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SUMMARY

This paper identifies a work plan to modify and validate changes to the GAST D ionospheric gradient monitoring requirements, that were invalidated in [2]. Included in this work plan is discussion of how additional time between monitor detection and annunciation of an alert as described in [5] may enable mitigation of the issues raised in [2]. In addition, this paper addresses optional formats which the new requirement may adopt with discussions around pro’s and con’s of these formats. 




1 INTRODUCTION
This paper identifies a work plan to modify and validate changes to B.3.6.7.3.4 in the ICAO SARPS [1], which was invalidated in [2]. Included in this work plan is discussion of the roles of the ground and airborne subsystems in ionospheric gradient mitigation and how additional time between monitor detection and annunciation of an alert as described in [5] may enable mitigation of the issues raised in [2]. In addition, this paper addresses optional formats which the new requirement may adopt with discussions around the merits of these formats.
2 BACKGROUND

These issues were originally identified as part of the SARPS validation of Honeywell’s GAST D Ionosphere Gradient Monitor under an FAA contract [3] to develop a GAST D prototype system.

Prior to reviewing this paper it may be beneficial to review background information on the original basis for the iono gradient threat mitigation presented in [4].

3 REFERENCE ICAO SARPS REQUIREMENTS

The following requirement, which will be referenced in this paper, is taken from Appendix B in the ICAO SARPS [1].
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
In addition, the guidance information in D.7.5.6.1 (Attachment D of [1]) will be referenced in this paper.
7.5.6.1.6 Requirements for FAST D ground subsystems to support mitigation of errors caused by ionospheric anomalies.

Although much of the responsibility for mitigation of ionospheric errors is allocated to the airborne segment, there are two requirements for FAST D ground subsystems that are necessary to support mitigation of such effects. Appendix B section 3.6.7.1.4 defines a maximum allowable distance between a FAST D GBAS ground subsystem reference point and the threshold of any approach for which that ground subsystem will support GAST D. This maximum distance is defined so that the worst case error that can exist on a differentially corrected pseudorange after the airborne ionospheric monitoring has been applied can be determined. The second requirement, Appendix B section 3.6.7.3.4 specifies that the ground subsystem monitor for the presence of ionospheric spatial delay gradients directly. The requirement is written such that that product of the largest ionospheric gradient in the direction of an approach supporting GAST D that is undetected with a probability of 1x10-9 times the distance between the GBAS ground subsystem reference point and the threshold projected onto the direction of the runway for that approach be less than 1.5 meters. The undetected probability includes both the prior probability of the ionospheric gradient and the monitor missed detection probability. The requirement is formulated in this manner so that ground subsystem siting can be traded against the magnitude of a gradient that must be detected by the ground subsystem. This requirement addresses the special case when the ionospheric front moves slowly (e.g. less than 40 m/s) relative to the ionosphere pierce point (point where the GPS Signals intercept with the ionosphere at an altitude of 350 km above the earth ellipsoid) and the front comes from the ground subsystem side and the front edge resides between the ground subsystem and the airborne user pierce points.
7.5.6.1.7 Ionospheric Anomaly Threat Models Used for GAST D Validation.

As discussed above, the mitigation of errors that could be induced by ionospheric anomalies is accomplished through a combination of airborne and ground system monitoring. The effectiveness of the required monitoring has been demonstrated through simulation and analysis and the maximum errors at the output of the monitoring have been shown to be consistent with airworthiness certification criteria for a range of anomalies described below. This range of anomalies is described in terms of a "standard threat space" consisting of an ionospheric anomaly model which defines physical attributes of the ionospheric anomaly. This model is conservative enough to cover all GBAS ionospheric gradient threat models that have been publicly proposed to date. The threat models define an ionospheric environment for which the standardized monitoring is known to produce acceptable performance on a per-pseudorange basis. Each service provider should evaluate whether the standard threat space model described below is appropriate for the ionospheric characteristics in the region where GBAS is intended to support GAST D service. If a service provider determines that the ionospheric behaviour is not adequately characterized by this threat model, (e.g., for a region of uniquely severe ionospheric behaviour), that service provider must take some action to ensure the users will not be subjected to ionospheric anomalies with characteristics outside the range of the standard threat space. The service provider may elect to:

1. alter the characteristics of its ground subsystem, and/or

2. introduce additional monitoring (internal or external to the GBAS), and/or

3. Introduce other operational mitigations that limit users’ exposure to the extreme

    ionospheric conditions.
Potential ground subsystem changes which could achieve this risk reduction include tighter siting constraints (see section 7.5.6.1.6, and Appendix B section 3.6.7.1.4.1) and improved ground-system monitoring performance (Appendix B section 3.6.7.3.4). Another mitigation strategy is monitoring of space weather (external to the GBAS system) in conjunction with operational limitations on the use of the system during predicted periods of severely anomalous ionospheric activity. Combinations of these strategies may be used to insure that the GAST D user is not subjected to ionospheric anomalies outside the standard threat space.
7.5.6.1.7.1 Ionosphere Anomaly Model: Moving Wedge: This model is a conservative rendition of the model developed by the FAA for CONUS. It models a severe ionospheric spatial gradient as a moving wedge of constant, linear change in slant ionosphere delay, as shown in Figure A-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 m, and the speed (v) 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. While the width of the wedge is small, the “length” of the wedge in the East-North coordinate frame (i.e., how far the “ionospheric front” containing the wedge extends) is not constrained.
[image: image1.png]71 GBAS CAT ILI Development Baseline SARPs - 1ol

Fie Edt View Window Help

x

Ble 2| Tools

ARZEE=|® ® (2] K& | = @ [w%]-]|

Sign

Comment

Annex 10 — Aeronautical Communications Volume I

wedge extends) is not constrained.

Max lono delay Slope

Front Speed
Depth >

Nominal lono
Figure A-1: Moving Wedge Ionospheric Anomaly Model

In this model, the upper bound on g is dependent on wedge speed as specified in Table XX-1. This value is not dependent on
satellite elevation angle. Because g is expressed in terms of slant delay, no “obliquity” correction from zenith delay is needed.
The width w can vary from 25 to 200 km. The maximum value of D is 50 m. Note that, to make the model consistent, D
must equal the product of slope g and width w. In cases where slope and width each fall within their allowed ranges, but their
product D exceeds the 50-meter bound, that combination of slope and width is not a valid point within the threat model. For
example, both g = 400 mm/km and w = 200 km are individually allowed, but their product equals 80 meters. Since this
violates the constraint on D, a wedge with ¢ = 400 mm/km and w = 200 km is not included in this threat model.




In this model, the upper bound on g is dependent on wedge speed as specified in Table XX-1. This value is not dependent on satellite elevation angle. Because g is expressed in terms of slant delay, no “obliquity” correction from zenith delay is needed. The width w can vary from 25 to 200 km. The maximum value of D is 50 m. Note that, to make the model consistent, D must equal the product of slope g and width w. In cases where slope and width each fall within their allowed ranges, but their product D exceeds the 50-meter bound, that combination of slope and width is not a valid point within the threat model. For example, both g = 400 mm/km and w = 200 km are individually allowed, but their product equals 80 meters. Since this violates the constraint on D, a wedge with g = 400 mm/km and w = 200 km is not included in this threat model.
Note: In the GAST D validation, it was assumed that a single wedge represented by this model produced the worst case errors on any two ranging sources at the same time. However, the numbers of wedges and impacted ranging sources depend on the ionospheric characteristics in the region where GBAS is intended to support GAST D service.
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Figure A-1: Moving Wedge Ionospheric Anomaly Model

Table XX-1 B
Propagation Speed (v) Upper Bound on
Gradient Slope (g)
v <750 m/s 500 mm/km
750 <v <1500 m/s 100 mm/km

7.5.7 Aircraft receiver contribution to corrected pseudo-range error. The receiver contribution is bounded as described l




The range source fault requirements defined in B.3.6.7.3.3.2 and B.3.6.7.3.3.3 of [1] are also referenced in this document for the purposes of comparison to B.3.6.7.3.4. They are included here for reference.
3.6.7.3.3.2 For FAST D ground subsystems, the probability that the error, |Er|, on the 30 second smoothed corrected

pseudorange (section 3.6.5.2) caused by a ranging source fault, is not detected and reflected in the broadcast Type 11 message within 1.5 s shall fall within the region specified in Table B-76 A.

