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LEGAL DISCLAIMER

The information provided herein may include content supplied by third paftigteough the data

and information contained herein has been produced or processed from sources believed to be
reliable, the Federal Aviation Administration makes no warranty, expressed or implied, regarding
the accuracy, adequacy, completeness, legality,biyjaor usefulness of any information,
conclusions or recommendations provided hereiistribution of the information contained

herein does not constitute an endorsement or warranty of the data or information provided herein
by the Federal Aviation Admistration or the U.S. Department of Transportatidseither the

Federal Aviation Administration nor the U.S. Department of Transportation shall be held liable
for any improper or incorrect use of the information contained herein and assumes no
responsib | i ty f or anyon e dTe kederml AvidtiontAdinenistratioh and Wh&t i o n .
Department of Transportation shall not be liable for any claim for any loss, harm, or other damages
arising from access to or use of data or information, includingowit limitation any direct,
indirect, incidental, exemplary, special or consequential damages, even if advised of the possibility
of such damagesThe Federal Aviation Administration shall not be liable to anyone for any
decision made or action taken,rat taken, in reliance on the information contained herein.
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EXECUTIVE SUMMARY

The demand for Beyond Visual Line Of Sight (BVLGfperations using small drewedAircraft
Systems (SUASS) is high. A major impediment to realization of these operations is the Detect And
Avoid (DAA) function. Several challenges exist for SUAS DAA. This effort explored many of
these challenges througkecution of numerous taskssults of which are described subsequently

Given the broad set of tasks, multiple methods were applied to execute them. These include review
of previous efforts, analysis and synthesisulation, and testing and validation

The Operational Framework effort resulted in a slight expansion of the prevaeisjoped use
case taxonomyJathey and Hottman 2017) and identification of technologies that are now being
operationally utilized. Minimal additional information regamgliexpansion of the operational
framework based oRadio Line Of SightRLOS) coverage was identified.

Maintenance of a DAA systems inventangicated that the characterization provided by Askelson

et al. (2017¥till applies. This includestrengths and limitations of on/off board systems identified

by Askelson et al. (2017). Some of the most promising systems identified in this task were utilized
during evaluation of DAA test methods.

A significant simulatioreffort to evaluate DAA system andncrewed Aircraft SystemUAS)
characteristics that impact maintenance of well aheer conductedDAA characteristics that had

the greatest impact are range &neld of View (FoV). Update rate and latency impacts weoe

as dramatic, while horizontal and vertical resolution were the least impactful. UAS characteristics
that strongly impact maintenance of well clear are response time (i.e., the time required to initiate
a maneuver) and UAS speed.

An overarching testlan was developed. This test plan describes test locations/performers, dates
of testing, DAA systems used in tests, overarching test objectives, individual test plan structure,
methods for maintenance of safety during testing, data collection appraiehsisycture of test
reports, and test metrics/artifacts.

Seven rounds of flight tests were completed. Important outcomes from these tests include:
A systematic approach for evaluating DAA systems

Identificationof test metrics/artifacts

Test data colleg@n methods/best practices

Methods for enabling flight test safety

Methods for executing both horizontal and clirabd descendhto encounters
Evaluation of DAA systems (especially the detection component of DAA systems)
Utilization of results inAmerican Society for Testing MaterialASTM) committees to
support standards development

= =4 4 -4 -8 -5 -1

This effort involved a broad set of tasks designed to infBaderal Aviation Administration

(FAA) regulations and industry standards regarding SUAS DAA systems. Through execution of
these tasks and application of the numerous methods required to do so, the team has significantly
advanced sUAS DAA, which will enable more rapid integration of SUAS tinéoNational
Airspace SystemNAS)d especially for BVLOS operations.

XV



1 INTRODUCTION

The demand for Beyond Visual Line Of Sight (BVLOS) operations using smateWedAircraft
Systems (SUASS) is high. A major impediment to realization of theatigns is the Detect And
Avoid (DAA) function. Several challenges exist for SUAS DAAhis effort explored many of
these challenges

The purpose of this projectAl8_A11L.UAS.221 Small UAS Detect and Avoid Requirements
Necessary for LimitedBeyond Visual Line of Sight (BVLOS) OperationsSeparation
Requirements an das Toeirdarm Redebal Aviatidnd Administration (FAA)
regulations and industry standards regarding sDA3 systems The A18 scope included the
following questions:
1 What are the use cases requiring DAA for BVLOS operations?
1 What DAA systems are available, what are their capabilities and limitations, and are they
mature enough to support BVLOS operations?
1 What characteristics of DAA systems addcrewed Aircraft System(UASSs) must be
considered to ensure maintenance of well clear status?
1 How should sUAS DAA systems be evaluated to ensure they provide safe separation
services in th&ational Airspace SystenNAS)?
1 What is the recommended test method(s) to evaluateahtf®AA systems?

This project was conduad with the following tasks:

1. Development of an Operational Framework for SUAS BVLOS Operatidvsy Use
Cases, Industry Focus, and Framework Expansion

a. SUAS Use Case Data Collection/Analysis

b. Exploration of FrameworExpansion

c. Revision of sUASRadio Line Of SightRLOS) Boundary Recommendation with

Collected Use Case Data and for Expanded Operational Frameworks

Update of SUAS DAA Solutions Inventory
Coordination with Standards Agency to Establish Framework
Developmenbdbf Separation Framework

a. Impacts of Characteristics of DAA System on Maintenance of Well Clear

b. Impact ofUncrewed Aircraft JA) Characteristics on Maintenance of Well Clear
Development of a Testing Plan
Testing of a) the recommended DAA testing plan anchbylidate DAA systems

a. Conduct Flight Tests

b. Testing of Well Clear Definition

c. Testing of Separation Framework

d. Testing of DAA Test Plan

e. Revision ofSafety Management Systd@MS)Safety Risk Managemefiutput
7. Final Report

Hown

o a

This reportis the product offask 7: Final Report. To manage the length of this report, tasks for
which separate reports were produced are summarized herein. For greater detail, the interested
reader may review those reports.
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2 NON FLIGHT -TEST REPORTS

2.1 Task 1: Operational Framework

TheTask 1 effort was to prepare a report on the Development of an Operational Framework for
SUAS BVLOS Operations. A report titled fADeve
UAS Beyond Visual Line of Sight (BVLOS) Operatiégn®dlew Use Cases, IndustRocus, and
Framewor k Expansiono was c 60cplhee201Sahd latenrbvsédt t e d |
on 8 November 2019Cathey et al. 2019)

2.1.1 Obijectives
TheCathey et al. (2019) repgrtovided detail regarding thibree distinciTask 1subtasks:
1 Subtak 1a: SUAS Use Case Data Collection/Analysis
1 Subtask 1b: Exploration of Framework Expansion
1 Subtask 1c: Revision of SUAS RLOS Boundary Recommendation with Collected Use Case
Data and for Expanded Operational Frameworks
The sUAS Use Case Data Collection/Arsss effort provided an extended assessment of use cases
following apreviows analysis (Cathey and Hottman 2Q1The objective was to provide an update
to this previous work in the three areas noted above.

2.1.2 Methods

Potential SUAS use cases were gathéoeaissess prospective BVLOS applications that may use
DAA approaches. The uses cases gathered were focused on advancements or operations within
the last approximately two years. The goal wadéatify any new use cases and to further flesh

out some of the categories and applicationBis periodhas been a growth and expansion stage

for the industry. Most use cases in the past few years have adjusted and abide by the FAA Part
107 rulesthat limit operations toa | t i t u 408 & Tod pre@ouskylevelopedCathey and
Hottman (2017use case taxonomy was used as an initial basis for categorization of the different
types of flights/missions.

2.1.3 Summary of Results

The previously developed taxonomy waglstly revised to include twelve distinct categories
Aerial Data Collection

Aerial Photography/Videography

Aerial Surveying/Mapping

Agriculture

Emergency Services

Flight Training/Education

Inspection

Marketing

Research

Search/Rescue

Surveillance/Monitoring, etc.

Other

Forty severdifferent subcategories capture different aspects of thesevwepuses. As noted,
low-altitude sUAS andCrewed Aircraft (CA)operations use cases and expressed industry needs
are evolving. New applicatis and reportappeamalmost daily. To refine the scope of this effort,

=4 =4 4 -5 _49_-95_9_95_2°_-°_2_--2-
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the approach was to explore use cases from whetuiey and Hottman (201i8port was issued
until the release of thCathey et al. (2019) reporthe team further drilled down d&ey use cases
where there is broad industry need or application to further flesh outftbeséine emerging
areas.

Specific examples of all of the various use case areas are included. There was no attempt made to
document every published applicatidhe goal was to present representative applications within
each area.The examples were almost limitless. The use cases found and detailed once again
demonstrate the statement that UAS applicatio
also clear from assessing the user operations that many applications doatearfi&l within any

one set of particular categorization lines. For example, aerial data collection may also include
photography and mapping, and may be used for agricultural applications or inspedti@ns.
applications and use cases often cover meltgzeas during one mission. The key applications
using UAS include survey/mapping, imaging, environmental monitoring, patrol/security, disaster
response, precision agriculture, and reconnaissance/surveillance/intelligence. Almost all use
multiple elemerg and many are being fueled by better detector/sensor systems, improved data
handling, anaxtificial intelligence.

Also gathered from the use cases was the common adoption of some of these technologies so they
are not now new and cutting edge, Brgcommon tools that are part of the normal work process.

This has beewbservedn many engineering assessment applications, marketing, public safety,
and environmental monitoring applications. The technology anslaneenaturing. Published

articles tend tdnighlight specific new unique applications or fitgshe or unique events. A new
categoryfi o t hisearcaickall category that includes unique operations that do not fit well in any

of the other categories and are not vibrant enough to stand unitpredy ®ne potential new use
case area i s AOutdoor and Recreationo. Thi s

Minimal additional information was available concerning expansion of the operational framework
based on RLOS coverage. Again, with many usersomevating under Part 107, the user base
has trended toward working within these set FAA structures. To that end, the use cases collected
and detailed, for the most part, did not provide any useful or actionable information related to
RLOS boundaries orssies. The literature search turned up no real references to limitations, lost
link, or communication issues. Articles and information focused on capabilities and not
limitations. Producers did not provide detailed data or information that providemadbinsight.

Even withthe availablelata, the testingerformedup to the time of the Cathey et al. (2019) report
was predominantly executed within Line Of Sightd well within RLOS. None of the testing on

this task has pushed the limits to provi@svror revised informatioregarding théimits. Without
specific targeted testing, expanding RLQfderstanding isnot possible. There is no
recommendation at this point for the revision or expansion of the operational framework based on
the previous sUS RLOSBoundaryRecommendations based on the collected new and revised
use cases or use case data.

An operational framework that defines the environment and conditions under which the
recommended requirements will enable SUAS operations BVLOS is presébvegiderations

for BVLOS operations involve a number of interrelated elements that are needed for safe flight.
These elements result in potential constraints on the systems and operations. The three elements
of significant interest are
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1) The conditionsor locations in which one flies must be conducive to safe flight operations
2) The operator must operate in a safe fashion; and
3) The aircraft must be capable of reliable and safe BVLOS operations.

A series of assumptions and limitaticthsit can facilitate BLOS operationsre provided. The
Exploration of Framework Expansion effort takes three things into consideration. First, the use
cases were collected. Second, potential changes due to newly gathered information related to
RLOS operations were gathered. Third, otlveternal drivers such as new FAA regulations or
industry/community recommendations frone ASTM, theScience And Research PangARP),

etc,were reviewed. Considering Part 107, the F.
and flightsoverpeopl, t he SARPO6s AWell Clear Hockey Puck
recommended from the original framework proposed. The trade space has not evolved
significantly since the initiaCathey and Hottman (2017¢port. The framework may not be
prescrptive nor does it include an exhaustive set of actions; the framework includes strategies that

can build upon FAA and industry actions that should result in an increase in BVLOS flights in the

near term.

