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Abstract: - The ionospheric scintillations affect radio waves from the NavIC satellites through the ionosphere. The ionospheric 

scintillations lower receiver tracking accuracy, integrity, and continuity. This paper presents the computation of ionosphere 

parameters such as TEC, ROTI and scintillation index (S) using pseudo range and Carrier to Noise density ratio (C/No) 

measurements of NavIC L5 and S-band signals. Also, investigates the ionospheric scintillations, which are common in the equatorial 

and low latitude region. The correlation between the amplitude scintillation index S4 and ROTI is investigated using real data of 

NavIC receiver at Osmania University, Hyderabad. The results obtained confirm that the scintillations impact varies with radio 

signal frequency and it is severe on low frequencies during post sunset hours at low latitude regions. 
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I. INTRODUCTION 

Navigation with Indian Constellation (NavIC) is an indigenous satellite navigation system developed and 

deployed by the Indian Space Research Organization (ISRO) for position, navigation, and time (PNT) 

applications in a limited-service region. With three Geostationary Orbital Satellites (GEO) and four 

Geosynchronous Orbital Satellites (GSO), it is completely operational. Users in the Indian subcontinent can 

observe at least four satellites at any given moment thanks to the way the satellites were orbited. The NavIC 

satellites use a Binary Phase-Shift Keying (BPSK (1)) modulation on L5 (1176.45MHz) to transmit navigation 

signals based on Code Division Multiple Access (CDMA) for users of the standard positioning service (SPS). 

Restricted service customers receive signals modified with a Binary Offset Carrier (BOC(5,2)) on S-band 

(2492.028 MHz) [1]. For satellite-based communication and navigation systems, the ionosphere serves as a 

propagation medium. It has several impacts on signals, including refraction, absorption, scintillation, Faraday 

rotation, propagation time delay, and Doppler frequency shift. The ionospheric scintillations are abrupt temporal 

fluctuations in the amplitude and phase of trans-ionospheric Global Navigation Satellite System (GNSS) signals. 

There are more ionospheric scintillations, especially in high latitudes and equatorial regions. Moreover, the 

ionospheric scintillations pose a risk to a broad spectrum of radio frequencies, making them extremely useful in 

real-world scenarios. The significant research on ionospheric scintillations were published in [2-5]. Furthermore, 

the irregularities of the ionosphere were studied using signals from the Global Positioning System (GPS). 

Ionospheric scintillations were studied by Swamy et al. (2013) & Sarma et al. (2014), who created mathematical 

models to forecast ionospheric scintillations over the Indian region using GPS signals [6]–[7]. In order to 

investigate ionosphere irregularity, Pi et al. (1997) introduced the Rate of TEC Index (ROTI). Later, Basu et al. 

(1999) [8]–[9] examined the relationship between ROTI and S4-index (ROTI/S4). It is important to determine the 

intensity of those ionospheric scintillation events because a decrease in the number of GNSS satellites available 

will impact positioning accuracy when there is a synchronization issue between the satellite and the receiver. In a 

preliminary study on the amplitude scintillation effect of NavIC signals, Sujimol and Shahana (2017) discovered 

frequent lock loss on L5 signals at Delhi station [10]. In this paper we use NavIC data on L5 and S-band 

frequencies to compute ionosphere medium irregularity indicators such as S4 and ROTI. Moreover, a critical 

analysis is done with respect to elevation angle, time and frequency of signal. 

 

II. NAVIC DATA ACQUISITION AND SCINTILLATIONS ESTIMATION 

A receiver station located at the Department of ECE, UCE, OU, Hyderabad, India, recorded NavIC satellite 

signals at sampling rate of 1Hz, in order to analyse the abnormalities in the ionosphere. In receiver set up, a 15-

meter low loss RF wire connects receiver unit with dual-band antenna which was installed on the roof of ECE 
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building. The binary data recorded in the receiver were extracted into a standard form using "IrnssUR" tool. After 

that TEC, ROTI, and S4-index were computed. 