Ranging source faults for which this requirement applies are:

a. Signal deformation (Note 1)

b. Code/Carrier divergence

c. Excessive pseudorange acceleration, such as a step or other rapid change.

d. Erroneous broadcast of ephemeris data from the satellite.

Note 1 –Refer to Appendix D, Section 8.11 for further information on AEC-D avionics relating to signal deformation fault.

Note 2. Upon detection, a ranging source fault may be reflected in the Type 11 message by either:

a) removing the correction for the associated satellite from the Type 11 Message, or

b) marking the satellite as invalid using the coding of σpr_gnd_D (section 3.6.4.11.4)

Note 3 The acceptable probability of missed detection region is defined with respect to differentially corrected pseudorange error. The differentially corrected pseudorange error, |Er|, includes the error resulting from a single ranging source fault, given the correct application of GBAS ground subsystem Message Type 11 broadcast corrections (i.e. Pseudorange Correction and Range Rate Corrections defined in Section 3.6.4.11) by the aircraft avionics as specified within section 3.7. Evaluation of Pmd performance includes GBAS ground subsystem fault-free noise.

Note 4 - Additional information regarding the ranging source fault conditions and monitoring requirements for FAST D ground subsystems may be found in Attachment D section 7.5.12
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Note 4 - Additional information regarding the ranging source fault conditions and monitoring requirements for FAST D
ground subsystems may be found in Attachment D section 7.5.12

Table B-76 A. P4 jimit Parameters

Probability of Missed Detection Pseudorange Error (metres)
Pid timit < 1 0<[E]|<0.75

[P oy € @A 1ED) 0.75<[E|<2.7

Pod timie < 107 2.7<[E|< o

3.6.7.3.3.3 For FAST D ground subsystems, the probability of a error, [Er|, greater than 1.6 meters on the 30 second
smoothed corrected pseudorange (section 3.6.5.2), caused by a ranging source failure, is not detected and reflected in the
broadcast Type 11 message within 1.5 seconds shall be less than 1x10? in any one landing when multiplied by the prior
probability (Pepriorn)-

Ranging source faults for which this requirement applies are:

a. Signal deformation (Note 1)

b. Code/Carrier divergence

c. Excessive pseudorange acceleration, such as a step or other rapid change.
d. Erroneous broadcast of ephemeris data from the satellite.

Note I —Refer to Appendix D, Section 8.11 for further information on AEC-D avionics relating to signal deformation
fault. A





3.6.7.3.3.3 For FAST D ground subsystems, the probability of a error, |Er|, greater than 1.6 meters on the 30 second

smoothed corrected pseudorange (section 3.6.5.2), caused by a ranging source failure, is not detected and reflected in the broadcast Type 11 message within 1.5 seconds shall be less than 1x10-9 in any one landing when multiplied by the prior probability (Papriori).

Ranging source faults for which this requirement applies are:

a. Signal deformation (Note 1)

b. Code/Carrier divergence

c. Excessive pseudorange acceleration, such as a step or other rapid change.

d. Erroneous broadcast of ephemeris data from the satellite.

Note 1 –Refer to Appendix D, Section 8.11 for further information on AEC-D avionics relating to signal deformation fault.

Note 2. – It is intended that the prior probability of each ranging source fault (Papriori) be the same value that is used in the analysis to show compliance with error bounding requirements for FAST C and D (see Appendix B, Section 3.6.5.5.1.1.1 ).