2.1.4 Lessons Learned
Below is a summary of all of the prary strategies and recommendations to help facilitate SUAS
BVLOS operations in the NAfbased upon Cathey et £019]:
1. Require a minimal set of limitations for BVLOS operations
a. Operating time
i. Daytime
ii. NighttimeT following recent FAA 201Notice of Proposed Ruléaking
(NPRM) for Night Operations
b. Meteorological conditions: Visual Meteorological Conditions
c. Altitude: ~400 feetAbove Ground LevelAGL) (altitude modified to follow Part
107)
d. Overflight
i. No densely populated areas
ii. Operations over peopiefollowing recent FAA 2019 NPRM for Operations
over People
e. Airport proximity limitations: greater than or equal to 5 miles
Critical operating limitations: greater than or equal to 3 miles of critical
infrastrudure
g. Operational control: RLOS will determine distance; no daisy chaining of control
stations
h. Aircraft visibility: optimize color, lighting, and design for conspicuity
i. Ensure safe separations as defined by
2,000 fthorizontal separation and 250 ft vertical separation
Develop a consensidmsed and researtiased design strategy
3. Utilize common phases of flight to facilitate recommendations and potential regulatory
input to the FAA
4. Develop a taxonomy and use casesitbsdlt in a manageable set of recommendations for
regulatory and recommendation purposes

.

N
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5. ASTM could lead the development of design and other data for BVLOS operations based
upon current and proposed research (ASTM is doing a portion of this in the ASTM DAA
Performance Requirements Task Group)

6. A DAA systen® either airborne or groundase® must be operational with the system

7. SUAS BVLOS operations in the NAS can take place without extensive and very expensive
infrastructure

8. International operations and requiremts should be considered in formulating the BVLOS
requirements for thelnited States

9. Develop a more robust/realistic RLOS model for BVLOS that more accurately predicts the
environment, links, and limitations

10. Utilize SMS to assess risk as BVLOS evolves

11.Utilizing candidate DAA and other enabling BVLOS technologies, develop, venfy
validate test methodologies for these current systems and apply this to future systems

12. Anticipate that the near future will demand autonomous BVLOS without a human pilot
due b the large number of anticipated flights within an airspace

2.2 Task 2: Update of SUAS DAA Solutions Inventory

2.2.1 Obijectives
The objective of this task was to track developments associated with DAA systems designed to
work with sSUAS.

2.2.2 Methods

Data regarding sUAS DAA systems were gathered through extraction of information provided
publicly (e.g., at presentations or on web sites) and through interactions with industry. The annual
Association for Uncrewed Vehicle Systems InternatitRIDNENTIAL conference was a useful
venue for collecting information regarding evolving DAA systems and systems that could be used
as components of DAA systems.

2.2.3 Summary of Results
Results of this task indicated that the characterization of DAA systems provided élgakskt
al. (20137 f or t he AlALtUAS.Z2¢ Smalii BAS Detect and Avoid Requirements
Necessary for Limited Beyond Visual Line of Sight (BVLOS) Operations( A2) st i | |
Askelson et al. (2017) identified the major steps/components of DA¥etet, Track, Evaluate,
and Maneuver (DTEM). The characteristics of DAA systems relate to DTEM and can be
organizedusing the categorigg\skelson et al. 2017):

1 Modality: Cooperative vs. Noncooperative (D and T)

1 Sensor Type: Active vs. passjvyencoopéeative sensing methdd)

1 Location: On/off board (DTEM)

1 Degree of Autonomy: Human In The Loop, Human Over The Loop, etc. (DTEM)
It is noted that norwooperative sensing methods that have been identified for SUAS DAA systems
include:

1 Radar

1 Light Detection And Ranging

1 ElectroOptical/InfraRed (EO/IR)

1 Acoustic
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The strengths and limitations of on/off board systems identified by Askelson et al. (2017) continue

to apply. Off board systems provide required performance but@stierand commonly reqte

more personnel to operate. On board systems are much less expensive and resource intensive, but
struggle to provide the required performance.

Because the set of DAA systems and supporting technologies is constantly evolving, a list is not
provided heein. Some of the most promising systenese utilized during evaluation of DAA

test methods (Section 3). Types of DAA systems utilized during tests irtbhbskethat leveraged
cooperative Automatic Dependent Surveillan@Broadcasi{ADS-B)] and noncooyerative (EO

and radar) sensors. Characteristics of DAA systems utilized during testing are provided in Section
3 of this report.

2.2.4 Lessons Learned
Two key takeaways for this task are:
1. The technologiethat can be applied to SUAS DAA are evolving rapidly.
2.Some entities operate in a Asilento mode i
technologies, which is likelgiriven by a desire fazompetitive advantage.

2.3 Task 3: Coordination with Standards Agency to Establish Framework

2.3.1 Obijectives

The objective of this task was to establish a standards agency framework to address sUAS DAA
and to transl&lessons learned from this research into industry stand#&83M was identified

as the proper organization for this task.

2.3.2 Methods

The A18 team coordated with others within the industry to establish the required framework. In
fact, others within the industry had already developed a foundation for this. Thus, the A18 team
supported the efforts that were already underway and provided Subject Mattetigex(SME).

The primary A18 team members who supported this task were Kansas State University (KSU) and
the University of North DakotdJND).

2.3.3 Summary of Results
Within ASTM, two working groups were established:

1. WK62668: Detect and Avoid Performance Regments Task Group

2. WK62669 DAA Test Methods Task Group
The DAA performance group produced a standard that was published in JUWAZI20 2020.
KSU provided significant support to development of ASTM (2020), including participating in
working group meetings and completing writing tasRsiring development of ASTM (2020), key
elements that were identified include:

1. Identification and significancef test artifacts

2. The roles of flight test and simulation in gathering DAA system performance data

3. The linkage between flight test and simulation test methods.
While A18 teamengagement was important to development of ASTM (2020gngagemens
evenmore significant with the DAA test methods group. In addition to SME support for this
group, one of the A18 Principal Investigat(dskelson) also serves as aduair for this group.

Althoughthe DAA test methods group has not yet reached the ballo¢ pbiags draft standard,
it has made significant progress. Many of the findings from A18 have supported the DAA test
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methods group, including test procedures and metrics. These are described in more detail in
Section 3.

2.3.4 Lessons Learned
The ASTM DAA working groups havedriven significant advancements.These include
explorationof metrics for evaluation of DAA systems, an enhanced understanding of the DAA
steps/timeline and requirements of entities demonstrating compliance. Some of the greatest
challenges, which likely relate to most standards, have been:

1 Identification of proper metrics for required performance

1 Identification of metrics used to demonstrate performance

1T Determining the fAmixo of simulation and te

1 Delineating requirements that enable applicant flexibility and broad application given the

variability in NAS traffic characteristics (types of intruders, density of intruders, etc.)

Additional information is provided in the following subsections.

2.3.4.1Metrics

The significance and type of data were an initial stumbling block within the working groups.
While performance standards are generally agnostic to any specific technology, the types of data
collected by a given sensor may be more speicég., data céécted with an optical sensor may

differ from that collected with an airborne radar. Initial discussions focused on ensuring that test
methods, test metrics, and other sources of data remained agnostic of any particular technology.

2.3.4.2Simulation and Flight Testing

Early in the development of the standard, it was noted that there was benefit to utilizing simulation
for modeling encounters, as simulations enaélatively inexpensivexecution of a very large
number of simulationand evaluation of performanta encounters that would be hard to conduct
safely through flight testsThis is especially true, as the repository of airspace encounter models
developed by MIT Lincoln LabsNeinert2021) provides a starting point for defining simulated
encounters fouse in determining DAA system performanddowever, it was also noted that
flight testing can be used to validate assumptions used for encounters that may be devised to
evaluate unique characteristics of given DAA systems and senBggsussions cented upon

how and when simulation and flight testing should be employed and at what point each is most
practical for a system manufacturer and/or integrator.

Similar to the identification of the roles of flight test and simulation, the test methods group
discussed how to link test data gathered from flight test and simuldigoussions regarding the
linkage of flight test and simulation test methods are still ongoing.

At the time of this report, the working group is adjudicating proposed test methedsatifacts
internally. This process is intended to identify test methods that correlate to individual test
requirements, resolve conflicts that may exist regarding the wording of test requirements, and
ultimately prepare the standard for initial balkathin the ASTM F38 committee.

2.4 Task 4: Separation Framework

2.4.1 Objectives

The objective of this task was to determine the characteristics of DAA systems and of UAS that
must be considered to ensure maintenance of well clear séatagering this question provides
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insight into questions regarding the ability of existing DAAtsyss to enable maintenance
of well clear and regarding evaluation/test methods for small UAS (sUAS) DAA systems.

2.4.2 Methods

An automated approach to simulating UA encounters @#tlwas developed based upon previous
simulation work described by Askelson et(@017). Encounter simulations invota simulated
CA intruder (a Cessna 182T turb@and either a fixeaving or multirotor SUAS. The baseline
characteristicsof the simulated sUASwere designed to align with typical performance
characteristics of theespective types of sUASEncounterswvere divided into three sets: €o
altitude, climbing/descending, and stress. Stress encounters mhtioé/entruder flying in two
different directions relative to ownship while maintaining a minimum safe horizomqataten
distance that would not trigger a DAA alert before turning{lmaftright) i nt o t he ownsh
at the last minute All encounter geometriesvere conservatively designed to be collision
geometries (with no action taken, the aircraft woulidicx).

Impacts of DAA characteristics and SUAS characteristiosre evaluated. For DAA
characteristics, four sensorsclase ont r ol sensor (theoretically
and acousti@ were considered For these sensor classes, sevenadtaristicswere evaluated:

latency updaterate range horizontal and vertical FoV, and horizontal and vertical resolution.
Impacts of variations in these characterisiiesee v al uat ed by O&6ésweepingd t
characteristic while holdinthe values of the other characteristics constant.

Dependence upon sUAS characteristiesexplored by examining variations withaximumand
minimum indicated airspeednaximum climb and descent rate, maximum yaw rate/bank angle,
and pilot response timeAs with DAA system characteristics, impautsreexplored by varying

the values of one characteristic while holding the values ajttiexcharacteristics constant.

The risk ratio, which is the probability of an event with a DAA system divided by thalpfibp

of an event without a DAA system, is the metric used herein to evaluate performance and risk.
The risk ratio has been adapted by the ASTM WK62668 Detect and Avoid Performance
Requirements Task Group as the fundamental metric for evaluating DAérsy&rformance.

Due to the nature of the encounter sets yaicencounters result in ldear Mid-Air Collison
(NMAC) when run unmitigatdd herein the risk ratio is the number of encounters for which well
clear or NMAC distances using tarrently loaded aircraft or sensor configuration could not be
maintained vs. all encounters in a simulation sweep. Thus, encounters are not weighted according
to likelihood of occurrencelt is further noted that because risk ratios are commonly detedni
using a larger set of simulations thetecuted in this task, the results from this task are commonly
referred to as oOestimated risk ratioso.

2.4.3 Summary of Results

An example of results is provided in Big@ 1. As shown in Figre 1, estimated risk ratidrops

with increasing detection range, as expected. The lowest value for estimated risk ratio is driven
by the limited FoV of the assumed DAA sensor [cf. Kaabouch et al. (2020) for defagdtnces

to the well clear volume, for encounters in whichlwtar is retained, increase and then stabilize
with increasing detection rang&or the assumed conditions and these simulations, maintenance
of well clearstarts to be possible for detection ranges in the-B000 ft range.
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Figure 1. Exampleseparation framework results for a rattased DAA
system|cf. Figure19 ofKaabouch et a[2020]. Lefthand yaxis is distance
to well clear volume (minimum, mean, and maximuiar) encounters in
which well clear vasmaintainedand righthand yaxis is estated risk ratio.
X-axis is radar detection range in“*1fl. Results are for caltitude

encountersan assumed multiotor aircraff and a radabased DAA system
with limited FoV inboth the horizontal and vertical directiort=or further

details, se&aabouch et al. (2020).

