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Abstract—The carrier phase observable is the most preferable

means for observation of ionospheric scintillation events. As the

ionospheric scintillations show different features at different GNSS

frequencies the single-frequency data should be used for complex

analysis and data interpretation. The second-order derivative of the

GPS signal carrier phase is suggested as a promising means to

detect small-scale ionospheric disturbances. The high-rate L1 phase

data with no additional processing are used for this purpose.

Modeling and experimental results proved the hypothesis. It was

revealed the strict dependence of sensitivity of the second-order

derivative parameter on GPS receiver hardware features and carrier

phase sampling rate.

Key words: GPS, ionosphere, scintillation, scintillation

indices.

1. Introduction

Rapid temporal fluctuations of the radio signal

phase and amplitude (ionospheric scintillations) are

introduced by the local features of propagation

medium such as random changes of the refraction

index. Ionospheric scintillations degrade the perfor-

mance of radio systems, for instance space-based

radars, GNSS applications, communication systems,

etc. The problem of the ionospheric scintillations

impact on the space-based telecommunication and

navigation system performance has been studied for

decades (Kintner et al. 2001; Ledvina et al. 2002;

Herbster 2007; Afraimovich et al. 2003, 2009, 2013;

Tiwari and Strangeways 2015; Juan et al. 2018b).

Scintillation activity increases during the periods of

high solar activity. In general, scintillations are most

pronounced in the equatorial (e.g. provoked by

plasma bubbles) and auroral regions (connected

mostly to solar and geomagnetic events). At mid-

latitudes they can occur during the periods of intense

geomagnetic storms (Kintner et al. 2001; Ledvina

et al. 2002; Afraimovich and Perevalova 2006;

Afraimovich et al. 2009, 2013; Juan et al. 2018b).

Other physical phenomena also can cause ionospheric

irregularities that provoke scintillations. It is well

known that tsunami and powerful earthquakes are

usually followed by a combination of atmospheric

and ionospheric waves (Afraimovich et al. 2013;

Tsugawa et al. 2011; Matsumura et al. 2011; Jin et al.

2017).

There are two types of scintillation effects on

radio signal propagating in the ionosphere: rapid

fluctuations of signal phase and signal intensity (or

carrier-to-noise ratio C/N0). Correspondent scintilla-

tion indices and ionospheric parameters serve for

diagnostics of the radio propagation medium to detect

the small-scale ionospheric disturbances which pro-

voke these effects. The most ‘‘popular’’ ionospheric

parameter derived from GPS data is total electron

content (TEC). TEC is reconstructed from dual-fre-

quency GPS phase or code measurements (Jorgenson

1978). Typical ionospheric scintillation indices

derived from TEC data are rate of TEC index (ROTI)

and its derivative (DROTI) (Pi et al. 1997;
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Bhattacharrya 2000). Recently, several improved

ROTI versions were developed, such as along arc

TEC rate (AATR) (Juan et al. 2018a), disturbance

ionosphere index (DIX) (Jakowski et al. 2012) and

disturbance ionosphere index spatial gradient

(DIXSG) (Wilken et al. 2018). There is a new

effective scintillation index sDPR (Ghoddousi-Fard

et al. 2013; Priyadarshi et al. 2018; Prikryl et al.

2016), that is close to ROTI. It is a good proxy for the

weak and moderate scintillation detection and well

correlates to the ‘‘standard’’ ru index. The authors

(Gulyaeva and Stanislawska 2008; Voeykov et al.

2018) are also suggested the indices to estimate the

ionosphere disturbance level.

S4 and the mentioned ru are other widely used

scintillation indices. They are the standard deviations

of amplitude and phase, respectively (Briggs and

Parkin 1963; Yeh and Liu 1982). S4 and ru are

calculated based on GPS data and provide scintilla-

tion events monitoring with high reliability (Van

Dierendonck et al. 1993). As the small-scale iono-

spheric turbulences have very low intensity, it is very

difficult to detect them with TEC observations and

TEC-based indices. Reliability of S4 and ru indices

as indicators of the small-scale ionospheric distur-

bances depends on both the indices computation

features and the current ionosphere structure, so

sometimes it is not so easy to interpret the results

derived from S4 and ru indices. Thus, it is important

to search for new indicators of the weak small-scale

structures in the ionosphere. One of the suggested

approaches is to use high-rate sampling GPS data

(50 Hz or higher) to improve the ionospheric indices

sensitivity and reliability for the future ionospheric

study. We suggest new scintillation indicator based

on high sampling rate GPS (GNSS) data.

In the present work, the second order GPS phase

derivative is suggested as a new promising scintilla-

tion indicator obtained from GPS data of high

sampling rate. The carrier phase observable is the

most promising for scintillation research. The carrier

phase derivative was introduced as a new parameter

in GPS occultation technology (Pavelyev et al. 2010).

However, the case of the Earth-Space link is rather

different from the case of the occultation links at the

standpoint of radio propagation and the impact of

Doppler effect. Besides, the ionospheric scintillations

show different behavior at different GNSS frequen-

cies. Therefore the data of different frequencies

are better analyzed separately to obtain the most

exhaustive results in scintillation research. Further-

more, low-frequency trends should be removed from

the carrier phase data (Van Dierendonck et al. 1993)

before the scintillation indices computation. This data

preparation usually involves some additional proce-

dures like carrier phase detrending and cycle-sleep

fixing (Van Dierendonck et al. 1993; Cai 2013). In

contrast, in the case of high rate carrier phase data,

the second-order derivative of the carrier phase can

provide an easy way to remove all the low-frequency

trends including slow refractive variations, multi-path

slow variations, signal encryption effects and other

low frequency stochastic biases. On the other hand,

the second order derivative of the carrier phase con-

tents high-frequency components including stochastic

fluctuations caused by ionospheric phase

scintillations.

