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1. Introduction

WRC-2000 decided to introduce a new allocation to the radio navigation-satellite service (space‑to‑Earth) in the 1 260-1 300 MHz frequency band. In the 1 215-1 260 MHz band (L2 band), used by radar, radionavigation-satellite service (space-to-Earth) systems have been successfully operated for a considerable time.

Resolution 606 (WRC-2000) invites the ITU-R to conduct, as a matter of urgency and in time for WRC-03, the appropriate technical, operational and regulatory studies, including an assessment of the need for a power flux-density limit concerning the operation of radionavigation-satellite service (space-to-Earth) systems in the frequency band 1 215-1 300 MHz in order to ensure that the radionavigation-satellite service (space-to-Earth) will not cause harmful interference to the radionavigation and the radiolocation services.

In addition, Resolution 606 (WRC-2000) resolves that no additional constraints shall be placed on radionavigation-satellite service (space-to-Earth) systems operating in the band 1 215-1 260 MHz.

The objective of this paper is to present results on a study of cohabitation of RNSS and radar in the 1215-1300 MHz band. The methodology which is used takes into account, not only instantaneous results on I/N issues (already covered in part, based on methodologies and data in recommendations ITU-R M.1461 and ITU-R M.1463), but also extends to considerations on operational impact. The results are obtained by calculation and/or simulation. The study uses Galileo characteristics known at the present time. However, it is mentioned whenever results and statements carry on to generic RNSS systems.

The results give more understanding on the RNSS – radar sharing conditions at the present time and in the future.

The main steps followed are :

· A review of the dimensioning parameters

· A review of the interference conditions for ATC in France

· A description of the models used : radar and RNSS constellation

· A study on I/N : as a function of frequency separation between the RNSS centre frequency and the transmission frequency of radar

· A study on the detectability of targets

2. Review of dimensioning parameters

The main dimensioning factors which should be addressed in the analysis of sharing spectrum between NGSO RNSS and radar can be classified as follows  :

Geographic scenario :

· location of the radar

· spatial satellite distribution within the horizon of the radar, as a function of time

Payload transmission characteristics :

· centre frequency

· received power on the ground

· control of transmission spectrum, including modulation scheme and filtering

Radar characteristics :

· actual frequency subset within 1215-1300 MHz radar band

· antenna pattern : azimuth, elevation, polarisation

· antenna scanning mode

· IF and video filtering (i.e. instantaneous signal bandwidth)

· signal processing

· data processing (i.e. tracking)
· mitigation capabilities
Systems requirements :

· the system which comprises the radar as one sensor among eventually others

· Primary Surveillance Radar (PSR) data processed along with Secondary Surveillance Radar (SSR) data

· control centre radar data utilisation.

It has already been recognised that it is possible for RNSS signals to exceed the –6 dBI/N criterion of recommendation ITU-R M.1463 by application of the analytical method in recommendation ITU-R M.1461, although NGSO RNSS signals do not result in interference complaints. Therefore, of particular importance are the occurrence and the type of spatial alignments (probability, duration, interference strength) between radar, targets and satellites, along with operational consideration at the level of systems requirements.

The present paper gives results which illustrates some of these aspects, by taking into account a full geographic scenario (dynamic constellation model), realistic payload transmission characteristics, and realistic radar antenna patterns and scanning mode, by analysing a simplified radar tracking model, and with a variety of target trajectories with respect to the radar.

The I/N and detectability evaluations in the study are not taking into account polarisation losses if the radar antenna is not matched to the RNSS polarisation.

Mitigation techniques are not taken into account ; however frequency separation is evaluated separately ; CFAR processing is assumed for the radar ; the radar is operated solely on its lower channel (taking into account operation on the upper channel as well would necessitate detailed representation of frequency diversity – propagation and target fluctuation ; furthermore there are always situations when a radar detects on the lower channel alone).

3. Approach

The overall approach is to start from an analysis of the ATC radar distribution in France, derive a sharing scenario with a Galileo type of RNSS. It follows with a analysis on the interference to noise ratio (I/N) as a function of frequency separation between the RNSS centre frequency and the radar frequency, and with a study on target detectability when interfered with a RNSS signal : calculation of “instantaneous” probability of detection on one antenna scan, and of a probability at the output of tracking. The radar and constellation model are established in this paragraph and detailed in the appendices.

