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Introduction

At its October 2001 meeting, Working Party 8D received five contributions that contained the results of studies or analyses regarding questions of the compatibility of current RNSS (space‑to‑Earth) systems and radiolocation/radionavigation service systems in the 1 215-1 260 MHz band. In particular, contributions were provided by the United States (Documents 8D/162:8B/130 and 8D/164:8B/133), France (Document 8D/185:8B/148), the Russian Federation (Document 8D/196), and the United Kingdom (Document 8D/220:8B/162). These five documents are contained in Attachments 1 through 5, respectively, to this document and are summarized below. In addition, a liaison statement from WP 8B (Document 8D/242) provided information on a website (http://ties.itu.int/mail/wp8b‑ca102) relating to the responses provided to Administrative Circular CA/102 by administrations regarding radiolocation/radionavigation service use of the band 1 215‑1 260 MHz. This material, together, is provided in support of the draft CPM elements on agenda item 1.15, Resolution 606, that is included in Document 8D/TEMP/116(Rev.2), and is intended to be carried forward, with this text, in the Chairman's Report of the 12th meeting of Working Party 8D.

Technical results of the attachments

Only the technical results of each attachment are summarized in the text below. 

Attachment 1 (summary of Document 8D/162) gives the results of tests of two radars systems, an air-defence radar system and an ATC radiolocation system, performed in July 2001. Despite ensuring these radar systems did point their main beams directly at an operating GPS satellite, the radar operators reported no interference. However, only the operational experience was reported, and other measures of degradation to actual radar performance were not made.

Attachment 2 (summary of Document 8D/164) offers an explanation of the lack of interference reports based upon the low probability of a radar target needing to be in the radar beam and close to the line of sight between the radar antenna and the RNSS transmitter. It is also noted that the ability to detect a radar target depends on its radar cross section (RCS), and that interference more strongly effects targets of smaller RCS. Supporting the explanation are two annexes. One annex simulates an azimuthally scanning radar system, with a +4 dB interference-to-noise ratio, in the presence of a 

moving GPS constellation. The other annex has a mathematical analysis and applies it to an example based on the simulated radar system. The annexes give very similar results and predict that less than one per cent of the detections of the minimum-RCS targets are lost.

Attachment 3 (summary of Document 8D/185) provides commentary and the theory to consider the case of interference from non-GSO RNSS (based on current GPS characteristics) into a radar system modelled after a real ATC radar system with a +6 dB interference-to-noise ratio. The impact from interference was given in terms of either the reduction in the percentage of radar range or the probability of a false alarm. The results of Document 8D/185 are cited in the document's technical conclusion that the impact of interference creates performance degradations, in either of these terms, which a radar operator is probably unable to note. Those results are proposed as a basis for the explanation of the absence of reports of interference from non-GSO RNSS to radar systems.

Attachment 4 (summary of Document 8D/196) gives additional explanations for the lack of RNSS interference reports based on operational and frequency-management techniques used by Russian radar systems. For systems in the band 1 215-1 260 MHz, additional interference mitigation techniques are applied to elimination of interference from existing RNSS systems. One of the main techniques is to monitor possible interference from RNSS satellites and, in the case of detectable interference, to switch the radar system to another frequency (possibly in the band 1 260‑1 300 MHz). Most radar systems operating above the band 1 215-1 260 MHz do not apply these methods to eliminate possible interference from RNSS. It was noted too that sharing with existing RNSS systems is also achievable by application of a secondary radiolocation system, with the understanding that a secondary radiolocation system should be used for the purpose of air traffic control only in combination with a primary radiolocation system. 
Attachment 5 (summary of Document 8D/220) discusses the affect of interference, how interference can affect the actual performance of a radar system, versus the perceived performance, and gives several possible explanations for the current lack of interference reports. The document also gave simulated results of an ATC radar system, with a primary and secondary system, operating with a +19 dB interference-to-noise ratio.

Areas for further study/analysis

During its discussion of the contributions mentioned above, Working Party 8D identified a number of areas where further studies/analyses are needed. It was also indicated, during the discussions, that at least one planned RNSS (space-to-Earth) system, which will operate in the 1 215-1 260 MHz portion of the 1 215-1 300 MHz band, intends to produce power-flux density levels on the surface of the Earth that are greater than the maximum pfd level (–133 dB/W/m2/MHz) of the RNSS systems currently operating in that band.

As a result of the discussions, the following items of interest within the band 1 215-1 300 MHz have been identified for future work:

1)
Identification of the centre frequencies, beamwidths and bandwidths of the radars in question.

2)
The extent to which future radars could avoid operating on RNSS centre frequencies.

3)
Identification of realistic scenarios for interference assessment; viz, scenarios of the spatial distribution, motion, and radar cross section of targets, and the spatial distribution and interference power of non-RNSS interference sources.

4)
Probability of interference events and their effects; i.e. the time extent of such events, and what is their impact.

5)
Relation of analysis methods to measurements; viz., how analysis results are related to measurements.

6)
The point, if any, at which interference from RNSS systems would become unacceptable and unresolvable.

7)
Potential mitigation techniques, including spectrum management techniques, which either or both services can take to reduce interference levels or interference susceptibility.

8)
Further testing of real radiolocation and radionavigation radars to assess effects on radar performance.

Working Party 8B is continuing its studies (to include the results of practical measurements which have already been started) and hope to be able to be in a position at its next meeting to provide a definitive answer as to whether any performance degradation can be caused by RNSS signals. 

In order to be of use to Working Party 8D as it finalizes its work on the draft CPM text for agenda item 1.15, Resolution 606, administrations should provide input on the foregoing items to the May 2002 meeting of Working Party 8D.

____________
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FROM AN RNSS SYSTEM INTO RADIOLOCATION SYSTEMS

1
Introduction

To further develop information in response to WRC 2000 Resolution 606, the United States Air Force, GPS Joint Program Office (GPS JPO) conducted a test between several radars and a satellite of the Global Positioning System (GPS).  The satellite transmitted a phase-shift-keying (PSK) signal, on a center frequency of 1227.6 MHz, with a minimum received isotropic power (RIP) of –160 dBW. The bandwidth of the signal was alternated between two modulations of 20.46 and 2.046 MHz bandwidth.

2
Background

2.1
The Need for a Test

In the 23 years of GPS operation, there have not been any substantiated reports of unacceptable RFI.  This is in spite of GPS exceeding the –6 dB interference-to-noise protection ratio (INR) given in Recommendations ITU-R M.1461 and ITU-R M.1463.  During WRC 2000, Resolution 606 was agreed as part of Agenda 1.15 of WRC-03.  It calls for determining the need to establish a power flux density (PFD) limit for RNSS in the 1215 to 1260 MHz band.  Although there may yet be technical reasons to explain the lack of reported unacceptable RFI, it is reasonable to measure operational performance of radars to determine if unacceptable interference occurs.

2.2
The Test Design Philosophy

It was not the intent of the test to demonstrate that the radar receivers can detect GPS transmissions.  Rather the intent of the test was to determine how GPS RFI effects the normal operation of the radars.  To this end, the radar operators were asked, to the extent reasonably possible, to operate their radar in a normal manner.  Another way of stating this is that the test was to show the effect of a GPS signal on radar operations.

This approach was taken because the radars clearly must occasionally receive the GPS signal.  With their high-gain antennas and low-noise receivers, radars operating in the 1217.6 to 1237.6 MHz band can certainly detect GPS signals even if they do not cause unacceptable interference.  In fact, one radar, FPS-108, easily detected the GPS signal prior to the actual test by exercising a listening mode used to detect RFI sources. 

In addition, for future GPS signal modernization, the test satellite used was switched between two waveforms; namely, C/A code and P(Y) code. The P(Y) code is routinely used on all operational GPS satellites in the 1217.6 to 1237.6 MHz band. The C/A code is the same power in the 1226.6 to 1228.6 MHz band.  Because the C/A code is one tenth of P(Y) code’s bandwidth, but with the same total power, it has ten times the power per Hertz of P(Y) code.  By alternating between the two codes, it is possible to compare radar performance between periods with either GPS code or with no GPS RFI.

Unfortunately, it was not possible, with a single test satellite, to perform the entire test without going beyond normal operating procedures.  In particular, the FPS-117 normally does its scan by continuously rotating its antenna in azimuth.  There are more details on this for individual radars in the following sections.

2.3
Test Preparations

A GPS satellite, designated SVN 19, was selected for use in the test.  Selection was based on it being the GPS satellite that would have the minimum impact to GPS users.  Rather than turning the satellite’s transmitter on and off, and risk a satellite failure, it was decided to switch between the P(Y) or C/A code which are continuously broadcasted by the satellite. 

The period between the codes being transmitted was short in order to have a reasonable comparison between the two codes during periods with and without SVN 19 in view.  It was decided that the signal would be switched between the C/A and P(Y) codes every hour for a period of two days.  The period was a compromise between the history processing periods of the NORAD radars and the time needed by the satellite operators to manually enter the necessary commands.

The satellite operator was requested to note the times SVN 19 switched codes, and to which codes the transmission was switched.  Since this would be done manually, the GPS Joint Program Office (JPO) and the radar operators would not know, in advance, the exact times that codes where operating.

To collect data on these effects, two currently active radars were utilized for the test; namely, the FPS-117 and FPS-124. 

 The FPS-117 is an air-traffic-control radar that is jointly operated by the US Air Force and the US Federal Aviation Administration.  The FPS-124 is an air-defense radar that is jointly operated by the Canadian and US governments. 

The radar operators were asked to record any radar operations that were either unusual, extraordinary, or in response to RFI.  This was to be done for each radar and for the entire test period and whether or not the test satellite was in view of the radar site.  Radar operators were also informed that certain details of the satellite’s operations would be withheld as an experimental control.

