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Abstract:



With L band frequency allocations for satellite navigation getting more crowded, S band (2483.5–2500 MHz) is already allocated for navigation services, where Globalstar broadcasts downlink communications to user terminals. The Indian Regional Navigation Satellite System (IRNSS) is transmitting navigation signals and Galileo exploits some potential signals in S band. Also, several candidate S band signals based on binary offset carrier (BOC), binary phase shift keying (BPSK), continuous phase modulation (CPM) and minimum shift keying-BOC (MSK-BOC) are suggested for BeiDou system (BDS). In quite narrow S band, mutual interference among these systems is inevitable, thus the compatibility issue is particularly significant for S band signal design. To explore desired S band signals for BDS, the paper firstly describes a comprehensive compatibility evaluation methods based on effective carrier-to-noise ratio degradation for acquisition and code tracking. Then a real simulation is established using space constellations, modulation schemes and received power. Finally, the worst mutual interference of BDS candidate signals with Galileo, IRNSS and Globalstar is calculated and compared. The results indicate that CPM signal is easier to allow peaceful coexistence of other systems with minimal mutual interference in S band compared to other BDS candidates.
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1. Introduction


Along with the construction and development of global and regional navigation satellite systems, as well as space-based augmentation systems, it is predicted that more than 150 satellites and 400 signals will be present in space by 2030 [1,2]. In L band, such large amounts of signals will further deteriorate signal congestion situation and negatively impact the performance of signals sharing the same frequency band. A radical way for the evolution of navigation systems is to provide navigation services in new frequency bands. S band, between 2483.5 and 2500 MHz, has been allocated by the International Telecommunication Union (ITU) to navigation service [3]. The Globalstar communication satellite system also uses the same frequency slot to broadcast voice and data services with square root raised cosine (SRRC) for user terminals [4,5].



Because of smaller available bandwidth, S band signal performance hardly surpasses that of L band. However, the couple of S band signals with L band signal or Globalstar could improve positioning accuracy and timing performance, and promote the comprehensive performance of radio navigation services [6,7,8]. These excellent properties attract extensive attentions of system providers and researchers to S band signal structure for navigation systems, and modulation is one of key technologies that must be resolved during system design and updating. Nowadays, the Indian Regional Navigation Satellite System (IRNSS) is simultaneously broadcasting sine-phase binary offset carrier (BOCs(5,2)) and binary phase shift keying (BPSK(1)) in S band [9,10]. Also, Galileo exploits some possible signals in S band [5,6,11], including composite binary offset carrier (CBOC(6,1,1/11)), BPSK(1), BPSK(4) and BPSK(8). For BeiDou system (BDS), a few candidate signals based on BOCs(4,4), BPSK(8), continuous phase modulation (CPM(8)) and minimum shift keying-BOC (MSK-BOC(4,4)) are suggested by some researchers to provide an authorized service in S band [12,13,14]. However, in the quite finite S band of 16.5 MHz, mutual interference among different systems is inevitable. Thus, compatibility is a matter of great concern for system providers and has higher priority than other performance before the final confirmation of the new S band signals. To allow peaceful coexistence with minimal mutual interference among systems, radio frequency compatibility evaluation is particularly essential to design S band signals for future BDS.



A quantity called the effective carrier-to-noise ratio degradation [image: there is no content] formulated by ITU-R can reflect the effects of interference among navigation systems at the receiver well [15]. The spectral separation coefficient (SSC) is an essential part of the [image: there is no content] and is accepted widely by the global navigation satellite system (GNSS) communities as an effective index to characterize compatibility. Nevertheless, the SSC is just appropriate to describe interference effects on signal acquisition rather than code tracking. To fill the gap, a code tracking spectral separation coefficient (CTSSC) is introduced for the evaluation of the interference level on code tracking loop [16]. To obtain more accurate compatibility assessments for the exploration of desired BDS signals allowing peaceful coexistence with other systems in S band, comprehensive compatibility evaluation methods based on the [image: there is no content] using SSC and CTSSC are firstly described and derived from the perspective of output SNIR and code tracking error variance for both scenarios of acquisition and code tracking respectively. A real simulation is established using completed space constellation models of navigation and Globalstar systems, modulation schemes and received power, though it is tough work to calculate each interfering case for different static users on the earth’s surface at every moment. The worst results of compatibility between BDS candidate S band signals and other systems are calculated in simulation using the [image: there is no content] grid for longitude and latitude and sampling time step of 1 minute during a time period of 10 days.



The rest of this paper is organized as follows. Section 2 presents complete compatibility evaluation methods based on the [image: there is no content] for both scenarios of the acquisition and code tracking. Signal parameters and space constellation models of BDS, IRNSS, Galileo and Globalstar are established in Section 3. The real simulation considering the worst situation on compatibility of BDS candidate signals with other system signals in S band is carried out in Section 4. Finally, we conclude the paper in Section 5.




2. Radio Frequency Compatibility Evaluation Methods


2.1. Compatibility Evaluation Method for Acquisition


Acquisition refers to the coarse estimation of code phase and Doppler by the prompt correlation of received signal with hypotheses reference signal. The output signal-to-noise-plus-interference ratio (SNIR) of prompt correlator can describe signal acquisition performance well. For noncoherent processing, the output SNIR at the prompt correlator is expressed as [17,18]


[image: there is no content]



(1)




where the [image: there is no content] and [image: there is no content] are respectively the power spectrum density (PSD) of desired signal and interfering signal, normalized to unit power over infinite transmission bandwidth, the [image: there is no content] and [image: there is no content] are receiver antenna output power of desired signal and interfering signal, [image: there is no content] is the receiver pre-filtering bandwidth, [image: there is no content] is the integration time and [image: there is no content] is the PSD of white noise taking value of −204 dBW/Hz. The SSC is the inner product of PSDs between desired and interfering signals, defined as


[image: there is no content]



(2)







As reported in Reference [19], when the white noise exists alone, the received [image: there is no content] is simply equivalent to the effective carrier-to-noise ratio, resulting in


[image: there is no content]



(3)







When the both of white noise and non-white interference are present, the general expression of the [image: there is no content] can be derived by substituting Equation (1) into Equation (3), i.e.,


[image: there is no content]



(4)







Obviously, the [image: there is no content] can be treated as the other interpretation of output SNIR to clarify how the combination of noise and interference affects signal acquisition. In real environment, several space constellations may coexist in same frequency band, then the intersystem and intrasystem interference must be considered for more accurate compatibility evaluation. Thus, the [image: there is no content] can further be deduced as


(CN0)eff,SSC=CN0+∑jNsatelintra(t)∑kNsignal,jintraCj,kintra∫−B/2B/2Gs(f)Gj,kintra(f)df∫−B/2B/2Gs(f)df+∑iNinter∑jNsatel,iinter(t)∑kNsignal,i,jinterCi,j,kinter∫−B/2B/2Gs(f)Gi,j,kinter(f)df∫−B/2B/2Gs(f)df=CN0+IintraSSC(t)+IinterSSC(t),



(5)




where [image: there is no content] is the number of intrasystem visible satellites from same constellation as desired signal at [image: there is no content] moment, [image: there is no content] is the number of interfering signals transmitted by the jth intrasystem satellite, [image: there is no content] and [image: there is no content] are respectively the receiver antenna output power and PSD of the kth interfering signal of the jth intrasystem satellite, [image: there is no content] is the number of intersystems using other space constellations, [image: there is no content] is the visible satellite number of the ith intersystem at [image: there is no content] moment, [image: there is no content] is the signal number transmitted by the jth satellite belonging to the ith intersystem, and [image: there is no content] and [image: there is no content] are the receiver antenna output power and PSD of the kth interfering signal from the jth satellite of the ith intersystem. Here, the [image: there is no content] and [image: there is no content] are separately equivalent PSD for the intrasystem and intersystem interference based on the SSC at [image: there is no content] moment, and the corresponding aggregate equivalent PSD of interference [image: there is no content] is the sum of the [image: there is no content] and [image: there is no content]. To better understand these concepts, for example, we assume only IRNSS, Globalstar and Galileo are present in S band, their signal parameters are described in introduction section. If the Galileo broadcasts BPSK(1) in S band as the desired signal, then the aggregate equivalent PSD of interference [image: there is no content] can be expressed by


[image: there is no content]



(6)




with


[image: there is no content]



(7)




where the [image: there is no content] represents the equivalent PSD of BPSK(1) interfering signals from other Galileo visible satellites, not including that one transmitting desired BPSK(1) signal. Likewise, the [image: there is no content] denotes the equivalent PSD of BOCs(5,2) interfering signals from all visible satellites of IRNSS system.