3.1 Interference conditions for ATC in France

Analysis of Tableau 1, summarising the main characteristics of France ATC Primary Airport Surveillance Radar in L-band, shows that all but one radar have their lower channel in the band 1250-1260 MHz ; only Vitrolles radar transmits in the 1260-1300 MHz band. All upper channels, operated quasi-simultaneously with the lower channels for frequency diversity, are situated outside the 1215-1300 MHz band.

This indicates that no interference is expected from GPS (L2 centred around 1227.6 MHz) due to frequency separation ; only Vitrolles radar may be interfered by Galileo (E6 centred around 1278.75 MHz) ; all but Vitrolles radar may be interfered by Glonass, for which the satellites transmit at frequencies (1246 + k*0.4375) MHz, k = -7 to 12, channels k=10 to 12 being within the 1250-1260 MHz band. In the past, no impact by Glonass was detected : the

modulation bandwidth is 511 kHz (which implies some frequency separation with the existing ATC radar channels 1250/1250 MHz), these three satellites were launched last, and after the year 2005, it is known that Glonass will not use the channels k = 8 to 12 any more.

	
	
	Main characteristics of France ATC Airport Surveillance Radar in L-band

	
	
	
	
	
	
	
	

	Radar Station
	
	BLAGNAC
	BLOTZHEIM
	MERIGNAC
	SATOLAS
	VITROL-LES
	DAM-MARTIN

	Airport
	
	Toulouse
	Bâle-Mulhouse
	Bordeaux
	Lyon
	Marseille
	Orly+CDG

	Radar type
	
	TRAC 2000
	TRAC 2000
	TRAC 2000
	TRAC 2000
	TR 23 K-TD
	TRAC 2100

	Installation date
	
	1993
	2000
	1994
	1994
	1995
	1998

	Antenna gain
	dB
	33
	32
	32
	33
	33
	33

	Antenna gain at 0° elevation 
	dB
	30
	29
	29
	30
	30
	30

	Azimuth 3 dB beamwidth
	deg
	1.72
	2.35
	2.35
	1.72
	1.85
	1.72

	polarisation
	
	C
	C
	C
	C
	C
	C

	Antenna rotation rate
	rpm
	12
	15
	15
	12
	15
	12

	Low frequency channel
	MHz
	1250/1255
	1250/1255
	1250/1255
	1250/1255
	1275
	1250/1255

	High frequency channel
	MHz
	1310/1315
	1310/1315
	1310/1315
	1310/1315
	1332.5
	1345/1250

	Spectral occupancy
	MHz
	5
	5
	5
	5
	5
	5

	Compressed pulse width
	us
	1
	1
	1
	1
	1.6
	1

	Uncompressed pulse width
	us
	60
	60
	60
	60
	0
	60

	PRF 1
	Hz
	572/584
	short/pair 730
	short /pair 730
	short /pair 730
	915/930
	685/700

	PRF 2
	Hz
	715/730
	long/pair 584
	long/pair 584
	long/pair 584
	732/744
	548/560

	Wobulation mode
	
	Burst 8
	Burst 8
	Burst 8
	Burst 8
	Burst 8
	Burst 8

	Peak power
	kW
	10
	10
	10
	10
	1200
	20

	Average power
	kW
	0.79
	0.79
	0.79
	0.79
	3.19
	1.52

	Noise factor
	dB
	3.5
	3.5
	3.5
	3.5
	3.5
	3.5

	Minimum detectable signal
	dBm
	-105
	-105
	-105
	-105
	-105
	-105

	3dB bandwidth
	MHz
	5
	5
	5
	1.5
	1.6
	5

	Max operational range
	NM
	80
	80
	80
	80
	80
	90


Tableau 1 : Main characteristics of L-band ATC radars in France

Based on these remarks, the sharing scenario for the study uses the Galileo RNSS with a radar model similar to that of Vitrolles, transmitting at the same frequency.

3.2 Description of the radar model

The main characteristics of the radar model are identical to the Vitrolles radar in Tableau 1. These characteristics enable to establish the maximum range of the radar as follows :

· Pd = 0.8, Pfa = 10-6, Swerling II target with RCS = 2 m2
· maximum detection range = 120 NM, with SNR = 19.85 dB including a 2 dB CFAR loss.

