
interferences. The concept of the first whitening filter is shown
in Fig. 8. The top block contains all expected influences, and
the output is a real measured signal. The bottom block creates
the whitening function for the real distance, time bias, and
radio visibility suppression. The whitening filter creation is
based on the measured data available from the NASA website
(described above) and measurements from the GNSS receiver
placed at the observatory (radio visibility of the satellite and
time bias). The time bias (TBgeray) is recalculated to the
propagation delay according to (4), where TB is the time bias
in seconds and ¢ is the speed of light. The spectrum of the
recorded signal is merged with the spectrum of the whitening
filter output signal. The output signal contains only signal
delay caused by signal propagation and interference. Examples
of the signals generated in the parts of the whitening filter are
in Fig. 9. The blue signal is the real satellite distance, and
the green signal is the time bias. These signals are summed
and multiplied by —1 to deduct it from the original signal.
The red signal is the function of the radio visibility, and this
signal is multiplied by the other two signals. The final model
of the whitening filter (WSy) is described by (5), where Vj is
the satellite’s radio visibility (1 if the signal is available and
0 if the satellite is not available), D, is the distance for the
sample k and TBy is time bias for the sample k.

TBdelay =co-TB “4)
WS, = =V - [Dy + TBy]. )]
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Fig. 10. Application of the whitening filter on the real data measured at the
observatory Pardubice.

The application of the described whitening filter on the real
data is shown in Fig. 10. The top part of the figure shows
the received signal (blue curve) and the output signal from
the whitening filter model (red curve) in time and spectral
domains. The bottom part of the figure shows the signal after
the whitening filter application in those domains. We can
see that the distance errors are different in every observation
because the satellite’s orbital period is different from the
earth’s rotation period. The rest of our algorithm uses only
separated observations.

D. Detection and Suppression of the GPS Interference

Fig. 11 shows the distance error caused by the propagation
delay and GPS interference (signal drawn by the magenta
color). The interference is observed as periodic changes in the
distance error (see Fig. 11). The interference is zoomed in for
a better illustration. The interference causes deviation from the
main trend and is probably created by the signal modulation
and can be removed. The periodicity of the interference with
the rectangular envelope and linear sweeping suggests that the
interference is industrial. The signal delay changes cause this
interference. The sources of this interference can be only two:
the time sweeping in the receiver (decreasing of the precision
by the GPS receiver is not probable), and the keying created
by the satellite operator (it is a more probable case than the
previous one because the operator can have the key for the
interference suppression for their purpose). Because the exact
modulation keying is unavailable, the algorithm must detect
interference intervals based on the interference characteristics.
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Fig. 11. Example of the input data for the algorithm (top graph) and detected
interfered segments (bottom graph).

TABLE I
FILTERS’ PARAMETERS
FILTER PARAMETER VALUE UNIT
LPR REMOVED SPECTRAL COMPONENTS 20 %
HPR MEDIAN WINDOW LENGTH 5 NO

The interference envelope has a higher frequency than the
other trends, and the 20% low frequencies were removed
from the spectrum. The spectrum of the signal is calculated
by the Fast Fourier Transform—(6) (see [22]). The next step
is interference modulation suppression. The removal of the
high frequencies created by the interference modulation is
given by (8) after the signal is transformed back to the time
domain by the inverse fast Fourier transform (IFFT) function
[see (7)]. The thresholding must be applied on the green
signal (d), and the threshold value is 50% of the whole
signal median. We must apply video detection because false
alerts can be created. The video detection removes all alerts
shorter than the set minimal duration. The output signal is
shown in Fig. 11 using black color. The zero values represent
interference intervals. The filters” parameters are described in
Table 1

N—-1
Skl =D stmye 5 (6)
n=0
1< -_
slkl =+ > Spkyel (7)
n=0
din) =5 = Me | 551 ®)

where s is the signal sample in the time domain, d is the
demodulated interference envelope, L is the window length,
and Me is the median function.

The intervals with interference and without interference are
separated as the output from the previous algorithm. The
segments without interference can be used to calculate the
smoothed delay of the signal propagation without interference
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and for the scintillation estimation. The algorithm for this
processing is in Fig. 12. New signals (gray curves) are created
from the segments without interference. The first gray signal
takes the first points in these segments, the second one takes
the second point, and so on. These signals, with a smaller
sampling frequency, are interleaved (red curves). Because of
the choice of the samples, the new signals are shifted (red
curve). These new signals must be shifted back to the original
position. We can compute the average signal (orange curves,
Fig. 12) when the time shift is suppressed. This is used for the
suppression of the scintillation influences. The new smoothed
signal can be our output if our target is to obtain the main
propagation delay. The difference between the original signal
(magenta curve) and smoothed signal gives us the scintillation
signal with the interference (blue curve). Because we know
when the signal is disturbed, we can use demodulation on these
segments, which gives us a modulation envelope. The filter can
realize the demodulation, and after the demodulation of all
segments, we will get the scintillations in time (green curve,
Fig. 12). The application of this algorithm on the real signal
is shown in Fig. 13. The curve colors in Fig. 13 correspond
to the colors used in the algorithm description. We can see
significant errors in the signal interleaving, very close to the
edges of the signal. In the main part of the signal, the errors
are negligible. The output signal is compared with the signal
obtained by the dual-frequency approach (black curve).