To reflect the relative weakening of a desired signal due to the intrasystem or intersystem interference, an indicator called effective carrier-to-noise ratio degradation [image: there is no content] is introduced by ITU-R [15]. The [image: there is no content] of desired signal induced by the intrasystem interference in acquisition is derived by


[image: there is no content]



(8)







Similarly, the [image: there is no content] of desired signal induced by the intersystem interference in acquisition is given by


[image: there is no content]



(9)








2.2. Compatibility Evaluation Method for Code Tracking


Code tracking is used for the accurate estimation of code phase and requires two correlator channels namely early and late ones. A general method for measuring code tracking performance is to estimate the variance of smoothed time of arrival (TOA). When the noncoherent discriminator is employed using the delay between early and late of [image: there is no content], the variance of smoothed TOA is expressed as [17]


σnon2=(BL(1−0.5BLT)∫−B/2B/2Gs(f)sin2(πfd)df(2π)2CN0(∫−B/2B/2fGs(f)sin(πfd)df)2+BL(1−0.5BLT)CJ∫−B/2B/2Gs(f)GJ(f)sin2(πfd)df(2π)2C(∫−B/2B/2fGs(f)sin(πfd)df)2)×(1+∫−B/2B/2Gs(f)cos2(πfd)dfTCN0(∫−B/2B/2fGs(f)cos(πfd)df)2+CJ∫−B/2B/2Gs(f)GJ(f)cos2(πfd)dfTC(∫−B/2B/2fGs(f)cos(πfd)df)2)=σcoh2×ϑ,



(10)




where [image: there is no content] is the loop bandwidth. Through Equation (10), we can observe that the carrier-to-noise ratio has very significant impacts on the error variance, so it can also be indirectly regarded as a measure of code tracking performance. Besides, the noncoherent error variance is the product of coherent error variance [image: there is no content] [20] and squaring loss [image: there is no content] greater than 1. The [image: there is no content] is very close to 1 for the usual range of [image: there is no content] greater than 30 dB-Hz [16], then the both of the [image: there is no content] and [image: there is no content] are approximately equivalent. To attain the [image: there is no content] for code tracking, the error variance in white noise is obtained when the [image: there is no content] equals 0, i.e.,


[image: there is no content]



(11)







Since the received [image: there is no content] simply equals the [image: there is no content] in white noise, then the [image: there is no content] for code tracking is derived as


[image: there is no content]



(12)







When the white noise and non-white interference signal exist, we substitute Equation (10) into Equation (12) and attain the corresponding [image: there is no content] as


[image: there is no content]



(13)




with the CTSSC defined as


[image: there is no content]



(14)







When considering multiple space constellations, the [image: there is no content] with the intersystem and intrasystem interference can be deduced as


(CN0)eff,CTSSC=CN0+∑jNsatelintra(t)∑kNsignal,jintraCj,kintraκintra(j,k)s+∑iNinter∑jNsatel,iinter(t)∑kNsignal,i,jinterCi,j,kinterκinter(i,j,k)s=CN0+IintraCTSSC(t,d)+IinterCTSSC(t,d),



(15)




where [image: there is no content] are the CTSSC of desired signal with the kth interfering signal transmitted by the jth intrasystem satellite, [image: there is no content] is the CTSSC of desired signal with the kth interfering signal from the jth satellite of the ith intersystem. Similarly, the [image: there is no content] and [image: there is no content] are separately equivalent PSD for the intrasystem and intersystem interference based on the CTSSC using a certain [image: there is no content] at [image: there is no content] moment. To investigate the impacts of intrasystem or intersystem interference on code tracking performance of a desired signal, similar evaluation methods with those of signal acquisition based on the [image: there is no content] are presented as follows


[image: there is no content]



(16)






[image: there is no content]



(17)









3. Space Constellation and Signal Parameters


3.1. Space Constellation


To attain more accurate compatibility evaluation of S band signals, the complete space constellation models of Galileo, BDS, IRNSS and Globalstar are established in this paper. Their detailed space constellation parameters are summarized in Table 1.



Table 1. Space constellation parameters of BDS, IRNSS, Galileo and Globalstar.







	
Parameter

	
BDS

	
IRNSS

	
Galileo

	
Globalstar






	
Satellite Types

	
27MEO + 5GSO + 3IGSO

	
3GSO + 4IGSO

	
27MEO

	
32LEO




	
Constellation

	
5GSO: 58.75° E, 80° E, 110.5° E, 140° E, and 160° E; 3GSO: 118° E; 27MEO:Walker 27/3/1.

	
3GSO: 32.5° E, 83° E, and 131.5° E;2IGSO:55° E; 2IGSO:111.75° E;

	
Walker 27/3/1

	
32/8




	
Eccentricity

	
0°

	
0°

	
0°

	
0




	
Inclination

	
55°

	
29°

	
56°

	
52°




	
Semimajor Axis

	
GSO:42157.4 km; IGSO:42157.4 km; MEO:27899.4 km

	
GSO:42166.3 km; IGSO: 42166.3 km

	
MEO: 29601.3 km

	
LEO: 7785.4 km










The IRNSS space segment will eventually comprise seven satellites. Three satellites in geostationary orbits (GSOs) are placed at 32.5° E, 83° E, and 131.5° E and four satellites are in inclined geosynchronous orbits (IGSOs) where the first two satellites operate at 55° E with an inclination of 29° with respect to the equator and the other two satellites have their longitude crossing at 111.75° E [21]. The Globalstar is deploying a second-generation constellation containing thirty-two low earth-orbiting (LEO) satellites. These satellites are in prograde circular orbits at 52° inclination on eight orbit planes spaced equally [22,23]. According to the interface control documents (ICD) of Galileo [24], the fully deployed Galileo system will consist of 27 operational satellites, positioned in three circular medium earth orbit (MEO) planes at an inclination of the orbital planes of 56° with reference to the equatorial plane. The BDS will accomplish a fully deployed constellation of 35 satellites by 2020, including five GSO satellites, twenty-seven MEO satellites and three IGSO satellites [25,26,27]. The GSO satellites are positioned at 58.75° E, 80° E, 110.5° E, 140° E and 160° E respectively. The MEO satellites are operating with an inclination of 55° relative to the equatorial plane. The three IGSO satellites work at 118° E using an inclination of 55°.




3.2. S Band Signals


In the S band, the IRNSS is simultaneously broadcasting BPSK(1) and BOCs(5,2) for open and authorized services respectively [9,10]. The Galileo also exploits a series of S band candidates such as CBOC(6,1,1/11), BPSK(1), BPSK(4), and BPSK(8) for introducing alternate and complementary capabilities to some services in operation or under deployment [5,6,11]. The Globalstar employs the same S band frequency slot to transmit downlink signals by multi-beam antennas allowing frequency reutilization [5]. Each beam contains 13 frequency division multiple access (FDMA) channels with each channel taking up 1.23 MHz wide. Code division multiple access (CDMA) with a chipping rate of 1.2288 Mcps is implemented inside every FDMA channel. Before modulation of the carrier, the Globalstar signal is filtered by SRRC filter with roll-off factor [image: there is no content] of 0.2, then Globalstar signal PSD of the each beam can de expressed by


[image: there is no content]



(18)




where PSD of SRRC at the kth FDMA channel is indicated as


[image: there is no content]



(19)




with


[image: there is no content]



(20)




where the [image: there is no content] is a chip rate of 1.2288 Mcps, [image: there is no content] is a FDMA bandwidth of 1.23 MHz and [image: there is no content] is a roll-off factor of 0.2. The S band signal PSDs of IRNSS, Galileo candidate and Globalstar are shown in Figure 1a–c.


Figure 1. S band Signal PSD: (a) IRNSS; (b) Galileo candidates; (c) Globalstar; (d) BDS candidates.



[image: Sensors 17 01039 g001a][image: Sensors 17 01039 g001b]






To take full advantages of S band’s superiorities and reserve resources for BDS, signal modulation schemes in S band have attracted extensive research attentions. The legacy modulations of BPSK(8) and BOCs(4,4) are suggested for BDS in S band [12]. Besides, a promising modulation called CPM with a chip rate of 8.184 Mcps, frequency pulse [image: there is no content] of RC, modulation order [image: there is no content] and pulse length [image: there is no content] denoted by CPM(8) and MSK-BOCs(4,4) are also recommended as candidate S band BDS signals [13,14], because their inherent properties of constant envelope and phase continuity contribute to greatly reducing the nonlinear distortion due to the saturating characteristic of the high power amplifier and linear bandpass distortion due to nonideal bandpass characteristic in the satellite navigation applications. The PSD of CPM can be expressed as


P(f)=2{∫0LTℜ(τ)cos2πfτdτ+1−ψ(jh)cos2πfT1+ψ2(jh)−2ψ(jh)cos2πfT⋅∫LT(L+1)Tℜ(τ)cos2πfτdτ−ψ(jh)sin2πfT1+ψ2(jh)−2ψ(jh)cos2πfT⋅∫LT(L+1)Tℜ(τ)sin2πfτdτ},



(21)




with


[image: there is no content]



(22)




where the [image: there is no content] refers to the autocorrelation function of CPM, i.e.,


[image: there is no content]



(23)




where [image: there is no content] is the floor rounding operator. The PSD of MSK-BOC is written as


[image: there is no content]



(24)




where the [image: there is no content] is subcarrier frequency of n × 1.023 MHz and the [image: there is no content] is chip rate of m × 1.023 MHz. The Figure 1d shows all S band candidates for BDS with similar spectrum occupation in main lobe. In views of the severe spectrum overlap in S band, the compatibility is a particularly critical issue that must be considered for BDS signal design in S band.





4. Radio Frequency Compatibility Evaluation


This section provides compatibility evaluation results of BDS candidate signals with interfering signals from other systems in S band. Corresponding simulation parameters are shown in Table 2. Based on the previous analysis, the SSC and CTSSC are the essential quantities for the calculation of [image: there is no content] in both scenarios of acquisition and code tracking. The Table 3 and Figure 2 respectively report the SSC and CTSSC of each S band signal as desired signal with other interference signals, where [image: there is no content] means the single FDMA Globalstar signal corresponding to the maximum SSC and CTSSC with interference signal, and the delay between early and late varies from 0.1 to 1 chip of desired signal.