The time from July 9, 2001 0038 UTC to July 13, 2001 0000 UTC was selected for the satellite’s test operations.  The schedule in Table 1 below shows the planned transmissions.  The days of continuous C/A code transmission were intended to give a prolonged period for observation without any interruption.  Those periods with hourly changes in the code were intended to provide a means of comparing the reception of C/A and P(Y) code, removing any biases in reporting the effect of C/A code, and to provide these opportunities over a wide field of view.

Table 1

Schedule of GPS Transmission Codes supplied to radar operators.

	Day of Week
	Test Date (Jday)
	Time (UTC)
	GPS Transmission Code

	Monday
	9 July (190)
	0038-0827
	C/A

	Tuesday
	10 July (191)
	0034-0823
	C/A

	Wednesday
	11 July (192)
	0029-0819
	Toggle C/A and P(Y) every hour

	Thursday
	12 July (193)
	0025-0815
	Toggle C/A and P(Y) every hour

	Friday
	13 July (194)
	0000
	End of test


3
Test Conduct

On July 9, 2001 0038 UTC the test schedule, as shown in Table 1 above, began.  During the first day of the test period, the FPS-117 operators asked the GPS JPO if there was a possibility that the transmitted power varied with time.  They were told that this is considered unlikely, but that the satellite operators had been requested to record such events, if noted from the satellite telemetry.  There was no other contact with either the radar or satellite operators during the test period.

By mutual agreement, the satellite and radar operators were to provide their data, analyses, and logs for the test within one calendar month of the end of the test period. The GPS JPO did not contact any operators during that period.

3.1
FPS-117

The operators of the FPS-117 tuned to 1231.28 MHz, which is closest of its eighteen carrier frequencies to the GPS 1227.6 MHz GPS center frequency.  Since C/A code operates in a 2-MHz band, and the FPS-117 has a 1.25 MHz IF bandwidth, the only interference the FPS-117 was likely to receive was from C/A-code signal sidelobes.  This makes it unlikely that any C/A interference would be observed.  However, the possibility remained that the P(Y) code, with its 20-MHz bandwidth could cause interference.

Because the FPS-117 normally physically rotates its antenna to cover a full 360° of azimuth, the operators stopped the normal azimuth rotation and manually positioned the antenna in azimuth.  Using calculated ephemeris of SVN 19, the operators placed the radar’s receiver main beam so that the satellite would cross it. (The radar does its elevation scan electronically, so it was not necessary to position it for elevation.)  The satellite took about 15 minutes to cross the angle ±7.5° from the antenna’s boresight.  After the satellite made a crossing, the radar beam would be repositioned, and the process repeated. 

3.2
FPS-124

The operators of the FPS-124 tuned to 1224 and 1230 MHz on alternate days.  These are the two carrier frequencies closest to the GPS 1227.6 MHz carrier for which the radar is designed to operate.  Since the FPS-124 has a 1-MHz bandwidth, it is unlikely that the radar would receive GPS RFI from C/A code.  The possibility remained that P(Y) code, with its 20-MHz bandwidth could cause interference. 

The FPS-124 has an electronically scanned beam that is agile in both azimuth and elevation. During the first two days of C/A-code transmission, the FPS-124 was tasked to stare at SVN 19.  On other days, it was operated normally.

4
Test Reports

There were two types of test reports; namely, the satellite operators report and the radar operator’s reports.  The satellite report gives the time of code transmissions.  The radar reports would give a log of all RFI that would be due to SVN 19. 

4.1
Satellite Operators Report

The radar operators did not report any deviation from the test plan. 

4.2
Radar Operators Reports

The operators of the FPS-117 and FPS-124 reported no unacceptable interference.  They stated:


“All test requirements were accomplished.  Data analysis shows that no interference or search false reports associated to SVN-19 were reported at the radar output or to the operation control center throughout testing period.”

There was also a qualification stating:


“Test results must be considered as measurements of performance with limitations.  Interference sufficient to generate search jam strobes or interference sufficient to increase search false reports will greatly degrade operational performance.  The absence of either does not necessarily mean that performance is not degraded, especially for small target detection capabilities.”

The operators FPS-124 also noted that the noise floor of the radars was unaffected:


“Based on the data collected during the test period, there was no detectable degradation in the performance of the AN/FPS 124 radar caused by the transmission of C/A Code by the satellite. The signal was not picked up by the radar and did not appear to increase the system noise level.”

The operators of the FPS-117 used a spectrum analyzer to measure noise and interference and stated: 


“The spectrum analyzer noise measurement functionality was turned off for the first three test runs and on for the last two test runs.  This functionality corrects for equipment biases and errors in filter bandwidth and in the logarithmic converter.  No significant difference is observed when comparing the spectrum analyzer data from different test runs.” 

It is possible that in the presence other noise sources the radar constant false-alarm (CFAR) system had already desensitized the radar to additional interference. Indeed, the radar operators reported:


“In many cases, interference was already occurring before the satellite was in view and continued after the satellite was below the horizon.  Most of these strobes can be attributed to interference from neighboring radars, other RF emitters, obstructions that act as corner reflectors, and other non-GPS related sources.”

So it appears radar-receiver performance, as observed by the operator, was stable throughout the test.

5
Conclusion

Under the conditions of the tests performed, unacceptable interference from the GPS P(Y) and C/A codes  to the FPS-117 or FPS-124 radars was not observed.  Both radars were operating out of the C/A band.  However, the P(Y) code operates in the band of both test radars, and no unacceptable interference was reported. 

_________
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1
Introduction

The United States submits this contribution as a partial response to the exchange of Liaison Statements between WP 8D and WP 8B during their May 2001 meetings on the subject of “Protection of Radar on the Band 1 215-1 300 MHz.”  The contribution also serves as a study in response to Resolution 606 (WRC-2000).

WP 8D requested WP 8B “to explore other technical considerations to determine whether there are circumstances specific to sharing between RNSS and radiolocation/radionavigation which are not considered by the criteria in Recommendation ITU-R M.1463, as evaluated using the methodology in Recommendation ITU-R M.1461.”  WP 8B responded that it “can not explain why compatibility appears to exist between RNSS systems and radiodetermination radar.”

Assessment of the need for a pfd limit (as requested by Resolution 606 (WRC-2000)) necessarily requires the consideration of all factors since it could lead to an arbitrary limitation on the enhancement of RNSS systems while providing no clear benefit, either in the form of greater protection or the provision of greater access to radiolocation/radionavigation.  Furthermore, based on past experience with the Radio Regulations, the use of a pfd limit can be expected to eliminate the “no harmful interference” clause associated with RR S5.329, since the purpose of a pfd is to establish the requirements for protection from interference.  Thus, the setting of limits based arbitrarily, for example  on current emission levels, would authorize RNSS emissions at those levels while removing the existing protection against harmful interference if those limits are met.

2
Factors to consider beyond the I/N criteria in Recommendation ITU‑R M.1463

Many factors, peculiar to the sharing of spectrum between NGSO RNSS and radars, and which decrease the potential for interference, are not addressed by Recommendation ITU-R M.1463. In order to determine the appropriate regulatory method to ensure compatible operations, all of the appropriate factors need to be considered. These factors include:

–
Frequency separation

–
Basic probability of exceeding the radar I/N criteria

–
Likelihood of a target of the size and distance required being on the interference radial at the instance when the I/N is exceeded

–
Operational factors

–
System mitigation capabilities, including frequency agility, frequency diversity, and signal processing methods.

3
Analysis of basic probability of exceeding the radar I/N criteria 

As a first step in assessing the need for power-flux-density limits, the United States has made an initial estimate, based on GPS satellite operation and radar antenna and other receiver characteristics, of an approximate upper bound of the maximum percentage of time that it is possible for the GPS signal to exceed a specific I/N criteria.  Two approaches were considered.  The first approach consists of a statistical simulation of a radar and GPS interaction.  The second approach represents a new method being investigated in the United States, a theoretical mathematical estimation.  These approaches are shown in Annexes 1 and 2.  In this contribution, both approaches are limited to one set of consistent radar characteristics.  Therefore, the contribution serves to show the capabilities of the approaches while not evaluating the probabilities on the variety of known radars.  Such evaluation would require the use of more varied and more detailed parameters.  The United States would appreciate input regarding these approaches for use in further study.  The results of these two approaches are relatively similar recognizing the differences in their input parameters.

These analyses do not cover all the factors noted in Section 2 and therefore by themselves cannot completely answer issues related to Resolution 606 (WRC-2000) regarding the need for a pfd.  They do not constitute sharing studies.  They do not address many of the operational performance requirements for Air Traffic Control (ATC).  For example, many ATC radars have antennas with fan beams (beams narrow in azimuth and wide in elevation) while the simulation and analysis assume a circular beam.  This study also does not address the probability of detecting targets of any specific radar cross sections (RCSs) in the main-beam, effects of other interference signals, temporal aspects of the interference, or advanced signal processing.  Instead, they use simulation and a mathematical analysis to give an estimate of the probability distribution of exceeding a given I/N criterion due to an on-tune RNSS signal.  The results of these analyses show that, given the characteristics assumed, the upper bound of the maximum percentage of time that it is possible for the GPS signal to exceed the -6 dB I/N criterion, given in Recommendation ITU-R M.1463, is less than 1%.  Recognizing that the other factors have not yet been evaluated, this may begin to explain why NGSO RNSS signals do not result in interference complaints when application of the analytical method of Recommendation ITU-R M.1461 shows that the RNSS signal will exceed the -6 dB I/N in the radar main beam. 

ANNEX 1

Simulation of GPS/Radar interaction

1
Introduction

Recommendations ITU-R M.1461 and ITU-R M.1463 address RNSS-to-radar RFI. In particular, Recommendation ITU-R M.1463 suggests that the radar’s interference-to-noise ratio (I/N) be
-6 dB or less. This analysis and simulation estimate the percentage of time that it is possible for the GPS signal to exceed a given I/N or specifically the -6 dB I/N criteria. In the simulation, NGSO RNSS stations will move relative to the radar site. This will mean that the radar will not have fixed angles of degraded performance. For the purpose of this study, RNSS interference is treated as Gaussian white noise, which has the effect of decreasing the probability of detection at longer range first.

