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Abstract: The term deviation frequency denotes the boundary between the variable part of the 

amplitude and phase scintillation spectrum and the part of uninformative noises. We suggested the 

concept of the “characteristic deviation frequency” during the observation period which is defined 

as the most probable value of the deviation frequency under current local conditions. This work is a 

case study of the characteristic deviation frequency (fd) registered for GPS, GLONASS, Galileo and 

SBAS signals under quiet and weakly disturbed geomagnetic conditions in April 2021 at the 

mid-latitude GNSS station. Our results demonstrated that the fd value for all signal components of 

GPS, GLONASS and GALILEO signals varied within 15-22 Hz. The characteristic deviation 

frequency was 20 Hz for the mentioned GNSS signals. In difference, the deviation frequency was 

limited within 13-20 Hz for SBAS with the lower characteristic deviation frequency at 18 Hz. We 

assume that the concept of the characteristic deviation frequency can be used to determine the 

optimal sampling rate of the GNSS carrier phase data for the ionospheric studies. The characteristic 

deviation frequency can also characterize the state of the regular trans-ionospheric radio channel. 
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1. Introduction 

Global Navigation Satellite Systems (GNSS) form part of a technological basis for different 

applications [1]. Their data is widely used for fundamental research tasks in different fields, for 

example in geodynamics [2], radio propagation environment including the GNSS remote sensing 

(GNSS-RO) [3] and GNSS Reflectometry of Earth surface (GNSS-R) [4]. In particular, one of the 

important geophysical studies that was carried out on the basis of GNSS signal processing was the 

study of the Earth’s ionosphere and upper atmosphere [5- 7]. 

In many cases the main measured parameter of satellite vehicle (SV) signals is the carrier phase 

that is characterized by the lowest multipath noise level and the highest measurement accuracy. 

Various stochastic techniques report normally distributed carrier phase noise of 2 mm and code 

range noise of 0.5-0.8 m [8]. Such precise measurements allow us to detect the effects of rather weak 

geophysical events and eventually reconstruct the structure of the ionosphere. 

Determination of optimum sensitivity of the carrier phase lock loop (PLL) is an important task 

for the remote sensing of the ionosphere. The PLL sensitivity depends on both the internal noises 

and the sampling rate of carrier phase measurements [9]. The selected measurement sensitivity can 

be considered optimal if, at a given noise level of measurements and at a given sampling rate, the 
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probability of weak event detection at the background of the uninformative noise within the phase 

variation spectrum is the highest. 

Besides, the lower boundary in the spectrum of the phase variations (at which weak 

disturbances can still be registered) may be considered as the boundary of regular ionosphere. 

Further, we call it the boundary of the non-variability of the ionosphere. Studies that are focused on 

estimation of this boundary and its dependence on observation conditions are of particular 

importance for geophysical research advances. 

McCaffrey and Jayachandran [10] suggested the “deviation frequency” term to denote the 

boundary between the variable part of the amplitude and phase scintillation spectrum and the part 

of uninformative noise in the spectrum. Developing this idea, we suggest introducing the concept of 

the characteristic deviation frequency during the observation period which is defined as the most 

probable value of the deviation frequency under current local conditions. We assume that the 

characteristic deviation frequency is both an estimate of the optimal sensitivity of the PLL and the 

boundary of non-variability of the ionosphere under the current conditions. 

The aim of this work is to estimate the characteristic deviation frequency under particular 

observation conditions. The research tasks are to reveal the features of variations of the characteristic 

deviation frequency for GPS, GLONASS, GALILEO and SBAS satellites, types of satellite signals, 

time of day and the level of geomagnetic activity. 

2. Data and processing method 

The measurements of GNSS signal carrier phase were performed during April 13-16, 2021 with 

use of the multi-system multi-band navigation receiver Javad Delta-G3T connected to the 

RingAnt-G3T antenna [11]. The equipment was installed at the ISTP station (geographic coordinates 

52.24°N, 104.26°E; geomagnetic coordinates 42.70°N, 177.43°E). The station belongs to the SibNet 

GNSS receiver network [12]. Figure 1 shows variations of Kp and SYM-H geomagnetic indices 

during the considered period. 