Figure 2. The CTSSC of (a) BOCs(5,2); (b) CBOC(6,1,1/11); (c) BOCs(4,4); (d) BPSK(1); (e) BPSK(4); (f) BPSK(8); (g) CPM(8); (h) [image: there is no content] and (i) MSK-BOCs(4,4) with other interference signals.



[image: Sensors 17 01039 g002a][image: Sensors 17 01039 g002b]






Table 2. Simulation parameters and corresponding settings.







	
Simulation Parameter

	
Parameter Setting






	
Simulation Time

	
10 days




	
Time Resolution

	
1 min




	
Grid Resolution

	
Longitude: 10°; Latitude: 10°




	
Minimum Elevation Angle

	
10°




	
Receiver Bandwidth

	
Navigation signal: 16.363 MHz; Globalstar signal: 1.23 MHz










Table 3. The SSC of investigated signals with other interference signals in S band.







	
SSC(dB)

	
Interference Signals




	
CPM(8)

	
BOCs(4,4)

	
BPSK(8)

	
MSK-BOCs(4,4)

	
BPSK(1)

	
BPSK(4)

	
BOCs(5,2)

	
CBOC(6,1,1/11)

	
Globalstar






	
Desired Signals

	
CPM(8)

	
−70.54

	
−73.81

	
−74.36

	
−72.28

	
−73.24

	
−74.99

	
−70.62

	
−74.84

	
−72.16




	
BOCs(4,4)

	
−73.81

	
−70.93

	
−72.17

	
−70.62

	
−79.93

	
−73.91

	
−73.10

	
−75.36

	
−72.72




	
BPSK(8)

	
−74.36

	
−72.17

	
−70.90

	
−72.09

	
−69.32

	
−69.93

	
−74.98

	
−70.07

	
−72.48




	
MSK-BOCs(4,4)

	
−72.28

	
−70.62

	
−72.09

	
−70.14

	
−80.32

	
−74.30

	
−71.60

	
−75.50

	
−72.08




	
BPSK(1)

	
−73.24

	
−79.93

	
−69.32

	
−80.32

	
−61.86

	
−66.50

	
−77.89

	
−68.28

	
−72.04




	
BPSK(4)

	
−74.99

	
−73.91

	
−69.93

	
−74.30

	
−66.5

	
−67.88

	
−78.37

	
−67.76

	
−72.26




	
BOCs(5,2)

	
−70.62

	
−73.10

	
−74.98

	
−71.60

	
−77.89

	
−78.37

	
−69.36

	
−78.62

	
−72.86




	
CBOC(6,1,1/11)

	
−74.84

	
−75.36

	
−70.07

	
−75.50

	
−68.28

	
−67.76

	
−78.62

	
−65.66

	
72.31




	
[image: there is no content]

	
−80.23

	
−80.51

	
−80.29

	
−80.03

	
−72.71

	
−77.36

	
−78.37

	
−77.52-

	
−83.13










From Table 3 and Figure 2, it clearly appears that each CTSSC is different from corresponding SSC, which implies interfering signals have disparate impacts on same desired signal in terms of acquisition and code tracking. Besides the CTSSC is very sensitive to d due to the [image: there is no content] function that would produce large amounts of compatibility evaluation results in code tracking using various d for each sampling time. Here we analyze the worst situation considering the minimal desired signal power, maximum interfering signal power as well as the maximum equivalent PSD of the intersystem or intrasystem interference. Then the worst [image: there is no content] of desired signal induced by the intrasystem interference in acquisition is expressed by


[image: there is no content]



(25)




where [image: there is no content] is the maximum receiver antenna output power of the kth interfering signal of the jth intrasystem satellite. The worst [image: there is no content] of desired signal induced by the intersystem interference in acquisition is expressed by


[image: there is no content]



(26)




where [image: there is no content] is the maximum receiver antenna output power of the kth interfering signal from the jth intrasystem satellite of the ith intersystem. Likewise, the worst [image: there is no content] of desired signal induced by the intrasystem and intersystem interference in code tracking are expressed respectively as follows


[image: there is no content]



(27)






[image: there is no content]



(28)







To fairly determine the maximum and minimal power at receiver antenna output for each S band navigation signal, we assume their minimal power required to guarantee the same raw thermal noise pseudorange error of 0.2 m. Figure 3 depicts the code-tracking errors of S band navigation signals using noncoherent discriminator in white noise, where an early-late spacing of 0.1 chip, a receiver bandwidth of 16.363 MHz, and integration time of 4 ms are used to produce the results. The corresponding minimal power can be read back from Figure 3 for a particular code noise of 0.2 m, where the noise density [image: there is no content] is considered to be −204 dBW/Hz. For the assessment of worst-case interference effects, a maximum threshold of −126 dBW/m2 in S band and 0 dBi receiving antenna are used for Globalstar and the effective area of receiving antenna is estimated approximately as 29.4 dBm2 by


[image: there is no content]



(29)




where the [image: there is no content] is antenna gain and [image: there is no content] is carrier wavelength. Table 4 summarizes the minimal and maximum power of all above S band signals, where a margin of 3 dB has been considered between the maximum and minimal received powers.


Figure 3. The code tracking errors of S band navigation signals.



[image: Sensors 17 01039 g003]






Table 4. The minimal and maximum received power of all S band signals.







	
(dBW)

	
Maximum Received Power

	
Minimal Received Power






	
CPM(8)

	
−167.2

	
−170.2




	
BOCs(4,4)

	
−163.4

	
−166.4




	
BOCs(5,2)

	
−165.8

	
−168.8




	
CBOC(6,1,1/11)

	
−159.8

	
−162.8




	
BPSK(1)

	
−152.3

	
−155.3




	
BPSK(4)

	
−158.7

	
−161.7




	
BPSK(8)

	
−161.6

	
−164.6




	
MSK-BOCs(4,4)

	
−164.9

	
−167.9




	
Globalstar

	
−155.4

	
−158.4










To evaluate radio frequency compatibility of S band navigation signals for future BDS, the worst results of compatibility between BDS candidate signals and other systems in S band based on the [image: there is no content] for signal acquisition and code tracking are presented as follows:



Case 1: Galileo candidate CBOC(6,1,1/11) is interfered by BDS candidate signals, i.e.,


[image: there is no content]



(30)




where [image: there is no content] denotes the equivalent PSD of BDS candidate interfering signals, and the BDS candidate is assumed respectively as CPM(8), BOCs(4,4), BPSK(8) and MSK-BOCs(4,4).



The [image: there is no content] and [image: there is no content] of Galileo candidate CBOC(6,1,1/11) interfered by BDS candidate signals for signal acquisition and code tracking are respectively shown in Figure 4 and Figure 5. As shown, the mean [image: there is no content] between CBOC(6,1,1/11) and CPM(8), BOCs(4,4), BPSK(8) and MSK-BOCs(4,4) at global scale are around 0.0092 dB, 0.0195 dB, 0.0987 dB and 0.0134 dB respectively, which means that compared to other candidates the CPM(8) introduces minimal interference on CBOC(6,1,1/11) in acquisition. Also, the CPM(8) is more superior in code tracking, with a smallest mean degradation of 0.0184 dB on CBOC(6,1,1/11). This result comes as no surprise because CPM(8) has comparable or better SSC and CTSSC with CBOC(6,1,1/11) as well as less maximum received power than other BDS candidates at worst situation.


Figure 4. The [image: there is no content] of Galileo candidate CBOC(6,1,1/11) in dB level interfered by BDS: (a) CPM(8); (b) BOCs(4,4); (c) BPSK(8); (d) MSK-BOCs(4,4).



[image: Sensors 17 01039 g004]





Figure 5. The [image: there is no content] of Galileo candidate CBOC(6,1,1/11) in dB level interfered by BDS: (a) CPM(8); (b) BOCs(4,4); (c) BPSK(8); (d) MSK-BOCs(4,4).



[image: Sensors 17 01039 g005a][image: Sensors 17 01039 g005b]






Case 2: Galileo candidate BPSK(1) is interfered by BDS candidate signals, i.e.,


[image: there is no content]
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Figure 6 and Figure 7 respectively show the [image: there is no content] and [image: there is no content] of Galileo candidate BPSK(1) interfered by BDS candidate signals. In previous analysis, we know that MSK-BOCs(4,4) has better SSC of −80.32 dB with BPSK(1), which implies that they allow peaceful coexistence with minimal mutual interference in signal acquisition. A perfect agreement can be observed in Figure 6, indicating that the mean [image: there is no content] of BPSK(1) induced by MSK-BOCs(4,4) is around 0.006 dB, 0.001 dB and 0.08 dB smaller than those induced by CPM(8), BOCs(4,4) and BPSK(8) respectively. In code tracking, it is shown from Figure 7 that CPM(8) results in the minimal mean [image: there is no content] of 0.01239 dB on Galileo BPSK(1) that are approximately 0.029 dB, 0.098 dB and 0.018 dB smaller than BOCs(4,4), BPSK(8) and MSK-BOCs(4,4), because CPM(8) has the smallest CTSSC at worst situation clearly shown in Figure 2d.


Figure 6. The [image: there is no content] of Galileo candidate BPSK(1) in dB level interfered by BDS: (a) CPM(8); (b) BOCs(4,4); (c) BPSK(8); (d) MSK-BOCs(4,4).
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Figure 7. The [image: there is no content] of Galileo candidate BPSK(1) in dB level interfered by BDS: (a) CPM(8); (b) BOCs(4,4); (c) BPSK(8); (d) MSK-BOCs(4,4).
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Case 3: Galileo candidate BPSK(4) is interfered by BDS candidate signals, i.e.