The DAA characteristics that had the greatest impaetstimatedisk ratiowererange and FoV.

Update rate and latency impacts were a®tdramatic, while horizontal and vertical resolution
were the least impactful.

EO/IR had very low success in maintaining well clear, to the point that baseline performance was
less sufficient as a tool for well clear maintenance than as a tool for ay®diACs. In the

EO/IR range test, regular success for well clear did not start occurring until roy@d087000

ft detections. This is large and double the average range of sensors on theatrthekéitne of

this evaluatior(4,000 ft baseline)Theacoustic sensor class required detections at greater ranges
(10,000 ft and greater) to maintain well clear status owing to the slower speed of sound. The radar

sensor class enabled maintenance of well clear at similar detection ranges as the EO/IR sensor
class.

Radar appears to be the best sensor class of the three under consideration; however, it is also
arguably the most challenging for SUAS, especially copters giveBidee Weight, and Power

(SWaB characteristics of the sensor. It may be a reaserandidate, especially if commercial
systems improve, for midsized and larger fix@dg vehicles.

Given no sensor limitations, the greatest defense a UAS has to maintain well clear is a vigilant and
fastresponding pilot. A reasonable delay/responsendi for a pilot of average skils 5 s
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Reduction oimaneuver delay®ven by a couple of seconds, can haviengactthat islarger than
most characteristics evaluated in these simulatidviereover, operating a faster UAS enables
significant risk redutton. Such risk reductions occur for relatively low UAS performance gains,
which isencouraging for averagarcraftin the UAS commercial fleetincenormal performance

is enough to garner the best gains in a DAA context.

2.4.4 Lessons Learned
The separatiorrdmework effort produced results that:
1 Elucidate the most important DAA system characteristics for maintaining welBclear
detection range and FoV
1 [llustrate the most important UA characteristics for maintaining well &l¢piiot)
response time and aircrafpeed
1 Underscore the significant challenges associated with onboard DAA s@sfgmsding
the required performance given SWaP limitations
1 Indicate that mangurrent onboard DAA systems may be better considered to be NMAC
and/or collisioravoidance systemgiven their performance (e.g., detection range and
FoV)

2.5 Task5: Test Plan

2.5.1 Obijectives

The highlevel objective for this task was to provide an overarching test plan for flight tests events
conducted during A18.

2.5.2 Methods
Previous research anelxperience fromprevious test campaigns were used to develop an
overarching test plan.

2.5.3 Summary of Results

Test locations/performers are described. For these, dates of testing ardévéigtest
characteristics are provided. Seven rounds of flight tests were compl&tests included
evaluation of individual components (e.g., the Detect step) and evaluation of total DAA system
performance, including metrics identified in the existing sUAS DAA performance standard
(ASTM 2020).

DAA systems used in testing are describ&aur different DAA systems were used, including
off-board (grounebased) radars, emoard radars, choard electrepptical sensors, and
cooperative (ADSB) sensors.

A description of overarching test objectives is provided. This includes howdbjestives relate
to evaluation of DAA element performance, to the separation framework (validation of simulations
performed under Task 4 of A18), and to ASTM standards regarding SUAS DAA.

The structure of a test plan is delineated, including descripbiotest plan elements. Testing is
grounded in a geometric approach, which leverages varying encounter geometries (horizontal and
vertical) to evaluate DAA system performance. Other variables to be considered when testing
DAA systems include trajectorype (straight vs. curved, collision vs. roallision, etc.), intruder

speed, sUAS speed, and clutter severity.

10
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Maintenance of safety during testing is paramount. Approaches for ensuring safety during both
horizontal and vertical encounteseredevelopedand tested.In addition, @ample tests scripts

were developedFor some tests, different scripts were used for different roles for each encounter,
which can be helpful with eliminating confusion and enhancing efficiency in the field.

Data collectiorwasenabled through either data collection sheets or digital collection tools. Two
types of data collection sheet®reused: static for collection of metadata that are constant for
multiple encounters and an encounter sheet that is asad fndividual encounter.

The structure of test reports delineated This includes types of information that should be
provided. Information types can be divided between test structure/design and test results. Metrics
weredescribed, including mets utilized by ASTM (2020) (e.g., risk ratio), metrics that provide

an overview of overall encounter performance [e.g., Closest Point of Approach (CPA)], and
metrics that provide information regarding performance during the DTEM components of DAA.

2.5.4 Lessond.earned

While the team learned a great deal as the overarching test plan and flight-sttved(e.g.,
metrics to be used, methods for maintaining safety, gterhaps the most important lesson was
the overall approach to testing. DAAstemtesting could beconducted by emulating conditions
experienced with reakorld use cases (e.g., pipeline inspection) or by systematically varying
factors that affect DAA system performance (e.g., encounter angle, intruder spee@esaLise

use of realworld use cases produces results that likely could not be easily transferred to other
environments/use cases, the latter approach is recommeamii®ds developed in the overarching

test plan. However, testing using the conditions associated with specificasss could enable
acceptance of certain DAA systems for those use cases (e.g., shielded operations).

3 FLIGHT -TEST REPORTS

3.1 UAF March 2019
3.1.1 Obijectives
The objectives of this flight test were:
1 Evaluate when alerts are provided from DAA systems versus humarveiss
1 Evaluate DAA systems in the context ifalworld use casese(g., emulated pipeline
inspectionand survey)

3.1.2 Dates/Schedule
Tests were conducted during the week26f29 March 2019. The planned daily schedule is
provided in Table 1.

11
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System Safety of UAS through Research Excellence

Table 1 Plamed daily schedule fadhe March 2019 UAF ACUASI campaign

Local Time [Alaska

Daylight Time] Activity

8:00-9:00 Mission overview

9:009:45 Travel to range

9:45-10:00 Range and safety overview
10:0010:30 Ground checks (communication, gtight)
10:302:25 Test flights

2:252:45 Pack up

2:453:30 Drive to UAF

3:30-4:00 Debrief

3.1.3 Location
Tests were conducted at the Poker Flat Research Range
(https://www.pfrr.alaska.edu/content/welcomekerflat) and were conducted by the University

of Alaska Fairbanks (UAF) Alaska Center for Unmanned Aircraft Systems Integration (ACUASI).
The Poker Flat Research Range is illustrated inreig.

Figure 2. Overhead view of the Poker Flat Research Range.

3.1.4 System Tested
Systems tested during this campaign were Echodyne gitmasetl radars, Iris EO system, and
ADS-B.
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3.1.5 Test Plan Overview
The test plan was comprised of:
1 Testing of detection component of DAA systems
1 Encounters that were scenadnven (usecasebased pipeline inspection and survey)
1 5 test profiles
1 Ownship UA
1 Varied intruders (fixedand rotarywing CA and UA)

3.1.6 Sample Test Cards
A sample test card used during this campaign is shown urd=8y It is noted that test cards
evolved during A18 as thteam learned from previous test campaigns.
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Flight Test Program Card

Purpose: DAA Crossing Test Date: 25 Mar 2019
Location: Poker Flat Research Range Time
Crew Assignments Begin: 1000 (planned)
End:
Weather:
Limitations: | FAR 107
Objective(s):
Success Criteria: Safely conduct DAA Experiments and collect relevant data for this test (see attached)

Aircraft Configuration:
Takeoff Weight:
GS Software:
Payload:
Event Action Notes Pass
1. |PREPARE aircraft for flight (ref aircraft preflight checklist)
2. | VERIFY DAA payload operation Per manufacturer/engineering support
3. |Data collection equipment ON and RECORDING
4. |LAUNCH Protected aircraft SET AUTO flight plan
5. | LAUNCH Intruder aircraft SET AUTO flight plan
6. |MONITOR flights A/C WILL be separated 10m vertically & 10m horizontally
7. |RECORD human observer responses (HH:MM:SS time format)

RECORD when/if Intruder spotted
RECORD observer detail
RECORD Protected aircraft response

8. |RECORD DAA Technology response (HH:MM:SS time format)

RECORD when/if Intruder spotted
RECORD DAA indications
RECORD Protected aircraft response

9. |RETURN all aircraft to Launch

Figure 3. Example test card used during the March 2019 UAF ACUASI campaign.

3.1.7 Summary of Results
Results indicated thahe DAA systems commonly detected intruders before ground observers,
though not always. If data were available, AB®utperformed ground observers, as expected.

3.1.8 Lessons Learned
The primary lessairom this initial flight test campaigwere:
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1 Evaluating DAA systems by systematically varying factors that affect their performance is
generally favored relative to evaluating them by emulating conditions experienced with
realworld use cases (e.g., pip&diinspection).

1 Greater distances are needed to ensure safe separation of aircraft during testing.

3.2 NMSU July 2019

The New Mexico State UniversifNMSU) conducted a number of DAA flight tests addressing

part of Task 6, Subtask 6a, conducting flight tes& candidate DAA system. Multiple different
flight tests of various DAA systems weili e part
Small UAS Detect and Avoid Requirements Necessary for Limited Beyond Visual Line of Sight
(BVLOS) Operations: Tds 6 NMSU July 2019 Testing of Candi
was submitted to the FAA ol December 2019, and after multim&changesvith the FAA, a

revised report was submitted @6 April 2020 (Cathey et al. 2090 This report documented the

planning, testingand results of flight testing at the NM UAS Flight Test Site in July 2019 at the
Jornada Experimental Range, North of Las Cruces, NM. folewing sections provide a

summary of this flight testing.

3.2.1 Objectives

The approach was to set up vaisencounters of a UAS equipped with an onboard DAA system
with differentcrewed and uncreweddtruders. A focus of this testing was to assess the sensor
system for sensor performance, rather than a complete DAA system that included maneuvers. The
testirg approach was to present various intruder vehicles in different geometries. The testing
included two differentCA, a light sport and an ultralight, as well as a small UAS. The DAA
system was placed on both a nalbipter as well as a fixed wing aircraft

3.2.2 Dates/Schedule
The overall arc of this round of testing took place over a-@ayr period from Mondayluly 15
to ThursdayJuly 18, 2019. The four days were set up with the system checks to start on day one,
and then different encounter scenarios on the follow days. A short summary of the events is as
follows:
1 Day 1(15July 20191 Review of mission plan and check flighakvehicles
1 Day 2(16July 20197 Multi-copter with Iris system installed, flights at different altitudes,
and light sport intruder encounters at various angles androgygedterns
1 Day 3(17July 20197 Fixed wing with Iris system installed, flights different altitudes,
and light sport intruder encounters at various angles and cross patterns
1 Day 4(18 Luly 20197 Multi-copter with Iris system installed, flights at different altitudes,
ultralight intruder encounters at various angles and crossmpaterd pop ups with small
UAS

3.2.3 Location

The testing took place at the Jornada Experimental Range near Las Cruces, NM. This location is
on gated accedsnited States Department of Agricultyseoperty where the NMSU Flight Test

Site regularly performs opa&tions. This is a remote area with only a limited number of personnel

in the area. The location is shownFigure4.
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Figure 4. Test location, just North of Las Cruces, NM, for the July 2019 NMSU

campaign.

This location has been used by the NMSU UAS Flight Test Site team as a primary test location.
It is just to the West of the White Sands restricted airspace. There are limited overhead flights of
manned aircraft. The area has a dirt airstrip that was used for flights, provided a visual geometric
marker for the intruder pilots to align encounter runs, and as an emergency landing location if
needed for the manned aircréfigure5).

USDA Jornada Experimental Range Ausi“n;i" !'

Figure 5. Dirt runways on the Jornada Experimental Range.
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NMSU hasa trailer on site for flight control. Because of the large number of participants and
observers, the teoamedddaedid esredocomd hiipparrs condi
coffee, microwave, miniridge, anda Wi-Fi hot spot. Sunshades, generators, atelsgnated

safety areas for personnel w@revided Images of the test setup location previded in Figire

6.