The aim of this work is to test the hypothesis

stated above taking in account the following issues.

First, the signal carrier phase scintillations can be

caused by not only the ionospheric irregularities but

also by a satellite oscillator anomalies and tropo-

sphere. Second, the parameter sensitivity crucially

depends on the GPS receiver hardware and the carrier

phase data sampling rate. In the present study these

two issues are discussed and the hypothesis is tested

by means of modeling and experimental verification.

2. Phase Noise Components Evaluation

As mentioned above, the phase derivative value is

calculated at single frequency in contrast to TEC and

TEC-based indices. This means that there is no cross-

compensation of frequency-independent ranging

errors such as troposphere and satellite clock errors.

Therefore, the first question to be answered is ‘‘How

significant are these errors in comparison to the

ionospheric phase scintillations?’’

The instantaneous phase range value

Uk
i ðtÞ ¼ uk

i ðtÞ k
2p

� �
for the k-th satellite vehicle (SV)

at the ith time point can be expressed as follows

(Kaplan 1996):
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Uk
i ðtÞ ¼ qk

i � Ik
i þ Tk

i þ dmk
i þ c dtiðtÞ � dtkðt � sk

i Þ
� �

þ c di tð Þ þ dk t � sk
i

� �� �
þ kNk

i þ ek
i

ð1Þ

where qk
i is the phase range corresponding to ‘‘SV-

receiver’’ range, Ik
i ; Tk

i and dmk
i are ionospheric,

tropospheric and multi-path ranging errors, c • dt and

c • d terms correspond to SV and receiver clock

offsets respectively, kNk
i is the phase ambiguity and

ek
i is the un-modelled carrier phase noise.

All the terms in Eq. (1) except the last one

define the main trend and slow random variations of

the phase range between satellite and receiver. The

last term ek
i can be considered as the sum of un-

modeled noises which come from ionospheric phase

scintillations, tropospheric phase rapid variations,

GNSS satellite oscillator anomalies, GNSS receiver

thermal noises, Allan deviation of a GNSS receiver

oscillator, vibration-induced phase noises and mul-

tipath events.

It is well known that the ionospheric phase

scintillations are induced with ionospheric turbu-

lences of hundreds meters—kilometers size which

correspond to the Fresnel frequencies from & 0.1

to & 10 Hz (Bhattacharrya et al. 2000). Thus, it is

possible to detect such small-scale ionospheric tur-

bulences directly from the noise component ek
i (1)

analysis when we use the high sampling rate data

(1).

The most convenient approach to extract this

noise component from the complex phase ranging

data (1) is to use phase derivatives. It allows us to

exstract the ek
i component directly from the phase

measurements without additional processing proce-

dures. One can estimate an instantaneous signal phase

value at the phase lock loop (PLL) filter output (at

each i-th instant time) based on the discrete Markov’s

chain model (Kaplan 1996):

ui ¼ ui�1 þ TCOR � dui�1

dt
;
dui

dt
¼ dui�1

dt

þTCOR � d2ui�1

dt2
;
d2ui

dt2
¼ d2ui�1

dt2
þ n/;i�1

ð2Þ

where TCOR is the PLL pre-detection integration time

and n/;i is the forming zero-mean Gaussian noise of

the phase.

First and second components in the Eqs. (2)

describe the phase ranging trend and its slow

changing. The last component in Eq. (2) is the sec-

ond-order derivative of the phase which corresponds

to the phase noise ek
i in (1). At this point, the second

order derivative can be suggested as the source of

information about the ionospheric scintillations and

small-scale ionospheric turbulences in case if the data

sampling rate is less or equal to the expected Fresnel

frequencies in the scintillation research.

Let us estimate the expected variations of the

main components of the phase noise ek
i in order to

decide if they are small enough to obtain ionospheric

phase scintillation reliably. We suppose that the

vibration-induced oscillator phase noise is negligible

for a stationary GPS receiver. Considering this, the

receiver phase noise contains PLL thermal noise and

Allan deviation. In case of a third-order phase

tracking loop filter the thermal noise standard devi-

ation (SD) rT and SD of Allan variance rF can be

computed from the Eqs. (3) and (4) respectively

(Kaplan 1996)

rT ¼ 360

2 � p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DFPLL

CN0

� 1þ 1

2TCOR � CN0

� �s

ð3Þ

rF ¼ 160 � rFðsÞ � f

DFPLL

ð4Þ

where rFðsÞ is SD of the short-term Allan variance,

DFPLL is the PLL noise bandwidth (Hz), CN0 is car-

rier-to-noise power ratio in dB*Hz, and f is a signal

frequency (Hz).

In general, the thermal noise depends not only on

the internal receiver noises but also on the antenna

pattern, antenna noise temperature and external

noises (the sky noise, the Sun noise and the Earth

noise). To simplify, we consider the thermal noise as

the zero-mean white noise as it is usually considered

for the engineering computations (Kaplan, 1996). In

case of stable incoming carrier-to-noise ratio (i.e.

CN0 varies from 30 to 45 dB*Hz) the receiver phase

noise level depends on the receiver adjustments and

the quality of the receiver reference oscillator. For

example, if DFPLL = 18 Hz and the receiver oscilla-

tor is of good quality (i.e. rFðsÞ = 10-11 or better),

then the SD of Allan deviation (rF) is negligible and

equals to 0.024 rad. However, the value of rF
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increases dramatically up to 0.22 rad in case of the

narrower PLL noise bandpass of DFPLL = 2 Hz at the

same receiver oscillator quality.