[image: there is no content]
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Case 4: Galileo BPSK(8) is interfered by BDS candidate signals, i.e.,


[image: there is no content]
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The compatibility evaluation of Galileo candidate BPSK(4) and BPSK(8) interfered by BDS candidate signals in terms of [image: there is no content] and [image: there is no content] are respectively depicted in Figure 8, Figure 9, Figure 10 and Figure 11. Because of the better SSC and CTSSC of CPM(8) with BPSK(4) and BPSK(8) at worst situation, a conclusion can easily be drawn that the CPM(8) causes the less interference on Galileo candidate BPSK(4) and BPSK(8) in signal acquisition and code tracking than other BDS candidates. These figures also indicate that in worst case the mean performance degradations of BPSK(4) from CPM(8) are respectively at least 0.02 dB and 0.026 dB smaller than those from other BDS candidates for signal acquisition and code tracking, while CPM(8) respectively has more than 0.008 dB and 0.019 dB advantages over other BDS candidates in terms of mean [image: there is no content] and [image: there is no content] of BPSK(8) for global scale.


Figure 8. The [image: there is no content] of Galileo candidate BPSK(4) in dB level interfered by BDS: (a) CPM(8); (b) BOCs(4,4); (c) BPSK(8); (d) MSK-BOCs(4,4).
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Figure 9. The [image: there is no content] of Galileo candidate BPSK(4) in dB level interfered by BDS: (a) CPM(8); (b) BOCs(4,4); (c) BPSK(8); (d) MSK-BOCs(4,4).
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Figure 10. The [image: there is no content] of Galileo candidate BPSK(8) in dB level interfered by BDS: (a) CPM(8); (b) BOCs(4,4); (c) BPSK(8); (d) MSK-BOCs(4,4).
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Figure 11. The [image: there is no content] of Galileo candidate BPSK(8) in dB level interfered by BDS: (a) CPM(8); (b) BOCs(4,4); (c) BPSK(8); (d) MSK-BOCs(4,4).
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Case 5: IRNSS BOCs(5,2) is interfered by BDS candidate signals, i.e.


[image: there is no content]
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The Figure 12 and Figure 13 illustrate the [image: there is no content] and [image: there is no content] of IRNSS BOCs(5,2) caused by BDS candidates. Since IRNSS is designed to provide positioning for India as well as the region extending up to 1500 km from its boundary, the compatibility analysis mainly focuses on the extended service area enclosed by the rectangle with latitude 30° S to 50° N and longitude 30° E to 130° E. As shown, the CPM(8) has the minimal [image: there is no content] on IRNSS BOCs(5,2) with its mean 0.03539 dB, followed by BPSK(8), BOCs(4,4)and MSK-BOCs(4,4), at the same time, in code tracking the CPM(8) also behaves the smallest [image: there is no content] on IRNSS BOCs(5,2) with its mean 0.03981dB, followed by MSK-BOCs(4,4), BPSK(8), and BOCs(4,4).


Figure 12. The [image: there is no content] of IRNSS BOCs(5,2) in dB level interfered by BDS: (a) CPM(8); (b) BOCs(4,4); (c) BPSK(8); (d) MSK-BOCs(4,4).
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Figure 13. The [image: there is no content] of IRNSS BOCs(5,2) in dB level interfered by BDS: (a) CPM(8); (b) BOCs(4,4); (c) BPSK(8); (d) MSK-BOCs(4,4).
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Case 6: Single FDMA Globalstar signal is interfered by BDS candidate signals, i.e.


[image: there is no content]
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The Figure 14 and Figure 15 show compatibility evaluation results between BDS and Globalstar. In real simulation, CPM(8) naturally entails less received power than other BDS candidates, together with comparable SSC and CTSSC, thus CPM(8) tends to introduce less interference on Globalstar for acquisition and code tracking shown clearly in Figure 14 and Figure 15. The figures indicate that CPM(8) has less [image: there is no content] on single FDMA Globalstar signal than BOCs(4,4), BPSK(8) and MSK-BOCs(4,4) at 0.0421 dB, 0.0867 dB and 0.0263 dB in average, whereas the mean [image: there is no content] of single FDMA Globalstar signal subjected by CPM(8) for code tracking is around 0.042 dB, 0.087 dB and 0.026 dB smaller than that induced by BOCs(4,4), BPSK(8) and MSK-BOCs(4,4).


Figure 14. The [image: there is no content] of single FDMA Globalstar signal in dB level interfered by BDS: (a) CPM(8); (b) BOCs(4,4); (c) BPSK(8); (d) MSK-BOCs(4,4).
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Figure 15. The [image: there is no content] of single FDMA Globalstar signal in dB level interfered by BDS: (a) CPM(8); (b) BOCs(4,4); (c) BPSK(8); (d) MSK-BOCs(4,4).
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Case 7: BDS candidate signals are interfered by IRNSS, Galileo candidate, and Globalstar, i.e.,


[image: there is no content]
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where [image: there is no content] denotes the equivalent PSD of Galileo candidate interfering signals, and in this case the Galileo candidate is assumed as CBOC(6,1,1/11).



The compatibility evaluation of BDS candidates interfered by IRNSS, Galileo candidate, and Globalstar in terms of [image: there is no content] and [image: there is no content] are respectively depicted in Figure 16 and Figure 17. In signal acquisition, the MSK-BOCs(4,4) has minimal [image: there is no content] induced by IRNSS, Galileo candidate and Globalstar, and its mean is 0.065 dB, 0.009 dB and 0.264 dB smaller than that of CPM(8), BOCs(4,4) and BPSK(8), which is mainly attributed to the best SSC of MSK-BOCs(4,4) with BPSK(1). In code tracking, IRNSS, Galileo candidate and Globalstar introduce less interference impacts on CPM(8), and the mean [image: there is no content] of CPM(8) is over 0.02 dB smaller than that of MSK-BOCs(4,4), followed by BOCs(4,4) and BPSK(8).


Figure 16. The [image: there is no content] of BDS: (a) CPM(8); (b) BOCs(4,4); (c) BPSK(8); (d) MSK-BOCs(4,4) in dB level interfered by IRNSS, Galileo candidate, and Globalstar.
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Figure 17. The [image: there is no content] of BDS: (a) CPM(8); (b) BOCs(4,4); (c) BPSK(8); (d) MSK-BOCs(4,4) in dB level interfered by IRNSS, Galileo candidate, and Globalstar.
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From the compatibility evaluation results above, it is concluded that although the introduction of BDS S band candidate inevitably increases intersystem interference on existing or planned signals in same frequency band, the performance degradation is very little below 0.15 dB at the maximum. The effect of each BDS candidate caused by other systems in S band is less than 0.8 dB at the maximum. It even can be ignored. On the whole, the CPM(8) results in less mutual interference with most S band signals in acquisition and code tracking, followed by MSK-BOC(4,4), BOCs(4,4) and BPSK(8). Thus, CPM(8) is more superior as a future BDS signal solution in S band.




5. Conclusions


As the number of navigation and communication systems in operation or under development for S band increases, the signal mutual interference is getting very severe. Compatibility is a particularly essential issue to be considered for new S band signal design. The main purpose of this paper is to conduct a radio frequency compatibility evaluation and design a desired S band signal solution for future BDS, allowing peaceful coexistence of other systems with minimal mutual interference. Complete compatibility evaluation methods based on effective carrier-to-noise ratio degradation are described and derived from the perspective of output SNIR and code tracking error variance for both scenarios of acquisition and code tracking respectively. A real simulation, considering space constellations, modulation schemes and received power, is established to evaluate the compatibility of BDS candidates with Galileo candidate, IRNSS and Globalstar in S band. The worst-case results indicate that the introduction of BDS S band candidate causes very small degradation below 0.15 dB at the maximum on existing or planned signals in same frequency band, whereas the effect of each BDS candidate caused by other systems in S band is less than 0.8 dB at the maximum. It even can be ignored. Among these BDS candidates in S band, CPM(8) is better for minimizing the mutual interference, with most signals sharing the same frequency band for both scenarios of acquisition and code tracking. Thus, CPM(8) is a very desired S band signal solution for future BDS. This research provides a constructive reference for S band signal design for future BDS.







Acknowledgments


This research work was supported by the National Natural Science Foundation of China (Grant No. 61403093), the Open Research Fund of State Key Laboratory of Space-Ground Integrated Information Technology (Grant No. 2015_SGIIT_KFJJ-DH_03), the Open Research Fund of State Key Laboratory of Tianjin Key Laboratory of Intelligent Information Processing in Remote Sensing (Grant No. 2016-ZW-KFJJ-01), the Science Foundation of Heilongjiang Province of China for Returned Scholars (Grant No. LC2013C22), the Assisted Project by Heilongjiang Province of China Postdoctoral Funds for Scientific Research Initiation (Grant No. LBH-Q14048), and the Fundamental Research Funds for the Central Universities (Grant No. HEUCF0817).




