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Summary

A mathematical analysis and computer simulation give estimates of the probability of a radar system missing a target detection due to RNSS RFI. The analytical and computer estimates agree. However, the results predict a much lower rate than the I/N value in ITU-R Recommendation M.1463 suggests. 

This paper was also presented at the September meeting of ITU-R WP 8B and WP 8D, and is now in a technical annex to proposed CPM text on Resolution 606 for the 
WRC-2003.

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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Figure 1

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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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.)
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Figure 3

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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Figure 4

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 isotropically 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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m2 was used. 

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%.

________________







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