Figure 6. Trailer setup.

3.2.4 System Tested

An airborne visual system from Iris Automat.i c
testing. The Casia DAA hardware is shoimnFigure 7. Previous testing of this system was
completed by the University of Alaska Fairbanks tedrhe planning to & this specific system

was coordinated with the FAA in advance. The system consists of the Casia Module (processing
unit) and a camera. The system is integrated intairaftand provides situational awareness

via DAA technology kittps://www.irisonboard.cojy/. The system tested was their originally

rel eased 09t amdad6MegaBiresMPcamera. Iris advertised that the system

had a 65 x 50° field of view, 416m (1,365 ft) average detection rangada system mass of 73

g.
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Figure 7. The Casia system.

It is important to note the advertised horizorkalV of 65°. The specific test planning was
designed around testingithin, to the edges of, and beyond tikieV. This is clear in the
geometries of the testing shown in the testing approach section below. This is noted here because
Iris has recently released an improved system with a vidderand greatly increased @etion
range. It has a mudmproved camera, updated software, and a few other improventeortsll
of these tests, the following system was used:

1 System Description Original Casia System

1 Softwarei Software Version 20.1

1 Camerd 1.6 MP,Standard Camera

A number of different flight assetsere used as part of these tests. Iris Automation brought
primary and back up aircraft for both fixed wing and madtpter platforms. The two different
platforms used by Iris Automation that were eqeig with the Iris Casia DAAvere

1 Ready Made RC (RMRC) Anaconda (fixed wing)

9 Straight Up Imagery (SUI) Endurance (mdtpter)

NMSU flew three different intruders against the Casia DAA system. The first was a manned light
sport aircrafland he second wsaan ultralight aircraft. Both of these vehicles were flown with a
pilot and cepilot that served as an onboard Visual Obse(V&). The last day of testing, the
NMSU team used a small muttopter to simulate popup encounters. The three differefbple
used by NMSUwvere

9 CTLS Light Sport aircraft

1 Spyder Ultralight aircraft

1 3D Robotics Solo
Images of all of these vehicles am@vided in Figires8-11.
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FigureB.NMSUb6s CTLS |l ight sport aircraft

Figure9. NMSUO®6s Spyder wultralight aircraft.
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Figure 10. Il ri sé6s RMRC Anaconda (fixed wing).

Figure 11. Il risébs SUl-cgaptder pnaped( MmMBU®s 3D Roboti

20



The FAA's Center of Excellence for UAS Research

THIRD PARTY RESEARCH. PENDING FAA REVIEW. X ASSURE

3.2.5 Test Plan Overview

The plans for the initial round of testimgereprovided to the FAA in two complimentary formats

for review. The first was a text description
second was a Power Point presentalThen AiDAAIl &d s
Encounter Scenari os 0 Hoarhnge under vgriows bncauriter sobenaripsi n g
that included Head On, Overtaking, Cros&/Fand PopUp Encounters.

The overall approach utilized the following:

CA at 500 ft elevation

Lateral separatioof (generally)~100 ft

UA with Iris Onboard will be at 100 ft, 200 ft, and then 400 ft elevation

UA with Iris Onboardflown alonga straight track (directiodeterminedon flight dayi
cardinal direction, along dirunway, or in/out of the wind) nominalfy00ft to 500 ft long
(aircraft dependent) with a minimal looptae end of the track

3.2.5.1CTLS and Multi -Rotor Tests
The conditions for these tests were:
1) Circle Pattern for system check (start of each flight day)
a. CA
i. CTLS
ii. ~100 kts
lii. 500 ft altitude
iv. Several circles of varied diameter to ensure system check
b. UA
i.  Multi-copter
ii. 5 m/sec along encounter line
iii. 100 ft altitude
2) HeadOn Encounters
a. CA
i. CTLS
ii. ~100 knots
iii. 500 ft altitude
iv. Flight along one side of runway (ex. only on the NanthWest sides) as
defined by encounter direction based on conditions
b. UAT Multi-copter
i. 5 m stalong encounter line
ii. 100 ft altitude
iii. Flight along one side of runway (ex. only on the South or East sides)
c. Profile
i. View head on and trigger
ii. Stop, rotatesehicle 180, and procced again at5 m s
iii. Attempt to watch vehicle exit FoV
3) Possible repeat the above with approach from opposite/other direction
4) Repeat with different oblique angles
a. Encounters at 020, 3(, and 40 off direct head on
5) Repeat steps above with UAS at 200 ft altitude (possible that only a portion of these steps
will be repeated at this altitude)

= =4 -4
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6) Repeat steps above with UAS at 400 ft altitude
7) Possibly repeat selected steps above with motitir in fixed position (i.e, no 5m st
forward speed)
8) Overtaking Encounters
a. CA

i. CTLS

ii. ~100 knots

iii. 500 ft altitude

iv. Flight along one side of runway (ex. only on the North or West sides) as

defined by encounter direction based on conditions

b. UA
i. 5 m stalong encounter line
ii. 100 ft altitude
lii. Flight along one side of runway (ex. only on the South or East sides)
c. Profile

i. View 18C out from head on
ii. Trigger and attempt to watch vehicle exit FoV
9) Repeat with different obliqgue angles
a. Encounters at 020, 3C°, and 40 off direct head on
10)Repeat steps above with UAS at 200 ft altitude (possible that only a portion of these steps
will be repeated at this altitude)
11)Repeat steps above with UAS at 400 ft altitude
12)Possibly repeat selected steps above witliti-rotor in fixed position (i.e.no 5m st
forward speed)
13)Cross FoV
a. CA
i. CTLS
ii. ~100 knots
iii. 500 ft altitude
iv. Flight at various distances beyond UAS track line
1. 500 ft
2. 1,000 ft
3. Others possible
b. UAJ Multi-copter
i. 5m stalong encounter line
ii. 100 ft altitude
iii. Flight along one side of runway (ex. only on the South or East sides)
c. Profile
i. View head on and trigger
ii. Halt vehicle and with no rotation, attempt to watch vehicle exit FoV
14)Repeat steps above with UAS at 200 ft altitude
15)Repeat steps above with UAS at 400 fitadte
16)Possibly repeat selected steps above with motdir in fixed position (i..no 5m st
forward speed)
Additional retests can be performed as desired.
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3.2.5.2CTLS and Fixed-Wing UAS
The conditions for these tests were:
17)Circle pattern checksgel above)
18)Repeat all or selected steps 2 to 16 using CTLGAaand smalfixed-wing UAS with Iris
onboard
3.2.5.3Ultralight Spyder and both Multi-Rot or and Fi xed wing UASO®6s
The conditions for these tests were:
19)Circle pattern checkséel above)
20)Repeat selected steps 2 to 16 using Ultralight Spyd@Aaand multicopter and small
fixed-wing UAS with Iris onboard
3.2.5.4Pop-up Encounters
The conditions for these tests were:
1 Popup sUAS will be used at the end of each day or during periods where thessuase
with theCA
1 Various locations within the detection systeoVFRwill be employed
o UAS altitudes of 100 ft, 200 ft, and 400 ft
o Popup ranges from 500 to 1000 ft (or more) at various positions within the
detection wedge

3.2.6 Sample Test Cards

As noted abovet he pl anning was provided to the FAA
Encounter Scenarioso and the Power Point prese

formats provided to the FAAre shown in Figres12 and 13
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Representative DAA Testing Plan

NMSU UAS Flight Test Site

Testing Location: Jornada Range - Runway
Latitude: 32deg 35'47.65N

Longitude: 106deg 44'23.34

Environment: Desert, Elevation ~4,330 ft.

sUAS Information

sUAS Type Multi-copter / Fixed Wing

Crew Various personnel - MC, Ext. Pilot, VO

sUAS Make /Model Iris Endurance, Multi-copter / RMRC Anaconda
sUAS registration number vatied

Aircraft Configuration Iris Casia

Aircraft Weight {Ibs.) sIJAS, varied

Launching Method ground take off

Landing Method ground take landing

sUAS Location Data source

Intruder Information

Intruder and Crew NMSU CTLS / Spyder / 3DR Solo

Crew Pilot and VO (onboard and on ground as applicable)
Intruder Make/Model varied

Registration number vatied

Aircraft Configuration Fixed Wing

Aircraft Weight {Ibs.) 1320lbs MTOW for Manned / Slb for sUAS
Launching Method Runway for Manned / grond take off

Landing Method Runway for Manned / grond take off

Intruder Location Data source

Ground Support Information

Ground Support Crew MMSU MC and VO

Other personnel 5UJAS Pilot {Internal /External)

Wind speed (mph) Varied

Wind direction Varied

Cloud Type Varied, mostly clear

Cloud Coverage Varied, >10nm
Figure 12. Example tesfi me t a d a forahie NMSUrJiy 2019
campaign
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test

Figure 13. Example test script/planfor the

DA Testing Flan - General Approach
HMSL LAS Flight Test Site

Testing Location: Jomada Range - Runway
Latitude: 32deg 35'97.65N

Longitude: 106deg44°23,34

Emdronmeent: Desert, Elesation ~4.330 ft.

weather Information: condionsfwind speed/direction/etc.

Key [Example) - Encouter Type - sLIAS Altitude/Intruder

Altitude, Intruder Approach Direction (from N or 5), degres

angle off sUAS path

Key [Example) - HeadOn - 100/850, 5-20deg

Number |Short Desoription

SysChk - Orcle Pattern, 100500, 500

SysChk - Oircle Pattern, 100500, 1000

HeadDn - 100/650, NOdeg

HeadOn - 100,550, & J0dsg

HeadOn - 100550, N3Ddeg

HeadOn - 100550, - 20deg

HeadDn - 100/550. N10deg

HeadOn - 100/650, S0deg

HeadDn - 100/550, N-10dsg

HeadOn - 100//550, 520deg

HeadOn - 100/550, N-30dsg

M HECCIR e

HeadOn - 100/650, 540dsg

HeadOn - 100,550, NADdeg

HeadOn - 100550, = 30dag

HeadOn - 100850, N2Ddeg

HeadOn - 100,550, & 10dsg

HeadDn - 100/650, NOdeg

=R iy e pel

HeadOn - 100,550, S10deg

HeadDn - 100/550, N-20dsg

HeadOn - 100/850, 530deg

Bl

HeadDn - 100/550. NADdeg

Cross - 100650, +/-90 1500 ft dist

B[N

Cross - 100650, +/-90 1000 ft dist

Cross - 100YE50, +/-90 500 ft dist

HeadOn - 400,550, Nldeg

HaadOn - 400,550, 5 0d=g

HeadOn - 400850, N3Ddeg

HeadOn - A00/E650, 5 20deg

HeadOn - 400/650, N 10deg

HeadDn - 400/650, 50dag

HeadDn - 400/550, N-10d=g

HeadOn - 400/'550, 520deg

HeadOn - 400/550, N-30dag

Headon - 400/650, S40dag

HeadOn - 400,550, NaDdeg

HaadOn - 400,850, 5 30dag

HeadOn - 400550, N2Dd=g

HeadOn - 400550, 5 10deg

HeadDn - 400/550, NOdeg

HeadOn - 400/850. 510deg

HeadDn - 400/550, N-20dsg

HeadOn - 400//550, 530deg

AR e R b e e e

HeadOn - 400/550. NaDdeg

Cross - 400/650, +/-90 1500 frdist

(Cross - 400850, +/290 1000 ft dist

&6 E

Oross - 4007850, +/-90 500 ft dist

Repeat Above with Fixed Wing Anaconda

NMSU Judy 2019 campaign.

card
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was developed later for this project. Similar information was included for the test planning. This
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round of teing was used as part of the basis for the later development of the stwsiaard
format developed by the team for latest campaigns

The encounter geometries wer°eoVbThesdegdrevwastoflyhe |
the UAS along aet line and then have the intruder aircraft enter the field of view at different
angles relative to this flight path. The encounters were set to vary inck@ments across the

FoV from opposite directionsAs the intruder entered ti®V, the UAS wago turn and watch

the intruder exit th&oV to obtainan additional data point. A schematic of the encounter geometry
with overlays of the planned flight locati@shownin Figure 14.
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Figure 14. Encounter geometry with
overlays of the planned fliglhdcation

Taking into account the Iris systéndetection range, the desire was to have the intruder aligned
on the desired encounter geometry outside o$yiseems detection range. Intruder runs were set

to be on course at ~2 mi out, well beyond the detection range (noted by the manufacturer as 416
m or 1,365 ft average detection range) of the system. Maintaining the exact geometries was not
paramount sincéhe desire was to prepare a system detection map. Focus was on detection and
not avoidance maneuwerThe overall encounter geometry mapped onto the flight test location is
provided in Figire15, while Figire 16 shows an example muttopterUAS flight path.
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Figure 16. Example multicopter UAS flight path. The fixed wing UAS path
doubles this length and loops at the ends.