Note 3 - Upon detection, a ranging source fault may be reflected in the Type 11 message by either:

a) removing the faulty satellite correction from the Type 11 message, or

b) marking the satellite as invalid using the coding of σpr_gnd_D (section 3.6.4.11.4)
4 ISSUES AND RECOMMENDED ACTIONS
As described in [2], the current version of B.3.6.7.3.4 does not allow for a distinction to be made between an anomalous ionospheric gradient and a more benign “tropospheric” gradient. Both events will appear the same to a ground system’s double-difference based gradient monitor due to their similar characteristics, but they will have different impact on the system error since the widths of these “tropospheric” gradients are significantly smaller than those of anomalous ionospheric gradients.

This section will discuss issues associated with B.3.6.7.3.4 as currently written along with concepts that must be addressed in order to establish a new requirement.
4.1 Gradient Observability and Ground Subsystem’s Mitigation Role
As currently written, the relative locations of the ground subsystem, the airborne subsystem, and the ionosphere delay gradient are not considered in the ground subsystem ionospheric gradient monitor requirement (B.3.6.7.3.4), which leads to ambiguity on how:

1. Gradients that are not observable to the ground subsystem should be addressed in regards to validation against B.3.6.7.3.4. 
2. What role airborne monitoring plays in the overall mitigation strategy.

As illustrated in the figure below, a gradient approaching from the airborne side would not be immediately observable to the ground subsystem. Furthermore, we could consider this scenario a missed detection for the ground subsystem as B.3.6.7.3.4 is currently written.
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As described in [5], the ground subsystem only plays a critical mitigation role in a subset of the threat space defined in D.7.5.6.1.7.1. It may be beneficial to include an additional  note below B.3.6.7.3.4 or in the guidance material of Attachment D to further clarify the Ground Subsystem’s responsibility in mitigation of anomalous ionosphere gradients. Incorporation of this note could help ground subsystem manufactures avoid additional design considerations for threats which are already mitigated by the airborne monitors.
For example, additional clarification on the anomalous ionosphere threat space for a ground subsystem manufacturer would need to include gradient speed, slope, and width information. It would be best, however, to avoid aircraft/ground orientation information as part of the requirement since that implies incorporation of airborne modeling in the ground subsystem’s validation effort. 

4.2 Mitigation of Small Non-Ionosphere Based Gradients

As described in [2], additional gradient sources attributable to non-ionosphere components of the atmosphere, most active on warm/sunny days, may blind the ground subsystem from detection of anomalous ionosphere gradients as well as lead to undesirable false alert performance. As described in [5], the ground subsystem can safely implement a time delay from the time an ionospheric gradient is detected by the IGM and annunciating an alert (i.e., removal of broadcast corrections for the impacted satellite measurement) and still fully mitigate the anomalous threat space described in [5]. This additional time delay on annunciating an alert may enable ground monitors to isolate non-ionosphere gradients from those due to the anomalous ionosphere.
A modification to explicitly state this time delay for annunciation of detection in the ICAO SARPS may not be necessary, however a modification to change B.3.6.7.3.4 from the gradient domain to the range domain as described below in Section 4.3 may be beneficial.
4.3 Defining Ionosphere Gradient Requirement in Range Domain

Adding a more clear definition of the ionosphere gradient threat space for which the ground subsystem is responsible, as described in Section 4.1 above, combined with altering B.3.6.7.3.4 to define the Ionospheric Gradient Monitoring requirements in the range domain rather than the gradient domain will enable the ground subsystem to implement a delay on annunciating detection.
By updating B.3.6.7.3.4 to define the requirement in the range domain, we get the added benefit of consistency with the range source integrity requirements defined in B.3.6.7.3.3.3 of [1], along with greater insight into the level of error introduced by the ground subsystem’s mitigation strategy. Consider the following two scenarios based on the figure below:

In both scenarios, we have a 500mm/km gradient approaching from the ground side. In the first scenario, the gradient is moving at 500m/s, in the second scenario the gradient is moving at only 1 m/s (for the sake of simplicity, we’ll ignore the impact of filtering in these examples). In the first scenario, the delay build-up at the ground station will reach 1.5 m in only 6 seconds, while in the second scenario it will take 50 minutes. These two scenarios have a much different impact on an airborne position solution at the Landing Threshold Position (LTP) 5 km away, but would be viewed as equivalent threats in the current version of the requirement, which is written in the gradient domain.
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One difficulty with converting to the range domain is development of a range error model which can be used for ground monitor validation and accounts for the complex interaction between the ground and airborne filters. An alternative to the range domain implementation of the new requirement would be to maintain the requirement in the gradient domain but add greater time to alert detail. For example, the updated requirement could include a range of gradient slopes and times to alert for different portions of the threat space (i.e., different gradients speeds and slopes).

Conversion of the requirement to the range domain may also enable a more intuitive and robust incorporation of the separation distance, D, between the ground station centroid and the LTP into the requirement. More intuitive since the ground station manufacturer will have greater insight into how D impacts the magnitude of the ranger error at the LTP over time. More robust since it may allow regions of the world with smaller values for the max slope component of their threat space to consider greater values for D beyond the 5 km maximum currently specified in B.3.6.7.1.4.1 of the SARPs siting criteria.
Conversion of the requirement should also consider if it is acceptable to mitigate the ionosphere gradient threat solely through reduction in D (i.e., the error due to spatial decorrelation is so small that monitoring is no longer necessary). 
4.4 Prior Probability for Anomalous Ionosphere Gradients

In addition to the range domain considerations described in Section 4.3 above, it is also recommended to consider including the prior probability in the wording of the new requirement. Although the prior is mentioned in the note below B.3.6.7.3.4 and in Section 7.5.6.1.6 of Attachment D, the rationale for this proposed modification is to make the Ionospheric Gradient Monitoring requirement consistent with B.3.6.7.3.3.3, which includes the prior probability in the requirement. The Ionospheric Gradient Monitor requirement is analogous to this ranging source fault requirement and should do the same to avoid ambiguity.
4.5 Goals of New Ionosphere Gradient Monitor Requirement
The following goals should be considered during development of modifications of B.3.6.7.3.4:
· Only address the threat space where the ground is needed for mitigation.

· Do not require ground manufactures to directly model airborne dynamics or ground/airborne orientations.

· Allow ground manufactures to consider the time period between when a ground monitor is able to detect an anomalous ionosphere gradient and when the ground station must annunciate an alert.

· Incorporate the distance, D, between the ground subsystem and LTP. This includes writing the requirement in a manner that could allow for distances larger than 5 km or mitigation via reduction in D.

· Allow for mitigation via multiple ground based monitors (as the current requirement does).
5 RECOMMENDATION

The issues discussed in this paper require further investigation before a modified version of B.3.6.7.3.4 can be recommended for acceptance. The existing team which will continue to work these issues is made up of FAA, Boeing and Honeywell personnel. The group is invited to consider the issues described in this paper, participate with the existing team, and consider the following unresolved issues and questions which must be addressed before defining a recommended modification to B.3.6.7.3.4:

1. Should the ionosphere gradient monitor requirement be written in the range domain or gradient domain? Is it possible to write a testable requirement in the range domain?
2. Can a single time to alert requirement be implemented or is it beneficial to include multiple times to alert for different portions of the threat space?

3. Can the continuity and blinding issues highlighted in [2] be resolved via a time delay between initial IGM detection and annunciation by the ground station?

4. Is it acceptable to mitigate the ground portion of the ionosphere gradient threat solely by reducing the ground station/LTP distance, D, without the need for monitors? If so, should this be noted explicitly or can it be covered via the new requirement’s use of D?

5. Beyond the issues in this paper, is additional investigation required to account for areas of high scintillation or bubble gradients which are most common in lower latitude regions?
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