To illustrate this, the graphic in Figure 1 shows a radar system’s scan volume in the shaded region. The maximum range is the distance from the radar antenna to the edge of the volume as indicated by the radial distance Rmax. The smaller inner radius shows the radar may also have a minimum detection range.
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In Figure 2, the graphic shows a shaded sub-region of the scan volume, for a given I/N, for which the smallest-detectable-RCS target will now fall below the needed signal-to-interference-plus-noise ratio needed for target detection. The range reduction is Rmax[1-(1+I/N)-1/4], assuming the radar was operating to its maximum range, and it is a portion of the scan volume shown in Figure 1. Of course, this volume will change with I/N. As I/N decreases this volume decreases, and it increases with I/N too.
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Figure 3

The graphic in Figure 3 shows the volume where the radar’s receiver-antenna beam intersects the volume as a darker area where the given I/N reduces detectability of the smallest-RCS targets. This is the volume where the interferer, shown by the GPS satellite icon, is in the radar’s main beam. Once the interferer is outside of the beam, the value of I/N is reduced. (Typically, once outside of the main beam, the received interference power will drop to 1% (-20 dB) or less of its mainbeam power.)

2
A Simulation of a GNSO RNSS to a hypothetical radar system

2.1
The simulated scenario

The simulation selected was of the Global Positioning System (GPS) to a hypothetical radar system. The radar parameters are intended to be representative of an air traffic control radar. This remainder of this section describes the details of the scenario simulated.

2.1.1
Simulated-radar parameters

For the simulated radar, the following parameters were selected:

a)
a circular parabolic dish receive-antenna with uniform illumination and -50 dB backlobe for angles more than 90º off of the antenna boresight;

b)
35 dBi peak antenna gain;

c)
circular scan near the horizon at 10° elevation;

d)
2 dB noise figure for receiver;

e)
1 MHz IF bandwidth;

f)
no atmospheric losses;

g)
the S/(I+N) detection threshold is constant;

h)
radar just meets its design requirement  when there is no external RFI; e.g., it is designed for minimum RCS (radar cross section target) at a maximum range.

The antenna assumption (a) gives a well-known antenna pattern, shown in Figure 4, given by: 
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where

J1
is the Bessel function of the first kind of order 1;

d
is the antenna diameter;

(
is the angle to the interferer from the antenna’s boresight.

Note that this pattern has higher sidelobes than many radar systems, so the results should show higher interference than might be expected of a more realistic radar. 

The assumption (g) was so that Equation 7 of Annex 2 can be used to estimate the reduction in detection range. In that case, when interference power, I, is added to the noise, N, the signal-to-noise-plus-interference ratio (S/(I+N)) must also exceed the same detection threshold before a target signal is detected. 
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2.1.2
Simulated GPS constellation

The GPS constellation was for the February 17, 2000 1 200 UTC epoch and had 24 satellites. For power it was assumed that all the GPS satellites transmitted on a 20.46 MHz bandwidth centered on 1 227.6 MHz with a received isotropic power (RIP) of -160 dBW at 0º elevation.* Assuming isotropic radiators on the satellites, this translates to an effective isotropic radiated power (e.i.r.p.) of 25.462 dBW on each satellite.

2.1.3
No simulated targets

Targets were not simulated. For simplicity, the calculations are done for minimum-RCS targets.

2.2
Simulation results

The simulation ran over a simulated 36-hour period, and computed 129,600 data points. The resulting interference values were sorted into a histogram, with 0.1-dB wide bins, and divided by the receiver noise power of 6.31(10-15 W (-142 dBW), to compute I/N values and their occurrence rates. A plot of the results is shown in Figure 5 as a plot of probability density.

A more useful plot, of the probability distribution, is shown in Figure 6. There the probability of exceeding a given I/N is shown. A logarithmic scale is given for the probability and is in percentage. Note that the maximum I/N value of +4 dB is in good agreement with the +3.9 dB I/N value from Recommendation ITU-R M.1461. (Since the satellite at 10° elevation is closer than at 0°; i.e., the horizon, the e.i.r.p. is also a little higher than what was used.) Also, note that this value occurred about 0.02% of the simulated samples.

By using the histogram of I/N, it is possible to estimate an I/N probability density function. From the probability density, the number of detections retained during RFI to the number that would be detectable without RFI is:
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where


i
is the I/N in decibels


pi
is the probability of I/N I .
The ratio was found to be 0.99675 or 99.675%.
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3
Summary of simulation results

As shown in this simulation, in order to determine whether the radar I/N criteria may be exceeded, a number of specific parameters for both radars and NGSO RNSS must be examined. It is also clear that the range of received interference power is quite large. Indeed, 90% of the samples are below an I/N of -20 dB, 99% are below -10 dB I/N, and more than 99.3% are less than -6 dB I/N.

It should be noted that this percentage is very limited in its use as a performance specification. It does not consider all necessary factors, for example, duration of interference to any single target, location, and target RCS. 

Radar systems are typically specified as being able to detect any target of a given RCS at a given range at a given probability of detection at a given false alarm rate. This leads most radar designs based on worst-case scenarios and having a small engineering margin for unknown factors. Consequently, even if it is infrequent and unintentional, radars may fail to perform to specifications when stronger interference occurs. Understanding the nature of detection losses is essential to evaluating if there is harmful interference.  Such an evaluation is beyond the scope of this study.

4
A Comparison with the analytical approach in Annex 2

In Annex 2, an analytical approach is given to validate the simulation results. By accounting for the interactions of range, radar cross-section, and antenna beamwidth, the analysis gives good agreement with simulations. For example, whereas the simulation showed that for 99.675% of the time the GPS signal would not exceed the -6 dB I/N, the System Detection Ratio (SDR) analysis gives a value of 99.743%. The agreement tends to confirm that these factors are important in understanding why radar use has not been impacted.

Unfortunately, as a single performance parameter, SDR has all the problems of using a single simulated or measured percentage of detections retained, as described in the previous section. In addition, a problem limiting SDR’s use is the considerable difficulty in obtaining data for its calculation. Data on the distribution of target RCS is rarely collected. Utility of targets, based on RCS, is often controversial, if available at all. This will make the use of SDR as a performance specification difficult and subject to questions on the data used to calculate it.

5
Conclusion

This study shows that I/Ns above -6 dB occur less than 0.7% of the time.  Recognizing that other factors still need to be considered, this offers a portion of the explanation as to why there is a lack of reported interference from NGSO RNSS. 

ANNEX 2

A mathematical approach to estimating the loss in
radar detection performance due to NGSO RNSS

1
RFI-to-Radar equations

In this section, the formal mathematical definitions and analysis for the expected ratio of detections during RFI to detections without RFI is presented. First, a detection ratio (DR) is defined for a specific I/N, RCS, range, and receiver-antenna look angle. Second, this DR is used to define the expected DR for the entire radar system. This expected system DR is referred to as the system detection ratio (SDR).  As in the case of the simulation in ANNEX 1, this method does not take into consideration many of the critical factors that will need to be evaluated before a conclusion can be reached.

1.1
Detection Ratio (DR) and Miss Ratio (MR)

Interference has the effect of decreasing the detectability of targets. To quantitatively evaluate such effects, a detection ratio (DR) is defined as: 
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where


ndet

is the density of expected detections; i.e., expected number of detections within a given volume of the radar's search space;


I/N

is the peak interference-to-noise ratio as define in Recommendation ITU-R M.1461 where the interferer is at the peak of the receiver-antenna gain;




is the RCS of a target;


R

is the range to the target;




is the radar's look angle to the target.

In addition, DR is defined to have a value of one when its denominator, ndet(0,,R,), is zero, and I/N used is the peak value. Actual I/N will decrease from this peak value when the main beam of the radar is steered away from an interferer. 

DR is always between zero and one, and is intended to give the fraction of normally detectable targets are detectable in the presence of RFI. DR is for specific I/N, RCS, range, and look angles.

Closely related to DR is the miss ratio (MR) that is defined as:
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where the notation is the same as in the definition of DR above.

MR is intended to give the fraction of targets detectable without interference that go undetected or are a “miss” when interference is present (for specific I/N, RCS, range, and look angles).

1.2
System Detection Ratio (SDR) and System Miss Ratio (SMR)

The system detection ratio (SDR) is: 
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where

u
is a non-negative utility weighting such that 
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f
is a probability density for target RCS (so f is non-negative and 
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and the integration is over all RCS; i.e., positive  values and space; i.e. all values of range and angle. (“dv” denotes an increment of the radar's search space for the spatial integration.) Of course, if the radar has no utility for a set of range, angles, or RCS, then u is zero and there is no contribution to SDR.

SDR is similar to DR in that it is intended to give the fraction of normally detectable targets that are detectable in the presence of RFI. SDR is for specific I/N, but, unlike DR, it is intended to encompass all values of RCS, range, and look angles.

Closely related to SDR is the system miss ratio (SMR). SMR is defined as: 
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where the notation is the same as in the definition of SDR above.

SMR is intended to give the fraction of targets detectable without interference that go undetected or are a “miss” when interference is present. It is noted, without proof, that:
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1.3
Simplifications of SDR

In practice, SDR can be simplified. All of the radar's scan volume may be equally important, so the utility weighing u will be uniform over this volume. The RCS probability density may be approximated by a simple distribution; e.g., a Rayleigh distribution. The effect of I/N on detection may be characterized by a change in the detection range. In the subsections below, it will be shown how a simple lower bound on SDR can be developed.

1.4
Assuming a uniform utility weighting

If a uniform utility weighting is assumed, it is constant over the scan volume and:
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where the integration over volume is limited to the radar's scan volume V. 