The S4 index and ROTI are the two different parameters used to analyse the ionosphere irregularities. In this 

work, S4-index is calculated using carrier to noise density ratio(C⁄No) [9], and ROTI is computed using TEC 

data/ionospheric delay. The ROTI can be used as the alternate of S4 index [10] to analyse ionosphere 

irregularities. 

The ratio of the standard deviation to the mean value of the averaged  C⁄N_0   is how the amplitude 

scintillation index S_4  is determined [9]. The scintillations can be categorized into 3 different levels, strong 

scintillations when S_4 is above 0.6, moderate scintillations when S_4 is between 0.3 and 0.6, and week 

scintillations when S_4 is less than 0.3 are used to categorize the effectiveness of the amplitude scintillations 

index [11]. This is the calculation used to get the amplitude scintillations. 

                            𝑆4 = √
<𝑆𝐼2>−<𝑆𝐼>2

<𝑆𝐼>2                                                                                                                                                (1) 

       

        Where, SI is the trans-ionospheric signal intensity as received 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Determining the C/N0 average from every minute Ionospheric delay is used to calculate TEC for each minute 
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Fig.1. Methodology of proposed work 
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The S4 index defined in Eqn.(1) includes the ambient noise, it can be expressed in terms of  carrier-to-noise 

density ratio (C/N0) as, 

S4N0 = √
100

𝐶/𝑁0
[1 + 

500

19𝐶/𝑁0
]                                                                                                                                                                                                  (2) 

  After removing the noise, the revised value of S4-index is 

S4=√ 
(𝑆𝐼2) − (𝑆𝐼)2

(𝑆𝐼)2  −
100

𝐶/𝑁0
[1 + 

500

19𝐶/𝑁0
]                                                                                                            (3) 

The second approach calculates ROTI by utilizing the ionosphere-induced delay in the signals that are received 

[12]. From ionospheric delay (𝐼𝐷) TEC data can be calculated using the expression given below:  

𝑇𝐸𝐶 =  𝐼𝐷 ∗ 𝑓2/40.3                                                                                                                             (4) 

Where 𝐼𝐷is the ionospheric delay on the frequency (𝑓) of the received trans-ionospheric signal and TEC is the 

Total Electron Content (TEC) of the ionosphere along the signal path. The TEC is measured in TECU and is 

expressed as follows: 

1𝑇𝐸𝐶𝑈 = 1016   𝑒 𝑚2⁄                                                                                                               (5) 

At regular intervals, the rate of change of TEC (ROT) is determined by (5): 

𝑅𝑂𝑇 =  
𝑇𝐸𝐶𝑏

𝑎−𝑇𝐸𝐶𝑏−1
𝑎

𝑡𝑏−𝑡𝑏−1
                                                                                                                                (6) 

Where 𝑎 indicates a particular satellite and 𝑏 the epoch time. The computation of ROTI is based on the ROT 

standard deviation. 

𝑅𝑂𝑇𝐼 = √< 𝑅𝑂𝑇2 > − < 𝑅𝑂𝑇 >2                                                                                                                  

(7) 

Three categories characterize the effectiveness of ROTI: Weak when the index falls between 0.25 and 0.5, 

modest when the index falls between 0.5 and 1, strong when it rises above 1 [13–14]. 

 

III. RESULTS AND DISCUSSION 

The data of NavIC receiver, which were sampled at 1 Hz are considered for calculation and analysis of S4-index, 

and ROTI. Fig.2 shows S4-index of L5 and S-band signal and ROTI variation for I02 satellite on June 07, 2020.  