Figure 1 shows SD of the thermal noise (rT ) ver-

sus carrier-to-noise ratio for different sets of receiver

adjustments. The value of rT does not exceed

0.05 rad in case of correct PLL adjustments and

stable level of carrier-to-noise ratio which is higher

than 30 dB*Hz (curves 3 and 4, Fig. 1). Reducing of

the pre-detection integration time can lead to the

corresponding two times increase of rT value at the

same carrier-to-noise ratio (curves 1 and 2, Fig. 1).

In general, the value rT can be kept small enough

by means of PLL correct adaptive adjustments even

under bad carrier-to-noise ratio. Therefore, the

information about ionospheric phase scintillation can

be obtained from the second order derivative of the

phase in case of both correct PLL adjustments and the

short-term Allan variance of rFðsÞ = 10-11 or better.

GNSS satellite clock short-term anomalies can be

another serious factor to corrupt pure phase scintil-

lation measurements and bring misleading results to

geophysical research. Benton and Mitchel (2012,

2014) observed GPS satellite short-term clock

anomalies and found that such events can mimic

genuine ionospheric scintillation in the occurrence

and time duration. Correspondent SD of such mim-

icking phase noise can exceed 1.5 radians at both

GPS frequencies. The only approach to distinguish

and exclude such satellite clock anomalies from the

ionospheric scintillation data is to observe the same

satellite signal at the observation points located far

away from each other (Benton and Mitchel 2014).

We follow this recommendation in the present study.

Irregular variations of the tropospheric refractive

index can bring additional uncertainty and inaccuracy

in the single-frequency observation of the ionospheric

phase scintillation. The upper bounds of the tropo-

spheric phase noises SD can be calculated as follows

(Gorbunov and Gurvich 1998):

r2TP ¼ 16p2

5k2
� r2n � K � HTP � sin�1ðhÞ ð5Þ

where k is the signal wavelength, rn is a standard

deviation of tropospheric refractive index,K is the size

of the tropospheric turbulences (K0\K�Km, where

K0 = 10 cm and Km = 1400 m), HTP is the thickness

of the tropospheric turbulences layer (HTP= 6–10 km),

and h is the satellite elevation angle.

It is seen that the tropospheric phase varia-

tions intensity depends on the refractive index

variation and the scale of tropospheric turbulences

along the satellite line-of-sight. Thus, we can expect

that SD of tropospheric phase noise can vary signif-

icantly. Based on a typical values of rn = 10-6,

K = 100–1400 m and HTP = 6 km the expected

upper bounds of rTP value are calculated as it is

shown in Fig. 2. SD of the tropospheric phase noise

mostly does not exceed 0.1 rad for satellites that are

at the elevation angles[ 40�.
In order to separate the tropospheric and iono-

spheric effects one of the possible means is to

compare time scale of the phase variations taking in

account the following condition:

DT � Km � V�1
d � Km � Vdb þ VSV cosðaÞð Þ ð6Þ

where DT is the time period of the phase noise

variations as a result of intersection between the

ionospheric (or tropospheric) turbulence and satellite

line-of sight, Km is the maximum size of the turbu-

lence, Vd is the relative speed between the turbulence

(which travels with the speed of Vdb) and the satellite

line-of-sight speed (VSV ) at the troposphere (or

ionosphere) altitude, a is an angle between the

ionospheric (tropospheric) turbulence drift direction

and the direction of SV trajectory (a = 0–360�).
The speed VSV is not higher than 70–80 m/s (de-

pending on the elevation angle) at the ionospheric

altitudes. This speed is comparable with the speed of

Figure 1
Dependence of GPS receiver thermal noises on carrier-to-noise

ratio at PLL input for different receiver adjustments
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traveling tropospheric turbulences but it is much

smaller if compare to the speed of ionospheric plasma

turbulences drift. For example, if Km = 1400 m,

Vd = 200 m/s and a = 0 for tropospheric turbulence,

then the duration of the correspondent tropospheric

phase noise disturbance will be about 7 s. The speed

of the ionospheric disturbances drift varies in a very

wide range: from 200 to 3000 m/s (Matsumura et al.

2011; Tsugawa et al. 2011). Let us assume

Km = 20 km for the ionosphere, then it will yield

the duration of the ionospheric phase scintillation

which will be from 7 to 100. Thus, the expected time

duration of the ionospheric and tropospheric phase

noise variations should differ from each other sig-

nificantly. However, the above mentioned criterion

does not work reliably in case of ‘‘cloud of turbu-

lences’’. In this case the only approach to separate the

weak ionospheric and strong tropospheric scintilla-

tions is to combine double-frequency phase ranging.

The ionospheric scintillations component of the

phase noise can be defined as zero-mean Gaussian

noise with standard deviation of rû (Afanasiev et al.

2001; Kolesnik et al. 2002) as follows:

r2û ¼ 1

2 � d2
1

� ðr2inÞ
2 þ 1

d1 � d2

� ðr2ioÞ
2 þ 1

2 � d2
2

� ðr2outÞ
2

þ r2~/

ð7Þ

where r ~/ is the SD of the phase variations due to the

signal scattering from the small-scale ionospheric

turbulences, rin, rio and rout are SDs of the iono-

spheric phase variations as a result of the wave

trajectory jitter due to the influence of turbulences

before, during and after the signal passed through the

layer, and d1, d2 are distances between the receiver

and the layer and between the layer and SV.

The r ~/, rin, rio and rout values depend on the

parameters of the ionospheric turbulences. In the

simplest case (when there is only one ‘‘averaged’’

turbulence of fixed size and intensity) this depen-

dence can be defined as follows (Afanasiev et al.