One should notice that the 120 NM maximum detection range exceeds the 80 NM maximum operational range for which the radar data is exploited as part of the system requirement. This is the case for all radars in Tableau 1 although with a smaller margin.

Appendix A gives details on the antenna pattern model (fan beam, narrow in azimuth, and cosecant squared in elevation) used in the study as well as on the detection curves for the radar model. These curves are used for computing the probability of detection as a function of the signal to (noise + interference) ratio (SNIR).

We also use a simplified model for tracking for which analytical calculations are tractable without the need for simulation ; its parameters are typical but not necessarily those of the radars of Tableau 1 :

· track initiation : 3 plots out of 4 consecutive antenna scans

· track termination : 10 misses on 10 consecutive antenna scans.

This tracking mechanism can be analysed simply through a markov chain framework, provided its performance depends solely on target detectability, once false alarm is fixed and well regulated.

This model is used to compute a probability summarising one important tracking performance : the probability of keeping a confirmed track. The other two associated probabilities summing to unity are the probability of a track being in the initiation phase and that of a tracked being dropped.

3.3 Description of the constellation model

We use in the study, the characteristics known at the present time for the Galileo RNSS.

The signal in the E6 band is centred around 1278.75 MHz. It is essentially comprised of a BPSK(5) code and a BOC(10,5) code, including a base modulation frequency of 5*1.023= 5.115 MHz. The signal level on the ground is –151 (-115+4) dBW which leads to a pfd on the centre frequency of –134.5 dBW/m2/MHz. Appendix B gives more details on the pfd characteristics of the Galileo signal.

The signal is filtered on transmission : the model is a Butterworth filter of third order with a 32 MHz bandwidth. The normalised power spectrum is given in Figure 1 which shows the BPSK(5) main lobe surrounded by the two BOC(10,5) lobes, (10.23 MHz apart, and the rapidly decaying sidelobes due to transmission filtering.

The constellation is described in terms of satellite positions with respect to the radar under study : azimuth and elevation for a 2 hour scenario which is illustrated in Figure 2 and Figure 3. In these figures, zero azimuth or elevation arbitrarily signifies that the satellite is no longer or not yet above the radar horizon : during the scenario, there are from 7 to 11 satellites simultaneously present above the radar horizon.

From this scenario one notes that there are satellites which azimuths vary very slowly with time ; there are periods or instants when 2 or 3 satellites are at close azimuths although different elevations ; there are always several satellites within the elevation coverage of the radar, that is below 50°.

With these remarks in mind one expects various types of alignments between targets and satellites with respect to the radar, whether trajectories are more of the radial type or more of the transverse type with respect to the radar coverage, as it will later be illustrated.
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Figure 1 : normalised spectrum of Galileo signal
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Figure 2 : azimuth w.r.t. radar of Galileo satellites on a 2 hour scenario
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Figure 3 : elevation w.r.t. radar of Galileo satellites on a 2 hour scenario

The description of the scenario also includes the ground power level for each satellite as a function of time. Figure 4 illustrates the statistics (pdf and cdf) of the ground received power level.
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Figure 4 : statistics on the received ground power level on a 2 hour scenario

4. Results / findings

4.1 Elements on I/N vs. Frequency

Preliminary analysis based on temporal simulation of the Galileo signal and a simplified model of the radar signal processing indicates that, for the radar model (as well as for systems 1 to 4 in recommendation ITU-R M.1463), the interference from the Galileo signal is noise like. That is it does not generate an increase in false alarm at the output of a CFAR detector ; the only effect is that of radar desensitisation due to the increased detection threshold level under noise like interference, with no risks of saturation anywhere along the analogue receiver chain.

This validates further steps of the study which concentrates on the evaluation of the I/N ratio and on target detectability (cf. Paragraph 4.2) based on the evaluation of signal to (noise + interference) ratio.

Figure 5 illustrates the variation of I/N (worst case in the radar main beam) as a function of frequency separation between the radar model frequency and the Galileo signal centre frequency. The plain line corresponds to an analytical result ; the dotted line corresponds to temporal simulation results. The specific result for the Vitrolles radar model with a frequency –3.75 MHz away from the Galileo centre frequency is shown with the starred dot : its maximum I/N worst case is 6.5 dB. Using the curve in the figure, one can see that respecting the –6 dB I/N criterion of recommendation ITU-R M.1463 implies a frequency separation from the centre frequency larger than 14.6 MHz, and that working exactly co-frequency implies I/N worst case is 14.2 dB.