In Figure 2, C/No variation is also plotted along with S4-index and ROTI for I02 satellite. To analyse all the 

index parameter at bottom panel of the figure the elevation angle of the satellite is also presented. For this 

particular I02 satellite the elevation angle is varied between 300 – 700.  From the figure we could observe that the 

scintillation event is occurred during post sun set around 15 Hrs (UTC) hrs (15+5:30= 20:30 Hrs (Local Time)).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.2. L5, S-band signal S4 and ROTI variation for I02 satellite of 

NavIC 
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At the time of scintillation event S4 index value for L5 and S-band signals is 0.41 and 0.22 respectively at the 

elevation of 540 and 560. At that epoch ROTI is also high and it is 0.1 TECU/min. Also, observed that the 

scintillations impact is high on L5 signal compared to that of S-band signal of NavIC constellation. Like this the 

estimation and analysis of S4, and ROTI index is done for I03, I04, I05, I06 and I07 satellites of same 

constellation, the results obtained are analyzed statistically as shown in Fig.3. 

From Fig.3, it is clear that S4-index measured on L5 frequency and ROTI are at their maximum for PRN I05 

which is in Geosynchronous orbit. However, S4-index measure on S-band is maximum for I03 satellite from 

which the signal is received at low elevation angle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4. Relation of S4 (L5 signal) and S4 (S-Band signal) using I02 data 

 

The statistics of S4-index and ROTI are depicted in Table 1. Both maximum and average values of S4-index are 

high for L5-signal. Moreover, ROTI maximum and mean values are high for I05. From these observations we 

Fig.3. Statistics of S4-index (L5 and S-Band) and ROTI measured NavIC I02 

data. 
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can clearly say that ROTI and S4-index measured on L5 are showing the same behavioral trend.  Further, a clear 

investigation is also done to understand the relation between S4-index of L5 and S-band signals.  

Fig. 4 shows the relation between S4-index of L5 and S-band signals.  Almost all the S4-index values of S-band 

are in a bin of 0.05 and 0.2. Likewise, for L5 signal most of the S4-index values are between 0.05 and 0.2. a very 

few values are greater than 0.3 and 0.4. 

 

Table.1. S4-index and ROTI statistics measured using L5 and S-band signals of NavIC 

 

 

 

 

 

 

 

 

 

 

 

Frequency dependence of Scintillations 

Fremouw et (1978) predicted the frequency dependence of ionospheric scintillations, and has given a 

mathematical model for it as [15],  

𝑆4(𝑓) = 𝑆4(𝑓𝑘) (
𝑓𝑘

𝑓
)

1.5

                                                                                                                                      (8)  

𝑆4(𝑓) is the S4-index to be predicted on the frequency ‘𝑓 ’, 𝑆4(𝑓𝑘)is the S4-index known on the frequency ‘𝑓𝑘’ . 

The model is applied to predict the S4-index of L1, L2 and S-band frequencies results depicted in Fig.5. To 

further study the relation, S4 of S-band measured is plotted against S4 of S-band predicted with respect to the 

measured.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PRN Max. of S4 Average of S4 Max. 

of 

ROTI 

Average 

of 

ROTI 

L5 S-

Band 

L5 S-

Band 

I02 0.42 0.23 0.14 0.07 0.14 0.007 

I03 0.35 0.27 0.12 0.09 0.15 0.006 

I04 0.32 0.20 0.14 0.08 0.17 0.008 

I05 0.65 0.23 0.15 0.09 0.45 0.012 

I06 0.47 0.18 0.15 0.07 0.24 0.010 

I07 0.42 0.20 0.12 0.07 0.36 0.012 
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Fig. 5. Predicted S4 of GPS (L1 and L2) and NavIC S-band signals using NavIC L5 signal 

In Fig.5, top panel shows S4-index measured on L5 frequency, bottom three panels show the predicted S4-index 

on L1, L2 and S-band frequencies respectively. The S4-index measured on L5 frequency, the maximum is 0.4.  It 

is decreased to 0.26 and 0.135 for the frequency of L1 and S-band signals respectively.  It states that the 

scintillations impact decreases as the frequency of radio signal increases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6 Relation between measured and predicted S4 of NavIC S-band signal 

 

Fig. 6 shows measured S4 index of S-band and its range. In figure, top panel shows the error in predicted S4 with 

respect to the measured. Most of the times, the predicted S4 value is less than the measured. It can also be noticed 

that the model performance is good during post sun-set hours relative to the day time. Moreover, the model 

performance is not same for all the frequencies. Therefore, the model is needs to be modified according to the 

signal frequency. 