2002; Kolesnik et al. 2002):

r2in �
ffiffiffi
p

p
� L � d2

1

4ðd1 þ d2 þ LÞ2
� L2

3
þ d2 � ðL þ d2Þ

� �
� r

2
i

li

ð8Þ

r2io �
ffiffiffi
p

p
� Ld1d2

4ðd1 þ d2 þ LÞ2
� L

2
ðd1 þ d2Þ þ

L2

6
þ d1d2Þ

� �

� r
2
i

li

ð9Þ

r2out �
ffiffiffi
p

p
� L � d2

2

4ðd1 þ d2 þ LÞ2
� L2

3
þ d1 � ðL þ d1Þ

� �
� r

2
i

li

ð10Þ

Figure 2
Dependence of tropospheric phase noise on satellite elevation. Left panel: rn = 10-6 (curve 1), rn = 2 9 10-6 (curve 2) and rn = 4 9 10-6

(curve 3) for the turbulence size K = 700 m; Right panel: K = 100 m (curve 3), K = 700 m (curve 2) and K = 1400 m (curve 1) for the

turbulence intensity rn = 10-6
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r2~/ �
ffiffiffi
p

p
� L

2
� r2i � li ð11Þ

r2i ¼ LZ � 0:066 � C2
e

li � CðpÞ

� l2i �
1

k2m

� �p�1

� exp
k20
k2m

� k20 � l2i

� �
ð12Þ

where L and Z are the ionospheric F-layer thickness

and length respectively (the irregularity layer extends

from Z = 0 to Z = L), C(p) is Gamma—function of p,

p is the degree of the wave number in the ionospheric

turbulence power-low spectra (p value varies from 2

to 4 for the ionosphere), Ce represents the intensity of

the ionospheric turbulences, li is the size of the tur-

bulences inside the F-layer, and k0 ¼ 2p=lmax;

km ¼ 5:92=lmin are the spatial wave numbers.

Here, we consider the ionospheric irregularities

that are about of the first Fresnel zone size or larger.

This is the case of the geometrical optics assumption.

The formulas (8)–(12) are obtained under the

assumption that the transverse size equal to the

lengthwise size. The increase of the anisotropy factor

results in the square root increase of the phase fluc-

tuations (as the first approximation). It is correct

enough while geometrical optics condition is

fulfilled.

Figure 3 shows the modeled r
/̂

values with

respect to elevation angle for several probable sets of

the ionospheric turbulence parameters. For a moder-

ate small-scale turbulence the r
/̂
value mostly does

not exceed 0.5 rad for satellites at elevation

angles[ 40� (Fig. 3). In case of strong ionospheric

turbulences the phase noise SD can be significantly

higher. It worth noting that the above mentioned

calculation is simplified and does not take into

account the low power turbulences spectrum as well

as the multiple scattering events in the thick layer of

the intense ionospheric turbulences. In the case of the

mentioned impact the expected r
/̂

value can be

several times higher at the same elevation angles

(Bhattacharrya 2000).

Therefore, we can calculate the modeled
d2/i

dt2

values for two cases: (1) there are impacts of all the

noises components (Eqs. 3–5) except the impact of

ionospheric scintillations; (2) there is only iono-

spheric scintillations impact (Eq. 7–12). The modeled

phase range time series can be described by Eq (13)

for the first case and by Eqs. (14) for the second case

U1ðh; tÞ ¼ qðtÞ þ dTðh; t; rTPÞ þ dRðt;CN0; rT ; rFÞ
ð13Þ

U2ðh; tÞ ¼ qðtÞ � dIðh; t; r
u
_Þ ð14Þ

where: q(t) is the geometric range, dT(…) is the

tropospheric zero-mean Gaussian noise with standard

deviation—rTP (5), dR(…) is zero-mean Gaussian

noise due to Allan short term deviation and thermal

noises, CN0, rT , and rF are the terms which were

described in Eqs. 3–4, and dI(…) is the ionospheric

zero-mean Gaussian phase noise which SD equals to

r
/̂
(Eqs. 7–12).

Figure 4 illustrates the results of modeling for

both Model 1 (Eq. 13, panel A) and Model 2 (Eq. 14,

panel B). Geometric phase ranging (q(t)) and eleva-

tion for satellite PRN 14 at ISTP station (Irkutsk,

Russia, geographic coordinates 52� N, 104� E) were
used to reconstruct the model time series from

Eqs. (13) and (14) at 50 Hz time resolution.

To model these time series (Fig. 4) the moderate

tropospheric and ionospheric turbulences were sup-

posed to be present with the following parameters:

K = 700 m and rn = 10-6 for the tropospheric turbu-

lence, N0 ¼ 1012 el/m3, DN=N0 ¼ 5% and li = 5 km

for the ionospheric turbulence. Good quality of

the GPS receiver hardware (CN0= 40 dB Hz, rT =

0.014 rad, and rF = 0.024 rad) was assumed as well.

In addition, the short-term satellite reference oscillator

instability was neglected as the short-term Allan vari-

ance is usually 10-11 or better. Multipath phase noise

was ignored in modeling process as well.

Figure 4 shows that the modeled
d2/i

dt2
ionospheric

variations (Eq. 14, Fig. 4b) are significantly higher

than the other error sources impact (Eq. 13, Fig. 4a).

This sounds promising for the
d2/i

dt2
use to detect

ionospheric phase scintillation in case of moderate

tropospheric disturbances and good quality of GPS

receiver. In contrast, to the first order derivative

(middle panels of Fig. 4), the second-order phase

derivative does not contain both the trend due to SV

motion and ambiguity. Consequently, the
d2/i

dt2

parameter can be considered as an easy-derived and

promising index to detect small-scale ionospheric

turbulences.
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3. Experimental Results and Analysis

3.1. Experiment Environment and Data Sources

The second order of GPS carrier phase time series

were measured under the geomagnetic storm condi-

tions to test and prove our hypothesis. Comparative

analysis of efficiency of the main ionospheric indices

and the second-order phase derivative parameter was

conducted in the above mentioned conditions as well.