3.2.7 Summary of Results

Detailed flight logs and plots for each flight day are include@athey et al. (2020)To provide

a sample of the types of information presented, a few representative exampldigiftthesting
information gatheredre provided A 1 and2 mi square box was set up as reference for this testing
with the2 mirange as a point to ensure that the intruder was aligned on the intended encounter
angle outside the detector range, andlth@boxdefining the pointsvhere the encounters started.

Plots of flights conducted on the first day of testing are provided iar€&]7 and 18.
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Figure 17. DAA testing flights on dayd full flights.
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DAA Flights Day 1

Sy 162019
2NM Bax

Google Earth

Figure 18. DAA testing flights on dayd near testing location.

An example of the flight altitude profilespsovided in Figire 19, with both the encounter periods
and DAA triggers highlightedTwo images of an encaterare provided in Figres20 and 21
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CTLS Hight Altituge
Ground Level at Test

ThxeFAA's Center of Excellence for UAS Research
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CTLS Flight - Iris DAA Test - July 16,2015

Site

S0ft Above TestSite

R
eal Site
— 50t Above Test Site

Figure 19. Day 1 flight altitudes. Encounter crossings and detections are highlighted.
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7

Figure 20. Crossing encounter DAA test.
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Figure 21. DAA test encounter after turn had been initiated.

Multiple pages of encounters were captured in a spreadsheet format that includéidwiinegfo
information:

Date

DAA System

DAA System Vehicle

Intruder

Time Intruder enters am box

Time Intruder exits hm box
Encounter Type

Encounter Geometry

Flight Direction

DAA Trigger Detection Time

DAA Orientation O=along flight path, CW angles
Encounter Angle

DAA Vehicle Lat at detect time

DAA Vehicle Lon at detect time

DAA Vehicle altitude at detect time
Aprox. DAA Vehicle alt above ground
Closest Intruder Time Stamp

Intruder Vehicle Lat at detect time
Intruder Vehicle Lon at detect time
Intruder Vehicle altitude at detect time
Detection Range (km)

Detection Range (ft)

Notes

=4 =2 -8 -4 _9_9_49_9_42_29_-2°2_2_-2_-2_-2°_-2_-2_-2_-2_-2_-2_-2°._-2-
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Thesefiles are notprovidedwithin this reportbecause of the size of the files.

A mapping of the detections by deyprovided in Figre22. These have all been noralized to
distances and encounter angles as if the DAA system was stationary and represents the origin point.
The distanceat whichthe DAA system detected the intruder are shown. An overlay on this shows

a function of the encounter anglBetections along the flight track, represented by then@gle
represent most of the detections. The other encounter angles show clear detections mostly along
the 10, 20°, and 30 radials on either side of this center link.few detection®ccurredoutside

these ranges as welEssentially Figure 22 is a map of all of the detections shown in summary
tables. The crossing patterns, circular detection patterns, andipdjights are includetut are

difficult to identify with this full mapping

olris DAA Detections

50

2500

e 07/16/19 3DR Quad - CTLS

~N
8
o

e 07/17/19 RMRC Anaconda Fixed Wing - CTLS
e 07/18/19 3DR Quad - Spyder

1500 Y
e 07/18/19 3DR Quad - 3DR Solo

1000

500

Distance (ft)
o

-1000 ™ A
- %
-2000 " oo e oS
< \ 40°
50 45°
-2500

Distance (ft)

Figure 22. Mapping of Iris DAA detections based on encounter angle and distance.

An added complicatiowasthat the UAS was indicating AGaltitudesand theCA provided Mean

Sea Leve(MSL) altitudes A post flight review of the vertical separation was completed to assess
the vertical separation &PA. avertical separation distance of 250 ft was set for the tegtimg
marginswere used just 250 ff). It was concluded that the flights did violate this vertical
separation distancedA summaryof vertical separations &PA each day for thes:
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Day 11 CTLS versus multcopter
32 total passes (13 passes wegb8 ft)
435.92 ft Max
291.66 ft Average
163.72 ft Min
Day 2i CTLS versus fixed wing
24 total passes (5 passes weZb8@ ft)
467.29 ft Max
324.26 ft Average
189.84 ft Min
Day 31 SpyderUltralight versus multcopter
4 total passes (3 passes werzhe ft)
253.23 ft Max
231.88 ft Average
211.19 ft Min
Summary of all Crossings
60 total passes (21 passes weBb@ ft)
467.29 ft Max
300.72 ft Average
163.72 ft Min
The less than 250 verticBdet violationsarea lesson learned for future testing. Most of these
closest points of approach had significant lateral separatibr©(Q® to 1,500 ft) as well, but were
within 2,000 ft lateral separation

Thistesting desigprovided a large number of encounter geometries and configurations to test the
Iris DAA system. The different flight assets provided a number of different presentations for
detection. It was noted that some false triggesurredwhen the system wasr$t turnedon,

during the flights at lower altitudes, and on other occasions. The flights at higher altitude had
fewer false detectionsA number of times thaircraftwas not oriented along thiesired track,

and thisresulted ifewer detections tharoald have been obtained with the testing. Hfsswas

a lesson learned.

The various encounter scenarios are different and it is difficult to comgsuits for different
aircraftin a headon approach, a cro$V approachand a pop up encounter. Baepresent
differentaircraft geometriesand conditions. As noted, the flight altitudelod UAS carrying the
DAA systemhas an impact as well. The following are a few summary pdéantsietection
distances
1 Multi-copter with CTLS in a counter clockse circle around the flight aréaMaximum
distance of ~2,118 ft and minimum distance of ~1,104vith an average detection
distance of ~1,766 ft.
1 Multi-copter with CTLS in head on ruitidMlaximum distance of ~3,169 ft and minimum
detectiondistance of 362 ft, with an average detection distance of ~1,603 ft.
1 Multi-copter with CTLS in across the field of view run$/inimum distance of ~869 ft
anda maximum of 2,556 fivith an average of 1,844 ft detection distance.
1 Fixed Wing with CTLS in head on ruiisDetections were in the ~492 ft to over ~1,732 ft
range. Most were in the ~750 to ~1,000 ft range.
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1 Fixed Wing with CTLS across the field of view runBetections between ~1,430 and over
~2,870 ft. Most were in the 2,000 ft range.

1 The Iris systenhad no issues identifying the manned Spyder ultralight at ranges beyond
2,500 ft from the DAA system location.

1 Multi-copter with Spyder in in a clockwise circle around the flight af@atections ranged
from ~2,160 ft to the East2,030 ft to the West2,325 ft to the North, and ~1,560 ft to

t he

Sout h.

The

furthest

di

stance i

t he

1 Multi-copter with Spyder in in a counter clockwise circle around the flight area

Detections ranged from ~1,450 ft to the East, ~0 /@10 the West~1,815 ft to the North,

and ~1,080 ft to the South.
1 Multi-copter with Spyder Detection distances were between ~1,080 ft and up to ~2,620

ft.

1 Multi-copter with Spyder in across the field of view riin§he Spyder was detected at

ranges btween ~485 ft to ~1,477 ft, with an average distance of 939 ft.

1 All of the SUAS pop up flights were detected at ranges from ~90 ft to ~415 ft, with an
average of ~261 ft, and generally at altitudes comparable to tlzertmaft.

In tabular formasummay of the DAA system encounter parametengrsvided in Table 2.

Table 2 Summary of DAA test encounter parameters for the 2009 NMSU campaign

Approximate | Approximate | Approximate
DAA System Minimum Average Maximum
Vehicle Intruder Encounter Distance (ft) | Distance (ft} | Distance (ft)
Counter clockwise cirel
Multicopter  |CTLS OUNEr clockwise ditle 1,104 1,766 2,118
around the flight area
Multi-copter CTLS Head on runs 362 1,603 3,169
Multi-copter CTLS Across the field of view run 869 1,344 2,556
Fixed Wing CTLS Head on runs 492 ~750 1o ~1,000 1,732
Fixed Wing CTLS Across the field of view run 1430 =2,000 2,870
) Clockwise circle around the
Multi-copter Spyder ) 1,560 2,620
flight area
) Counter clockwise circle
Multi-copter Spyder ) 1,080 1,910
around the flight area
Multi-copter Spyder  |Across the field of view run 485 G349 1477
Multi-copter sUAS Pop up of multi-rotor sUAS a0 261 415

As noted, this flight test report was provided to the FAA for review. Comments and feedback
were provided to the authors. After completion of this report, two additional supplemental reports
slalDetectsandpoAvdideSyseem t a |

wer e
Stress

provided

Test

t he
ts

to
Resul

FAA.

Summar yo

and

nJuly

2019

(dated 18 February 2020revised 16 April 2020) for further performance assessment. These are
not fully repeated here, and can provide s@uditional information related pmstestassessment.
Key findingsare provided in Table 3.
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Table 3 Iris detection results for July 2019 NMSU campaign

Iris sUAS Flight time: 5.4 hours

Iris sUAS Distance trave lled: 69.85 miles

Test Encounters with manned
aircraft in Casia FOV:

94

Total critical software errors: |0

Total hardware failures: 0
Casia software version |Casia software version
0.17 (flown during the  [0.20 {Iris’ latest
NMSU test campaign) software version)*
D.Etectmn rate for ma.nned 49.94% £ 37%
aircraft across all testing
False positives: 0.479 / min 0/ min
Average initial detection time: 4.9 zec 2.87 sec

*We have included results using the data collected with NMSU with our latest
software version, which includes improve ments based on our learnings following
the test.

The FAA reviewers dgred additional insight into the internal sensor processing. While this was
not an intent of thigffort, manufactureprovided system information was supplied to the FAA

for review.

