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	SUMMARY

	This WP reviews the background of the mitigations defined in the standards for anomalous ionospheric conditions as related to GAST-D. The paper reviews the various operational scenarios affected by ionospheric gradients, and how they are detected by ground and airborne monitors. Several issues that have been identified during validation of the requirements are also described. It is recommended  the CSG consider this paper as a contribution to validation of the baseline GAST D SARPs. 



1. Introduction.
1.1 Background.  
During the validation of the GAST D SARPs several issues have been identified concerning the requirements for ground monitoring of anomalous ionospheric conditions. The details on those issues are the subject of other working papers to be presented. The purpose of this paper is to review the background for the rationale of the baseline requirements. 
1.2 GAST D SARPs Ionospheric Monitoring Requirements
Following are the SARPs requirements related to the ground monitoring of anomalous ionospheric conditions [1]:
Appendix B, 3.6.7.3.4. Ionospheric Gradient Monitoring.

A ground subsystem classified as FAST D shall within 1.5 seconds mark the differential corrections for affected satellites as invalid in MT11 (σpr_gnd_D bit pattern “1111 1111”), if the probability that there is an undetected spatial ionospheric delay gradient with a magnitude greater than 1.5m/D in the direction of any approach supporting GAST D is greater than 1x10-9. D is the distance between the reference point of the FAST D ground subsystem and the threshold. The direction of the approach is defined by the runway heading.
Note - The total probability of an undetected delay gradient includes the prior probability of the gradient and the monitor probability of missed detection. For example, if the distance to the threshold is 5 km then the magnitude of the gradient that needs to be detected is 1.5 m/5 km = 300 mm/km. The magnitude of the undetected ionospheric spatial delay gradient as observed over a baseline parallel to runway being served must not exceed 300 mm/km with a total probability of greater than 1x10-9.
Appendix B, 3.6.7.1.4 Siting Criteria

3.6.7.1.4.1 The distance between the reference point of a FAST D ground subsystem and the LTP of any runway for which the ground subsystem supports GAST D shall be less than or equal to 5 km.
Note – Guidance material concerning siting constraints for mitigation of anomalous ionosphere is given in Attachment D, section 7.5.6.1.6.

The ionospheric threat model is described in Attachment D to the SARPs (7.5.6.1.7.1), and is summarized below: 

A severe ionospheric spatial gradient is modelled as a moving wedge of constant, linear change in slant ionosphere delay (Figure 1).  The key parameters of this model are the gradient slope (g) in mm/km, the width (w) of the wedge in km, the amplitude of the change in delay (D) in meters, and the speed (v), in m/s, at which the wedge moves relative to a fixed point on the ground.  These values are assumed to remain (approximately) constant over the period in which this wedge affects the satellites tracked by a single aircraft completing a GAST-D approach. The maximum gradient slope (g) is 500 mm/km.  Width (w) can vary from 25 to 200 km. Propagation speed (v) can vary from 0 to 750 m/s.  The maximum value of D is 50 m.
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Figure 1. Ionospheric Anomaly Wedge Model

2. DISCUSSION

2.1 Review of Anomalous Ionospheric Monitoring
The impact of ionospheric gradients on GBAS positioning involves two elements, both of which induce differential pseudorange errors. One is the actual gradient between the aircraft and reference receivers, which is determined by the gradient slope and the separation between the user and reference station. The slope of the gradient affects the difference between code and carrier at each receiver as well as the difference between receivers over a given separation. The second element is the gradient that the aircraft has already flown through on its way toward a GBAS-equipped airport, which creates a build-up of error in the carrier smoothing filters over time due to the resulting difference between code and carrier. In GAST D GBAS the method for mitigating the effects of the error due to ionospheric gradients is based on a combination of:

· Monitoring in the airborne segment;
· Ionospheric Gradient Monitoring in the ground subsystem;
· Siting restrictions on the ground subsystem;
· Definition of a standard ionospheric threat space which defines the range of ionospheric anomalies to which the user will be exposed;
· A ground code-carrier divergence (CCD) monitor is also required for GBAS (Appendix B, 3.6.7.3.3.3), which contributes to monitoring for anomalous ionospheric conditions. Its primary purpose is to detect CCD induced by satellite faults.

The airborne monitoring scheme defined in the RTCA MOPS (DO-253C) has three elements that detect different portions of the threat space [2]:

· Use of 30 second smoothing which is inherently less susceptible to filter bias build-ups due to gradient mismatches between ground and airborne subsystems;
· Cross comparison of the 100 second and 30 second smoothed position solutions (DSIGMA monitoring);
· Airborne CCD monitoring;
· Fault Detection (RAIM).
The MOPS CCD, DSIGMA and fault detection requirements are reproduced below: 
2.3.6.11
 Airborne Code Carrier Divergence Filtering.

AEC D equipment shall [LAAS-324] operate the CCD filter defined in this section at all times.