In the present study all the necessary ionospheric

parameters and indices such as TEC, ROTI, DROTI,

S4 and ru, as well as the carrier-to-noise ratio (C/N0)

and the second-order derivative of the GPS carrier

phase were derived from the 50 Hz L1 and L2 GPS

data. These data (Yasyukevich 2017) were obtained

Figure 3
Dependence of ionospheric phase noise on satellite elevation. Left panel: DN=N0 ¼ 1% (curve 1), DN=N0 ¼ 5% (curve 2), DN=N0 ¼ 10%

(curve 3) and DN=N0 ¼ 15% (curve 4) for the turbulence size li ¼ 5 km. Right panel: li = 100 m (curve 1), li = 5 km (curve 2), li = 10 km

(curve 3) and li = 20 km (curve 4) for the turbulence intensity DN=N0 ¼ 5%. The background is N0 ¼ 1012 el/m3 for all the cases

Figure 4
Results of phase noise modeling according to Eqs. 13 (a), and 14 (b)
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at the mid-latitude station ISTP (Irkutsk, Russia,

geographic coordinates 52�N, 104�E) equipped with

JAVAD GNSS receiver. The station is a part of

SibNet network (Yasyukevich et al. 2018)

To verify the results additional GPS L1 50 Hz

data obtained from EDMC station (Canada, geo-

graphic coordinates 53�N, 113�W) equipped with

SEPTENTRIO PolaRxS GNSS receiver (Bougard

et al. 2011) were involved (Jayachandran et al. 2009).

These data was available in the specific non-RINEX

format (PolaRxS SBF Reference Guide) as follows:

GPS time of week (s); SV identification number;

Signal type; L1 (or L2) Carrier phase (cycles); signal

in-phase (I) and quadrature (Q) components (dimen-

sionless). Not all of the data obtained from EDMC

station contained L2 carrier phase measurements.

That is why we compared our results for L1 data only.

Carrier-to-noise ratio (CNR) was computed based on

the above mentioned specific data in terms of carrier-

to-noise ratio (dBW) as follows (Tiwari and Strange-

ways 2015):

CNR ¼ 10 � lg
WBP

n
� 1

� �
ð15Þ

WBP ¼
XN

i¼1

Iið Þ2þ Qið Þ2 ð16Þ

where n is the noise term at PLL input that is defined

based on the model

n ¼ 1

k
� a

sin c � b þ cð Þ

� �
ð17Þ

where a = 51.94, b = 0.0093 and c = 0.7305 are the

noise term model parameters; c is a satellite elevation
angle; the coefficient ‘‘k’’ is obtained before the

experiment by leveling the CNR value (15) with the

ideal CNR* value depending on the elevation angle.

The CNR* value is defined based on the known

technical standards (IS-GPS-200J 2018) as follows

CNR� ¼ Prec þ GA � NT � Ltr � Ldg ð18Þ

where Prec is the signal level at the receiving point

(dBW); GA is the antenna gain (dB); NT is the spectral

density of the receiver thermal noise power (dBW);

Ltr is the total power loss during filtering, frequency

conversion and the signal attenuation in the cable

(dB); Ldg is the signal power loss due to its analog-to-

digital conversion (dB). The typical values Prec

(depending on elevation angle), GA (depending on

elevation angle), NT, Ltr and Ldg were obtained from

(IS-GPS-200J, 2018; Kaplan 1996).

As the de-trended TEC data is used to calculate

ROTI and DROTI indices the un-calibrated code-

levelled phase TEC time series was derived from

GPS phase and code measurements for this study.

The phase TEC time series were de-trended by

centered moving average with 30 s accumulation

time. DROTI values were calculated from the de-

trended 50 Hz TEC data with 1 s time resolution. The

scintillation indices (S4 and ru) were calculated from
the de-trended 50 Hz L1 data based on standard

procedure (Van Dierendonck et al. 1993) also with

1 s resolution.

It is known that geomagnetic storms can cause

ionospheric disturbances including the small-scale

disturbances which are of our particular interest in

this research. The period of the intense storm of June

22, 2015 was chosen for the analysis. Figure 5 shows

Kp and Dst indices variations during June 21–23,

2015. Three sudden storm commencements (SSC)

caused by the interplanetary shocks occurred at 16:46

UT on June 21st, 05:47 and 18:30 UT on June 22nd

(Piersanti et al. 2017; De la Luz et al. 2018). After the

last SSC the main phase (MP) of the geomagnetic

storm (Dstmin = - 204 nT) developed (June 22–23).

The recovery phase (RP) lasted the next days (June

23–July 1). The highest Kp values were observed

during MP. Thus, geomagnetic background was

disturbed during all the days illustrated in Fig. 5.

The Kp and Dst indices data were obtained from

the OMNIweb database (https://omniweb.gsfc.nasa.

gov/form/dx1.html, last access: January 29, 2018).

3.2. Comparative Analysis of Efficiency of the Main

Ionospheric Indices

The behavior of the
d2/i

dt2
parameter was compared

to standard ionospheric scintillation indices such

as DROTI, S4 and ru under June 22, 2015 geomag-

netic storm conditions. According to (Bhattacharya

2000), the relationship between S4, ru and DROTI

indices is complex, but in most cases the S4 increase

means DROTI increase and vice versa. Figure 6

shows variations of
d2/i

dt2
, DROTI, S4 and ru indices
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during the storm for the GPS satellites PRN 06, PRN

15 and PRN 27.

Good similarity between
d2/i

dt2
and ru variations is

seen for all the scintillation events and for all the

satellites under consideration (Fig. 6b, c). Neverthe-

less, the peaks of
d2/i

dt2
are pronounced more sharply.