Remark : had the Vitrolles like radar been centred in L2 GPS band (P code, pfd = -142.2 dBW/m2/MHz), the maximum I/N worst case would be almost the same value as above (-142.2+33-23.7+2-(-204+3.5+62)=7.6 dB). This makes the results presented in Paragraph 4.2 about target detectability applicable to the situation with GPS.
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Figure 5 : I/N vs frequency separation for the Galileo signal and radar model

4.2 Elements on target detectability

The different steps in the evaluation of target detectability, using the radar and constellation models established in paragraph 3 proceed as follow : choose a target trajectory scenario, compute I/N and SNIR on each target including interference from all satellites above the horizon (i.e. no increase in false alarm regulated by CFAR), compute the “instantaneous” probability of detection on one scan for all targets, compute the probability of keeping a confirmed track at the output of tracking, compute I/N statistics and statistics on the degradation of the above probabilities on the overall scenario, examine specific situations with respect to peculiar alignments between radar, targets and satellites.

Some of the scenarios analysed in the study were designed to exercise a maximum of variety in satellite-target positions with respect to the radar :

· Scenario 2 : 12 radial targets equally spaced in azimuth starting at azimuths [-1:-15:-180]°, cruising at 200 m/s at a 9000 m altitude, departing and finishing at the edge of the 80NM operational coverage (scenario duration is 1481 s) ; a thirteenth target starting in azimuth alignment with one satellite at 114 degrees (Figure 6a-f, show respectively the target trajectories, the I/N ratio, the instantaneous probability of detection, the probability of keeping a confirmed track for each target, and statistics – probability and cumulative density functions – on the I/N ratio for all scenarios) ;

· Scenario 3 : 12 radial targets equally spaced in azimuth starting at azimuths [-8:-15:-180]°, with same speed and altitude (Figure 7a-b show respectively the target trajectories, the I/N ratio for each target) ;

· Scenario 4 : 21 southbound targets equally spaced between 80 NM east and 80 NM west, with same speed and altitude (Figure 8a-b show respectively the target trajectories, the I/N ratio for each target).

For each scenario, one can pinpoint one particular satellite interfering with one particular target by correlating the target azimuths in Figures 6a, 7a and 8a with satellite azimuths in Figure 2.

For scenarios 2 and 3 with radial targets, targets mainly interfere in azimuth with one satellite when crossing the radar coverage, with durations reaching several hundred seconds, due to the slow varying azimuth of satellites with respect to the radar.

For scenario 4, targets interfere in azimuth with an average of 4 satellites when crossing the radar coverage, but with much shorter durations, mostly comprised between 20 and 50 seconds.

The actual level of the I/N ratio depends on the elevation isolation provided by the antenna elevation pattern (cf. Figure 10) at the satellite elevation when the azimuth rendezvous occurs. The maximum value of I/N never exceeds the value 6.5 dB found in Paragraph 4.1. The statistics on I/N ratio shown in Figure 6e are derived from all the scenarios studied :

· the probability of I/N ratio being smaller than the –6 dB threshold on recommendation ITU-R M.1463 is 97% for operation with frequency separation of –3.75 MHz for the Vitrolles like radar  (this result is again comparable to the GPS case presented in a working document ITU-8B/133 or 8D/164) ;

· for co-frequency operation, the probability decreases only to 94%.

[image: image7.emf]  50000

  100000

  150000

30

210

60

240

90

270

120

300

150

330

180

0

Scenario 2


Figure 6a : scenario 2, target trajectories
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Figure 6b : scenario 2, I/N ratio for each target as a function of time
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Figure 6c : scenario 2, instantaneous probability of detection vs. time
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Figure 6d : scenario 2, probability of keeping a confirmed track vs. time
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Figure 6e : statistics on I/N ratio for all scenarios

The operational performance depends on when interference occurs along the trajectory path. In Figure 6c and d, the reference probabilities (i.e. with no RNSS interference) are the upper envelope of the curves shown with RNSS interference.