If we call u's non-zero value, u0, the SDR simplifies to:
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1.5
Assuming a random spatial distribution of interferers

The position of RNSS interferers can be accounted for by assuming the satellites are not simultaneously in the radar's main beam, and introducing a antenna-gain ratio, A.  A will indicate how much interfering power is being received relative to the interfering power received at the antenna boresight. In other words, A() is the interfering power, at look angle , relative to the boresight interfering power, and the term A()·I/N is the actual I/N at look angle . (For a single interferer, A is the receiver-antenna gain relative to its boresight antenna gain.)

1.6
The relation of minimum RCS and I/N to DR

From a straight-forward application of the radar range equation, it can be readily shown for the case when A() = 1; i.e., for main beam RFI:
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where 


R'max
is the maximum of the target's detection range with interference;


Rmax
is the maximum detection range against the minimum detectable target RCS without interference;




is the target RCS;


min

is the radar's minimum detectable RCS;


I/N

is the peak interference-to-noise ratio.

Note that what one refers to as the “range” of a radar is:

a)
the measured distance from the radar antenna to the target;

b)
where the target echo is strong enough to exceed the radar’s detection threshold; and

c)
where the radar’s detection threshold is constant in the signal-to-noise-plus-interference ratio.

If one assumes that the radar's maximum range does not depend on its look angle, then as an underestimated approximation:
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where


A()
is the antenna-gain factor defined in Section 1.5 above.

1.7
A Rayleigh density for target RCS

For simplicity, a simple Rayleigh distribution may suffice to model the RCS of a radar's targets. However, whereas a true Rayleigh distribution has a positive value for all positive RCS, a radar will have a minimum RCS, min, that is detectable. Therefore, a truncated distribution is usually a better model. Truncating the Rayleigh distribution, and re-normalizing gives us the probability distribution:
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where




is the RCS of a target;


min

is the minimum target RCS;
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is the statistical mean RCS of all targets.

2
A simplified SDR example for GPS

To give a simple example, assume a radar system that:

A.
Has a circular antenna pattern with a 4.076° beamwidth that is uniform in gain, circularly scanned at 15° elevation, and has no sidelobes or backlobes. This corresponds to an antenna with a 35-dB gain. 

B.
Has a range of 0 to 250 nautical miles (nmi), for minimum RCS of 1 m2 or more and the RCS distribution is Rayleigh (i.e., 2 with 2 degrees of freedom) with a mean RCS of 10 m2. 

C.
The radar targets satisfying these conditions are weighted uniformly in utility. 

D.
For the GPS constellation, there are 24 randomly positioned satellites. 

E.
Targets that have a probability of detection falling below the radar’s minimum probability prior to RFI are not considered as detected.

Let us derive a lower bound on SDR using some rough estimates. If the radar were to have a line of sight to a GPS satellite, at an altitude of 10,907 nmi (20,200 km), at radar declension angle 90°
 – [15° – (0.5)(4.076°)] (or 90° – [15° – (0.5)(4.076°)]) it would correspond to the radar declension angle 90° – 26.49° (or 90° – 30.30°) when looking from the Earth’s center. So assuming a uniform utility over targets in the scan volume, V, the volume of V is 
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, and the utility is the reciprocal of this; i.e., 
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A conservative value for DR is obtained by setting DR to zero for targets beyond the range where the minimum-RCS targets are detectable. Consequently:
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Note that DR is always less than one as well, and that the right-hand side of the inequality can be used to conservatively estimate DR.

To estimate the portion of the radar's scan that receives GPS RFI, we start with the ratio of the angular coverage of the radar beam to full hemispherical angular coverage; i.e., 2π steradian (sr).  The beam's angular coverage is 4(/1035/10 = 0.003974 sr, and the ratio to full hemispherical coverage is 0.003974/[(0.38)(4()] = 0.000832 where 0.3800 is the portion of the spherical surface, at an altitude of 10,907 nmi above the Earth’s surface, that is visible to the radar. Hence, 0.000832 represents the probability of a single satellite being in the main beam. If we assume that the satellites of the GPS constellation are uniformly distributed and that, on average, 0.3800 of all GPS satellites are visible, then GPS will be in the main beam roughly (24)(0.38)(0.000832) = 0.007588 . (For a truly uniform distribution, including multiple satellites, GPS would be in the main beam 0.00756 of the time. Also, the GPS distribution is not random and the number of GPS satellites visible from the surface of the Earth is always less than twelve. So 0.007588 is conservative, but this example ignores multiple-satellite RFI sources within the same beam. 

For the case when sidelobes and backlobes are ignored, the number 0.007588 represents the portion of the scan volume where interference causes a reduction in detection range.  Hence it represents, in this limited case and for uniformly distributed targets, the maximum portion of targets that can be effected by RFI and, as a result, go undetected.  Hence, SDR(I/N) is greater than 1 – 0.007588 = 0.992412, under the assumptions above, when I/N is limited to values less than 13 dB. When antenna backlobes and sidelobes are properly accounted for, SDR can be applied with higher values of I/N.

Thus far, we have: 
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The integral in the last part of the above inequality can be easily evaluated as 0.007322of the scan volume (reduced by RFI) to give:
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In the above result, 
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, Rmax = 250 nmi, min = 1 m2, and 
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If the another RCS distribution is used, the SDR changes slightly. For example, if it is assumed that the distribution of RCS, when given in decibels relative to a square meter (dBsm), is uniform from 0 dBsm to 20 dBsm, then 
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where

· is the RCS (dBsm).

If one used the above distribution in the above GPS example, instead of 
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 equaling 0.0275, it is 0.05, and SDR(4 dB) = 0.997949. Therefore, the SDR improved by 0.000923 between these distributions.

3
SDR Analysis of the simulated GPS scenario

To do the SDR analysis, the same approach is used as in Section 2. The difference here is that only the minimum is used instead of a complete RCS distribution. Using only the minimum RCS should exaggerate differences between the SDR analysis and the simulation results since this is the case for which the maximum number of missed detections are most likely. 

The received power, from a GPS satellite in the main beam is at least -160 dBW in a 20 MHz bandwidth. The on-tune rejection (OTR), as given in Recommendation ITU-R M.1461, is 
(1 MHz)/(20.46 MHz) = 0.0489 (-13.1 dB). With a 35 dBi antenna, this gives the received interference power, I, as I = –160 – 13.1 + 35 = –138.1 (dBW). In decibels, the receiver noise, N, is the receiver noise figure, NF, in dB, plus the receiver bandwidth, B, in dB-MHz, plus -144 dB(W/MHz) ; i.e., 
N = NF + 10(log(1) – 144 = 2 + 0 – 144 = –142 (dBW). So the peak is I/N = –138.1 – 142 = 3.9 (dB).

From Equation 7, an I/N of +3.9 dB reduces the range of coverage, for the minimum-RCS targets, by 26.6%. For a circular parabolic dish, with uniform illumination, a 35-dBi gain corresponds to a 3-B beamwidth of 4.1º which gives a 0.0316% probability of a GPS satellite being in the main beam. If one ignores the rare possibility of two satellites simultaneously occupying the main beam, the portion of the sky covered is slightly less than the number of satellites times 0.0403%. Hence the loss of coverage is about (0.266)(24)(0.000316) = 0.00202 or 0.202%. This gives the number of detections retained during RFI, SDR = 1 – 0.00202 = 0.99798 or 99.798%.

________________
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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 radars, 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.

Document 8D/18 (October 2000) calculates the power flux density radiated in the L2 Band by the GPS and GLONASS systems (respectively –142 dB(W/(m2(MHz)) and –133 dB(W/(m2(MHz)), which are considered to have been successfully operating with radars for a long time.

Document 8D/93 and 8D/98 (May 2001), using worst case and statistical approaches to calculate interferences from RNSS to radars in this frequency band, conclude that the protection criterion included in ITU recommendations is largely exceeded by GPS and GLONASS in the current situation. Therefore, it was assessed that an explanation of the current successful functioning of radars and RNSS systems must be found, in order to provide adequate regulatory provisions for future improvement of RNSS.

This paper proposes an attempt of explanation of this current case of successful functioning of radars and GPS.

2
Principles and methodology

In this paper, we intend to translate the interference into its impact for operational users. Therefore, we will consider the parameters that describe the performances of a radar, and we will study, their evolution due to interference. From this study, we will show how a radar operator notes these modifications.

At first, we must introduce some consideration on the assumptions made in former studies.

2.1
Assessment of the current situation

A survey to administrations (Administrative Circular CA/102) will indicate how many interference situations occur, but several nations already confirmed the existence of radars working co frequency and successfully with GPS and GLONASS.

2.2
Consideration on protection criteria and interference

Recommendations ITU-R M.1461 and ITU-R M.1463 introduce as protection criterion for radars an I/N ratio of –6 dB.

In a precedent study (Document 8D/93), it was considered that there was interference when, in at least direction, this criterion was exceeded, and it appears that, most of time, there was one or more direction in which this criterion was exceeded. Therefore, with this consideration, there is almost all the time interference.

Nevertheless, the fact that radars are currently functioning successfully under these conditions indicates that this consideration was not sufficient to conclude, and that radar users accept this interference.

In this paper, we will study the detailed impact of the calculated interference when I/N exceeds this value of –6 dB, and we will show that, in the case of RNSS interference to radars, this impact is too small to be noted by the operators.

We will then conclude on the interpretation of the interference criteria given in the current recommendations, which appears to be very different of the accepted interference.

2.3
“Safety” margin in PFD calculations
This margin, of 10 dB, is used to assess the PFD of GPS in the paper 8D/18-E (Annex A), under the name of “maximum/minimum pfd ratio”: This value is a worst case, and we can suppose that, in most cases, the real value of this ratio is closer to 5 dB than 10 dB. Therefore, in the following study, we will present results for several values of this ratio.