The similarity between the
d2/i

dt2
and S4 variations is

worse. There is a general similarity in variations of

two parameters, but S4 values are rather noisy and

contain several peaks which do not coincide in time

with
d2/i

dt2
variations (Fig. 6b, d).

The worst similarity is between
d2/i

dt2
and DROTI

for all the cases under consideration (Fig. 6b, e): the

form of DROTI variations envelope significantly

differs from the
d2/i

dt2
variations envelope. To add,

DROTI observations are rather noisy. Almost no

DROTI response is seen for the SV PRN 27 (Fig. 6e,

middle panel). As noticed before, the small-scale

ionospheric turbulences do not provoke significant

TEC response. Consequently, even weaker response

can be expected in TEC-derived indices as DROTI,

which is probably the case of Fig. 6e.

Based on Fig. 6 results we can point out some

advantages of
d2/i

dt2
index as follows: (a)

d2/i

dt2
response

to small-scale turbulences is more sharp and exact in

time than the responses of other scintillation indices;

(b) measurements at only one (single) GPS frequency

are needed to calculate
d2/i

dt2
parameter in contrast to

TEC and TEC-based indices; (c) being based on

single-frequency data the
d2/i

dt2
index avoids possible

impact from additional inter-frequency noises and

L1-aiding technique features (McCaffrey et al. 2018);

(d) the second-order derivative of the carrier phase is

calculated directly from the high-rate L1 or L2 phase

data in contrast to typical scintillation indices which

require additional pre-processing and depend on the

features of the data processing technique.

Figure 5
Kp (upper panel) and Dst (lower panel) variations during June 21–24, 2015. The moments of MP and RP are indicated with the vertical lines
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Figure 6
Comparison between the

d2/i

dt2
parameter and main ionospheric scintillation indices. The dots indicate the approximate SV angular positions

when the scintillation events were observed in
d2/i

dt2
time series
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3.3. The Data Sampling Rate

Time resolution of the phase ranging data is

considered to be a crucial parameter in the ionospheric

scintillation research. For example, Jacobsen (2014)

showed significant sampling rate effect on ROTI

estimation. Indeed, the minimal size of the ionospheric

irregularities of refractive origin is about the first

Fresnel-zone sized (300–400 m). Such irregularities

still can cause both refractive and diffractive variations

not only in the phase ranging data but also in other

ionospheric parameters such as TEC and its

derivatives, S4 and ru which are calculated with

corresponding time resolution. Ionospheric scintilla-

tions induced with the first Fresnel-zone sized

irregularities can be observed within & 0.1–10 Hz

frequency band. Smaller irregularities (from tens of

meters to 100–300 m) are mostly considered to

provoke diffractive amplitude and phase variations.

In order to detect such small scale ionospheric

irregularities as high time rate data as possible is

needed (McCaffrey and Jayachandran 2017).

Diffractive phenomena provoke phase scintilla-

tions and can be detected with ru index. S4 also can

Figure 7
The phase second-order derivative time series in case of 50 Hz data time-rate (a), 10 Hz data time-rate (b) and 1 Hz data time-rate (c) for

PRN 06, PRN 15 and PRN 27 on June 22, 2015 at ISTP station
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be useful in this case as phase scintillations of

diffractive origin are usually accompanied with

severe amplitude fluctuations. In turn, scintillations

of refractive origin can be detected with both

scintillation indices and also with sharp TEC varia-

tions. Therefore, ROTI, DROTI (Pi et al. 1997;

Bhattacharrya 2000) or sDPR index (Ghoddousi-Fard

et al. 2013; Prikryl et al. 2016; Priyadarshi et al.

2018) can be used to detect ionospheric scintillations

of refractive origin.

Several km size irregularities mostly cause iono-

spheric scintillations of refractive origin. When such

irregularities dominate, S4 does not vary significantly

and almost has no correlation to ROTI, DROTI, and

even to ru. In case of predominance of the diffractive

first-Fresnel zone sized irregularities, carrier-to-noise

ratio (CNR) or S4 should vary significantly and

usually show high correlation with ru variations.

(Bhattacharrya 2000).

Irregularities of different scales can be present in

the ionosphere simultaneously, for example when

volcanic eruptions, powerful explosions, rocket

launching or other triggering phenomena occur under

disturbed geomagnetic conditions. In this mixed case

all the ionospheric indices will be partly correlated

with each other. In addition, ionospheric irregularities

can move with quiet different velocities and direc-

tions. The use of 1 Hz or lower time resolution does

not allow to understand if the ionospheric event was

induced with diffractive irregularities of hundreds

meters or with larger ionospheric irregularities of tens

of kilometers. We suggest that the high resolution

50 Hz (or higher) data solves this problem if there is

no irregular variations of the thermal noise or short

term instability of reference oscillator. We do not

consider the case of irregular background noise

fluctuations. We suppose that such noise fluctuations

will bring the similar response in all the carrier phase

measurements for all the satellites in view simulta-

neously. Thus, it will be easy to interpret such

simultaneous and similar events and exclude them

from further consideration.

To test our assumption we compare 1 Hz, 10 Hz

and 50 Hz
d2/i

dt2
time series for the same events and

under the same geomagnetic storm conditions. Fig-

ure 7 shows the results of comparison for PRN 06,

PRN15 and PRN27 on June 22, 2015.

