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SUMMARY
Validation of the GAST-D ICAO SARPS is a key goal of the FAA’s GBAS program.  Much of this validation work is being accomplished through avionics and ground system GAST-D prototyping contracts.  The objectives of these contracts, and the data collected from flight testing conducted with them, are included in this paper.
1 VALIDATION OVERVIEW
A key goal of the FAA’s GBAS program is validation of the GAST-D ICAO SARPS.  Much of this work is being accomplished through prototyping contracts for ground and airborne systems, both with Honeywell International (HI).  Planned GAST-D avionics prototyping was completed in January 2013, while ground prototype development continues.

2 GROUND PROTOTYPING
The FAA is currently completing tasking via contract with Honeywell International (HI) to implement GAST-D GBAS ground requirements on the HI GAST-C GBAS system, the SLS-4000.  This work included modifications for RFI robustness, as well as necessary updates to existing GAST-C monitors and the addition of an ionospheric gradient monitor (IGM).  Modeling and system safety analysis work for the various monitors implemented was also completed.  

All updates have been implemented on the FAA’s SLS-4000 at Atlantic City International Airport (ACY).  Hardware changes have included the switch from copper to fiber connectivity to the reference stations from the main processing unit and the addition of two ‘secondary’ reference receivers (RRs).  These extra RRs will be used to help mitigate RFI as well as to provide longer baselines for ionospheric gradient monitoring.  A description of the GAST-D software updates to the ACY SLS-4000 is provided in Table 1.
A contract modification was recently added to HI to allow for more detailed study of the  ionospheric gradient monitoring.  As work progressed on the original GAST-D contract, it was found that non-ionospheric elements of the atmosphere could also cause delays that could cause blinding or false tripping of the developed gradient monitor.  Further study of this issue led to concerns with the ground ionospheric gradient monitoring requirement as it is written in the current SARPS.  Details on the data collected and suggested changes to this requirement are available in working papers presented by the FAA and HI at this meeting [1, 2, 3].  Although HI led the effort to build and validate the ground IGM, this work was sponsored by the FAA.  Validation material for the IGM was collected under the prototyping contract and was overseen by the FAA, and the LAAS Integrity Panel (LIP) has reviewed and concurred with the data collection.
	Software Build
	Updates
	Date Delivered

	1
	Display Type 11 Msg
	12/2010

	2
	Implement 30 second smoothing

Populate Type 11 msgs

Updates to Message Types 2 & 3
Incorporation of iono gradient monitor
	6/2011

	3
	Incorporation of CAT-III Excessive Acceleration (EA) monitor
	7/2012

	4
	Updates to manage 6 RRs
	9/2012

	5
	Incorporation of CCD monitor updates

Incorporation of Ephemeris monitor updates

Incorporation of Signal Deformation Monitor (SDM) Updates
	12/2012

	6
	Measured site data updates for 6 RRs
	3/2013

	7
	Addition of RR selection logic
RFI monitoring updates
	7/2013

	8
	6 RR updates for SDM, CCD, IGM, and carrier rate monitors
	Expected 10/2014


Table 1: GAST-D Ground Prototype Software Builds
3 AVIONICS PROTOTYPING
In August 2010, a cost-sharing contract was awarded to Honeywell International (HI) to implement GAST-D algorithms and message types, as described in the LAAS MOPS (DO-253C) and the LAAS ICD (DO-249D), on their commercially available GAST-C platform, the Integrated Navigation Receiver (INR).  The objectives were to confirm that the various monitor thresholds set forth in the MOPS were appropriate and that all MOPS requirements were clearly and correctly defined.  Incorporation of new GAST-D algorithms occurred over several software builds within three task areas, as shown in Table 2 below.