We analyse first the detectability results by examination of the specific target trajectories. When interference occurs in the middle of the radar coverage, or when the target track is well established (i.e. no detectability loss in the initiation phase), the operational detection performance is barely affected : an eventual small loss in probability of detection, and an eventual smaller loss in probability of keeping a confirmed track. This is the case on almost all the trajectories of the illustrated scenarios. One should note that these small losses in detectability may also imply small losses in the target position precision.

In particular, no loss of tracks is experienced due to interference even reaching the maximum level.

These results are mainly due to the facts that the interference with satellites are either too short in time or too small in strength, and that in this study, the ATC radars are operated with a margin of a maximum operational range shorter than the maximum detection range.

The very worst case of the three scenarios illustrated occurs for the thirteenth target of scenario 2, designed to enter the radar coverage at the same azimuth (114°) as one satellite causing an interference with maximum level of 6.5 dB. The instantaneous probability of detection drops from 0.95 un-interfered to 0.80 interfered (cf. Figure 6c along with Figure 11 and Figure 12). This causes an inital loss of probability of keeping a confirmed track (meaning that the track initiation is longer) or equivalently a delay in track establishment measured at the 0.80 value being less than 10 seconds (or about 2 antenna scans).
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Figure 7a : scenario 3, target trajectories
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Figure 7b : scenario 3, I/N ratio for each target as a function of time
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Figure 8a : scenario 4, target trajectories
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Figure 8b : scenario 4, I/N ratio for each target as a function of time

From the radar operator point of view or that of a system in a control centre, this worst case degradation is barely noticeable since the degradation is too small to be directly sensed. Furthermore an operator or system has almost no way of comparing in real time with the reference situation for that particular worse case, unless an incident is immediately reported on separation distances between aircrafts, or on an expected track not being established while being transferred from a neighbouring system. Local propagation anomalies, clutter conditions and masks are also interfering with the recognition of an interference situation with NGSO RNSS.

Also, in ATC situation, the RCS of aircrafts being tracked is most of the time much larger than the design value of 2 m2.

This correlates with reasons why NGSO RNSS signals do not result in interference complaints although the –6 dB I/N criterion may be violated.

We analyse then the detectability results on a statistical basis on all the illustrated scenarios. The results are summarised as follows in terms of probability of degradation loss, for the two probabilities studied :

· the probability that the interfered instantaneous probability of detection is degraded (when compared to the un-interfered) by no more than 1% due to interference is 98% ; by no more than 5% is 99% and by no more than 10% is 100% ;

· the probability that the interfered probability of keeping a confirmed track is degraded (when compared to the un-interfered) by no more than 1% due to interference is 100%.

5. Summary of results

The purpose of the study is to provide more material in understanding spectrum sharing between radar and NGSO RNSS, at the present time when it is recognised that the –6 dB I/N criterion of recommendation ITU-R M.1463 may be violated by existing NGSO RNSS, and when seeking an extension of the allocated band of these systems from 1215-1260 MHz to 1215-1300 MHz (Resolution 606 of WRC-2000), in particular for Galileo RNSS.

The proposed methodology based on a theoretical approach extends results obtained up to now (theoretically or experimentally) but concentrating on I/N instantaneous issues, to more operational issues : by taking into account a full geographic scenario (dynamic constellation model), realistic payload transmission characteristics, and realistic radar antenna patterns and scanning mode, and by analysing a simplified radar tracking model, and with a variety of target trajectories with respect to the radar.

The situation of France ATC Primary Airport Surveillance Radar situation in L-band is analyzed (Paragraph 3). A detailed case study is derived based on an French ATC like radar, which interferes with the Galileo RNSS signal in E6 band with a worst case I/N ratio of 6.5 dB (in the main beam) : the results of the detectability study are comparable to the case where the same radar is used but operated at the GPS L2 band centre frequency.

The study first addresses the I/N variation as a function of frequency separation between radar and Galileo E6 centre frequency (Paragraph 4.1).

It then proposes a detectability study based on the computation of instantaneous probability of detection on one scan and of the probability of keeping a confirmed track at the output of tracking (Paragraph 4.2).