For all three satellites the
d2/i

dt2
values obtained

from 1 Hz GPS data do not reflect any event

(Fig. 7c). The
d2/i

dt2
values obtained from 10 Hz data

show clear peaks (Fig. 7b). The peaks of 50 Hz
d2/i

dt2

variations are even more pronounced. It should be

emphasized that 1 Hz data shows the significant noise

level and additional regular trend, which are absent or

almost absent in the higher rate data. In case of the

highest data rate (50 Hz) the background
d2/i

dt2
values

do not exceed 0.4 rad/s s and there is no regular trend

(Fig. 7a). For lower data rate (10 Hz) a weak regular

trend appears in the
d2/i

dt2
time series, and background

noise increases up to 0.6 rad/s*s. The
d2/i

dt2
values

increase 4–5 times and exceed 2–3 rad/s s for 1 Hz

data (Fig. 7c). This result can be considered at the

standpoint of the potential resolution of the GNSS

radio-sounding methods in the ionospheric research

and it even needs to be enhanced in special

studies like (McCaffrey et al. 2017).

3.4. Multipath and Blocked Signal Effects

The next step of our testing is to verify that the

scintillation events revealed above were not con-

nected to the multipath and/or blocked signal effects.

It is not always possible to distinguish the pure

ionospheric scintillation event and the multipath

induced event. The majority of the multipath-induced

fluctuations are observed at lower elevation angles.

However, it is also not a thorough determination of

multipath as it is possible to observe it at the higher

elevations as well. The main selection criteria to

identity the multipath event are regular time shift

between the peaks of the phase variations which

repeats day by day and the regular time drift of the

whole multipath pattern at the receiving point. Both

the time shift and the form the multipath pattern may

vary from 1 day to another due to radio propagation

environment changes. But the time shift between the

certain points of the multipath pattern should be

approximately equal or more than the regular sidereal

day offset. This offset is taken to be - 235.91 s

(3.9 min) from the 24 h mean solar day (Hofmann-

Wellenhof et al. 2008). The time drift of the whole

multipath pattern for a particular satellite should have

the same direction from one day to another.
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Figure 8 illustrates
d2/i

dt2
variations deduced from

50 Hz data on June 21, June 22 and June 23, 2015 for

three satellites PRN 06 (panel a), PRN 15 (panel b)

and PRN 27 (panel c). There were no significant local

peaks in the
d2/i

dt2
variations on June 21 and June 23. In

contrast there are sharp and rapid variations of
d2/i

dt2
on

June 22, 2015 for all the satellites. On the other hand,

there are some smaller peaks in the
d2/i

dt2
variations for

satellites 06 and 15 on June 21 and June 23 (Fig. 8,

panels a and b). It is seen that there is no regular time

shift and there is no regular time drift of the multipath

pattern from day to day for these satellites. Based on

this, we can suggest that the events in Fig. 8 do not

have the multipath-induced origin.

As an example of the multipath or blocked signal

effects Fig. 9 presents the
d2/i

dt2
variations for PRN 24

obtained at ISTP station on the same three conse-

quent days. Two important facts should be stressed

here. First, the
d2/i

dt2
variations during three consequent

days are characterized by the very similar envelope

form, especially on June 21 and 22 (Fig. 9a, b, left).

Second, the time shift between the
d2/i

dt2
peaks, marked

with pointers, on the considered days is about

5–6 min. And, finally the time drift of the whole

multipath pattern has the same direction during these

three consequent days. This allows us to consider the

event in Fig. 9 to be a multipath or blocked signal

effect.

Figure 8
The

d2/i

dt2
time series during three consequent days on June 21–23, 2015 for satellites. PRN06 (a), PRN15 (b), PRN27 (c)
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The same analysis performed for the cases illus-

trated in Fig. 8 unfolds nothing of the kind. It allows us

to consider the events in Fig. 8 to be exactly the

ionospheric scintillations revealed with the second-

order derivative of the GPS signal carrier phase.

3.5. Excluding the Impact of Satellite Clock Short-

Term Anomalies Events

It is necessary to be sure that the scintillation

events under our consideration have nothing to do

with the other probable sources of the scintillation

Figure 9
An example of the multipath or blocked signal effects for PRN 24 at ISTP during June 21–23, 2015. Dots and pointers indicate maximal peaks

in the
d2/i

dt2
variations (left) and the moments of corresponding SV angular position (right)
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‘‘mimicking’’ events. The satellite reference oscilla-

tor can bring such ‘‘mimicking’’ events due to the

reference oscillator short term instability. Such

‘‘mimicking’’ events were found first by (Benton

and Mitchell 2012). According to (Benton and

Mitchell 2014), there is an easy way to distinguish

the similar events as the reference oscillator-induced.

This way is the synchronous measurements of the

carrier phase from the same satellite by widely

spaced receivers. This method works in the case if

there are no ionospheric scintillations, multipath

events and short-term variations in the receiver clock

at both of the receiving points at the same time.

We can not control all the factors at two widely

spaced receivers. On the other hand it is unlikely that

all the factors could happen at two widely separated

receivers at the same time. In contrast, we are certain

that the satellite clock short-term anomaly event, if

occurs, brings the similar synchronous responce to

the carrier phase measurements which were obtained

from two widely spaced receivers. For this purpose

we involved the 50 Hz L1 data from EDMC station in

Canada (Jayachandran et al. 2009) for June 22, 2015.

Unfortunately, some data was not available for the

comparison because the satellites PRN06 and PRN 27

were out of view at EDMC site between 10 UT and

12 UT and between 04 UT and 06 UT respectively.

Figure 10 shows that there no synchronous

responces in the carrier phase measurements obtained

from the satellite PRN 15 at both reception points

ISTP and EDMC. These receivers are widely spaced

and work under different conditions. There is an

obvious scintillation event at * 18.90 UT at ISTP

site (as it was discussed earlier) and there is the short

event at 18.60 UT at EDMC site (Fig. 10, panel b).

Probably, the last one is the multipath-induced event

due to the low elevation angle (Fig. 10, panel a, left).