	Task
	INR Version
	Delivery Date

	Task Area I 

	Delivery of 3 Baseline Receiver (INR) Units
	E100
	11/2010-2/2011

	Delivery of Bench Test Interface Software
	E100
	12/2010

	Delivery of CAT-I Compliance Report
	E100
	9/2010

	Task Area II Phase I 

	Implement CAT III Message Format

(DO-246D LAAS ICD)
	E101
	3/2011

	Implement 30-second pseudorange smoothing

(DO-253C LAAS MOPS Section 2.3.6.6.1)
	E101
	3/2011

	Implement dual weighing matrix (DO-253C LAAS MOPS Sections 2.3.9.2.1-3)
	E102
	6/2011

	Implement second solution

(DO-253C LAAS MOPS Section 2.3.9.2.3)
	E102
	6/2011

	Implement DSIGMA

(DO-253C LAAS MOPS Section 2.3.9.3)
	E102
	6/2011

	Task Area II Phase II 

	Activate and update software baseline from Phase 1 
	E200
	1/2012

	Implement Divergence Monitoring Function (DO-253C LAAS MOPS Section 2.3.6.11)
	E201
	5/2012

	Implement Differential Correction Magnitude Check (DO-253C LAAS MOPS Section 2.3.9.5)
	E202
	5/2012

	RAIM Algorithm, Analysis & Test Report
	N/A
	3/2012

	Implement B-Value Monitoring (DO-253C LAAS MOPS Section 2.3.11.5.2.3)
	E202
	5/2012

	Implement Fault Detection and Provide Results Data (DO-253C LAAS MOPS Section 2.3.9.6)
	E202
	5/2012

	Task Area II Phase III 

	Activate and update software baseline from Phase II
	E300
	8/2012

	Implement VDB Message Authentication (DO-253C LAAS MOPS Section 2.3.7.3)
	E301/E302
	10/2012


Table 2: GAST-D Avionics Prototype Software Builds
During the course of the contract, several deficiencies were found in the MOPS as they were written.  These have been presented at RTCA for amendment and are summarized here:

· Airborne Code Carrier Divergence Filtering (CCD) [DO253-C Section 2.3.6.11]

· Filter output can be positive or negative, but MOPS defines the threshold as positive.
· CCD output will be in meters, but the MOPS defines the threshold as m/sec.

· The MOPS does not specify any re-inclusion criteria for an SV excluded by the CCD monitor.  Should IN PAR and IN AIR sates be monitored?

· Due to the 20 minute waiting period for SV inclusion, receiver start-up performance will be different for AEC-D equipment than AEC-C equipment, even when operating in GAST-C mode.

· Differential Correction Magnitude Check (HPCM) [DO253-C Section 2.3.9.5]
· There is an extra term in the computation for the total correction to the measured PR for SV ‘i’.

· More clarity on when to use 100-second or 30-second smoothed PRs for computation of HPDCM is required.

· Reference Receiver Fault Monitoring (RRFM) [DO253-C Section 2.3.11.5.2.3]

· Computations for the standard deviations of Dv and DL are not defined.  Acceptable assumptions for manufacturers to use when computing these values should be stated.

· Fault Detection [DO253-C Section 2.3.9.6]

· The MOPS requires fault detection (FD) only for GAST-D systems.  HI believes FD would be beneficial in detecting local conditions that could lead to faulted measurements.

· Fault Detection for Satellite Addition [DO253-C Section 2.3.9.6.1]

· More clarity is needed on when FD for SV is required

· How to handle situations where multiple SVs which were failed for CCD in the past 20 minutes become available at the same time

· VDB Authentication [DO253-C Section 2.3.7.3]

· No guidance is provided for clearing a fault after an authentication failure.

Not all of the GAST-D updates found in the LAAS MOPS (DO253-C) were completed.  Notably absent is the implementation of airborne geometry screening.  VDB Authentication protocols were also only partially completed, as the hardware changes necessary to successfully implement those protocols which require detection of the slot a message was received in fell outside the scope of this contract.  A follow-on contract to address these items has not been possible within the scope of the current program although this work would be desirable.

4 JOINT GROUND/AIR FLIGHT TESTING

4.1 OVERVIEW

This section presents data collected during flight tests at the Wm. J. Hughes Technical Center by the Office of Advanced Concepts & Technology Development, Engineering Development Services Division, Navigation Branch ANG-C32.  These flight tests were conducted with the goals of confirming interoperability between GAST-C avionics and GAST-D ground systems, and observing the performance of the prototype GAST-D INR and GAST-D monitors in a fault-free environment.