3
Operational impact of the interference due to RNSS for the radars

3.1
Assumptions

The assumptions used in this paper are the following ones:

GPS constellation:

–
24 satellites, 6 orbital plans

–
Angles of orbital plans:55°

–
Right ascension: 0 – k * 60°

–
Anomalies: every 90° from 0, 15°, 30°, 45°, 60°, 75°

–
Altitude: 20 200 km

Radar :

–
The radar model is supposed to work co-frequency with GPS

–
Power: peak: 70 dBm, average: 59 dBm

–
Bandwidth: 1 MHz

–
Feeder loss: 0.5 dB

–
Polarisation: circular

–
The radiation patterns of this radar is shown in Annex E

3.2
Assessment of radar performances

To assess the performance of a radar, the two following parameters are usually taken into account, for specified targets and environment:


The probability of false alarm: Pfa, which must be as low as possible.


The probability of detection: Pd, which must be as high as possible.

Unfortunately, for a given power, the improvement of one of these characteristics leads to the deterioration of the other one. Then, a radar must be a compromise. The usual way to conceive it is to fix a probability of false alarm (typically Pfa = 10-5), and to choose the emitted power to obtain the required probability of detection (Neymann - Pearson criterion). In the case of a white noise, the formulae to calculate these two values are given in Annex F.

These two elements are linked to the power and the noise received by the radar receiver. In the case of RNSS, we will assume that the RNSS signal is processed by the radar receiver as a noise like signal. Then, the interference produced will result in an increase of the power spectral density of the noise, from the N0 value, corresponding to the thermal noise, to a value of N = N0+I, where I is the increase of the spectral density power due to the interfering signal.

In the following paragraphs, we will study the impact of the interference power, through the increase of I, on the two probabilities Pd and Pfa. We will show that the variation of these parameters corresponding to low values of I/N needs precise measurements to be assessed, and that the threshold of I/N = -6 dB can be exceeded without any awareness of the radar operator. For the radar operator, the interference will be seen if he can note a degradation of his signal. Therefore, we will try to explain why the operator accepts an interference level above the one caused by an I/N of –6 dB.

Impact of the increase of noise on the probabilities of detection and false alarm
Most of radars use false alarm control circuits, in order to make the false alarm probability constants (Constant False Alarm Rate (CFAR) circuits). With these radars, the detection threshold is adapted to keep the Pfa constant when the noise increases, then, the only result of interference is that the probability of detection decreases. In a first paragraph, we will study this degradation and its operational consequence.

To keep the Pfa constant, CFAR circuits uses the average noise in the vicinity of a radar cell to adapt the detection threshold. Nevertheless, in the case of an interference coming from a punctual source, the noise in the vicinity could be not increased, and then, the process could not operate. In order to deal with this case, we will assess in a further part of this document the impact of a noise increase for the probability of false alarms as well.

3.3
Consequence of GPS interference on the probability of detection

3.3.1
Methodology to assess the impact of an interference to Pd

This probability of detection depends of the ratio between the energy received by the radar receiver and the noise spectral density (annex F). The impact on the Pd, for a given target, of an increase of noise can be interpreted, for better understanding, as a variation of the distance of a target to be received with the same probability by the radar.
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In the radar theory, the link between received and emitted powers is given by the following formula:


Pe = 
emitted power


Pr = 
received power


G = 
antenna gain


D = 
distance between radar and target


( = 
wavelength


( = 
radar equivalent surface


l = 
loss between receiver, emitter and antenna

Where:

The detection probability, is function of the ratio between the received energy and the spectral noise density. In our case, it can be reduced in the signal to noise ratio. If the noise increases in a ratio N2/N1, the detection probability will be the same if the received power increases in the same ratio. This will be the case for a distance variation of D2/D1 if D24/D14= N1/N2.

The relation between the distance decreasing and the variation of noise is given by the formula:
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For N2 = N+I, the relation can be written function of I/N and becomes:
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Figure 1

Range decrease with interference

3.3.2
Application to GPS and radars in L2

In this paragraph, the impact of interference will be made in comparing the distance of detection for a given target under interference I with the distance of detection of the same target with an interference of reference I/N = -6 dB.

For a radar, the sensitivity can be expressed by the received pfd that produces an I/N of –6 dB:
Pfd -6 dB. From the Recommendation ITU-R M.1463, the value of this Pfd -6 dB was determined for the radars in the 1 215-1 300 MHz band, as shown in annex D. The results are pfd between –161 and -151 dBW/m2/MHz. (See Annex B.)

The pfd calculated for current GPS is:

Pfd GPS = -142 dBW/m2/MHz
The decrease of performances in term of detection probability Pd can be translated into a decrease on the detection range of a target, as shown in the former paragraph. Annex C shows that the percentage of decreasing of the detection range, due to a interference from
Pfd GPS =  -142 dBW/m2/MHz, to a radar of Pfd -6 dB  = x, is given by the formula:


[image: image30.wmf]10

.

100

)

10

1

10

1

)

 

(

log(

4

1

10

/

6

10

6

-

 

Pfd

 

GPS

=

+

+

-

-

-

-

Y

x


Figure 2 shows the results for Pfd GPS =  -142 dBW/m2/1MHz and Pfd GPS = -147 dBW/m2/MHz, in case of a safety factor of 5 dB instead of 10 dB.
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Figure 2

Range decrease due to GPS for pfd-6dB values  of radars

Use of this curve

For a radar, the sensitivity can be expressed as a Pfd -6 dB. The curve gives the distance decreasing due to a Pfd of –142 dBW/m2/MHz, calculated for GPS, and – 147 dBW/m2/MHz calculated for GPS with a safety margin reduces from 10 dB to 5 dB.

For a radar of a Pfd-6dB of – 154 dBW/m2/MHz, like our model, the detection range is decreased to about 70%, if we considered a safety margin of 10 dB, and to above 80%, if we consider a margin of 5 dB.

This decrease occurs only in the direction where a satellite is, and the above values are only obtained when the satellite is in the main beam.

3.3.3
Operational impact for a radar operator

To have a better idea of what happens from the operator point of view, we will consider in the following paragraph a snapshot of the situation of the constellation.

Situation of the satellites

In a particular instant, the locations of the satellites of the constellation are the following ones
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Satellites in visibility (azimuth – elevation)

In this particular instant, we can see that 10 satellites are above the horizon.

Range decrease due to GPS satellites

Using the antenna pattern of the radar (described in Annex E), we can calculate the receiving gain of the radar in direction of these satellites, the interference power received in every direction due to these satellites, the I/N and then the diminution of distance due to the interference of these satellites in all directions.

The result of this simulation is shown in Figure 4, in term of range decrease for all direction.
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Figure 4

Degradation of the range due to the satellites (azimuth – percentage of remaining range)

Bi-dimensional representation
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This result can be shown in a more understandable way as viewed by an operator on a radar scope:

Figure 5

Range degradation in the radarscope

3.3.4
Conclusion about impact on Pd

In this picture above, we can estimate that the impact on the range is small. In only one direction, the distance of detection decreases to 70%, in all others direction, the impact seems negligible. More, this degradation evolves in azimuth and level with time.

In this case, it is probable that the radar operator does not note the decrease of the radar performance, and then is not aware of interferences.

3.4
Consequence of GPS interference on the probability of false alarm

3.4.1
Variation of Pfa with interference power

In this part, we use the following assumptions:

– 
The radar is submitted to a gaussian noise

– 
A Pfa of 10-5 chosen without interference


I = 
interference power


N0 = 
noise without interference


N = 
N0 +I

Then, from Annex F, we can express variation of Pfa when noise increases:
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This relation will be used to assess the variation of pfa with the interference due to the GPS satellites.
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figure 6

Probability of false alarm

3.4.2
Application to GPS in L2

Distribution of I/N in the most interfered direction

As a result of our simulation, we obtained the cumulative distribution of the maximal I/N, resulting from the highest interference from a satellite at every instant.
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Figure 7

Cumulative distribution function of I/N in the worst direction

Results on variation of Pfa

From the relation between Pfa and I/N, we can obtain the link between Pfa and its probability of occurrence. The following curves, given for a security margin of 0, 5 and 10 dB, show cumulative distribution of Pfa
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Figure 8

Cumulative distribution of Pfa with current interference from GPS in L2
(in the worst direction)

3.4.3
Conclusions about impact on Pfa

This curve represents the statistic of interference in the direction of the maximal reception gain. In most cases, it concerns only one or two sectors, of several degrees only.

If we assume that the security factor car be decreased around 5 dB, with the present PFD from GPS in L2, the Pfa stays under the level of 5.10-3, which makes not sensitive its increasing, even in the worst direction: The operator is not aware of interference, and do not note harmful interference.
3.5
Consideration on additional explanations

3.5.1
“Safety margin” in the operational range

The degradation of the range estimated in figure 5 car be without any effect if the power transmitted by the radar is calculated so that the maximal range exceeds the operational range with a “safety margin” taking into account the interference (30% in our example)
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Figure 9 : operational range below the maximal range

FIGURE 9

Operational range below the maximal range

3.5.2
Interference mitigation

In the above study, we considered the case of radars co-frequency with the RNSS signal. That is generally not the case. Due to the shape of the RNSS spectrum, the separation of the central frequency of the two signals reduces the interference power.
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Figure 10

The interference power is lower when radar and RNSS are not co-frequency

4
General conclusion

This current situation gives an example where calculations made using ITU Recommendations indicate that the I/N limit value is largely exceeded, and where radar users accept yet the sharing.

It shows that the I/N criteria exceeding does not means that sharing between radars and another service is not possible. On the contrary, it emphasizes that the I/N criteria must be interpreted as a “permissible interference” criteria, as defined in radio regulation (see annex B): when studies show that this criterion is followed, the sharing is possible without any discussion. When this criterion is exceeded, further studies and discussions are requested to conclude.

This example emphasizes the need to work towards a more realistic protection criterion to radars, or towards a methodology to study the sharing cases, in order to be more adapted to the different types of interferences.