3.2.8 Lessons Learned
Numeroudessons learnedere gainedis part of this testing. These lessons were shared within
the A18 research team and with the FAA. Some of these lessons learned resulted in onsite changes
in real time to the testing process. Som@eebeneficial toward making changes in future testing.
Some of these changes were immediately implemented in the flight testing that followed in Alaska.
This bullet list captures the post testing list of lessons learned

1 Better defined mission approach in advance

(0]
(0]
(0]
(0]
(0]

Approach was developed in advance esdewed between Iris and NMSU
Review by all stake holders

Revise as necessary

Define options

Ensure flexibility and fall back plans (Option B, C, etc.)

i Missionstatus

0]
(0]

Highlight status and where in the sequence during the mission
Call out at start of varigs phases (g., noting where in script)

1 Ensure using consistent data referericeg., MSL or barometric altitude
1 Ensure better transfer of mission status to observers

0
0
(0]

External speaker to track commanding and detections
Visual of command screens (TV asraputer console)
Status boardén whichall cansee progress
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1 Post brief as soon as possible aftetanding in less than comfortable conditions (crammed
in a trailer, outside in the sun, or in a cold locations with no chairs) makes the inputs short
relevant, and succinct.
1 Datacollection
o Provide sample data files in advance to ensure compatibility and that teams know
what to expect
o Downloaddataeach day if possible
o Ensure download process and infrastructure can handle the quantity of data in a
timely fashon
1 Flight dtitudes andseparation
o Originally planned for UAS at 400 ft and Intruder at 500 ft and 100 ft lateral
separation
o This was to address FAAO6s dwithiprevust o h a
flights in Alaska
o Informed on site by the FA#hat we needed to have 250 ft vertical separation to
be consistent with planned FAA regulations
o For UAS flights at 400 ft the Intruder altitude was changed to 650 ft
Need to ensure clarity on approaches for crossing and distance
1 Site andpersonnelogistics

o

0 Mission support photo board

o0 Internet connection at site (used a Hot Spot)

o Water, coffee, and snacks

o Provide food/lunch for the flight teams (so they can concentrate on the flight
missions)

0 Metal stair railings were hétwrap in white tape

o0 There was arssue with the circuit breaker in the command trailer when the battery
charger was pluggeddnchargemnwas moved outside near generator under a tent

o Issue withAir Conditioner AC) in command trailer

o Could not run both AC6s in the support

o Let atten@es know that the road to the test location is gravel and dithatttiey
may want to plan their rental vehicles accordingly

1 Part 107interpretation
o There was an interpretation difference between operations and the FAA in relation

to Part 107

A Team operted on day 1 with thBilot In Charge PIC) inside the command
trailer

A Day 2 the FAAstatedthat that procedure was not valid and that the PIC had
to have eyes directly on the UAS

Alt was noted that the preambltke t o Pa
abilityo and that many others operat

A This is a point for future clarification

A To not shut operations down over this point, the decision was made to

change the PIC tanexternal pilot for remaining missions
9 Intruderaltitudes
o Intruder plots were instructed to fly at a nominal altitude that was 250 ft above the
SUAS altitude. This altitude did not include any margin for the 250 ft vertical
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separation and did not account for other flight variables like wind, updrafts,
calibration errors, etcTargeting a specific vertical separation during encounters
needs to include margins and baapdn the data gathered, it is recommended that
for future testing the nominal vertical separation be at least 350 ft.
1 Other

0 Appeared on the first day that thetd\NS trigger direction was different/better than
the S to N direction

o Appearedwith a flight or two that the mission started late on the tiag&st flight
data to assess

o Questionarose regardingow flight is handed off between pilots

A few conclusions &n be drawn from the comparisons of the NMSU and Iris data
1 Not all detectiosin the NMSU processed data would result in an avoidance maneuver
1 When detections occurred, the ranges for the minimum, average, and maximum were not

much differenbetween the two sets of results

1 The average detection distance between the Iris and NMSU data processing was ~14%

with Ilrisbés predicted range being slightly

The average detection range was between 1,149.6 and 1,312.3 ft

The number of falspositives with the older Casia software was much higher

The software revision improved detections and reduced false positives

The system did not perform as well at the lower altitude20(<ft AGL)3 this was noted

by both NMSU and Iris
0 The system performduktter at higher altitudes (300 to 400 ft AGL)

1 The Iris system had no issues identifying the manned Spyder ultralight at ranges beyond
2,500 ft from the DAA system locatidthis was the first time the Iris system had tried to
detectan ultralighy

91 Duringthe sUAS versus sUAS flights, detections of the SUAS occurred every encounter
even though the system was not tuned specifically for detecting SUAS

3.3 UAF August 2019
A detailed report for this campaign is provided by Remmert and Purdy (2020). The following
provides a higHevel overview of this campaign.

3.3.1 Obijectives

The objectives for this campaign were:
1 Further development of a systematic approach to evaluating DAA systems
1 Evaluate the efficacy of the Iris Casia EO system

3.3.2 Dates/Schedule
Testing occurred durg119-22 August 2019. The planned daily schedule was similar to that used
during theMarch 2019 UAF ACUASI campaign

3.3.3 Location
Testing occurred ahe same location as used during Merch 2019 UAF ACUASI campaign
thePoker Flat Test RangeThis testingdcationis illustratedin Figure 2.

= =4 -4
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3.3.4 System Tested
The Iris Casia system was used during this campaign. This system had the following
characteristis:

1 System Software revision 0.19.0.64

1 Camerda 1.6 MP FLIR Blackfly S 65° horizontal and 50° vertical FoV

1 Camera Lens: Arecont Vision MPL4.0 wide angle

While the analysis utilized data collected with the Iris Casia system, data were also collected using
groundbased Echodyne radars.

3.3.5 Test PlanOverview
The test plan consisted of:
1 Testing ofthedetection component difie Iris Casia system
1 Encounters that were scenaispired but that involved numerous encounter geometries
1 Execution of gotal of 10 test profiles
1 Use of 2ownship UA
0 The fixedwing Rightwing Drak
0 The Endurance multopter
1 Use of 4 intruders
o0 The ACUASI S1000 mulkcopter [DaJdiarg Innovations (DJI) airframe with
Pixhawk Il autopilotlUA
o Fixedwing Helio Courier 295 CA
o Fixedwing Cessna 206 CA
0 Rotarywing Robinson R44 &

3.3.6 Sample Test Cards

Details regarding the 10 test scenarios are provided by Remmert and Purdy T282@gards had
formatting similar to those used during thlarch 2019 UAF ACUASI campaignAn example
scenario is shown in Fige 23.
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Figure 23. Exanple scenario (closing heamh scenarid utilized during the Augus2019 UAF ACUASI
campaign The solid yellow line indicates the UA flight path, the white figure and arrows indicate the
intruder and its flight pattandthe dashed yellow line indicatesigh-line for a grounebased Echodyne
radar

3.3.7 Summary of Results

One interesting aspect of this effort was use of VOs to determine when an encounter occurred and
the DAA system should have detected an intruder. To assist the VOsBAR& were provided

to them. Given this, rough Probability of Detection values cbeldierived (Table 4). These
values are very rough and could depend strongly on the VOs. However, given thesaresults,
properties of the @siasensorare apparent First is the fairly narrow FoV of the sensor; tests
heavily dependentipon seeing te aircraft across a wide range of angles like the Hover
Perpendicular Crossing and Concentric Circles had poor detection $atmmnd is the dwell time
before DAA notification during which the aircraft has to remain in the FoV of the semssts

like Timed Circles and Moving Head On show that when the sensor is given an extended period
of time facing the aircraft it can reliably dete&oth Moving 1640 and Hover In Place show the
adverse impact of the combination of the narrow FoV and limited dwlon detection success;

the best results for each profile come from the shallow intercept angles of 10° and 15°,
respectively. These angles give the sensor an extended period of time with the aircraft in view as
well as some relative motion for detiect
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Table 4. VO data summary

Actual
Detections Viable Encounters Percentage
Profile 1: Concentric Circles 5 10
5 29
Total 10 39 26%
Profile 3: Timed Circles 2 2
1 1
Total 3 3 100%
Profile 4:Crossing 5 18 28%
Profile 5: Pipeline 12 18
2 7
12 23
Total 26 48 54%
Profile 7: Moving Head On 7 7 100%
Profile 8: Moving 10 14 15
3 8
9 18
3 12
Total 29 53 55%
Profile 9: Hover In Place 7 12
4 7
7
9 12
Total 25 38 66%
Profile 10: DAA HoverQross 0 12 0%

Of the encounters with detections, the average time with the intruder within the FoV before
triggering was 10.8 s.This value is unexpectedly high, and likely results from the data being
skewed by predominantly heat approaches where the plane is in the FoV but out of range for
an extended period of timAdditionally, the average detection distance was determmied 656
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m (2152 ft) which is slightly larger than the 2000 ft horizontal separation recommended for
mai ntaining fAwell <c¢clearod between a manned ai

| RI S6s stated detection r aGmewhénallowed 8. histtypes t e d
of encounter is difficult to construct because the of limited FoV of the sensor and the required
altitude offset between URandintrudertrends encounters to distances > 80(Dmaspite this, the

very limited data acquiredoes show that IRIS achieved a 67% detection rate for distances < 400

m (Figure 24).

Encounters Within Range, With Detection

B Number of Encounters in Range
B Number With Detections
o B P m L h l

[200 [300 [400 [500 [600 [700 [800 [900 [1000 [1200 [1400
300] 400] 500] 600] 700] 800] 900] 1000] 1200] 1400] 2000]

Distance Range [">" "<="] (m)

e e
O N B OV @

Number of Encounters

o N B O

Figure 24. Summary of viable encounters versus detections.

In addition to these results, tf@lowing weredetermined:
1 No false positives occurred for the M@entified expected DAA system detections
1 The system struggles to detect aircraft when facing the sun

3.3.8 Lessons Learned
Lessons learned during this campaign include:
1 Use of a 3Dplotting tool helps with visualization of encounters
1 Iris Casia performance aligned with vendor specifications
o Detection range limitations result in this system not generally enabling maintenance
of well clear
1 Development of a systematic means for tesidgh systems is critical

42

r

S



The FAA's Center of Excellence for UAS Research

XASSUR

Alliance for System Safety of UAS through Research Excellence

THIRD PARTY RESEARCH. PENDING FAA REVIEW.

3.4 UND September 2020
A detailed report for this campaign is provided Askelson(2022). The following provides a
high-level overview of this campaign.

3.4.1 Objectives
The objectives of this test campaign were:
1 Collection of enough data estimate loss of wedlear risk ratio
o Term is labelledReh, with the subscript indicating use of collision geometries in
which aircraft would arrive at the same location if a maneuver was not applied (and
a vertical safety offset was not used) and fubscripth indicating horizontal
encounters were used
1 Determination if the test methodology allows for maintenance of well clear during
encounters
91 Determination if the test methodology supports proper testing of the DAA system

3.4.2 Dates/Schedule

Tests wereconducted during the week of 286 September 2020. 21 September 2020 was a
shakedown day, with flights planned for the afternoon if possible. The primary flight tests days
were 2225 September 2020. The schedule for a nominal test day is providediia 259

Dy L [September 21, 2020)

Day 2 {September 22, 2020)

Bay 3 [September 24, 202%) Bay 4 [Sectember 25, 2620) Dy 5 September 25, 2020)

0600 0630 Weathtr Day
630 [om0
U700 (0730 st at NPUASTS (4201 lames Ray Deve)

Mett at NPUASTS (4201 smes Ray Drve)

Meet st NPUASTS (4201 smes Ray Drive] |Weet at NPUASTS (4201 James Ray Orive]

30 [os0

Travel to Site

Travel to Site

Travel to Site

Travel to Site

o0 [oaa0

Meorming Briefing

Morring iefing

Marring Briefing

Morning Briefing

0E30 |00
r_"—
000 080

St Setup and Pregaration

Site Setup and Pregaration

S Setup and Preparation

St Set and Preparation

0630|1000
L A
LU ik
—T—
1030|1100
L S—
1 130
—
130 |IX0

Fight Testing

00 [iz0

Lursch and Aireraft refueling

Lunch and Aircraft refueling

Lunch and Aireraf refueling

F T
130 |10
T
130 |33
L a—
1330 |10
T
W0 |l
I'_T—
1430|150
LA a—
1590|150
1
1530|1600

Fgh Teing

At Tetng

FightTesting

0160
AT S—
16010
10017
1730 [1620
o e |

Site and Equipment tear down

Travel to NPUASTS

Site and Equipment tear down

Travvel to NPUASTS

Site and Equipment tear dow

Travel ta NPURSTS

Site and Equipmest tear down

Travel te NPUASTS

Figure 25. Planned daily schedule for the September 2020 UND campaign.
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3.4.3 Location
Tests were conducted near Hillsboro, ND. The following pravidere details regarding test
location.