 

Figure 1. Variations of SYM-H and Kp indices and Bz-component of the interplanetary magnetic 

field during April 13th (upper left panel) and April 16th, 2021 (upper right panel). The Southward 

Bz-component is marked with the blue color and northward with light purple. General picture of 

SYM-H and Kp variations during April 1-30, 2021 (lower panel). 

The intensity of the geomagnetic storm on April 16, 2021 was weak. SYM-H index did not 

demonstrate the Storm sudden commencement features. The SYM-H was not decreasing below -21 

nT during the first part of the day, then it decreased sharply after 16:35 UT achieving the lowest 
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value of -57 nT at 20:02 UT. The Kp index reached the value equal to 5 during the period of 

18:00-21:00 UT.  

Thus, the main phase of the storm occurred in the local midnight sector. This means the 

minimal background electron concentration level. Such conditions imply the appearance of weak 

ionospheric disturbances registered at the border of the stationary of the ionosphere. Therefore, we 

chose the period of this storm for our analysis. 

The level of carrier phase measurement noises significantly differs for signals of different 

systems and for different signal components [13-15]. This issue is important for estimation of the 

characteristic deviation frequency in the spectrum of phase variations and scintillations. Hence, the 

carrier phase noise for the signal components at L1, L2 and L5 frequencies of GPS, GLONASS, 

GALILEO and SBAS satellites were studied first (Table 1). The measurements were performed with 

a 50 Hz sampling rate. The signal components description mentioned in Table 1 can be found in the 

data format description available at [16]. 

Table 1. Considered GNSS signal components. 

Navigation 

system 
Signal components 

GPS L1C L1W L2W L2X L5X 

GLONASS L1C L1P L2C L2P 

GALILEO L1X L5X 

SBAS L1C L5I 

We applied the following procedure for deviation frequency estimation. (1) Abnormal data and 

phase cycle slips were excluded. (2) Phase ambiguity was resolved by means of polynomial filtering. 

(3) Phase de-trending with use of 5 min moving average window was applied. The window width 

was chosen based on the results of [9] according to which phase fluctuations caused by small-scale 

irregularities should have the period of several seconds or less. Indeed, Pi et al. [7] reported a period 

of ~(2-13) s and Forte and Radicella [17] reported ~(0.4-5) s. 

After preprocessing, a fast Fourier transform was applied to the phase data series. We did not 

apply Hanning window as in work [10], because of uncertainty of filter parameter choice under the 

unknown spread and behavior of deviation frequencies. The deviation frequency was determined at 

the logarithmic spectrum of phase variations as a “break point” at which the maximum decrease in 

the slope of the spectrum passes into near-zero decrease in a given frequency range. When 

performing this analysis, the frequency range from 5 to 25 Hz in the spectrum was studied, in which 

the deviation frequency was expected to vary. 

At the first stage, the level of phase measurement noise for signals of different navigation 

systems, different frequencies and components were analyzed. The second-order derivative of the 

signal carrier phase was used as the noise magnitude (Please, see the methodology description in 

[14]). Table 2 provides RMS estimates for the noise of phase measurements for signals from different 

systems and components. 

Table 2. RMS of the measurement noises of GNSS signal phase. 

Navigation 

system 
Signal component / RMS of the noise (2π cycle) 

GPS L1C L1W L2W L2X L5X 

0.017 0.017 0.010 0.014 0.007 

GLONASS L1C L1P L2C L2P - 

0.014 0.015 0.013 0.014 

GALILEO L1X - L5X 

0.019 0.006 

SBAS L1C - L5I 

0.035 0.027 
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According to Table 2, the level of the carrier phase noise for the similar types of components 

and signal frequencies of GPS, GLONASS and Galileo does not differ much. At the same time, RMS 

of the phase measurements for SBAS signals is 1.5-3 times higher, which is in accordance with the 

known results by [18]. The lowest noise level among the considered signal frequencies and 

components was detected for L5 frequency. 