All flight tests were flown in a Convair 580 (N49) equipped with two GAST-D prototype INR receivers and a certified GAST-C Rockwell-Collins GLNU-930 MMR, against either the LAAS Test Prototype (LTP) ground station in GAST-D mode or the modified GAST-D prototype Honeywell SLS- 4000 GBAS ground station.  The LTP is the FAA’s primary LAAS Research and Development (R&D) tool and is used to characterize and test performance of a typical LAAS installation in an operational airport environment.  The GAST-D requirements necessary to conduct these flight tests have been implemented in the LTP.  The HI SLS-4000 system was in various states of GAST-D updates throughout the flight testing, all including 30-second pseudorange smoothing and broadcast of the Type 11 message.

All approaches flown during these flight tests were straight-in at 3-degrees, and ILS-like.  Approaches started at either 10 or 25nmi from runway threshold.  There were always several 25nmi approaches to each runway to confirm Dmax, which is set at 23.7 nmi. This required flying out of coverage and turning in to the runway approach at an altitude of 7000 feet to capture the glideslope within the Dmax range.  All approaches were flown in Visual Flight Rules (VFR) and were flown either manually or coupled to the flight director, at the discretion of the pilot. Aircraft speed was approximately 170 knots. 

The table below shows the SW versions tested and the number of approached performed in each configuration.

	Dates
	Ground SW Version
	Airborne SW Version
	Total # of Approaches

	12/2010-1/2011
	Build 1
	E100
	52

	10/31-11/9/2011
	Build 2
	E102
	63

	1/18-2/3/2012
	Build 2
	E200
	62

	5/7-5/17/2012
	Build 2
	E201/202
	54

	9/11-10/5/2012
	Build 3
	E300
	52

	11/5-12/6/2012
	Build 4
	E301/302
	55


Table 3: GAST-D Prototyping Flight Testing Configurations
4.2 GAST-C AVIONICS INTEROPERABILITY TESTING

During all flight tests a CAT-I certified baseline enabled in the Rockwell Collins GLNU-930 MMR was tuned to the same approach (either on the LTP or the HI GAST-D SLS prototype) as the two INRs.  This was done to ensure interoperability of existing GBAS CAT-I avionics with new GAST-D ground updates, including new message type 11 and the extra data blocks required in message type 2.  The GLNU-930 performed as expected on all approaches conducted, indicating no issues with backwards compatibility for GAST-C systems flying against GAST-D ground stations.

4.3 GAST-D PROTOTYPE TESTING

This section covers each GAST-D MOPS requirement implemented in the HI INR GAST-D prototype.  Summary results are described.

Dual Solution Ionospheric Gradient Monitor (DSIGMA)

DO-253C LAAS MOPS Section 2.3.9.3

The dual solution ionospheric gradient monitor was implemented in INR v. E102 and activated in v. E200, allowing for the collection of DSIGMA data from 286 approaches over the course of flight testing.
DSIGMA results during flight testing of INR v. E102 and E200/201/202 were impacted by errors in both the INR and the LTP ground code.  For this reason, the composite data plot shown here in Figure 1 includes only data from the 111 approaches flown with INR versions E300, E301, and E302.  Data is included as long as the plane is airborne and GAST-D is the selected service type.  The mean lateral DSIGMA value for the flight tests represented in this figure was 0.0782m (INR #1 0.0782m and INR #2 0.0803m); mean vertical DSIGMA was 0.1748m (INR #1 0.1789m and INR #2 0.1707m).  This indicates that the two INRs have similar performance with regards to the DSIGMA algorithm, and that in general the DSIGMA outputs are well below the 2m threshold.
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Figure 1: Composite plot of all DSIGMA data points collected during flight testing of INR v. E300, E301, and E302.

There is one instance where the vertical DSIGMA value exceeds the 2m threshold, shown circled in red.  This instance occurred on INR #1 during flight testing of INR v. E301 on 12/03/2012.  INR #2 showed similar performance at a slightly lesser (sub 2 m) magnitude.  Investigation by Honeywell showed that this spike resulted from a period of high VDOP /HDOP which was the result of the loss of several tracked satellites during a flight maneuver.  Though the maneuver did not happen coincident with the spike in DSIGMA, the CCD filters took over eight minutes to settle when these satellites were again tracked, such that they could not be used for that span of time.  