Author Contributions


Rui Xue conceived the ideas and concept. Yanbo Sun implemented the software and carried out the experiments and wrote the manuscript. Dun Wang and Danfeng Zhao critically reviewed the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Betz, J.W. Signal structures for satellite-based navigation: Past, present and future. Inside GNSS 2013, 8, 34–42. [Google Scholar]

	2. 
Gao, G.X.; Enge, P. How Many GNSS Satellites are Too Many. IEEE Trans. Aerosp. Electron. Syst. 2012, 48, 2865–2874. [Google Scholar] [CrossRef]

	3. 
Wallner, S.; Eissfeller, B.; Issler, J.-L. A vision on new frequencies, signals and concepts for future GNSS systems. In Proceedings of the 20th International Technical Meeting of the Satellite Division of the Institute of Navigation, Fort Worth, TX, USA, 25–28 September 2007; pp. 1–19. [Google Scholar]

	4. 
Mansoor, S.; Janjua, N. Globalstar Satellites system for ranging and positioning analytical study. J. Indep. Stud. Res. Comput. 2008, 6, 1–6. [Google Scholar]

	5. 
Paonni, M.; Mateau, I.; Issler, J.L.; Hein, G.W. A search for spectrum: GNSS signals in S-Band part 2. Inside GNSS 2010, 1, 46–53. [Google Scholar]

	6. 
Mateu, I.; Paonni, M.; Issler, J.L.; Hein, G.W. A search for spectrum: GNSS signals in S-Band part 1. Inside GNSS 2010, 2, 65–71. [Google Scholar]

	7. 
Issler, J.L.; Eissfeller, B. Toward centimetric positioning thanks to L-and S-Band GNSS and to meta-GNSS signals. In Proceedings of the 2010 5th ESA Workshop on Satellite Navigation Technologies and European Workshop on GNSS Signals and Signal Processing, Toulouse, France, 8–10 December 2010; pp. 1–8. [Google Scholar]

	8. 
Paonni, M.; Curran, J.T.; Bavaro, M.; Fortuny, J. GNSS Meta-signals: Coherently Composite Processing of Multiple GNSS Signals. In Proceedings of the 27th International Technical Meeting of The Satellite Division of the Institute of Navigation, Tampa, FL, USA, 8–12 September 2014; pp. 2592–2601. [Google Scholar]

	9. 
Thoelert, S.; Montenbruck, O.; Meurer, M. IRNSS-1A: Signal and clock characterization of the Indian regional navigation system. GPS Solut. 2014, 18, 147–152. [Google Scholar] [CrossRef]

	10. 
Nadarajah, N.; Khodabandeh, A.; Teunissen, P.J. Assessing the IRNSS L5-signal in combination with GPS, Galileo, and QZSS L5/E5a-signals for positioning and navigation. GPS Solut. 2016, 20, 289–297. [Google Scholar] [CrossRef]

	11. 
Mateu, I.; Boulanger, C.; Issler, J.-L.; Ries, L.; Avila-Rodriguez, J.-A.; Wallner, S.; Kraus, T.; Eissfeller, B.; Mulassano, P.; Germaine, S.; et al. Exploration of possible GNSS signals in S-band. In Proceedings of the International Technical Meeting of the Satellite Division of the Institute of Navigation, Savannah, GA, USA, 22–25 September 2009; pp. 1573–1587. [Google Scholar]

	12. 
Qin, P. The research of the signal in the S frequency band. In Proceedings of the China Satellite Navigation Conference, Wuhan, China, 15–16 May 2013; pp. 1–5. [Google Scholar]

	13. 
Xue, R.; Sun, Y.; Zhao, D. CPM Signals for Satellite Navigation in the S and C Bands. Sensors 2015, 15, 13184–13200. [Google Scholar] [CrossRef] [PubMed]

	14. 
Wang, F.; Zeng, D.; Li, R. Study on MSK Modulation for S-band. In Proceedings of the 2013 China Satellite Navigation Conference, Wuhan, China, 15–17 May 2013; pp. 61–69. [Google Scholar]

	15. 
M.1831: A Coordination Methodology for RNSS Inter-System Interference Estimation. Available online: https://www.itu.int/rec/R-REC-M.1831-1-201509-I/en (accessed on 5 May 2017).

	16. 
Soualle, F.; Burger, T. Radio frequency compatibility criterion for code tracking performance. In Proceedings of the International Technical Meeting of the Satellite Division of the Institute of Navigation, Fort Worth, TX, USA, 25–28 September 2007; pp. 1201–1210. [Google Scholar]

	17. 
Betz, J.W.; Kolodziejski, K.R. Generalized theory of code tracking with an early-late discriminator part II: Noncoherent processing and numerical results. IEEE Trans. Aerosp. Electron. Syst. 2009, 45, 1551–1564. [Google Scholar] [CrossRef]

	18. 
Zhang, J.; Yao, Z.; Lu, M. Generalized Theory and Decoupled Evaluation Criteria for Unmatched Despreading of Modernized GNSS Signals. Sensors 2016, 16, 1128. [Google Scholar] [CrossRef] [PubMed]

	19. 
Betz, J.W. Effect of Partial-Band interference on receiver estimation of C/N0: Theory. In Proceedings of the Institute of Navigation, Long Beach, CA, USA, 22–24 January 2001; pp. 817–828. [Google Scholar]

	20. 
Betz, J.W.; Kolodziejski, K.R. Generalized theory of code tracking with an early-late discriminator part I: Lower bound and coherent processing. IEEE Trans. Aerosp. Electron. Syst. 2009, 45, 1538–1556. [Google Scholar] [CrossRef]

	21. 
Sekhar, C.R.; Dutt, V.S.I.; Rao, G.S. GDoP estimation using Simulated Annealing for GPS and IRNSS combined constellation. Eng. Sci. Technol. Int. J. 2016, 19, 1881–1886. [Google Scholar] [CrossRef]

	22. 
Gupta, R.K.; Swearingen, D. Mobile Satellite Communications Markets: Dynamics and Trends. In Handbook of Satellite Applications, 2nd ed.; Springer International Publishing: Boston, MA, USA, 2017; pp. 171–196. [Google Scholar]

	23. 
Santangelo, A.D.; Skentzos, P. Utilizing the Globalstar Network for Satellite Communications in Low Earth Orbit. In Proceedings of the 54th AIAA Aerospace Sciences Meeting, San Diego, CA, USA, 4–8 January 2016; pp. 1–8. [Google Scholar]

	24. 
European GNSS (Galileo) Open Service Signal in Space Interface Control Document; European Union: Stadt Brüssel, Belgium, 2016.

	25. 
Meng, W.; Liu, E.; Han, S.; Yu, Q. Research and Development on Satellite Positioning and Navigation in China. IEICE Trans. Commun. 2012, B, 3385–3392. [Google Scholar] [CrossRef]

	26. 
Sun, F.; Liu, S.; Zhu, X.; Men, B. Research and progress of Beidou satellite navigation system. Sci. China Inf. Sci. 2012, 55, 2899–2907. [Google Scholar] [CrossRef]

	27. 
BeiDou Navigation Satellite System Signal in Space Interface Control Document Open Service Signal (Version 2.1); China Satellite Navigation Office: Beijing, China, 2016.

















































© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).







media/file13.jpg
(©)





media/file8.jpg
2 —-—-CPM(8)
18 ——BOCs(4,4)
. — —BOCs(5,2)
h —— BPSK(1)
g 14 --=-- BPSK(4)
&4, ~ BPSK(8)
o 1 - MSK-BOCs(4,4)
R CBOC(6,1,1/11)
=08
g -,
306
04
02
%o

CIN, (dBHz)





media/file27.png
Latitude(deq)

Latitude(deq)

min=0.00833 mean=001094 max=001594

In

[}
(=1

=

S0°N ,4gé = S5 N s 012
b \’\T”_,a ; ﬁ jl—.ﬁ;-/’ 0.1
. S T <

@R v

Cﬂw kn.
C o

L

74
5y

0° Y A AN 10.06

g NE

o] it i
A0S 7 : 8 - oo

& —L_\_lf——\-w"'\-u—nv—\—\.“

T,,ﬂfnxﬂ*—Fggiiﬁd//f’”’__’JJ’ 7 0,02

80°S . L

0
150 100%W 50" QP 50°E  100°E  150°E
Longitude(deq)
(a)
min=0.06711  mean=008733 max=012673

80°N

40°N
OD
o
40°5 1004
8002
80"s
0

150% 100 507 0P 50°E  100°E  150°E

Longitude(deq)

(c)

min=0.03323  mean=004330 max=0.06296

80°N T
3 I v iﬁa)
a40°l\1 Té:?éﬁ 32 5}5},&’
ﬁ . \5% a%
T o 5 ars
-g \1 t—,mh\\
E e N
40°s #
ﬁj T
0 Rt -_//'M ?
80 SEE R
150%  100%  50%W 0° 50°E  100°E  150°E
Longitude{deq)
min=0.02399 mean=003127 max=0.04550
| HT e s
80°N i
o 0]
: > 3
40°N S aSS G T SRR
g L
g et
T o 3 Nl
= E G
ﬁ g .
40°s #
a H__,Fﬂf‘”ﬁ_“h—/—w
0 i i._/w \E
a0 S R
150%™ 100%  50%W o° 50°E  100°E  150°E

Longitude{deq)

(d)

0.12

0.1

0.08

0.06

0.04

0.02

012

0.1

0.08

0.06

0.04

0.02






media/file43.png
min=0.03211

mean=009677 max=0.15956

o
g::\«_vé\h N
has o

Latitude({deg)
<

3

"
CE;."@
i
3
g
, o

Y

150% 100" 50°WY o° 50°E  100°E 150°E

min=0.05806

Longitude(deg)

(a)

mean=0.12487 max=0.20489

80N

T

Latitude(deq)
<

£

"

G

1500 100%y 50" 0° 50°E  100°E  150°E

Longitude({deq)

(c)

02
0.18
0.16
0.14
012
0.1

0.08
0.06
0.04
0.02

10.14
10.12
10.1

10.08

Latitude({deq)