The Command Center Trailer, from which the tests were directed, was located at the Lovas Farm,
at approximately-97.082223, 47.329763). One UA Launch and Recovery Element (LRE) was at
approximately {97.084370, 4729733), which is at the Lovas Farm and very near the Command
Center Trailer, and the other UA LRE was at approximatél}.090454, 47.327013). The DAA
system, C Speed radar, and Electronic Observer Tréoleation with DAA display system and
from which maneuver commands were issuegtre located on the ramp of the Hillsboro, ND,
airport at {97.061847, 47.357982). The Hillsboro airport is approximately 1.8 nm northeast of
the Lovas Farm. For reference, therizontal Encounter Focal Poirti EFP, horizontal location

at which aircraft would nominally arrive at the same time if no maneuver was execated}
(-97.08769647.32850%.! The locations of the Command Center Trailer, one UA LRE, and the
Electronic Observer Trailer are illustrated in Uiig26.

! Tests were conducted with aircraft separated by a vertical offset to ensure safety.

44



The FAA's Center of Excellence for UAS Research

THIRD PARTY RESEARCH. PENDING FAA REVIEW. XASS URE

System Safety of UAS through Research Excellence

L3HarrisDAA | W
LW

NPUASTS Command Center

UAS'LRE

Figure 26. Locations of testing elements during the September 2020
UND campaign

45



The FAA's Center of Excellence for UAS Researc h

THIRD PARTY RESEARCH. PENDING FAA REVIEW. XASS U RE

for System Safety of UAS through R rch Excellent

The UA was flown to the southwest of the Hillsboro airport to avoidissyes with the airport.

The manned aircraft launched from the Grand Forks International Airport (KGFK) and refueled at
the Hillsboro Airport (3H4) as needed. Fig@&provides a sectional for the area. The test area
is Class G airspace up to 700 ft A@nd Class E airspace above 700 ft AGL (up to Class A
airspace).
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Figure 27. Sectional centered on the September 2020 fllght test area.

Figure28 provides images from the Lovas Farm, the location of the Command Center Trailer and
one UA LRE. That UA LRE was approximately in the location of the large snowbank near the
barn shown in the uppeight panel of Figre28. Flights tests were conductemthe south and

west of the Lovas Farm.
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Figure 28. Images from the Lovas farm, the location of the Command Center Trailer and one UAS LRE.
View is to the north (uppdeft), to the east (upper right), to the south (lower left), and toves (lower
right).

3.4.4 System Tested

Testing was conducted using the L3HarrisE Tec
approaches for the Evaluate component of DAAable 4 provides informatioregarding the
L3Harri s DAA System and regarding the two op

2 Askelson et al. (2017) identified the major steps in DAA as Detect, Track, Evaluate, and Maneuver (DTEM). These
are defined as Detdttsense the presence of somethirgf thust be avoided through some means; Traektimate

the path of the intruder; Evaluételetermine whether identified intruders pose a threat, prioritize threats, and identify
maneuver; Maneuv@rexecute maneuver. These map to the functions in ASTM (2@20)ding to: Detect Function

DF (Detect and Track), Alert Function A1F (portion of Evaluate wherein hazards are identified and prioritized), and
Avoid Function A2F (portion of Evaluate where the maneuver is identified and Maneuver).
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Table4| nf or mati on regarding. the L3HarrisE DAA
DAA Step DAA Steps Description
Detect data for ncrooperative targets are provided usi
C-Speed Lightwave a C Speed Lightwave Radar. Data for cooperative tar
Detect Radarand ADSB are provided through th&urveillance and Broadca:
SBSSVAS and Xtend Services Subsyste($BSS Value Added ServicéVAS)
and through Xtend ADS units.
Data having the most accurate information regarc
Trak Bestsource selection intruder locations/tracks are used. Track data are prov
through the SBSS VAS or by the-$peed Lightwave
Radar.
EO (Electronic
Observer) Either the EO performs all functions in this step or Aé
or- is utilized to help the EO decide upon the maneuver.
Evaluate di spl ay system is Range
Alerting andGuidance ingested into the system through a telemetry feed fron
(A&G) supporting the  UAS Ground Control StationGC9).
EO
The FX20 flight crew executed maneuvers once rece
Maneuver Human Pilot from the EO. This involved setting new waypoints for 1
FX20.
The L3HarrisE Technologies DAA

Non-cooperative data are provided using a C Speed Lightwave Radar (C Sp2eHig02 29).

Thisisalowc o s t

platform that can serve a broad range of surveillanissions through reconfiguring of its run
Cooper at i v Burvdilancaan@dBraadcasb t ai n
| oc @lunitXt endE

ti me

parameter s.
Services SubsystesBSS)Value Added ServicéVAS) a n d

syster

systasourcedbt ai ns

fl ex-détf ienBadd Df(tBedimensgonal) radar technology

from

(L3Harris 202) that act as gafillers to provide surveillance coverage in areas that may not be

effect

v el

y

covered

the FAAOSsS system

by
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% ;
Figure 29.
campaign

S ;(':O‘ ¢

The C Speed Lightwave Radar utilized during the September 2

NZD

Track data are provided by the L&HtheG3pseE SBSS
Lightwave Radar system. The L3Harri ¢selecssy st em
the surveillance source that provides the best information regarding an intruder and displays those
data (locations and tracks). Generalhg source that provides the lowest uncertainty regarding
intruder location is considered to be the best source. Thus, these flight tests generally utilized a
cooperative DAA system. This, however, had no deleterious impact on test objectives.

Asindicatel i n Table 4, the L3HarrisE system can b
step. For the September 2020 flight tests, the A&G capability was not utilized because guidance
was not generally provided. This presumably occurred because of the iktyaitdbADS-B
surveillance data for the intruder. With those data, the A&G likely recognized the vertical offset
between the aircraft (nominally 350 ft)flhe A&G systenwasstill being developeduring these

tests however, and thus the lack of guidarcould have occurred for other reasons. Consequently,

the EO used the RangeVueE display to identify
a Stonecast radio to communicate maneuvers to the UA PIC.

Maneuvers were executed by the UA PIC. Calklkaaf commanded maneuvers were commonly
used for acknowledgement.

3 A 350 ft vertical ofset was utilized to enhance safety.
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3.4.5 Test Plan Overview
Testing involved the entire of the DTEM chaand were designed by systematically varying
factors that affect DAA system performanc®nly horizontal encounters were exéed, with
variations in intruder speeds (nominally 80 and 100 ktsjuded Horizontal encounter
geometries were separated by ,4&ith the CA flying either northwest to southeast or southeast to
northwest. The encounter geometries associated witlorigdnation points for the CA flying
northwest to southeast (Figusé) are:
00
315°
270°
225°
. 180°
The encounter geometries associated with UA origination points faCAhying southeast to
northwest (Figur@1l) are:

B. 135°

C. 90°

D. 45°
A total of 16 tesscenariofprofileswere executed (8 encounter angles x 2 intruder speeds).

moowy
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Figure 30. lllustration of encounters associated with the CA flying northwest to southidastop image
illustrates aircraft paths and origination points. The bottom figure provides labels for UA orignation points.
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Figure 31. As inFigure 30 but for the CA flying southeast to northwest

The UA that was fl own i s SkySkopesbd FX20
Specifications for the FX20 are pided in Table 5. SkySkopes was the UAS operator

The C150 intruder aircraft is owned by UND and was operated by UND during the September
2020 flight tests. Information regarding this aircraft is provided in Table 6.
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Table 5. Information regarding the UAsed during the September 2020 UND campaign

The FX20 is a higiperformance mediummange UAS that can b
a— operated by a crew of two amicinsported in a small truck or van.
design results in extremely low energy consumption. As a result, th
electric flying wing can stay in the air for multiple hours (approachir
B hrs). A portable launcher allows for runwingdependent operatio with
recovery conducted using either a net or skids.

Wing Span | 3.0 m Cruise Speed 27 mst
Maximum Takeoff Weight | 12 kg UAS Operator SkySkopes
Endurance | 2 hr GCS Type Robot Aviation
Autopilot | Micropilot

Table 6. Information regarding the intruder aircraft used during the Septembet20RG:ampaign

The Cessna 150 is a tveeat, tricyclegear generaviation airplane tha
was designed for flight training, touring, and personal use.
S g
! A
A S

o
Wing Span | 33 ft2in Cruise Speed 82 kts
Maximum Takeoff Weight | 1,600 lb Operator UND

Fuel Capacity | 22.5 US gal

3.4.6 Sample Test Cards

Test cards were developed for three roles: Flight Test Director (FTD), UA piloGApdot. A

total of 48 cards (8 encounter angles x 2 intruder speeds x 3 roles) supported this test campaign.
For brevity, the FTD test card for oseenario is providhere (Figre32).
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Overall Test Card

Head on encounter 100 knots

Pate 4 Arsiryten b e —ae

Flight Card #

A18-ND-Master-HE-0-100

Date/Time

Objective

Description

Manned aircraft and UAS encounters
are conducted at the indicated cruise
speeds. A vertical offset of 300" used
to provide safety margin.

UAS Platform

FX 20

UAS Altitude

390 ft

UAS Speed

45 knots

Intruder

C150

Intruder Altitude

750 ft

Intruder Speed

100 knots

Location

47.328505, -97.087696. Lovas
Farmstead.

GCS

Mission Planner
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NORTHERN PLAINS
UAS TEST SITE

DAA System 1D

L3Harris GBDAA

DAA Sensors

Xtend ADS-B Receiver, C-Speed Radar,
Fas MextGen (VAS)

Supporting
Technology

MPUASTS trailers, visvalization
systems, additional ADS-B receivers,
video cameras, DCAPS data recording

Intruder Pilot

RPIC

W=

MC

FOr

COA/ Waiver(s)

55
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Condition # [objective)

v

la

ib

1c

1d

Action
U& maintains position &t defined
stand-off location ~9456 ft
[~1.22 mi} from the Horizontal
Encounter Focal Point (HEFP) as
manned aircraft flies loop away
from encounter location to set-
up (5) for this encounter.
Intruder executes turn at
defined ground point ~14,346 ft
(~2.71 mi ) from HEFP during (S).

Intruder begins flying straight
alang its encounter path
towards Scenario Start (35).

U4 exits (5} and proceeds
towards 35 once intruder begins
exXits its set-up turn.

Remarks

Point A 47.312755", -
g7.072817"

This is driven by the DAA
technology, the
warning/alert system, and
UA speed.

47.359589° -97.121141°

55

call

Time

RPIC calls “holding at

point A"

Intruder calls “Holding

MW

Flight test director calls
U& set up exit (LISE).



THIRD PARTY RESEARCH. PENDING FAA REVIEW.

Thee FAAT LIAS Cantier of Excallence for LIAS Research

XASSURE

Allisncs Tor Syatem Salety of UAS teough Ressanch Excellance

%\A’s Center of Excellence for UAS Research

Alliance for System Safety of UAS through Research Excellence

MORTHERN PLAINS
UAS TEST SITE

le | Intruder varies speed to ensure
arrival at HEFP within tolerance.
1f | Altitudes are checked through
radio calls.
2 | Arrival time at the HEFP is Difference between arrival Flight test director calls
within tolerance—5cenario Start | times at HEFPis = 6.5 5. 55
[55) is declared.
3 | Encounter Initiation (El} is Oceurs after 55 and no later | Flight test director calls
declared. than approximate time of El.
first alert or warning.
4a | Time of First Detection (FD) is Data collector records the
recorded. time of FD. If FD does not
ocour, this is noted.
4y | Time of Track Establishment (TE} | Data collector records the
is recorded. time of TE. If TE does not
oceur, this is noted.
4c | Time of Maneuver Initiation (M1} | Data collector records the RPIC calls
is recorded. time of M. If MI does not “maneuvering”
ocour, this is noted.
4d | Approximate time of CPA s If @ maneuver occurs, data
recorded. collecter records
approximate time of CPA.
Exact time is determined
with post-processing.
4e | Well dear status recorded. If known, data collector
records status (maintained
or mot).
4f | Regain well-clear time recorded If well clear is not
maintained, data collector
records approximate time it
is regained. Exact time is
determined with post-
processing..
5 | Encounter End (EE) is declared. Data collector records the Flight test director
time of encounter end declares EE.
(same as scenario end).
6 | Bothaircraft proceed to set-up
[5) for next encounter (if
applicable).