Differential Correction Magnitude Check

DO-253C LAAS MOPS Section 2.3.9.5
The differential correction magnitude check was implemented in INR v. E200 and activated in INR v. E300.  This algorithm requires the calculation of a horizontal position differential correction magnitude (HPDCM). If the HPDCM value exceeds 200m the airborne equipment must remove or flag invalid all deviations and differential PVT that are determined using the LAAS differential corrections.  HI questioned the wording of this algorithm in the MOPS at RTCA.  There was confusion about which set of smoothed pseudoranges (100- or 30-second) should be used in computing the HPDCM.  A decision was made to use the 100-second smoothed pseudoranges in calculating the value that could cause a flag on the differential PVT outputs and the 30-second smoothed pseudoranges in calculating a value that could flag the deviation outputs.  This monitor was activated in v. E300 such that a failure would cause a demotion to Navigation mode.   The receiver returns to the applicable GBAS mode when the failure condition is no longer present.  
The figures below show, respectively, the 100-second and 30-second derived HPDCM values during flight testing of INR v. E300, E301, and E302, the versions in which the differential correction magnitude check was activated.  The data shown is a compilation of all recorded points during flight tests of these versions.  The difference in number of samples is due to the 100-second HPDCM values used for the differential PVT being output at 1Hz while the 30-second HPDCM values used for the deviations are output at 10Hz.  Both sets of data show a maximum HPDCM value of approximately 25m, far beneath the 200m threshold of the monitor.  Mean HPDCM for the 100-second derived values is 2.8335m, mean for the 30-second derived values is 2.4158m.
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Figure 2: Composite plot of all 100-second HPDCM data collected during flight testing of INR v. E300, E301, and E302.
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Figure 3: Composite plot of all 30-second HPDCM data collected during flight testing of INR v. E300, E301, and E302.

Airborne Code Carrier Divergence Filtering

DO-253C LAAS MOPS Section 2.3.6.11
Code-carrier divergence filtering was implemented in INR v. E200 and activated in INR v. E202 and forward.  
Figure 4 shows the CCD values from a flight during testing of INR v. E301.  This data is typical of what was seen during flight tests.  Satellite CCD values start high, exceeding threshold, but generally stay within the +/-0.0125m limit once they have settled.  Note that the data shown here is expanded to show detail near the thresholds and that pre-settled CCD values can be significantly higher.  
Figure 5 shows the same CCD data, but at full scale.  This plot illustrates the rather lengthy settling time of the CCD filter as it is implemented in the INR.  After a loss of lock, the CCD filter can take up to 12 minutes to settle back below threshold.  This can result in diminished constellations leading to high VPLs and failure of other monitors, such as DSIGMA.  ANG-C32 analysis of airborne data collected on a stand-alone Novatel OEM-4 GPS receiver showed that this delay in settling time could be recreated by not reinitializing CCD filter startup values after a loss of lock.  When the filter values were reinitialized, settling time was reduced to seconds.  Although the contract term had been completed, Honeywell was advised of the finding and independently reviewed their implementation.  The likely result will be an update to their baseline that will provide similar performance to FAA results.
The CCD filter requires that a satellite’s CCD value be below threshold for a 20-minute observation period before the satellite is added to the solution, unless further fault detection is conducted.  This topic is discussed more in the next section.
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Figure 4: CCD data from 10 10nmi approaches to RWY13 at ACY.  Both INRs tuned to the SLS-4000 throughout flight.  Zoomed-In.
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Figure 5: CCD data from 10 10nmi approaches to RWY13 at ACY.  Both INRs tuned to the SLS-4000.  Full scale.

Fault Detection for Satellite Addition

DO-253C LAAS MOPS Section 2.3.9.6.1
Fault detection for satellite addition was implemented in INR v. E200 and activated in INR v. E202 and forward, in tandem with the CCD filtering algorithm.  This fault detection is optional and can be used to alleviate the 20 minute delay in adding a satellite to the position solution that is caused by the observation period required by the CCD filter.  Review of INR output data shows that the algorithm always passed immediately after the CCD filter settled below the +/-0.0125m threshold.  
The example data below is taken from INR #2 on the same flight as the CCD data shown in Figure 6.  The GPS TOWs that the fault detection algorithm runs (and passes) align with the times that CCD values are shown crossing below the thresholds on INR #2 in Figure 4.