III. RESULTS EVALUATION

The results from our algorithm are compared with the
signal obtained by the classical dual-frequency approach. The
existing correlation is shown in Figs. 14-16, where green
represents signals derived by our algorithm. The black curve
represents the signals obtained as P2—-P1. The signals in the
global perspective (left panels of Figs. 14-16) do not look very
similar. This is caused by the scaling of the figures. If the zoom
is applied (the right panels), we can see that the scintillations
are very similar. The red line indicates the segments where the
interference was removed.

Fig. 17 shows three examples of how the pseudoranges
P2 and P1 affect the final signal. Case “A” is highlighted
in Fig. 18. This represents the effect when the signal from
P1 is approximately constant, and the signal deviation is
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Fig. 16. One observation of GPS satellite G27 and zoom on the part of this
observation (6 May 2021).

caused just by the pseudorange P2. Case “B” is highlighted
in Fig. 19. In this case, we can see that both pseudoranges
affect the final signal obtained by the classical dual-frequency
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Fig. 19. Case “B” from Fig. 17, the event created as a combination of the
effects on the pseudorange obtained from both used GPS frequencies.
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Fig. 20. Case “C” from Fig. 17, the event created just by the effects on the
pseudorange obtained from frequency 1.

approach. Case “C” shows the example when the signal from
the pseudorange P2 is constant. The signal obtained by the
classical approach can also contain only a contribution from
the P1 signal (see Fig. 20).
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TABLE I
DATA USED FOR THE ALGORITHM TEST

PARAMETER VALUES UNITS NOTES
DATA RECORD 12 DAYS No
DURATION
SAMPLING 1 Hz No
FREQUENCY
OBSERVATIONS 24 CYCLES No
NUMBER
MONITORED 31 No SATELLITE NO. 23 OUT OF
SATELLITES SERVICE DURING MEASUREMENT
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Fig. 21.  Analysis of the signal obtained as the difference of pseudoranges

and influence of used pseudoranges on the created signal.

A detailed description of the effects of both pseudoranges on
the merged signal is shown in Fig. 21. The blue marked signal
is derived by our algorithm using pseudorange P2, and the red
one using pseudorange P1. We can see that the influence of the
signal from P1 fluently increases during the monitored interval,
but the influence of the signal from P2 increases and decreases
during the monitored interval. It shows the benefit of the
proposed algorithm, where an operator can compare the signal
propagation influences to every carrier wave separately. This
figure also shows us the disadvantages of our algorithm when
the signal from the interfered part does not contain higher
frequencies (fast effects). The problem with the connections of
the signals (interfered and non-interfered) around time 1000 s
is denoted by magenta. Both described problems are in the
defined areas, and we can easily exclude these regions if it
is unacceptable for our purposes. If we exclude these parts,
we will have no information about the propagation channel
during these excluded times. The parameters of the measure-
ments realized for the test of the algorithm are described in
Table II. Data presented in this article were selected from this
measurement and used to compare the proposed approach with
the classical dual-frequency approach.

IV. CONCLUSION

A new algorithm, which can be used for GPS signal
post-processing is presented. The post-processed signals can
be used for future research and help us monitor the iono-
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spheric responses to several disturbances such as earthquakes,
increases in solar X-rays, strong geomagnetic storms, etc.

The benefits of our algorithm are two. The first benefit is
that a single-frequency GPS receiver is satisfactory for iono-
spheric monitoring. The second and more important benefit
is that we can study the effects on all available frequencies
separately if we have a GPS receiver that can receive more
frequencies (bands L1, L2, and L5). The disadvantage of our
algorithm is more complex signal processing. We must meet
specific conditions (for example, a precisely measured position
of the GPS receiver antenna). During the disturbed intervals,
the information about the fast events is lost and cannot be
recovered.

The results described in the article show that the classically
processed signal (P2-P1) merges the effects from both fre-
quencies, and we cannot separate them later. Our algorithm
does not merge these effects, as shown in the results part of
the article. Consequently, we can better understand processes
in the ionosphere.

Our algorithms still have a few limitations. The demodu-
lation of the interference removes fast events, and the other
events are described by their trends only. Interference affects
the signals with an alternation of 50% and can easily detect
if the current signal part is affected. The second problem is
the connection between the disturbed and non-disturbed parts.
These effects are the inspiration for following research to
improve these deficiencies. In the next step, we plan to use
neural networks for data post-processing.
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