Latitude(deq)

max=0.20559

min=0.05815  mean=0.12499

80N
40"N
00 .......
40°s
T o G-
80°s "QE: : ]

150

B 100%Y 50y P S50°E 100°E  150°E

Longitude({deq)

(b)

min=0.05206 mean=0.11832

max=0.19384

02

0.18

0.16
10.14
10.12
10.1

10.08
10.06
0.04
0.02

1507 100" 50wy 0" 50°E  100°E  150°E
Longitude({deq)

(d)





media/file21.jpg
(d)

(c)





media/file44.png





media/file12.jpg





media/file35.png
min=0.03145  mean=0.03951 max=0.04588

2 0.09
45N
80 08
30"
= 1007
B 0
“%45[\1
=
g
1595

[u}
30 ?oDE 45°E 60°E 75°E 90°E 105°E 120°E
Longitude(deq)
(a)
min=0.05438 mean=0.06879 max=0.07924

209
45N
xﬁ’gj 4008
30°N } i
a .\,—’jt? _DO?
[ k]
5= 2
g s 0.06
% _{df"? &E-
- B gt 0.05
“——u-"”a.:.ae_..'
1595 e 0.04
{,ﬂ
0 0.03
30 §0°E 45" 80°E 75°E 90"E 105°E 120°E

Longitude(deq)

(c)

min=0.05589 mean=0.07070 max=0.08144

0.09
45N e
g 0.08
30°N }
E)a “—'“‘\_?JI /_r'-"'\ II‘EF)_H/'-:.I ‘OO?
3150[\] ]ls - 1"'-.»'\ “I {;}n:
= f.;j ]@f 7, 0.06
= PNl ¢
S ° R =
R A RD 0.05
R
1595 T 0.04
{
0 . 0.03
30 gODE 45°E 60°E 75°E 90°E 105°E120°E
Longitude{deq)
min=0.04772 mean=0.06039 max=0.06957
; 10.09
L 8008
;
f 0.07
2
0.06
=
' &
% o 0.05
F 0.04
0.03

a
30 §0°E 45"E 60"E 75°E 90°E 105°E120°E
Longitude(deq)

(d)





media/file20.jpg
T
[

(b)





media/file19.png
min=0.00950 mean=001239 max=0.01817

0.16
80°N 4& z R wn m 0.14
\ TR ‘@ r i‘ﬁ"’ 0.12
40°N el A9 G F"
S = _ 0.1
PR
S 0° & Vet 0.08
g _ w Uﬁ SN
qun . - oo
SE iﬁ]- : p
45 004
ﬂ_"u—fﬂ_m
LT E/MJ . | 002
30°S > ) :
— G

150% 100" 507 oo 50°E  100°E  150°E
Longitude(deq)

(a)

min=0.08453 mean=010992 max=016038

80°N

I
=)

o
=

5

[ab]

=]

T

o

=

5

4 10.06

40°S

10.04
1002

150%y  100%y  50°W P 50°E  100°E  150°E
Longitude(deq)

(c)

min=0.03189 mean=0.04155 max=006083

St .
opy o 72 et LR RO &
_40°N 4 & Sl T
o g g
& S C - \J“mﬁi
T g0 £ B oy,
= ¢ NSENEGL
= i .
Ay \
— o ST 3|
4075 QJ 7
gif( e e W B
o i /w NZ
30 SENE R
150%y 100"y 50" 0" 50°E  100°E  150°E
Longitude(deq)
min=0.02329 mean=003035 max=0.04446
= =
. SR
b;a - o :
- \ - a ¥ g:E A iﬁ)
0 e PN 3
407N \\ T i 5}%&"
o 3
@ e 9
% o Qi\ Cﬂ,‘ \tm; /5%
g0 ‘ el
E § G .
40°S { P
gi' : J_,MH_/—W'——H\_
o n‘i?ﬁw ——/ \E
80°S £ ]
[~

0.16

0.14

0.12

0.16

0.14

0.12

0.1

0.08

150% 100" 50w 0° 50°E

Longitude(deq)

(d)

100°E  150°E





media/file6.png
—— CTSSC: MSK-BOCs(4,4)->BOCs(5,2)
—— CTSSC: BOCs(4,4)>BOCs(5,2)

60| —— CTSSC: BPSK(8)->BOCs(5,2)

—— CTSSC: CPM(8)->BOCs(5,2)

——— CTSSC: BOCs(5,2)->BOCs(5,2)
—— CTSSC: BPSK(1)->BOCs(5,2)

65| —— CTSSC: BPSK(4)->BOCs(5,2)

—— CTSSC: CBOC(6,1,1/11)->BOCs(5,2)

_80 -
851
| | Il | | |
01 02 03 04 05 06 07
Delay between early and late (chip)

(a)

08 09 1

2

—— CTSSC: CBOC(6,1,1/11)->CBOC(6,1,1/11)
—— CTSSC: BPSK(1)->CBOC(6,1,1/11)

— CTSSC: BPSK(4)->CBOC(6,1,1/11)

—— CTSSC: CPM(8)->CBOC(6,1,1/11)

—— CTSSC: BOCs(4,4)->CBOC(6,1,1/11)
—— CTSSC: BPSK(8)->CBOC(6,1,1/11)

—— CTSSC: MSK-BOCs(4,4)->CBOC(6,1,1/11)

—— CTSSC: BOCs(5,2)->CBOC(6,1,1/11)

-—___--‘_"‘-——__

e

| | | Il |
01 02 03 04 0.5 06 07

0.8 09 1

Delay between early and late (chip)

(b)

—— CTSSC: BOCs(5,2)->BOCs(4,4)
—— CTSSC: BPSK(1)->BOCs(4,4)
—— CTSSC: BPSK(4)->BOCs(4,4)

B Crssce BPSK(8)-BOCs(4.4)
—— CTSSC: Globalstar->BOCs(4,4)
—— CTSSC: CBOC(6,1,1/11)->BOCs(4,4)
82| —— CTSSC: BOCs(4,4)->BOCs(4,4)

QA 1 1 1

1 1 1
01 02 03 04 05 06 07
Delay between early and late (chip)

(c)

08

09






nav.xhtml


  sensors-17-01039


  
    		
      sensors-17-01039
    


  




  





media/file11.png
min=000702 mean=000916 max=001338 min=0.01493  mean=001947 max=002843

0.15
SODN N s 800N - HT o e
= S -
et 5 PPN et
' N - 7
400[\1 m&\rﬂfs S" . o 01 4ODN P AR a7
5 g ke g N " Cw VABLs
B @ e, 4
3 A ey g = ~ avets!
i) 00 - »héﬁ._ 5] Og i} Mu ™.
g \1 \\tu_',mh-‘ g '-1 ek L e
£ g- = g- e
-1
~ a0°sf _ B 005 40°S {é:j ' B - foos
i g{is’ T T ﬁ;’ : B —.
o n‘i?"—i_\/w / v? o n‘i?ﬂw —/M ?
8075 6 8075 ]
— & — G
0 0 0 0 0 0 0 -0 0 o o o 0 0
1505 1005 50" 0 50°E  100°E  150°E 1505 1005 50°W 0 50°E  100°E  150°E
Longitude(deq) Longitude(deq)
(a) (b)
min=0.075873  mean=0.098697 max=0.14356 min=0.01024  mean=001336 max=001951
80°N 80°N ;
Ter—]
- 377
o 40°N %
§40 M @ Jjﬁ}ﬂ
= =] .
g o g o W
= = R v :
® = .
— B N |
4075 4075 : p 0.05
-, ‘_H-Af_'_—g_\_l/_w‘——‘-‘h
° 80° s i/w \E
805 G ~—
— 0
150% 100"y 50%W 0" 50°E  100°E  150°E 0 150 100%W 50w o0 50°E  100°E  150°E
Longitude(deq) Longitude(deq)

(c) (d)





media/file41.png
Latitude(deq)

Latitude(deq)

I

(=)
o

192

min=0.080117 mean=0.17955 max=0.3585

80°N X ST L, B
- ,\‘\7 T % 4 iﬁ'}
40°N R aS G2 g
- ety
0° - o, f?w\{ﬂéng% :
\1 “-‘ﬁﬁmr\‘
N
40°s Q/j : A
- _,__,a—ﬁf"_ﬁ—’%—f‘_m
o L i‘/M \Z
20 S v
150%™ 100% 50w 0° 50°E  100°E  150°E
Longitude(deq)
(a)
min=0.17192 mean=037806 max=075044
80°N = -
s

80°s

1507 1000 50%W

n° 50°E  100°E  150°E
Longitude({deg)

(c)

10.3

902

§0.1

min=0.056747 mean=012319 max=0.20023
. : . 07
807N Rt @}?‘/‘ -
F——]
06
. 37
= 40°N Té"‘iﬁ g \Yjﬁfd s 05
Q )
T 0o . MQ G& . 04
g \1 i ﬁﬁm:h\‘
® g N 103
40°S _ 7
5 102
ggj N e R T .
. (i W R:f 0.1
8075 ¢
[~
0
150%y 100" 50w Q° 50°E  100°E  150°E

Longitude({deq)

(b)

min=0.04818 mean=011406 max=0.18585

80°N

N

[}
(=1

=

A
E
(

Latitude(deq)
<

s

[}
o

19

i} A

LG

150 100"y 500 0P

S50°E 100°E  150°E

Longitude(deq)

(d)





media/file2.png
PSD(dBW/HZ)

-50 T T T T -50 . :
———IRNSS BOCs(5,2) — — Galileo Candidate BPSK(1)
. —— Galileo Candidate BPSK(4)
551 IRNSS BPSK(1) S50 Galileo Candidate BPSK(8)
— - - Galileo Candidate CBOC(6,1,1/11)
'60 I 7 60 s 1
65} - 65
-T0F / \x ,f \ T < -70
’{ \ If \1 %
151 {’ 1'. v \ ) s
' ) l W ‘ / ?
801, J l ! : 1 o 80
| ! ] ) | i
I f |
8 l o L ) 85
ool | / - \ f ’
SN ) | j ol
|
95 L W o
|
| [ 1 \ | -
Wiross 242028 2467058 2492008 249028 25 2507028 3997 "

Frequency(MHz)

(a)

02.028

[ g |
2482028 2487028 2492028 2497028
Frequency(MHz)

(b)





media/file37.png
min=00255 mean=003409  max=004842 min=0.05713

mean=007623  max=0.10816

BT e
e \ '»aﬁ/ﬁz AT

2 3 30N A - ﬁﬁﬁ

ol ﬁ g \%:%\ .