 

        Tracking jitter (𝝈∅,𝑱
𝟐 ) 

                       When the receiver phase locked loop breaks to lock the arrival signal then the signal is said to have phase error  

                     which is called as tracking jitter. The value where PLL fails to lock is given as [16-17] 

𝜎∅𝑒/𝑙𝑖𝑚

2 = [
𝜋

12
]

2

 𝑟𝑎𝑑2 

                      Tracking jitter for amplitude scintillation and phase scintillation if there is no correlation then it is given as [18-20] 

𝜎∅,𝐽
2 = 𝜎∅𝑠

2 + 𝜎∅𝑇

2 + 𝜎∅𝑜𝑠𝑐

2  

 

                        Where 𝜎∅𝑠

2    = phase scintillation component 

                                   𝜎∅𝑇

2    = thermal noise component 

                                   𝜎∅𝑜𝑠𝑐

2 =oscillator noise component 

                                  𝜎∅𝑜𝑠𝑐

2  =0.1rad2 which is constant 

                                  Phase scintillation jitter is resolved as 

𝜎∅
2 = 2 ∫ 𝑆∅𝑝

(𝑓)𝑑𝑓
∞

𝜏

 

                        In this case, the receiver’s phase stability time is identified by the system parameter. the phase scintillation  

                      component is described as follows : 
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                         𝜎∅𝑠

2 =
𝜋 𝑇

𝑘𝑓𝑛
𝑝−1

 sin(
[2𝑘+1−𝑝]𝜋

2𝑘
)
         for 1˂𝑝<2𝑘 

                        Where    k=order of PLL 

                                      fn is loop natural frequency 

                                      T = spectral strength 

                    When the thermal noise component of amplitude scintillation increases and the received signal strength will be  

                     decreases, the result  is given as: 

𝜎∅𝑇

2 =

𝐵𝑛 [1 +  
1

2𝜂 (𝐶 𝑁𝑂)⁄  (1 − 2𝑆4𝑐
2 )

]

(𝐶 𝑁𝑂)⁄   (1 − 𝑆4𝑐
2 )

 

 

 Where 𝐵𝑛 = bandwidth of PLL 

𝐶/𝑁0 = carrier to noise ratio 

𝜂 = predetection integration time(1<𝜂<20ms) 

𝑆4 = Amplitude scintillation in signal 

The above formula is valid for  𝑆4<0.707. 

  

In this paper, we use amplitude scintillation index and spectral parameters P and T for NavIC signals of all 

PRNs of L-band and S-band simultaneously to calculate tracking jitter. 

     From figure 7-12 it is clear that the S4 and tracking jitter of L5 band gradually increases from 9:10am IST 

and are at peaks at 1:38pm IST and then decreases from 6:40pm IST. From figure 13-18, it is clear that the S4 

and tracking jitter of S band gradually increases from 9:30am IST and are at peaks at 10:50am IST and then 

decreases from 3:50pm IST (Indian standard time). Figure shows S4 tracking jitter for all PRNs of L-band, the S4 

and tracking jitter values for all PRNs are tabulated in table 2. 