Both events obtained at ISTP and EDMC sites were

accompanied with the sharp fading of carrier-to-noise

ratio (Fig. 10, panel c). Based on the said above,

Fig. 10 does not prove that the event at * 18.90 UT

(at ISTP site) is the satellite clock short-term anomaly

event.

Regardless to the lower elevation angle of the

satellite PRN 15 at EDMC, the level of the phase

noise was much lower in comparison to the level at

ISTP (Fig. 10b). This allows us to imply the better

quality of the reference oscillator of SEPTENTRIO

receiver in comparison to JAVAD receiver. The

overall comparison of data from two sites yields the

clear conclusion that the phase scintillation events

revealed for PRN 15 are not connected with satellite

clock short-term anomaly.

Another conclusion by (Benton and Mitchell

2014) was that all the above mentioned ‘‘mimicking’’

events related to the block IIR vehicles, with

rubidium oscillators. They were launched in 1997

and 1999, respectively, and are now substantially

beyond their design lifetimes. There were satellites

Navstar 43 (PRN13), Navstar 46 (PRN 11), Navstar

2A-13 (PRN 30) and satellite GPS IIF SV-2 satellite

(PRN 01) that brought scintillation ‘‘mimicking’’

events. All these satellites were out of our consider-

ation in the manuscript. Hence, we think that the

scintillation events under our consideration are not

related to the satellite-induced anomalies and scintil-

lation ‘‘mimicking’’ events.

4. Conclusions

In the present study, the second-order derivative

of the GPS signal phase is suggested and proved as a

promising means to detect small-scale ionospheric

irregularities. It was found that 50 Hz data sampling

rate is an adequate time resolution for the ionosphere

diagnostics purposes sufficient to reveal small-scale

irregularities which are responsible for the iono-

spheric scintillations. The hypothesis of possible
d2/i

dt2

parameter use for ionospheric scintillations detection

was tested, The experimental and modeling results

proved the hypothesis. The period of the intense

geomagnetic storm was chosen for the experimental

analysis because geomagnetic disturbances are the

most probable scintillation trigger at mid-latitudes.

The bounds of the main components of the phase

noise were estimated in order to decide if they are

small enough to detect and monitor the ionospheric

phase scintillations from the complex single-fre-

quency carrier phase time series by means of its

second order differencing. In order to achieve ade-

quate reliability and sensitivity of the
d2/i

dt2
parameter

as an indicator of small-scale weak ionospheric
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disturbances some additional conditions should be

taken into account.

1. PLL thermal noise should be kept small enough by

means of PLL correct adaptive adjustments and

short-term Allan variance should be

rFðsÞ = 10-11 or better.

2. The results of modeling proved that moderate

tropospheric disturbances do not limit the
d2/i

dt2

index use as an indicator of the ionospheric

scintillations. In case of strong tropospheric dis-

turbances, however, additional testing of the
d2/i

dt2

index is needed.

3. It was shown that the sensitivity of
d2/i

dt2
parameter

crucially depends on the data sampling rate. The

Figure 10
Comparison between the

d2/i

dt2
time series derived from the synchronic L1 measurements at two widely separated sites ISTP (right) and EDMC

(left) for PRN 15 on June 22, 2015
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higher sampling rate provides more clear and

more intense peaks (scintillations events) in the
d2/i

dt2
time series as well as lower noise background

and the absence of a low frequency trend. On the

other hand, the sampling rate depends on the

integration time TCOR inside the PLL unit of GPS

receiver features. In case of optimal phase

discriminator the carrier phase has to be constant

during the integration time TCOR. In this case, the

minimal data sampling rate should be more than 1/

TCOR. However, it is not obligatory in the case of a

quasi-optimal phase discriminator when the inte-

gration time should be within the interval

1ms� TCOR � 20ms. In the last case, the length

of a ranging code sequence (1 ms for the CA

code) determines the lower limit of the integration

time (TCOR ¼ 1 ms). The final decision about the

optimal integration time is limited by two factors:

(a) the carrier-to-noise ratio in the phase measur-

ing channel; and (b) the influence of the low-

frequency processes on the phase measurement

accuracy. The longer integration time yields both

the higher carrier-to-noise ratio and the higher

phase measurement accuracy. However, with an

increase of the accumulation time beyond 10–

20 ms, the effects of a reference oscillator insta-

bility and Doppler frequency drift can appear.

Therefore, the maximal data sampling rate should

be 25 Hz or higher to achieve the highest accuracy

and sensitivity of the
d2/i

dt2
parameter.

4. The results of efficiency comparison between the
d2/i

dt2
index and another typical ionospheric param-

eters and scintillation indices (TEC, ROTI,

DROTI, S4, ru) show that ‘‘sensitivity’’ and

reliability of each of the indices/parameters differs

significantly one from another. In general, it seems

that each index has its own ‘‘critical’’ sensitivity of

particular ionospheric turbulences depending on

the data pre-processing procedures (de-trending

and filtering).

5. It was found that the sharp and rapid peaks in the
d2/i

dt2
variations can be related not only to scintil-

lations caused by small-scale ionospheric

disturbances but also to multipath and blocked

signal effects. It means that local multipath and

blocked signal pattern should be tested and

excluded before the
d2/i

dt2
data interpreting.

In conclusion, the suggested
d2/i

dt2
index is easy

derived from single-frequency carrier phase data. In

case of adequate data sampling rate the index pro-

vides both reliable detection of the ionospheric

scintillation events and the phase time series de-

trending with no additional data pre-processing.

Thus, the
d2/i

dt2
index is suggested as an independent

scintillation indicator and can be considered as an

additional tool to be used together with the typical

ionospheric scintillation indices.
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