% % % Y .

= g 1 \ K |

(] [

3 - 30° 7

60°S

150% 100 50w 0" s0°E 100°E 150°E

£ )
150% 100" 50w 0 S0 100°E 150

Longitude(deg) Longitude{deg)
(a) (b)
min=009061 mean=0.12081  max=0.17096 min=004523  mean=006043  max=008574
SN LGOI/ )
0 0 ~ h: e : r ‘_,,.Q o
60°N 60N"_F}¢ .il 3l &V'Mr f y p;
S _ et §
D 30°N gSOUN R S
E s
5 g
E 0° § 0° K}{ N
v 2 - N
M YR
. :
° ; ¥
60°S : 60°S Vs e . 8
150°%W 100°w s0"w  0°  50°E 100°E 150°E 150°% 100w s0"w 0 s0°E 100°E 150°E
Longitude(deq) Longitude(deq)
() (d)

0.05

0.05





media/file10.jpg
(d)

(c)





media/file40.jpg





media/file1.jpg
ECSCram e

T A FOm R

T M N

Framope

pa

(d)

(o)





media/file16.jpg
(c) (d)





media/file3.png
PSD{dBW/Hz)

-50 T T
71 : , : : : : : e BDS Candidate BOCs(4.4)
[ ——Globalstar ool ——-BDS Candidate BPSK(8)
sl ] ' ~~~BDS Candidate MSK-BOCs(44)
' ——BDS Candidate CPM(8)
70} N ——
7ok i
;N* .
25 - =
<
o .
=
J3b 1 =
0
0_ -
135r .
4t i
-145¢ .
! 1 1 : | | -
i ! ! L L L L ! L L ! -3282.028 2472028 2482028 2492028 2502028
T35 2085 24865 2468 24895 2491 24925 2494 24955 2497 24985 2500 Frequency(MH2)

Frequency(MHz)

(c) (d)





media/file25.png
min=0.01169 mean=001524 max=002220

80°N s i = SR
S g
40N \ S G S
&
g o oy Nt
= ﬁ Ug .. =
5
— 0 g 3
40°s Q- ‘ 7
n RQ"_/_\JW gij ‘/ﬂmﬂ_’_ﬁfﬁ_'{_/d_m?
80°S C .

80N

Latitude(deq)
I
o 2
E =

I

=)
[=]

1)

80°s

150y 100"y 500w 0° 50°E  100°E  150°E
Longitude{deq)

(a)

min=0.07422 mean=003655 max=0.14008

1500 100%™ 500 o° 50°E  100°E  150°E
Longitude({deq)

(c)

10.06

10.04

§0.02

Latitude(deq)

Latitude({deq)

min=0.04011 mean=005225 max=0.07596
80°N e .
ETER fiﬁc}”
- 'a 3
\ Wag i
5. S
0o F ¢
» g.
40°s Qj
o r\‘?n?”f\/w /M
8075 5
[~——
i
150%  100% 500y 0° 50°E  100°E  150°E
Longitude{deq)
min=0.02654 mean=0.03459 max=005034
; 014
80°N . ' P 012
W s —d

RS

Bt
S BT
T al

i

s

[}
o

=

S
X

(Y

Cz\w b
e

=

=

oo

[u] = 50 2T
0 ¢ ct\-rﬁ--mh\‘
g. 1 Fdoos
40°5 , &P
a /___JJ‘”H—J’—M

R s i‘/ﬂw o B0
8075 [ R

[~———

1500 1000 50 0° 50°E  100°E  150°E

Longitude{deq)

(d)





media/file0.jpg





media/file26.jpg
(b)

(d)

(<)





media/file34.jpg
)

d

(s

)

(





media/file39.png
min=002487  mean=003325  max=004723 min=0.05611  mean=007492  max=0.10622

R TTITTRIST T | T
B60°N P RN 2R
] \ SN
B,
- .
gSON T §>30°N i NOA
§ 0° Nty %" UD!
'% ) A % '
—30°% 3005
60°s 60°S 7 ‘ |
150% 100" s0®w 0" S0 100° 150°E 150% 100 50w 0 s0E 100" 150°E
Longitude(deq) Longitude(deq)
(a) (b)
min=0.09022  mean=0.12029  max=0.17022 min=0.04442  mean=005935  max=008420
e RN B Y ot oo
SUN Y A A% ae
i) I . .
T i) . = X \ﬁ 01
% % 00 ; } - -
= 2 _ : : K\, ~in 008
ﬂ ESOUS- ............. : \7 D I ¥ | 006
M\‘L... f
: ~ i 0.04
0 002
oS Vd |
150°% 100w 50w 0°  50°E 100°E 150°E 150% 100%w S0 0" S0 100°E 150°E
Longitude(deg) Longitude(deg)

(c) (d)





media/file18.jpg
|

(d)





media/file9.png
Code-Tracking Errors

- =
(o2 B o e ¥

= =
= N A

LA
.

CPM(8)
BOCs(4.4)
BOCs(5,2)
BPSK(1)
BPSK(4)
BPSK(8)
MSK-BOCs(4,4)
CBOC(6,1,1/11)

CIN, (dBHz)






media/file42.jpg





media/file22.png
)

Latitude(deqg

min=0.00681 mean=000889 max=001297

0.15
8ODN SR Fd o
TR
. 5 . _‘a.)
40°N ARG %,jal; : 0.1
. \5%& /;’*
a
0 ¢ R
s
40°s ' B 005
gﬁi’ P e W S
80n n‘il‘:ﬂ/\w / ?
S . -

150 100"y 500 o° 50°E  100°E  150°E
Longitude(deq)

(a)

Latitude(deq)

min=0.02092 mean=002727 max=0.03977
! 015
| : =T ey
80N <
L N
=i 0
5}3\@ y i“a?_)
E -
a0 -- szﬁ ? s 01
. \:m:a /5%
OD i >
\l \ta_',m y
40°s , B - 005
d_#f_'—\_\_%f—m
0 i i/ ?
a0 S U
0

1500 100y 500w 0° S50°E  100°E  150°E

Longitude(deq)

(b)





media/file23.png
Latitude(deq)

80°N

I

[an]
=]

=

[am]
o

N

[an]
[=]

9]

min=0.07864 mean=010229 max=0.14864

min=0.

01355

mean=0.01767 max=002578

0.15
SODN q&'_ o TEe 5 e o
:v“ig - = : :
i ’\‘:\7 "& i @ 2 iua%-)
40°N ST G0 ; 0.1
=3 \ 43’4
g L sy
5 0° ﬂ"’} g Al
=2 1 ;
5 » L/jg T
40°s {f , B - oos
- - d_\-;‘f‘_’_‘_._‘l-/'—_"\""u—"v_‘—-‘.\_
o i S/M \E
N ~
b 0
1500 100" 50%W 0P 50°E  100°E  150°E 0 1500 100" 507 0P 50°E  100°E  150°E
Longitude(deq) Longitude{deg)

(c)

(d)





media/file36.jpg





media/file15.png
min=0.08149 mean=0.10593 max=0.15376 min=002265 mean=0.02953 max=0.04299

80°N R
e
s@k 2 j?—)
— 407N 400[\1 m&\‘:cf} E" ‘o ¥
= = m\km J}W
= - R =
g 7 oo & L
S o ¢ G
= .% (l’j
3 10.06 5 4
4075 ) 4
0.04 e B0.04
By T
002 o b i/M u? 0.02
o .
_O I
150%  100% 50 0°  50°%E 100°E  150°E 150% 1009  50%  0°  50°E  100°E  150°E 0

Longitude(deq)

Longitude(deq)

(c) (d)





media/file32.png
min=0.02801 mean=0.03539 max=0.04087 min=0.03791 mean=004739 max=0.055320
: 0.086

0.06 .
% 45°N [ G G
0.055 -~ { 0.055
< -~
}, ( 0.05 30N \}j\c\ 005
9 @,/a - {0045 P \ 10.045
\% '&) 22| 1004 g \%7- 10.04
=
“‘Q Hxﬁﬁi - {0035 B 0l 10.035
Rt 0.03 "t 0.03
o 1595 E)
0.025

0.025 (({j .