3. Discussion of results 

3.1. Deviation frequency estimates for different GNSS signal components 

Figure 2 shows the histograms of distribution of the deviation frequency (fd) for signal 

components L1X and L5X of GALILEO satellites during 24 hours. 

 

Figure 2. Deviation frequency distribution on Abril 13, 2021 (a,c) and April 16, 2021 (b,d) for 

GALILEO signals. 

The deviation frequency value varied within 15-22 Hz during both days. The most probable 

deviation frequency in either day of two and for all signal components was 20 Hz. The character of 

distribution shown for L1X and L5X components under the same conditions has no fundamental 

difference. At the same time, the carrier phase noise level for the L5X component is significantly 

lower than for the L1X component (Table 2). Moreover, the histograms constructed for the control 

day of April 13th and the geomagnetically disturbed day of April 16th differ essentially. Histograms 

for the quiet day are characterized by more gradual rise at their left part. In contrast, the most 

probable deviation frequency is pronounced more clearly at the histograms for the disturbed day. 

Figures 3 and 4 present the similar histograms for the signal components of GLONASS satellites 

and GPS satellites respectively. 
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3  

Figure 3. The same as in Figure 2 but for the signal components of GLONASS signals (Table 1). 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 November 2021                   doi:10.20944/preprints202111.0099.v1

https://doi.org/10.20944/preprints202111.0099.v1


 

 

Figure 4. The same as in Figure 2 but for the signal components of GPS signals (Table 1). 
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The character of distributions at histograms constructed for all GPS and GLONASS signal 

components under the same conditions has no fundamental difference as well. Deviation frequency 

again varies within 15-22 Hz. Though for some components this range is narrower – within 16-22 Hz 

(Figure 3a,c,h and Figure 4b,d,f). When comparing histograms in Figure 2 no significant difference of 

histogram form is shown. However, the characteristic deviation frequency of 20 Hz in Figures 3 and 

4 has higher probability under geomagnetically disturbed conditions (0.43-0.55 for GPS, GLONASS 

and ~0.35 for GALILEO satellites). It can be noted the smoother increase of deviation frequency at 

the lower frequencies area during the quiet day of April 13th (Figure 3a,c,e,g and Figure 4a,c,e,g,i). It 

is also worth noting the rather uniform appearance deviation frequency level in histograms for GPS 

with the only exception of the 20 Hz peak during geomagnetically disturbed day (Figure 4 right 

panels). 

Figure 5 shows the distribution of deviation frequency of carrier phase for L1X and L5I 

components of SBAS satellite signals during 24 hours. The measurements were obtained for three 

SBAS satellites whose angular characteristics are given in Table 3. 

Table 3. Characteristics of SBAS satellite observations. 

SBAS Satellite 

Number 
Mean Elevation, deg Mean Azimuth, deg 

S28 27.08 206.22 

S32 29.39 193.58 

S37 26.60 152.02 

 

Figure 5. The same as in Figure 2 but for the L1X and L5I components of SBAS signals. 

According to Table 3, all observed SBAS satellites were concentrated in one narrow southwest 

sector and at low elevation angles. Consequently, spatial variability of the ionosphere due to the 

line-of-site movement through different ionospheric/atmospheric regions may not be taken into 

account. 

The histogram form in Figure 5 differs significantly from the histograms shown in Figures 2-4. 

The deviation frequency variations are limited within 13-20 Hz. Moreover, in general the deviation 

frequency value is lower. The most probable frequency can be determined with confidence only in 
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one case of four in Figure 5 (in panel b). For example, the characteristic deviation frequency in panel 

a of Figure 5 is 18 Hz with probability of 0.25, and it is 15 or 16 Hz with the probability of 0.22 for 

each of them. In contrast, in case of panel b of the same figure the characteristic deviation frequency 

is pronounced much clearer at 18 Hz. Other two histograms in Figure 5 show no clear maximum. 

Nevertheless, on the quiet day of April 13th lower values were seen at lower frequencies. In general, 

under disturbed conditions the maximum is observed more clearly and can be noted within 18-19 

Hz (Figure 5b,d). 