Nevertheless, whatever the discussions about radar protection could conclude, the current situation indicates that the interference level coming from a radio navigation satellite source can be accepted at least until the interference value due to current systems.

Therefore, without further consideration, we propose to require as pfd limit in the 1 215-1 300 MHz band the maximal pfd value of current system as pfd limit for RNSS system in this band : this value is –133 dBW/m2/MHz, reached by current GLONASS.

Annex A

Extract of Document 8D/18 of 10 October 2000
RNSS characteristic in the 1 215-1 300 MHz

The following tables provide the current RNSS characteristics in the band 1 215-1 260 MHz and the characteristics of future RNSS systems in the band 1 260-1 300 MHz are expected to be similar in term of interference to radiolocation (level of pfd).

The table below shows the calculation based on Glonass C/A code.

	A
	
–167
	dBW
	Minimum received power level 
for Glonass C/A in L2
	M.1317

	B
	
–23.7
	dBm²
	Effective area of 0 dBi antenna
	

	C
	
–143.3
	dBW/m²
	Minimum pfd level for 1 satellite
	C=A-B

	D
	
10
	dB
	Maximum/minimum pfd ratio
	(2 dB end-of-life margin, 2 dB implementation margin, 3 dB variation from isoflux)

3 dB additional margin in order not to constrain the existing signal

	E
	
–133.3
	dBW/m²
	Maximum pfd level 
	E=C+D

	F
	
0
	dB
	Ratio between total power and power in 1 MHz

	G
	
	
	
	

	H
	
–133.3
	dBW/m²/MHz
	Maximum pfd per satellite for Glonass C/A characteristics


The table below shows the calculation based on GPS P code.

	A
	
–166
	dBW
	Minimum received power level 
for GPS P code in L2
	M.1088

	B
	
–23.7
	dBm²
	Effective area of 0 dBi antenna
	

	C
	
–142.3
	dBW/m²
	Minimum pfd level for 1 satellite
	C=A-B

	D
	
10
	dB
	Maximum/minimum pfd ratio
	(2 dB end-of-life margin, 2 dB implementation margin, 3 dB variation from isoflux)

3 dB additional margin in order not to constrain the existing signal

	E
	
–132.3
	dBW/m²
	Maximum pfd level 
	E=C+D

	F
	
9.9
	dB
	Ratio between total power and power in 1 MHz

	G
	
	
	
	

	H
	
–142.2
	DBW/m²/MHz
	Maximum pfd per satellite for GPS P code characteristics


Annex B

Extract of radio regulations

Section VII – Frequency sharing

S1.166 interference:  The effect of unwanted energy due to one or a combination of emissions, radiations, or inductions upon reception in a radiocommunication system, manifested by any performance degradation, misinterpretation, or loss of information which could be extracted in the absence of such unwanted energy.
S1.167 permissible interference:  Observed or predicted interference which complies with quantitative interference and sharing criteria contained in these Regulations or in ITU-R Recommendations or in special agreements as provided for in these Regulations.
S1.168 accepted interference:  Interference at a higher level than that defined as permissible interference and which has been agreed upon between two or more administrations without prejudice to other administrations.
S1.169 harmful interference:  Interference which endangers the functioning of a radionavigation service or of other safety services or seriously degrades, obstructs, or repeatedly interrupts a radiocommunication service operating in accordance with Radio Regulations (CS).
S1.170 protection ratio (R.F.):  The minimum value of the wanted-to-unwanted signal ratio, usually expressed in decibels, at the receiver input, determined under specified conditions such that a specified reception quality of the wanted signal is achieved at the receiver output.
S1.171 coordination area:  The area associated with an earth station outside of which a terrestrial station sharing the same frequency band neither causes nor is subject to interfering emissions greater than a permissible level.
Annex C

Distance decreasing due to GPS

D1 is the distance of detection of a given target with an interference I = N-6 dB

Variation of the total noise due to interference

For (I/N) dB, I = N*10((I/N)dB/10) corresponds to a total noise of:

Ntot = N + I = N + 10((I/N)dB /10)*N = N*(1+10((I/N)dB /10)):

Ntot/N = (1+10((I/N)dB /10))

For I/N = -6 dB: 



   Ntot = N*(1+10(-6 /10))

If we express the sensibility of a radar by its pfd for I/N = -6 dB (noted Pfd -6 dB)
With a pfd due to GPS: Pfd GPS = -142 dBW/m2 /MHz, the interference power increases of (in dB)

dI = I GPS - I = PfdGPS-Pfd -6 dB
The interference power becomes  ( in dB): IGPS = I + Pfd GPS-Pfd -6 dB = N-6 + Pfd GPS-Pfd -6 dB

(IGPS/N)dB = Pfd GPS-Pfd -6 dB - 6

For IGPS/N :



  Ntot_gps = N*(1+10(-( Pfd GPS-Pfd -6 dB – 6) /10))

Between I/N = -6 dB and IGPS/N , the noise increases of: 

Ntot_gps / Ntot =
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Link with the detection range

The link between received and emitted powers is given by the following formula:

Where:


Pe = 
emitted power


Pr = 
received power


G = 
antenna gain


D = 
distance between radar and target


( = 
wavelength


( = 
radar equivalent surface


l = 
loss between receiver, emitter and antenna

For our purpose, it can be resumed this formula by the fact that the energy received is a function of distance to the power of four (E = K/D4), or, expressed in dB, E(dB) = K(dB) – 40log10(dB), where K is a constant for a given radar and a given target.

The detection probability is function of the ratio between the received energy and the spectral noise density. In our case, it can be reduced in the signal to noise ratio. If the noise increases in a ratio N2/N1, the detection probability will be the same if the received power increases in the same ratio. This will be the case for a distance variation of D2/D1 if D24/D14= N1/N2.
The relation between the distance decreasing and the variation of noise is given by the formula:
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In our case:

D2/D1= (Ntot_gps / Ntot)-1/4
Or, expressed in dB: 

D2/D1 = 
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Annex D

Pfd-6dB calculated for radars in 1 215 – 1 300 MHz band

	
	System 1
	System 2-1
	System 2-3
	System 3-1
	System 3-2
	System 4
	WPR
	

	Receiver Bandwidth
	0.78
	0.69
	0.69
	6.4
	4.4
	1.2
	2.5
	MHz

	Receiver noise figure NF
	2.00
	2.00
	2.00
	4.70
	4.70
	3.50
	1.50
	dB

	Antenna maximum gain Gr
	33.50
	31.70
	38.90
	38.20
	38.20
	33.50
	33.50
	dB

	
	
	
	
	
	
	
	
	

	Nnoise
	-142.91
	-143.44
	-143.44
	-131.07
	-132.70
	-139.54
	-138.35
	dBW/receiver band

	
	
	
	
	
	
	
	
	

	I0
	-148.91
	-149.44
	-149.44
	-137.07
	-138.70
	-145.54
	-144.35
	dBW/receiver band

	
	
	
	
	
	
	
	
	

	Antenna polarization
	H,V,LHC,RHC
	V,C
	V,C
	H
	H
	V
	H
	

	Polar discrimination Polar
	0.00
	0.00
	0.00
	3.00
	3.00
	3.00
	3.00
	dB

	Radar receiver insertion loss Lr
	2.00
	2.00
	2.00
	2.00
	2.00
	2.00
	2.00
	dB

	Spectral PFD
	-156.68
	-155.41
	-162.61
	-146.54
	-148.17
	-150.31
	-149.12
	dBW/m2/receiver band

	Spectral PFD
	-155.60
	-153.80
	-161.00
	-154.60
	-154.60
	-151.10
	-153.10
	dBW/m2/MHz


Annex E

Radiation pattern of the radar antenna

Vertical radiation pattern

This radiation pattern was measured from real civil aviation radar:
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Gain function of the elevation

Horizontal radiation pattern

The following radiation pattern was used for the interference assessment:

Radiation pattern for Gmax = 30
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G = -5

Simulations were made with a radar equipement located at latitude 47 °North

Annex F

Probability of false alarm and of detection for radars with a gaussian noise

In case of a white gaussian noise, the probability of false alarm for one impulsion is:
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Where

–
N0 is the power spectral density of the noise

–
T is the value of the decision threshold. In a radar design, the choice of a pfa value gives the threshold to be used to decide the presence of an echo: T = -N0.log(Pfa)

And the probability of detection is then:
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Where A is the energy of the signal received.

And
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In the case of radar functioning in Pfa constant, when the noise changes, the threshold becomes

T = -Nlog(pfa)
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With a variable change: L = l/N0, dL = dl/N0
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Pd is function of the A/N ratio. When the noise increases, Pd remains similar if A increase in the same proportion.

____________________
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PROPOSED MODIFICATIONS OF the DRAFT CPM REPORT TO WRC-03
Section 1.1.2.2.3

In accordance with agenda item 1.15 of the WRC-2003 Resolution 606 (WRC-2000) invites ITU-R to conduct the appropriate technical, operational and regulatory studies, including  an assessment of the need for a power flux-density (PFD) 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

It was also noted in Resolution 606 (in section considering b) that in the band 1 215‑1 260 MHz radionavigation-satellite service (space-to-Earth) systems have been successfully operated for a considerable time in a band used by radars and (in section resolves 1) that no additional constraints shall be placed on radionavigation-satellite service (space-to-Earth) systems operating in the band 1 215‑1 260 MHz.