30°9 o 4co oo’ 7e% 90 105°E 120° 002 30°8 00 4c%e e 72% 90°E 105° 120°
0°E 45°E 60E 75E 90°E 105°E120°E 0D°E 45°E 60E 75°E 90°E 105°E120°E
Longitude(deq) Longitude({deq)

(a) (b)

002






media/file28.jpg
)

d)

(s

;1

(©





media/file14.png
min=001414  mean=001844  max=002687 min=0.03109 mean=004052 max=0.05897

016
80°N 228 e 2, 0.14 BN B e =
e PP s
NS - L : i
. - ‘s 4
_A0°N N A ¥ 01 AN bl 8 %
. ). . [} P ]
g S e c (IR
T g - B 008 T 0 - »a/ig
g 0 Ug’ N . © 0 U{) ARG .
3 o - 006 3 . y - {006
4075 {f i 4 4075 ) e
L boo4 45 B 004
soc< i‘/m z 002 R s i‘/w e | 0,02
G ] allm % ]
- .
0
150 100"y 500 0" 50°E  100°E  150°E 150%y 100" 507 o° 50°E  100°E 150°E 0
Longitude(deq) Longitude(deg)

(a) (b)





media/file24.jpg





media/file29.png
min=0.01489 mean=0.01942 max=002826

80°N

__40°N
= 10.06
k=l E
g OD ......... i 2y | _005
=2 :
® 10.04
L 0o e nen o

4075

80°S

150" 100% 500w o0 50°E  100°E  150°E
Longitude(deg)

(a)

min=0.05308 mean=006912 max=010035

s

-

2 2
Ty .
%

80N

10.07
__40°N ™,
g . \% 10.06
T 40 40.05
=
3 wy 1004
40°s i 1003

Eﬂ‘-’”’hﬁi |

—_G

80°s

150 100% 500 P 50°E 100°E  150°E
Longitude(deq)

(c)

Latitude(deq)

Latitude(deq)

min=0.04669 mean=006081 max=008833

80°N

T e
-!-ﬂ'h, \//j : ﬁ
g = :
P B &é & L5
40°N : C% }
0” ¥
il
4075
ggS ! :
0 R it / 5 ’\Z
80°S G :
[———
1505 100%  50°wy 0° 50°E  100°E  150°E
Longitude(deq)
min=0.03547  mean=004621 max=006717
80N = =

:
;

Is

[}
o

=

:

2y
i

4
X

= Z Ry <=
g
(

VA

0 e Pt
0 ¢ ey
g.
40°S , #
P T I DS
80°S [ 7

150%y 100" 50w 0" 50°E  100°E 150°E

Longitude(deq)

(d)

0.1

0.09

0.08
=007

10.06

10.05
10.04
10.03

0.02
0.01





media/file5.jpg





media/file7.png
—— CTSSC: MSK-BOCs(4.4)>BPSK(1)| ' ' —— CTSSC: MSK-BOCs(4,4)->BPSK(4) | ' ' ' | —— CTSSC: MSK-BOCs(4,4)->BPSK(8) ' '

—— CTSSC: BOCs(4,4)->BPSK(1) B4 —— c1SSC: BOCS(4,4)--BPSK(4) 7 —— CTSSC: BOCs(4,4)->BPSK(8)

—— CTSSC: BPSK(8)->BPSK(1) —— CTSSC: BPSK(8)->BPSK(4) 64| — CTSSC: BPSK(8)-BPSK(8)

—— CTSSC: CPM(8)->BPSK(1) . 66| —— CTSSC: CPM(8)->BPSK(4) i —— CTSSC: CPM(8)->BPSK(8)

—— CTSSC: BOCs(5,2)->BPSK(1) —— CTSSC: BOCs(5,2)->BPSK(4) —— CTSSC: BOCs(5,2)->BPSK(8)

—— CTSSC: BPSK(1)->BPSK(1) —— CTSSC: BPSK(1)->BPSK(4) 66— cTSSC: BPSK(1)->BPSK(8)

—— CTSSC: BPSK(4)->BPSK(1) ] 68| —— CTSSC: BPSK(4)->BPSK(4) . —— CTSSC: BPSK(4)->BPSK(8)

—— CTSSC: CBOC(6,1,1111)->BPSK(1) ] —— CTSSC: CBOC(6,1,1/11)->BPSK(4) 68| —— CTSSC: Globalstar->BPSK(8)

R _ 7ol ] | ——cT85C: CBOC(6,1,1/11)->BPSK(8)
m m -/UE
T o S E—————
o] 9
— ] B T2 = I —— —

= = \
Q O

L L L L L L L 1 80 | | | | | | | | 82 1 I 1 I | | |
01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1 02 03 04 05 06 07 08
Delay between early and lae (chip) Delay between early and late (chip) Delay between early and late (chip)
(d) (e) (f)
T T T T T T T T ‘685 T T T T T T T T ‘58 T T T T T T T
i - o | 70
-0d
B95F = e
I ] - T74F
70| ——CTSSC: BOCS(4,4}>GIobaIslal5m':-:'e -
g —— CTSSC: BPSK(8)->Globalstar®"%*® © 76l
O - ) ] o
| a2 705 crssc: CPM(8}>GIObaIslari"';§"e 2
= R = 78
L © —— CTSSC: MSK-BOCs(4,4)->Globalstar*"9'® ©
- max B — CTSSC: BOCs(5,2)->MSK-BOCs(4,4)
—— CTSSC: Globalstar®"?" >Globalstar*"%'® go| — CTSSC:BPSK(1)->MSK-BOCs(4.4) ]
—— CTSSC: BOCs(5,2)->CPM(8) ] max max —— CTSSC: BPSK(4)->MSK-BOCs(4,4)
—— CTSSC: BPSK(1)->CPM(8) 7151 | —— CTSSC: BPSK(8)->MSK-BOCs(4,4) /_
— CTSSC: BPSK(4)-=CPM(8) ’ & CTSSC: Globalstar->MSK-BOCs(4,4)
—— CTSSC: BPSK(8)-=CPM(8) A — CTSSC: CBOC(6,1,1/11)->MSK-BOCs(4,4)
——— CTSSC: Globalstar->CPM(8) — CTSSC: MSK-BOCs(4,4)->MSK-BOCs(4,4)
—— CTSSC: CBOC(6,1,1/11)->CPM(8) | 121 1 sl
—— CTSSC: CPM(8)->CPM(8)
1 1 L L L L L L _72-E 1 1 L 1 1 1 1 1
“01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1 102z 03 04 05 06 07 08
Delay between early and late (chip) Delay between early and late (chip) Delay between early and late (chip)

(8) (h) (1)





media/file33.png
min=0.03722 mean=004702 max=0.05430

$0.06
L)

B 55

E
}3 005

w\‘r Y _.«—F"n 4
g Lj} 0.045
| J ]

.V_,IG hj\l\q;—‘ ﬂ;:a 2 0.04
RN 0.035

Nl e
B o 0.03
{x/“' 0.025
0.02

[u}
30 ?0”5 45°E 60°E 75°E 90°E 105°E120°E
Longitude(deq)

(c)

min=0.02826 mean=0.04832  max=0.0558"

45°N
(_/B (J
ﬂiﬁa‘ﬂu
30N ¥
a5 TS g
3 ENR N Ay
g A g
Ry
=
15°S ¥d

[u}
30 §o°E 45"E 60°E 75"E 90°E 105°E 120°E
Longitude(deq)

(d)

g0.06
40.055
10.05
10.045

0.04
0.035%
0.03
0.025





media/file38.jpg
(¢) (d)





media/file31.jpg
minz0 03722 _mean=0 04702 _max=0 05430 min=003626 _mo
005

(<) (d)






media/file17.png
min=0.00771  mean=001007 max=001522

= el
40°N . '\\7 o> : dé% i j %gda?/: :
\%ﬁ:\ i'—"" \:MQ /;g 008

Latitude(deg
<

_ ¢ NS
d. B - {006
3 3
40°S B B
Q’ . ) 10.04
~ i—,_,—o—""'\-"_'_‘-‘—\_{f_w‘—_\“
I it if ? do.02
a0 S ]
0
1509 100%  50%W 0° 50°E  100°E  150°E
Longitude(deq)

(a)

min=0.06857 mean=008929 max=013437

80°N

_40°N

Latitude(deq
=)

40°s

80°S

150°E

100°E

100™y 500 P 50°E
Longitude(deq)

(c)

1500

mean=0.00518 max=0.00783

min=0.00397

807N

1
§
f

£ iﬁ‘)
ﬁ40°F\J %ﬁ 37 ﬁ),r:r’
fa] Q g
T o Ty 580 T
g 0 ¢ R ey
E . 8
40°s v
A 10.04
: ’J_w_ﬁf_,_'—;._z'f——w-u—w—-—.\_
0 T Z/M ? 8002
] S ~
_IO
150 100"y 50°W 0° 50°E  100°E  150°E
Longitude(deq)
min=0.00257 mean=000335 max=000507
80°N R R e
e -
Sy, ﬁ, o
on i A L
407N \\ & T Vg
| i
Qﬁ-\' C At

Latitude(deg
2

¥
)

g RSN
g by
40°s R
QJ‘ . : B 0.04
~ i_gﬂ_,_“‘—._wﬂ_ T
. “?,,_‘—\/"ua-f“—ﬁgi;g ‘/""‘ ‘2 o
R S« -
0
150%  100% 50w 0P 50°E  100°E  150°E
Longitude(deq)

(d)





media/file4.jpg





media/file30.jpg
mMn=002801 _ mean=003539 _ max=0 04087

o

s

R 3

mean=0 04789

005
ooss
oos

o0ss

hoes

oo
oozs

5E 60 T 0% 105% 108
Consuieisog

(a)

oo

g

e 4% 0%

75 a0
Tonsueises)

(b)

max=0 05530

00
oos
oss
oo
ooss
oo
oozs
ooz