     By the table the S4 values ranges from 0.0468 to 0.4235 and tracking jitter ranges from 0.5895 rad2 to 

0.6346 rad2. The lowest S4, tracking jitter recorded were 0.0468 in PRN2 as shown in figure (7-12) on 1:30pm 

IST ,0.4794 rad2 in PRN3 as shown in figure (7-12) on 9:23am IST respectively and the highest were 0.4235 in 

PRN3 as shown in figure (7-12) on 1:38pm IST,0.6346 rad2 in PRN3 on 1:38pm IST as shown in figure (7-12) 

respectively. Figure 2 shows S4 tracking jitter for all PRNs of S-band, the S4 and tracking jitter values for all 

PRNs are tabulated in table 3. By the table the S4 values ranges from 0.027 to 0.2793 and tracking jitter ranges 

from 0.4602 rad2 to 0.6197 rad2. The lowest S4, tracking jitter recorded were 0.0278 in PRN4 as shown in figure 

(13-18) on 11:02pm IST ,0.4602 rad2 in PRN3 on 1:08am IST as shown in figure (13-18) respectively and the 

highest were 0.2793 in PRN3 as in fig (13-18-),0.6197 rad2 in PRN2 as shown in figure (13-18) respectively. 

 

Table.2. Scintillation Values for L-band 

PRN 

L-BAND 

Amplitude Scintillation 

 (𝑆4) 

Tracking Jitter (𝜎∅,𝐽
2 ) 

(rad^2) 

MIN MAX MEAN MIN MAX MEAN 

2 0.0468 0.3217 0.151 0.4878 0.5895 0.519 

3 0.05607 0.4235 0.1514 0.4794 0.6346 0.504 

4 0.05473 0.3555 0.1554 0.4974 0.5987 0.5298 

5 0.06821 0.3092 0.1507 0.4973 0.6194 0.5373 

6 0.06222 0.3075 0.1558 0.5123 0.5979 0.5448 

7 0.06476 0.2959 0.1384 0.5164 0.6063 0.544 

 

Table.3. Scintillation Values for S-band 

PRN 

S-BAND 

Amplitude Scintillation 

 (𝑆4) 

Tracking Jitter (𝜎∅,𝐽
2 ) 

(rad^2) 

MIN MAX MEAN MIN MAX MEAN 

2 0.03077 0.2424 0.07761 0.4762 0.6197 0.5292 

3 0.03032 0.2793 0.0973 0.4602 0.5599 0.4862 
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4 0.02785 0.2118 0.08334 0.4722 0.5893 0.5093 

5 0.03624 0.2511 0.09461 0.4749 0.5681 0.5182 

6 0.03168 0.1868 0.08136 0.522 0.5916 0.5497 

7 0.03276 0.2116 0.08089 0.5076 0.5788 0.5292 

 
 

Fig.7. NavIC PRN-2 

 
 

Fig.8. NavIC PRN-3 
 

 
 

Fig.9. NavIC PRN-4 

 

 
 

Fig.10. NavIC PRN-5 
 

 
Fig.11. NavIC PRN-6 

 

 
Fig.12. NavIC PRN-7 
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Fig.13. NavIC PRN-2 
 

 

Fig.14. NavIC PRN-3 

 

Fig.15. NavIC PRN-4 

 

Fig.16. NavIC PRN-5 

 

 

Fig.17. NavIC PRN-6 

 

 

Fig.18. NavIC PRN-7 
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IV. CONCLUSION 

 

This article presented the analysis of NavIC trans-ionospheric signals for a typical date 08-09-2017. In order 

to identify the ionospheric perturbations, the amplitude of the scintillation index S4, the rate of the change of total 

electron content index (ROTI) are computed on L5 and S-band frequencies of NavIC constellation. Further, this 

article presented a step-by-step procedure for S4 -index measurement without ambient noise effect. Based on the 

correlative analysis, maximum similarity between the S4 index and ROTI is observed, and, thus ROTI can be 

considered as an alternative index for the investigation of the amplitude scintillations. It is also observed that the 

ionospheric scintillations are robust only on L5 frequency. Additionally, we have found that low frequency (L5) 

signals are extremely sensitive to ionosphere variations, and that the influence of ionosphere changes is greater 

on low elevation GEO satellite communications.     
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