This document presents the analysis of use of frequency bands 1 215-1 260 and 1 260-1 300 MHz by radionavigation/radiolocation services systems and the appropriate proposals for modification of section 1.1.2.2.3 of the draft СРМ Report to WRC-03.
1
Use of the frequency band 1215-1300 MHz by radionavigation/radiolocation systems and proposals for their sharing

Existing radionavigation satellite systems GLONASS and GPS have been successfully operated for a considerable time (for more than ten years) in the band 1 215-1 260 MHz. During the whole time of GLONASS system use there were no claims for interference to radionavigation/radiolocation stations in L2 band.
Present results of the theoretical studies within the ITU-R and СЕРТ study  groups have shown discrepancy between protection requirements for radionavigation/radiolocation radars and levels of the interference created by RNSS systems (interference levels considerably exceed protection requirements) (Doc.8D/91, 93, 98, 137, 140 (At.16); SE (01) Temp27).
In the Russian Federation the frequency band 1 215 – 1 300 MHz is allocated for use by terrestrial radars in the radiolocation service.
At present time the airport and route radars as well as the surveillance radars for air traffic monitoring and control are used for the purpose of radiolocation in the band 1 215-1 300 MHz. Assignments of frequencies for radars in the band 1 215-1 260 MHz is carried out in view of presence of RNSS systems in that band. For such radars the additional interference mitigation techniques are applied for elimination of interference influence from existing RNSS systems. One of main such technique is a program approach with monitoring of interference from RNSS satellites and following switching of radar to another frequency (including the band 1 260-1 300 MHz) in case of interference detection. The most radars above the band 1 215-1 260 MHz do not apply this method to eliminate possible interference from RNSS

It is necessary to note specially that sharing with existing RNSS systems is also achievable by application of a secondary radiolocation. However, world experience shows that the secondary radiolocation should be used for the purpose of air traffic control only in combination with primary radiolocation.
Besides for the control of air space over significant territories (particularly in Russia) it is difficult to install a great number of route radars for the purpose of multiple service areas overlapping. This circumstance imposes additional requirements for guaranteed protection of each radar.
Taking this into consideration the following conclusions could be made:
-
considering the successful sharing of RNSS systems and radionavigation/radiolocation radars in the band 1 215‑1 260 MHz during the long time of their operation and considering section "resolves 1" of Resolution 606 there is no necessity for any limitation of PFD for existing RNSS systems (space-to-Earth) systems operating in the considered band; 

-
for ensuring interference free operation of radar systems with a view of flights safety it is necessary to put such limitation on RNSS systems emissions (space-to-Earth) in the band 1 260-1 300 MHz which would provide guaranteed protection of radar systems. This limitation could be expressed in terms of PFD limits for RNSS systems (space-to-Earth). Taking into consideration multiple RNSS systems it is necessary to put appropriate aggregate PFD limits for all RNSS systems in considered band, not only for emissions of single RNSS satellite (system). 
Conclusion
At consideration of necessity of PFD limits for RNSS systems in the frequency band 1 215‑1 300 MHz (space-to-Earth) the following should be noted:
-
No additional limitation should be placed on the existing RNSS systems. Taking into account many years of successful operation and sharing of RNSS systems and radionavigation/radiolocation radars it is suggested not to put any PFD limit in the frequency band 1 215-1 260 MHz.

-
The guaranteed protection of radionavigation/radiolocation systems should be provided in the frequency band 1 260-1 300 MHz. Therefore it is suggested to introduce PFD limits for RNSS systems in this band.

The appropriate proposals for modification of the section 1.1.2.2.3 text in the draft СРМ Report to WRC-03 with a view to satisfy the WRC-03 agenda item 1.15 are presented in the Annex to this document.
Annex
Proposals  for modification of the draft СРМ Report to WRC-03,
Section 1.1.2.2.3

1.1.2.2.3
Methods to satisfy the agenda item for consideration by WRC and the advantages and disadvantages of each method

There are potential methods that can be used to satisfy this agenda item. These are: i) decline to adopt a power flux-density limit in the 1 215-1 300 MHz band; ii) adopt a pfd limit for the 1 215‑1 300 MHz band, consistent with Resolution 606 (WRC-2000); [or iii) no pfd in some portions of the band and required pfd in other portions, depending on the difference in radar sensitivity to interference (consistent with considering b) and resolves 1 of Resolution 606 (WRC‑2000))].

i)
Method A - No pfd Limit in the band 1 215-1 300 MHz

Under this method, no pfd limits would be included in the Radio Regulations for the protection of radiolocation/radionavigation systems, based on many years of operational experience with successful coexistence between the RNSS (space-to-Earth) and the radiolocation/radionavigation services in the 1 215-1 260 MHz band and studies conducted in the ITU-R (i.e. CCIR 766-2, 1990) showing that a pfd limit to protect radiolocation/radionavigation systems is not required.

Advantages

The designers of RNSS systems would have full freedom to develop new or improved systems, and there would be no additional regulatory burden for the BR. 
Disadvantages

RNSS systems may evolve to employ more powerful signal levels, which could, in the absence of interference mitigation techniques, cause harmful interference to radiolocation/radionavigation radar systems.

ii)
Method B - Required pfd in the 1 215-1 300 MHz, consistent with considering b) and resolves 1 of Resolution 606 (WRC‑2000)

Single-entry and aggregate pfd limits, [-XXX] and [-YYY] dB(W/m2·MHz), respectively, for a RNSS system in the 1 215-1 300 MHz frequency band required to protect the radiolocation and radionavigation services would be specified in the Radio Regulations. These limits, with regard to RNSS systems operating in the band 1 215-1 260 MHz, should be consistent with considering b) and resolves 1 of Resolution 606 (WRC‑2000). 
Advantages

The required protection of the radiolocation and radionavigation services from the interference produced by the RNSS systems in the 1 215-1 300 MHz frequency band is ensured. 

No additional constraints are placed on the RNSS systems operating in the band 1 215‑1 260 MHz (in accordance with considering b) and resolves 1 of Resolution 606 (WRC‑2000)).
Disadvantages

Developing and modification of RNSS systems may be restricted in the band 1215-1300 MHz.
  iii)
Method C - pfd in some portions of the band and no pfd in other portions, depending on the difference in radar sensitivity to interference. This should remain consistent with considering b) and resolves 1 of Resolution 606 (WRC-2000) 

Single-entry and aggregate pfd limits, [-XXX] and [-YYY] dBW/m²/MHz, for RNSS systems in the band 1 260-1 300 MHz where specific protection of radiolocation/radionavigation services would be necessary. No pfd limit in the band 1 215-1 260 MHz.

Advantages

The required protection of the radiolocation/radionavigation services from the interference produced by the RNSS systems in the band 1 260-1 300 MHz with pfd limit.

No constraints placed on RNSS systems operating in the band 1 215-1 260 MHz without pfd limit.

Disadvantages


RNSS systems in the 1 215-1 300 MHz band would be subject to differing regulatory constraints dependent solely on which portion of the band they operate.

__________
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SHARING BETWEEN THE RADIONAVIGATION SATELLITE SERVICE (space-to-Earth) AND RADIOLOCATION/ RADIONAVIGATION (S5.331) SERVICES ALLOCATED ON A CO-PRIMARY BASIS 
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WRC-03 Agenda item 1.15, Resolution 606

1
Introduction
Currently the radiolocation service (RLS) is allocated on a co-primary basis with the radionavigation satellite service (RNSS) in the band 1 215-1 300 MHz. This band is also allocated to the radionavigation service in a number of countries under footnotes S5.331 and the portion above 1 240 MHz is allocated to the aeronautical radionavigation service in two countries under S5.334. The use of the band by the RNSS is subject to S5.329 and Resolution 606 (WRC-2000). The primary surveillance radar (PSR) systems in these bands are subject to the protection requirements defined in Recommendation ITU-R M.1463; "Characteristics and protection criteria for radars operating in the radiodetermination service in the frequency band 1 215-1 400 MHz" covering radars of the radiolocation and aeronautical radio navigation services.

ITU-R M.1463 specifies a protection requirement of I/N of -6 dB. Work reported in papers 8B/64 (8D/93) and 8D/18 indicate that a worst-case power flux density of [-133] dBW/m2/MHz can be present at the radar antenna from satellites of the RNSS. Using published radar characteristics (ITU‑R M.1463), it is possible to calculate that in the worst case, using a pfd of ‑133 dBW/m2/MHz, the resulting I/N ratio is ( 22 dB, some 28 dB greater than the current ‑6 dB I/N protection level.

Currently, the band 1 215-1 260 MHz is shared inter alia between the RNSS, RLS and RNS service, and papers report that no interference has been observed between them. Document 8B/148 (also 8D/185) carries out a simplified analysis on the likely effect of these levels of interference on the probability of detection (Pd) and probability of false alarms (Pfa). It concludes that whilst the performance of the radar would be seriously degraded in the direction of the satellites, that operationally, this is not significant. It is not known whether there are papers that carry out an operational analysis on the degradation of performance to assess the effect of such a reduction in performance on the safety of an air-traffic control (ATC) system using such radars.

Based on this lack of reported interference and the simplified analysis, it has been proposed to replace the protection criteria required for RNSS signals over the band 1 215-1 260 MHz to [‑133] dBW/m2/MHz and to extend this new protection requirement over the band 1 260‑1 300 MHz.

To this end, modified CPM text was proposed in Attachment 16 of the chairman’s report of the 11th meeting of WP8D.

This document comments on these proposals and raises concerns, in that the operational analysis may not be complete. Annex 1 of this document comments on the analysis method used in Document 8B/148.

2
Effect of interference
The effect of interference on the radar system depends on the level of the interference, how the interference is processed within the radar and what effect the output has, on the operation of the system.

Level of Interference

The level of interference from the RNSS seen by a radar depends on the number of satellites in the radar beam at any one time and their position within the antenna’s radiation pattern. As the radar beam is narrow in azimuth and the satellites are well spaced, it is likely that only one satellite will appear at a specific azimuth. Satellites low on the horizon will appear close to the peak of the antenna’s main beam. The antenna’s elevation pattern and azimuth side-lobes will suppress others in view. Each satellite will produce a maximum pfd of -133 dBW/m2/MHz. As the antenna scans, the level of interference will rise and fall depending on the elevation of the individual satellites.