The results obtained, based on a statistical analysis on the studied scenarios with Galileo RNSS, give more insight in understanding why NGSO RNSS signals do not result in interference complaints although the –6 dB I/N criterion may be violated :

· Probability of the –6 dB I/N criterion respected of 97%,

· Probability that the interfered instantaneous probability of detection is degraded (when compared to the un-interfered) by no more than 1% due to interference is 98%,

· Probability that the interfered probability of keeping a confirmed track is degraded (when compared to the un-interfered) by no more than 1% due to interference is 100%.

Whenever the individual interference situation is close to the above average statistical result, there is no perturbation.

However it is also shown that worst case radar-target-satellites situations may occur :

· Azimuth geographical target-radar-satellite alignment may last several hundred seconds during which the I/N may exceed the –6 dB I/N threshold, in particular with radial targets since satellite azimuths with respect to the radar may vary slowly varying with time ;

· In those cases, the track initiation may be realised with a delay or track quality may be degraded ; however, statistically no loss of tracks was characterized in the study.

As a conclusion, on one hand the results of the study bring more explanations on why a pfd limit based on the upper limit of RNSS systems at the present time may be acceptable on the band 1215-1300 MHz, and on another hand highlight that increasing this level may increase the risk of leading to operationally observable radar performance degradation.
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Appendix A : the radar model

The antenna pattern model for the radar is given in the following two figures : the azimuth pattern is derived from a Taylor illumination with 35 dB/max sidelobes ; the elevation pattern has a 3 dB beamwidth of 5°, cosecant squared to 50°.
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Figure 9 : azimuth antenna pattern (taylor 35 dB illumination) of the radar model
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Figure 10 : elevation antenna pattern (5° cosecant squared to 50°) of the radar model

The detection curves are given in the next two figures as a function of  distance and signal-to-noise ratio. They are derived from a Constant False Alarm Rate (CFAR) detector with 2 dB loss. The starred dot gives the designed maximum detection range of 120 NM (or 222 km), or SNR= 19.85 dB, for Pd = 0.8, Pfa = 10-6, Swerling II target with RCS = 2 m2.
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Figure 11 : Probability of detection as a function of distance for the radar model

[image: image19.emf]0 5 10 15 20 25 30 35 40 45 50

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Probability of detection

Detection performance of system 4

Signal to Noise Ratio (dB)


Figure 12 : Probability of detection as a function of signal-to-noise ratio

Appendix B : the constellation model

The following tables provide the current Galileo emission power characteristics in the band 1260-1300 MHz.

The table below shows the calculation based on Galileo E6 band : pilot BPSK(5) and data BPSK(5) codes (Tableau 1), and for the BOC(10,5) code (Tableau 3).

	A
	–155
	dBW
	Minimum received power level 
for Galileo BPSK(5) in E6
	Source Alcatel Space Industries

	B
	–23,59
	dBm²
	Effective area of 0 dBi antenna
	1278,75 MHz

	C
	–131,41
	dBW/m²
	Minimum pfd level for 1 satellite
	C=A-B

	D
	4
	dB
	Maximum/minimum pfd ratio
	Source Alcatel Space Industries

	E
	–127,41
	dBW/m²
	Maximum pfd level 
	E=C+D

	F
	7,09
	dB
	Ratio between total power and power in 1 MHz  (5.115 MHz modulation bandwidth)

	G
	
	
	
	

	H
	–134,5
	dBW/m²/MHz
	Maximum pfd per satellite for Galileo BPSK(5) characteristics


Tableau 2 : power characteristics for Galileo BPSK(5) code

	A
	–155
	dBW
	Minimum received power level 
for Galileo BOC(10,5) in E6
	Source Alcatel Space Industries

	B
	–23,59
	dBm²
	Effective area of 0 dBi antenna
	1278,75 MHz ( 9,264 MHz

	C
	–135,01
	dBW/m²
	Minimum pfd level for 1 satellite
	C=A-B-3.7 (BOC spectrum lower than BPSK)

	D
	4
	dB
	Maximum/minimum pfd ratio
	Source Alcatel Space Industries

	E
	–131,01
	dBW/m²
	Maximum pfd level 
	E=C+D

	F
	7,09
	dB
	Ratio between total power and power in 1 MHz  (5.115 MHz modulation bandwidth)

	G
	
	
	
	

	H
	–138,2
	dBW/m²/MHz
	Maximum pfd per satellite for Galileo BOC(10,5) characteristics


Tableau 3 : power characteristics for Galileo BOC(5) code