3.2. Deviation frequency dependence on geomagnetic conditions 

The results discussed in the previous section showed rather high stability of characteristic 

deviation frequency at 20 Hz under particular conditions. This allows us to suggest that this 

characteristic frequency is primarily associated with the boundary of the regular ionosphere under 

current conditions. To test this assumption the analysis of variations of the most probable deviation 

frequency value was performed. Here, the characteristic deviation frequency was estimated for each 

hour separately but based on all the signal components of all systems with only SBAS excluded. 

Figure 6 (upper panels) shows the deviation frequency variations during 24 hours. The local 

noon and the night period are indicated by the red arrow and blue rectangle respectively. The lower 

panels of the figure present the variation of the characteristic deviation frequency 20 Hz during 24 

hours. The results for the quiet day are shown in the left panels and for the disturbed day in the right 

panels. 

 

Figure 6. The deviation frequency variations (upper panels) and variations of the characteristic 

deviation frequency 20 Hz (lower panels) on April 13th (left) and April 16th (right). 

Figure 6 (upper panels) proves that the deviation frequency at 20 Hz is characteristic during the 

most part of the day on April 16th (under weak geomagnetic disturbance). At the same time, there are 

short periods of the frequency drastically decreasing to ~17 Hz. The first and the third decreases 

occurred near the time of local noon and local midnight. This is different for the quiet day on April 

13th when the deviation frequency varied more significantly (up to 15 Hz) and more frequently. The 

most profound through of deviation frequency values (15 Hz) corresponded to the local midnight as 

in the previous case. 

Figure 6 (lower panels) shows that the characteristic deviation frequency 20 Hz is highly 

variable during 24 hours. For both days, no particular tendency can be revealed for the character of 

these variations. Nevertheless, the probability of observation of the characteristic deviation 
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frequency 20 Hz at some particular time moments was higher under quiet conditions on April 13th 

(up to 0.9-1.0) than under disturbed conditions (up to 0.8). 

4. Conclusions 

The concept of the characteristic deviation frequency can be used to determine the optimal 

sampling rate of the GNSS carrier phase data for the ionosphere studies. In this work the 

characteristic deviation frequency is considered optimal if its further increase does not provide more 

information on the small-scale structure of the ionosphere. The characteristic deviation frequency 

can also characterize the state of the regular transionospheric radio channel. 

According to our results, in general the characteristic deviation frequency is rather stable 

during the short time intervals of observations (1 hour). However, its value can vary significantly 

during 24 hours (within 15-21 Hz). This is in accordance with the current knowledge on the physical 

ionospheric structure [19-23].  

The maximal probability of the characteristic deviation frequency 20 Hz did not exceed 0.8 

under geomagnetically disturbed conditions and reached the values of 0.9-1.0 under quiet 

conditions. The increase of this probability can indicate the increase of the spatial-temporal stability 

of the ionosphere under quiet conditions. Correspondently, its decrease implies the presence of the 

disturbance effects that change the phase spectrum slope. 

The probability distribution of the characteristic deviation frequency obtained from SBAS data 

differs from the probability distribution of the other GNSS signals significantly. We showed that the 

carrier phase noise for SBAS signals is notably higher than for the signals of other GNSS. This is in 

accordance with the results of [18]. Probably, the plasmasphere could impact the characteristic 

deviation frequency for SBAS signals. This hypothesis should be tested with further experiments 

and analysis of data. Moreover, the signals of geostationary SBAS satellites passed from the same 

narrow angular sector. It means that spatial variability of the ionosphere due to the line-of-site 

movement through different ionospheric/atmospheric regions did not impact on the deviation 

frequency variations significantly. This circumstance is absent for the radio propagation of signals 

from medium-orbit (and lower orbital) GNSS constellations. The data of geostationary BeiDou 

satellites which is characterized by the same phase noise level as GPS/GLONASS may be used for 

checking this hypothesis further. 

Supplementary Materials: SYM-H and Bz indices data were obtained from the NASA/GSFC's Space Physics 

Data Facility's OMNIWeb service (https://omniweb.gsfc.nasa.gov). Kp-index data were ontained from GFZ 

German Research Centre for Geoscien (ftp://ftp.gfz-potsdam.de) [24].  
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