	GPS TOW
	226308
	228007
	228320
	228996
	229407

	PRN
	4
	8
	32
	9
	2

	FD for SV Addition Status (1=Pass/0=Fail)
	1
	1
	1
	1
	1

	FD SV Test Statistic
	1.017030
	0.280472
	0.523218
	1.046144
	1.255417

	Raw Test Statistic
	0.829643
	0.160768
	0.370810
	0.572768
	0.755941

	LPLFD_SV_ADDITION
	0.877339
	1.186203
	0.934062
	0.664058
	1.637561

	VPLFD_SV_ADDITION
	2.179606
	3.296731
	2.173971
	1.640440
	3.534939


        Figure 6: Example of recorded Fault Detection for SV Addition Data from 11/06/2012 INR #2

Fault Detection

DO-253C LAAS MOPS Section 2.3.9.6

A RAIM (Receiver Autonomous Integrity Monitoring) algorithm was implemented and activated in all versions of the INR.  HI completed and submitted a RAIM simulation and analysis report to the FAA as part of the INR GAST-D development contract.  Their work included simulations using Dautermann and Belabbas iono models; during these simulations no false alerts were observed.  Missed detection tests were also run and no missed alerts were observed.  RAIM status was collected during all stages of flight testing—no RAIM alerts occurred.  The details of these tests and the results can be found in “Evaluation of GBAS Fault Detection Performance Introduction”, included as an appendix in the HI “Final Report on the Development of AEC D Avionics for the LAAS” [4].  Though this fault detection is only required for GAST-D equipment, HI believes that it would be useful for GAST-C equipment as well in detecting local causes of erroneous measurements.  

Reference Receiver Fault Monitoring (RRFM)

DO-253C LAAS MOPS 2.3.11.5.2.3
Work on Reference Receiver Fault Monitoring began in INR v. E200.  This version computed and output all parameters used by the algorithm except for σD_VERT and σD_LAT, as these parameters are not specifically defined in the SARPS and are left to the manufacturer to establish.  INR v. E201 added outputs for three different possible computations of σD_VERT and σD_LAT, respectively considering ionospheric variance only, ionospheric variance and multipath, and ionospheric variance, multipath, and receiver noise.  
Figure 7, below, shows examples of RRFM results using each of the three calculations for σD_VERT and σD_LAT.  This data was collected during flight testing of INR v. E201 on 5/14/2012.  During this flight the INRs were tuned to the SLS-4000—data is from five 10nmi approaches to RWY 13 followed by two 10nmi approaches to RWY 22.  RRFM values are computed regardless of aircraft position in this version.  Data at the start of each plot was recorded while the airplane was on the ground.  Accounting for multipath allows the thresholds to be inflated during this time.
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Figure 7(a): Lateral and Vertical RRFM Test Statistics and Thresholds.  Computation of σD considers iono variance only.
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Figure 7(b): Lateral and Vertical RRFM Test Statistics and Thresholds.  Computation of σD considers iono variance and multipath.
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Figure 7(c): Lateral and Vertical RRFM Test Statistics and Thresholds.  Computation of σD considers iono variance, multipath, and receiver noise.
RRFM was activated in v. E300 using the third means of computing for σD_VERT and σD_LAT —considering ionospheric variance, multipath, and receiver noise.  This implementation as selected by Honeywell as one that will provide sufficient margin to avoid false alerts on the RRFM monitor.  A failure of this monitor results in a demotion to GAST-C mode.  Periodically an upgrade to GAST-D is attempted and achieved if the monitor passes.
During flight testing of INR versions E300, E301, and E302, with RRFM activated, no cases of the test statistic exceeding the calculated threshold were observed, either lateral or vertical, on either of the two INRs flown.  In v. E300 and on, RRFM values are calculated only when the aircraft is within the PAR.  Figure 8 shows the computed σD values from these flight tests.  The more elevated values seen throughout the plot are due to the inflation of the σs for multipath when the aircraft is on the ground; each spike correlates to the data collection at the start of a flight test.  Figures 9 and 10 show composites of calculated test statistics and thresholds for lateral and vertical RRFM tests.  The data shown includes all that was collected on both INRs during flight testing of these versions.  Note that SLS RSMU #4 was unavailable.  Though data for all available references is plotted, only data for RSMU #3 is clearly seen due to the similarity of the values for the three references.  The larger magnitude data points line up with the inflated σD values in Figure 8.
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Figure 8: Composite plot of all recorded σD values from flight testing of INR v. E300, E301, and E302.
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Figure 9: Composite plot of all Lateral RRFM test statistics and thresholds recorded during flight testing of INR v. E300, E301, and E302.
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Figure 10: Composite plot of all Vertical RRFM test statistics and thresholds recorded during flight testing of INR v. E300, E301, and E302.