The signal level received will also depend on the width of the radar receiver's IF filter.  The wider the filter bandwidth, the more signal will be received, until the filter becomes wider than the bandwidth of the interference. Using the figures provided in the references, the interfering signal could be up to 22 dB above the noise using the maximum figures quoted for GLONASS (‑133 dBW/m2/MHz) and the most sensitive radar type (received pfd level producing I/N of –6 dB, pfd-6dB) of ( -161 dBW/m2/MHz.

How the interference affects the radar

The effect that the interference has on the radar depends on the type and structure of the interfering signal. Depending on the signal, the effect will be either to reduce the detection ability of the radar or produce false detections (false alarms) or a mixture of both. The analysis surveyed in Annex 1 would indicate that the interference of the type produced by satellites in the RNSS is likely to be noise-like and hence will predominantly result in loss of detections.

Effect of interference on the operation of the system

High levels of loss of detection results in the inability to detect targets or a loss of tracks on previously detected targets. False targets can have several effects; they can produce false plots or tracks and high levels of these can contribute to operator workload and fatigue. A very high number of false plots can overload the radar’s data processing and data links.

Dependent on the bearing of the satellite, the loss of detection could persist for many scans resulting in a blind arc. Experiments with noise like interference at this level, on essentially a fixed bearing, have shown that there is a loss of the ability to detect targets in the sector containing the interference. See Annex 2. The levels shown in this Annex are comparable with the worst case figures based on the requested protection level of [-133] dBW/m2/MHz at the antenna.

3
Operational Issues
Operationally, the acceptability of any proposed level of interference can only be decided on by those charged with operating the system, taking into account the requirements placed on the integrity of the radar data, and the availability of complimentary systems such as secondary surveillance radar (SSR) etc. It is not possible in this paper to make that judgement for the operating organisations. It is important however, to draw a distinction between these operating organisations and the end users of the radar system, for example air traffic controllers, as it is the latter that would be aware of the effects of interference on the operational radar display. However, requirements placed on radar manufacturers for design proving, system optimisation in the area of false alarms, Pd and missed plots etc, would not seem consistent with the degradation predicted in Document 8B/148.

Operationally, interference of this type would result in sectors of low Pd.  As the satellites move, the bearing of this sector will move in azimuth.

Document 8B/148 shows sectors with the range reduced to 70% of normal range, or conversely, a loss of larger targets at maximum range and a loss of smaller targets at shorter ranges on the same bearing.  It should be noted that these results are calculated using GPS interference levels of ‑142 dBW/m2/MHz and -147 dBW/m2/MHz which are well below the worst-case protection requirements (-133 dBW/m2/MHz for GLONASS) which would result in ranges being reduced to ( 30%. The paper also uses in the example, a radar of pfd-6dB ( -155 dBW/m2/MHz.  This is some 7 dB worse than the most sensitive radar quoted. Observation of Figure 2 of 8B/148 shows that even at the GPS level of –142 dBW/m2/MHz quoted, the range would be approximately at the 50% figure for the more sensitive radars quoted.

Assessments of the nature of the interfering signal have led to the belief that it will cause the constant false alarm rate (CFAR) clutter map circuits to seriously reduce the sensitivity of the radar in the direction of the satellite, the absolute effect depending on the elevation angle. The worst effect will occur for low elevation satellites near the peak of the antenna's elevation pattern, typically 2( to 7(. The nature of the relatively slow motion of the satellite will mean that the reduction in Pd will be of an insidious nature that may not be noticed by operators or automatic tracking systems.

4
Why interference may not be reported
The submissions requesting the change in the current protection level make much of the issue that no interference from RNSS has been reported. This could be for several reasons; see 8D/137.

The signal is not causing interference

Currently RNSS systems operate in the band 1 215‑1 260 MHz. It is possible that some administrations are limiting their radiolocation/radionavigation radars to the band 1 260‑1 300 MHz, or at least avoiding the RNSS system frequencies, however, some of the responses to Administrative Circular CA/102 indicate that this is not the case for all administrations.

The interference exists but is not observed or reported

It may be that the interfering signal is lower than predicted (10 dB margin) or it may be that the effects are occurring as described, but that operators do not observe the interference.  This may be due to many factors; the position of the satellites relative to air traffic areas for example, or the fact that the interference is in narrow sectors. It may be that the use of tracking algorithms on the outputs of the PSR to interpolate between successive targets is masking missing detections so that they are not obvious to the operator. The only way to check this is to specifically look for the 

interference. A possible method may be to record data from the PSR (Primary surveillance radar) and the SSR (Secondary surveillance radar) and correlate this with the satellite positions. The number of lost primary detections could then be measured directly as could the satellite's pfd.

However the fact that the interference is not obvious does not mean it does not exist and that it is not having an effect on the radar’s Pd and its resulting SIL (Safety Integrity Level).

It may also be the case that the operators of radar systems are not providing a safety of life function and are able to mitigate against interference without requiring to report it to the administration concerned.

5
Comments on proposed new CPM Text
The proposed changes in Attachment 16 of the chairman’s report of the 11 meeting of WP 8D are predicated by the fact that no interference has been reported. Work is under way to study if this assertion is correct (see 8D/98). The proposed text suggests the adoption of the new protection level of [-133] dBW/m2/MHz over the whole 1 215‑1 300 MHz band. If it transpires that protection is being provided by the assignment of suitable frequencies by administrations, this would be made much more difficult if more RNSS frequencies are spread over the whole band. There may be however, other reasons why it may be preferable to avoid the overlapping of RNSS system frequencies.

It is recommended that this new text and the proposed protection requirement of [‑133] dBW/m2/MHz should not be adopted until studies are complete and the operational issues have been studied further to confirm that the integrity of ATC radars in particular not being compromised. Any studies should include trials specifically designed to "look for" the effects of interference and to measure the associated pfd. Such trials could consist of recording PSR and SSR data in the areas of satellite interference and correlating the change in Pd and Pfa with the Pfd seen from the satellite. The SSR data would provide the reference data.

Annex 1

Specific comments on method of calculation and results given in 8B/148, 8D/185

The paper refers to a 'Safety Margin'. It is thought that this means that the maximum pfd can be XdB greater than the minimum pfd. This 'Safety Margin' changes from 10dB to 5dB, thus making the interference less severe. Since the purpose of the paper is to identify why the interference has not been observed, it may be argued that we should take the best case rather than the worst case in our assumptions, as the interference could be at the lower end of the predicted range, therefore 5 dB can be accepted as a conservative figure. However, if we wish to define a protection requirement, the 5 dB must be considered optimistic and the worst case [10] dB should be used.

The paper goes on to use this 5dB safety margin in the calculations and show that the performance of the radar is reduced in such a way that the range for a given Pd is reduced by 30% (to a value of 70%). This constitutes notable degradation but the paper has not considered what the value would be if the 10dB safety margin had been used. The result would be even worse. The illustration also uses figures quoted for GPS, however the results for GLONASS would be 11 dB higher. It also calculates the effect on the least sensitive radar. Taking this into account the reduction in range would be approaching 70% i.e. a detection range of 30%. The ranges are also all referenced to the pfd-6dB that assumes an inherent degradation to start with, although they should be referenced to the no interference case.

Although a Pfa = 1e-5 is suggested in 8B/148, a Pfa = 1e-6 is generally considered for ATC systems. Figure 6 should be plotted on a log scale for Pfa to show the real extent of the change.

The paper comments that the increase in Pfa is small and not noticeable by the operator. However, the operator is quite likely to notice that many false alarms appear on the screen. 

The paper notes that the operators do not seem to notice the reduction in Pd/range performance. This is not surprising since it is much more difficult to see a target that is not displayed than false ones that are. The source of this subjective information is unclear.  It is not known in this case how the PSR and SSR data are fused, but it would be useful to compare the number of times a secondary reply is not matched with a primary target return. This would give some indication of what is occurring to the PSR’s range performance.

Document 8B/148 is makes a judgement of what is acceptable. To a radar designer, reduction to 70% range would seem severe but it is not the radar designer’s decision but the decision of the organisation operating the radar system and the ATC community may have some concerns with this approach. It is assumed that the performance requirements on the radars are defined from an operational requirement and if this is to detect a given target with a given Pd, then reducing that range to 70% or less would undoubtedly lead to the radar not meeting this requirement.

The interference originates from the satellites. As the paper illustrates, it may be coming from a number of directions. To the ground based radar these satellites appear to move slowly so that this interference will appear in the same Azimuth for some time. Thus, if a wanted target is at long range in the same azimuth as the satellite and is travelling towards the radar then the target may be invisible for a long time, which may be unacceptable.

Annex 2

Example of the effect of Noise Interference I/N 19 dB
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Key:
- Light triangles (red) - Primary Radar Detections


- Dark distinct triangles (green) - Secondary Radar Detections

This recording shows a ( 8( sector of simulated noise-like interference at a level of 19 dB above the radar system noise. The level of interference was set to within the 10 dB range of Max/Min pfd ratio (see 8B/64) of RNSS interference being proposed and less than the maximum of [‑133] dBW/m2/MHz. In the case of RNSS interference, this sector would correspond to the radar antenna's azimuth beamwidth plus a reduced level of interference in the beamwidths either side. The interference is thus likely to affect a sector of a few beamwidths in azimuth.

Note the specific lack of primary tracks within the sector showing that the radar has been desensitised in this region. 

Notes:

1
The equipment used for the recording was a SASS-C.

2
The SSR was separate from the PSR and was range limited in the North and North East regions of the recording.

3
The PSR was a pulse compression type fitted with Plot Extraction, A (adaptive) MTI processing, CFAR and clutter map.

4
The extracted plots were passed through a Plot Filter Combiner, but the combining function was not used.

5
The SASS-C recorder carried out PSR to SSR combination and tracking.

________________
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*	GPS Operating Characteristics are described in Rec. ITU-R M.1088.
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