After takeoff and until the approach and landing operation is completed, when the computed position is inside the PAR, any satellite associated with a CCD filter output greater than 0.0125 m/s within the last 20 minutes shall [LAAS-325] be removed from the precision approach position solution within 2 seconds unless fault detection according to Section 2.3.9.6.1 is used to validate the measurement.
2.3.9.3
Dual Solution Ionospheric Gradient Monitoring

AEC D equipment, when GAST D is active, shall [LAAS-347] compute the difference between the 30 second smoothed and 100 second smoothed position solutions.   If the absolute value of the difference between the position solutions in the vertical or lateral direction exceeds 2 meters, the equipment shall [LAAS-348] change the active Approach Service Type to C and output appropriately per section 2.3.11.1.3.3, or use a subset geometry for which this test passes.
2.3.9.6 Fault Detection

For AEC D equipment, when GAST D is active and the aircraft is inside the PAR the PAN shall [LAAS-353] perform fault detection on the precision approach position solution based on 30-second smoothing using redundant corrected pseudorange measurements if more than four satellites with associated differential corrections are available.

The fault detection algorithm shall [LAAS-354] be performed at a rate of at least once per minute, as well as within 6 seconds of entering the PAR, and within 2 seconds of a satellite geometry change.  If a fault is detected the equipment shall [LAAS-355] change the active Approach Service Type to C and output appropriately per section 2.3.11.3.3, or use a subset geometry for which the limit is not exceeded.

The probability of missed detection has no requirement.  The probability of false alert shall [LAAS-356] be set to provide a probability of false alert equal to 10-7 per sample.

Note:
This fault detection algorithm is intended to provide additional means for detection of rare ionosphere gradient anomalies and position errors that may go undetected by other methods required by this MOPS.  

2.3.9.6.1 Fault Detection for Satellite Addition

Equipment supporting GAST D shall [LAAS-357] perform fault detection as specified in this section at least once after the airborne Code Carrier Divergence monitor output has converged below its threshold (see Section 2.3.6.11).

The equipment shall [LAAS-358] form a test statistic and compare it to a threshold set to provide a Probability of False Alert of no greater than 0.01/minute. In addition, a vertical protection level, VPLFD, shall [LAAS-397] be computed based on the detection thresholds and a probability of missed detection of 10-3/minute. LPLFD and VPLFD shall [LAAS-397] be computed based on the hypothesis that there is a bias (due to a stationary ionosphere gradient) affecting only the satellite measurement to be added (as opposed to the hardest to detect satellite measurement), and with all other measurement errors defined by their expected distributions.
The satellite measurement shall [LAAS-359] not be added to the precision approach position solution until the 20-minute observation period required by the airborne Code Carrier Divergence monitor has elapsed (See Section 2.3.6.11), or until the VPLFD is less than VAL (as defined in Section 2.3.9.4), LPLFD is less than LAL (as defined in Section 2.3.9.4), and the test statistic is below the threshold.

Note: This RAIM algorithm may be performed multiple times at any frequency until the conditions are met for satellite addition as long as it meets the specified missed detection probability.

Analysis conducted during the initial validation of the baseline GAST D SARPs identified the mitigations provided by the various ground and airborne monitors [3, 4]. The three airborne monitoring algorithms (DSIGMA, CCD, and RAIM) detect differences related to the ionospheric divergence rate, which is directly related to the smoothing filter build-up portion of the ionospheric gradient induced error.  It has been shown that DSIGMA monitoring effectively addresses the total contribution of the filter build-up portion of the error regardless of the direction, speed, slope or width of the anomaly, for those gradients that it can “observe” and detect. Airborne CCD monitoring is effective against wide gradients with large slopes that are observed by the airplane as it approaches the airport. The airborne CCD monitor is also important for the corner of the threat space that involves an airborne receiver pierce point that is already in the middle of a gradient (and is already being affected) at the start of the GBAS operation. The CCD monitor will have a chance to detect entry into the gradient at the earlier time of entry, before the GBAS operation begins. To achieve this, the airborne CCD monitor is specified to run at all times after take off until the approach and landing operation is completed, to continuously detect gradients. The MOPS requires that a satellite may not be used for GAST D unless it has been monitored without CCD detection for at least 20 minutes, unless the satellite can be validated using the RAIM-like fault detection algorithm.