VDB Message Authentication Protocols

DO-253C LAAS MOPS Section 2.3.7.3
A set of six VDB Message Authentication Protocols are required for AEC-D equipment.  VDB message authentication protocols (a), (c), (e), & (f) were implemented and activated in INR v. E301.  These require confirming that the SSID matches the slot indicated by the first character of the RPI in the Type 4 message, that the Type 2 message being used is less than one minute old, and that the FAS data block and the slot group definition (SGD) do not change at any time after approach selection.  Protocols (b) and (d) require the airborne system to determine which slot a message was received in, to confirm that the Type 2 message is received in the slot indicated by the SSID and that all messages are received in slots included in the SGD.  HI was unable to accomplish this reliably using the planned software-based approach.  The hardware changes to the INR that would have been required were outside the scope of this contract.  For this reason, these two protocols were implemented but never activated.   
Execution of protocols (a), (c), (e), & (f) was activated in v. E301 such that failure would result in invalidation of the deviations and differential PVT within two seconds.  In v. E301, these become valid again as soon as the failure condition is cleared.  The matter of when these faults should be cleared is not currently covered by DO-253C.  Discussion at RTCA concluded that VDB failure conditions should only be cleared upon retune.  
VDB authentication data was output by the INR.  Type 2 data age rarely exceeded two seconds (Type 2 data was sent every two seconds from the SLS-4000) and RPIs were as expected.  No attempt to cause these protocols to fail was made.  Further validation of protocols (b) and (d) may be necessary in the future since their reliable implementation and activation was not possible within the confines of this contract.

4.4 SUMMARY OF FLIGHT TESTING

Six sets of flight tests were conducted by the Office of Advanced Concepts & Technology Development, Engineering Development Services Division, Navigation Branch ANG-C32 at the Wm. J. Hughes Technical Center.  Data collected did not indicate any issues with compatibility between GAST-C avionics and GAST-D ground systems, or excessive false alarm rates using the thresholds proposed in the MOPS for GAST-D airborne monitors.  However, several concerns were raised in regards to ambiguous definition of requirements.  More detailed flight plans, results, and information on software updates completed by HI are available in the FAA/HI joint final avionics validation report, available at: http://laas.tc.faa.gov/documents/Docs/INR_FINAL_REPORT.pdf
4.5 ONGOING TESTING

Another set of flight tests is being conducted throughout the month of May 2014 at ACY.  Like previous tests, these flights will include numerous 3-degree ILS-lookalike approaches, with two HI GAST-D prototype INRs and a certified GAST-C Rockwell Collins GLNU-930 on board, all tuned to the same approach.  However, in an effort to demonstrate the use of HI’s updated six-reference design, these tests will focus on performance of the avionics during switching between primary and secondary references while the aircraft is on approach.  Reference switches will be forced at the ground system by FAA personnel on the ground, coordinating with those who are airborne.  It is expected that the switches should be undetectable by the avionics.  Results from these tests should be available for presentation at the next ICAO CSG meeting.

5 Recommendation

It is recommended that this paper be considered in the validation of the requirements in section 3.6.1.2 of the baseline GAST D SARPs. 
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