Analysis has shown that use of CCD monitoring combined with aircraft speed changes during typical operations will effectively limit the size of gradients that might otherwise go undetected. A speed change from typical cruising speed to approach is assumed, however the maximum errors are insensitive to the exact nature of the speed profile.  Detection by the airborne CCD monitor is only true of gradients that are actually observed by the aircraft. While the airborne monitoring is effective at detecting and mitigating the vast majority of the threat space for ionospheric anomalies, there are still certain parts of the threat space that airborne monitoring alone cannot mitigate because the airborne system cannot directly observe and detect the anomaly. 
It should be noted that, in addition to the wedge model, initial validation of the ionospheric monitoring included detection of plasma bubble gradients [4]. It was found that the combination of ground and airborne monitors is sufficient to also detect plasma bubble gradients in accordance with the GAST D SARPs requirements. 
2.2 Anomalous Ionospheric Gradient Scenarios
Figure 2 illustrates the basic anomalous ionospheric conditions that constitute a threat. Scenario A is where the gradient front velocity is in the same direction as the approach path. In this case, the gradient will be observed by the aircraft prior to being observed by the ground station. Therefore, most of the time, the gradient will be detected by the airborne monitors. One exception in this scenario is with relatively slow ionospheric anomaly speeds. More specifically, the worst case errors occur when the ionospheric front velocity is close to the speed of either the ground or airborne pierce points. The ground gradient monitor provides the primary mitigation for those cases. 
Scenario B is where the gradient velocity is at an angle to the approach direction. In this scenario the airborne monitors provide detection, therefore the ground gradient monitor is not required.  In this case, speed changes for a straight-in approach do not project in the direction of the gradient, therefore they provide no benefit in detection.
Scenario C is where the gradient velocity is in the opposite direction of the approach. This is the primary scenario where the ground gradient monitor is required. If a slowly moving gradient is approaching from the opposite side of the ground subsystem from the direction of the approaching aircraft, the airborne CCD monitoring may not be able to detect it before the resulting error builds up to a potentially hazardous level.  The DSIGMA monitor will only detect it if there is a substantial filter build-up error observed at the aircraft, which may not happen if the ionospheric front moves slowly enough. The gradient will be observed by the ground station prior to the aircraft and is detected by the absolute gradient monitor. 
Scenario D is where the gradient front velocity is orthogonal to the approach direction. This scenario is the most problematic because neither the airborne monitors nor the ground monitor can detect relatively slow gradients in this geometry. Since that is the case, the only solution is to restrict the siting of the ground station relative to the approaching aircraft to minimize the magnitude of the error. This is one reason for limiting the distance to the runway threshold to less than 5 km.
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Figure 2. Ionospheric Gradient Scenarios

Summarizing the analysis of the described scenarios, the primary function of the ground subsystem monitor is to detect gradients that approach the runway from the opposite side of the approach direction (scenario C). If a gradient approaches the ground subsystem at a very low speed (relative to the motion of the ground subsystem ionospheric pierce point for the affected satellite(s)) the other ground and airborne monitors will not be able to detect the gradient. The same thing is true for particular cases in scenario A with slow front speeds and speeds close to that of the airborne pierce points. 
For the cases where the gradient cannot be observed and detected by the aircraft or the ground monitor (scenario D) the only option is to limit the magnitude of the gradient and restrict the distance between the ground station and the runway threshold. The defined threat space limits the maximum gradient to 500 mm/km. The maximum undetectable error is the distance (D) multiplied times the maximum gradient. With the maximum distance to threshold limited to 5 km, the maximum range error is (500 mm/km x 5 km) =  2.5 m. Analyses conducted during validation have found that the maximum pseudorange error, after the ground and airborne mitigations have been applied, is 2.75 m. This is consistent with the maximum vertical position error (approximately 10 m) that can be tolerated for an aircraft to land in the Category III autoland touchdown zone.

The baseline SARPs requirement is that the ground station monitor for and detect gradients such that the product of the largest undetectable gradient (in the direction of a GAST D supported approach) and the distance between the ground station reference point and the threshold for that approach is ≤ 1.5 meters.   This allows the actual siting distance to be traded against the size of a gradient that must be detected.  
2.3 Validation Issues. 
During the validation of the baseline GAST D requirements several issues have been identified concerning ground subsystem monitoring of anomalous ionospheric conditions. One issue concerns clarification of the specific ionospheric gradient scenarios that the ground subsystem is required to detect. Additional clarification may be needed to describe these scenarios to assist ground station manufacturers in designing the monitor. 
The second issue concerns the magnitude of the gradient and resulting error that is required to be detected. The baseline requirement is defined in terms of the magnitude of the gradient (1.5 m/D).  Further analysis is exploring an alternative option of defining the requirement as a maximum error on the smoothed broadcast correction, as are the ranging source fault detection requirements.  

The third issue that has been identified concerns the time-to-detect (TTD). The baseline TTD requirement is 1.5 seconds, the same as the other GAST D integrity requirements. However, due to the time needed for the error associated with a gradient to build up in the airborne receiver, slower moving gradients result in a slower increase in the pseudorange error. This potentially allows for a longer TTD in these scenarios. 
The fourth issue relates to the probability of missed detection, defined in the baseline as 1x10-9. As the note with the requirement indicates, this probability includes an allowance for the prior probability for the gradient. To date there has not been any work completed to validate a prior probability. This is the subject of future work.
Other papers that will be presented at this meeting will address these and additional issues and make recommendations for potential changes to the baseline GAST D SARPs.
3. RECOMMENDATION 
It is recommended that the NSP CSG consider this information as part of the validation activities for the baseline GAST D SARPs.
--- END ---
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