L

Figure 32. Example FTD test card for the September 2020 UND campaign
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3.4.7 Summary of Results

Numerous metrics for evaluating DAA system performameee evaluated. These include sample

risk ratio from ASTM (2020) and sampleaisk ratio uncertainty which provides insight into
whether the proposed approach (number of encounters) provides a viable basis for evaluation of
risk ratio. In addition, the &n presented encounter events (well clear/horizontal well
clear/vertical well clear violations), evaluated overall encounter metrics such as CPA, and
proposed and presented metrics for tIh€EM stages of DAA. The team also evaluated
maintenance of well elr status during testing, which is a goal during testing.

For test methodology, the team initially used a vertical aircraft altitude safety offset of 350 ft during
these tests which generally ensured maintenance of well clear. sEtuse minor well clar
violations occurred, however. Based upon this, the researchers recommend a 400 ft vertical
aircraft altitude safety offset for horizontal encounters. Moreover, the team recommends closer
monitoring of intruder altitudes during testing to ensure tiatritruder is operating at the desired
altitude.

For the encounter set that was evaluated, the sample risk ratio uncertainty, evaluated using three
different methods, indicates that the set provides viable guidance regarding conformance with the
performarce standard. An evaluator must place this performance in context with the broader set
of encounters, the breadth of which can be evaluated through simulation. Moreover, the metrics
that are developed herein for the major stages of DAA, which were dedefloppugh the need

for information regarding how the system is performing and qualified by pragmatic considerations
(e.g., timing challenges associated with data collection), provide useful information regarding
these major stages (and are being consideyethe ASTM WK62669 DAA Test Methods Task
Group). Finally, methods developed for analyzing encounters, including visualization techniques
and summary metrics, enable understanding of encounter characteristics. This includes the
situation wherein aircfaclosure rates increase for a period of time after maneuver initiation.

Example results for an encounter executed during this test campaign are providede3¥ig
Further details regarding encounters, metrics, estimation of uncertainties, etc., are provided by
Askelson (2022).
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Figure 33. lllustration of the 154437154653 UTC 23 September 2020 encountdpper left provides a

plan view, with the UA flightpath in blue, CA flight path in red, the period of vertical well clear violation
indicated by brown boxes superimposed on the UA flight path (well clear and horizontal well clear are
indicated by red and orange boxes, respectively), CPA indicated withck &tar symbol, the HEFP
indicated with a red plus symbol, and the inbound portions of flight indicated by blue (UA) and red (CA)
dashes. Upper right provides a plot of AGL altitudes (relative to HEFP altitude), with the UA altitudes in
blue, the CA altudes in red, the CA altitudes needed to maintain vertical well clear in dark grey, the times
of vertical well clear violation indicated by dashed bown lines (well clear and horizontal well clear are
indicated by dashed red and orange lines, respectittedy)JA inbound portion indicated by blue triangles,

the CA inbound portion indicated by red triangles, andXhjective Encounter Perio@EP, see Askelson
(2022)] beginning and end indicated by rotated red triangles. Bottom is the separation timéhiriee
horizontal well clear boundary indicated by the orange dashed line (colored red if a well clear violation
occurs), the horizontal NMAC boundary indicated by the solid red line, unmitigated @A in
horrizontal direction if UA does not maneuyidicated by the red plus symbol, the time when both aircraft
are inbound indicated with a rotated red triangle (left side of plot), the OEP end indicated with a rotated red

T
=20
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triangle (right side of plot), and labels indicating the following: Dfst=Firstelbtion, Testblsh = Track
Establishment, Ecaut = Caution, Ewarn = Warning, Mid = Maneuver ldentification, Minit = Maneuver
Initiation, and Mcomp = Maneuver Completion.

3.4.8 Lessons Learned
Lessons learned from this round of flight tests include:
1 Failures associated with testing occur, including ones experienced during this round of
flight tests:
o The wired connection from the radar to the Electronic Observer Trailer failed the
week before testing. This was repaicetthe Friday prior to testing.
o Thelong Term Evolutiorconnection dropped at the Electronic Observer Trailer.
This interrupted commications and connectivity fahe Data Collection And
Processing SystenDCAPS see Askelson (2022)]
A Resulted in one encounter being unacceptable.
o The Command Center Trailer generator ran out of gas.
A The Uninterruptable Power Supply kicked in.
A Communicabns were lost Z 0 0 mE .
91 Detection challenges occur
o ADS-B dropouts did occur and seemed to be focused on a certain location.
o Primary tracks (radar) did not always arise for aircraft takifigind landing at the
airport.
A The clutter filter is believed to ibe cause of this.
1 Display glitches can occur
o Occasionally the locations of UA an@A did not (seemingly) update on
RangeVueE
A This resulted in aircraft positions

3.5 UAF June 2021
A detailed report for this campaign is provided in the draft répertmert and Purdy (2021 he
following provides a highevel overview of this campaign.

3.5.1 Obijectives

The objective of this flight campaign was to evaluate the performance of the Echodyne Echoflight
(onboard system) and Echodyne Echogu@mbundbased system). Emphasis was on the
detection capabilities of these two systems.

3.5.2 Dates/Schedule
Testing was conductedf2June 2021. The planned daily schedule was similar to previous UAF
campaigns.

3.5.3 Location

The first day of flight tests were cduacted at the Poker Flat Research Range, which was utilized

in previous UAF flight campaigns and is illustrated inlf&2. The second and third flight test

days were conducted Btadley Sky Ranch Airport located in North Pole, AK, 15 mi southeast of
UAF. This airport was selected for this flight test campaign because of light activity, few
obstructions, and an unpopulated area to the southwest of the runway. The runway surface is a
combination of gravel and natural soil with no surface treatment.
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3.5.4 Sysem Tested

The airborne DAA candidate in this report is the Echoflight DAA radar manufactured by
Echodyne. Echoflight is an Electronically Scanning Array rddatemploys a Metamaterial
Electronically Scanning Array (MESA) technology for beam steerin§ince the MESA
architecture is solid state it does not require moving parts, nor does it require phase shifters typical
of phased array antennas. This reduced complexity makes imaging radar solutions accessible to a
broad range of applications, includi@gstSize, Weight, and Powepbnstrained applications.

At the time of this campaign a tukey Echodyne raddrased sense and avoid DAA solution did

not exist. The Echoflightadar system is marketed as a sensing solutienot a comprehensive

or standalone DAA system. The radars must be integrated into a DABnonanned Traffic
ManagementTM) system. The sensing solution is comprised of the radar hardware, Field
Programmable Gate Array logic embedded software and an onboard Inertial Measurement Unit
(IMU) for attitude determination. Radar data can be processed onboard the radar with minimal
track data transmitted, or raw data can also be output for processing@ffboa

In this effort the airborne Echodyne radais evaluated as a sensor component of a candidate
DAA system. Development of a decision algorithm and control system to interpret and react to
noncompliant threats was beyond the scope of this effort.udls enly the viability of the radar

as a sensing platform is considered.

The Echodyne Echoflight radar was integrated onto a Rkfavyex-copter (ACUAStowned
modified version of the Tarot X6) for testing. Details regarding that integration are prdwided
Remmert and Purdy (2021).

The second Echodyne system eadd was a cdocated sectoral array comprised of four
Echoguard radars. Unlike the Echoflight, which is intended for use in dynamic conditions, the
Echoguard is intended to be permanently medrto a stationary ground support. ACUASI
engineering designed and fabricated a portable four sector mount with a collapsible mast that can
be transported and rapidly deployed at a given test location. In this case the radars were oriented
in 90° quadrats for a full 360° surveillance of the local test area.

Echauard Security and Surveillance Radar is designed to enable multiple missions such as
perimeter security or critical infrastructure applications, codd#&$ detection and tracking of
intruders and GrouneBased Detect and Avoid (GBDAA). It can provide the same level of safe
operation for SUAS thatra too small to arry their own radar system by providing localized
situational pilot awareness of both ownship position, along with cooperativeoammboperative
intruder aircraft. Multiple Echguard units may be combined into flexible local networks for
increased coverage. Eduard provides 280% longer range than the EchoFlight by maximizing
transmitter power, waveform processiagd througldesign of an alpassive cooling system (no
forced air cooling) optimized for fixed and portable grotnaded use.

3.5.5 Test Plan Overview
The test plan consisted of:
i Testing of the detection component of the types of Echodyngystens
1 Encounters that weigeometrically andcenarianspired
0 Horizontal, descendto (intruder), and climdnto (intruder) encounters
1 Execution of a total of lLtest profiles
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1 Use of a heawift hex-copter ownshipJA
1 Use of3intruders
o Fixedwing HelioCourier 295 CA
o Fixedwing Cessna 206 CA
o Trinity 90+ Vertical TakeOff and Landing (VTOL) UA
The intruders are illustrated in kiges34-36.

Figure 34. Helio Courier 295 CA used as an intruder during the June
2021 UAF campaign

61



THIRD PARTY RESEARCH. PENDING FAA REVIEW. )Th{MAgéuwﬁEh

Alliance for System Safety of UAS through Research Excellence

S

Figure 35. Cessna 206 CA used as an intruder during the June 2021
UAF campaign

Figure 36. Trinity F90 VTOL UA used as an intruder during the June
2021 UAF campaign

Details regarding test profiles are provided by Remmert and Purdy (2021). An example image for
a profile in which ownship encounters an intruder (CessnatB@6)s either on final approach
(descending) or departing (ascending) is provided inrgig7. For this profile, horizontal well

clear status is maintained through enforcement of a 610 m lateral aircraft dfffisethoted that

this campaign incorporated more ascenftiagcending encounters (in addition to the-ppp
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encounters executed in thely/d2019 NMSU campaign). Doing so for full encounters (i.e.,
including the TEM steps in DTEM) was accomplished in a later test cam{@aige 2021 UND)

2000 ft

Figure 37. Bradley Ranch encounter profile with intrudethetraffic pattern

3.5.6 Sample Test Cards
Test cards were developed for the 11 profiles. An example that correspondsir®3Figs
provided in Figire 38.
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ACUASI_AK_95Z Test Carq [@

Flight Card # Mission 2

Date/Time

Primary:

Objective
Secondary:

Manned aircraft and UAS
encounters are conductedas
displayed. A lateral offset of 500
used to providsafey margin.

UAS Platform| ACUASI X-6

Description

UAS Altitude|o n n Q ! D]

UAS Speed 6 m/s

Intruder | Cessna 206

Intruder
Altitude

Intruder Speeq (Normal Cruise and landing)

64.757964 - 147.390461 Bradley
Sky Ranch (952)

GCS| Mission Planner

(Traffic Pattern Altitude)

Location

DAA System
ID
DAA Sensors
Supporting| Y2vionix Ping ADSB, EchoGroun
PPOT Y Radar, EchoGuard radg
Technology

GroundAware GA9120

IntruderPilot

RPIC

VOs

MC

FD

COA/Waiver(s)
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Condition # (objective)

v Action Remarks Call Time

1 UA executes a E/W oriente Crewed aircraft to
flight plan parallel to the  Echodyne radar FOV @ report standarc
runway offset by 500ft fron AZ +60° aviation traffic pattern
the runway centerline EL +40°
Crewed aircraft execute
standard touclandgo )
landings in the FOV of th¢ EchoGuard radaris
groundbased radar. oriented 360° FOV

2

3

4

5

6

7

8

9

10

11

12

END

Figure 38. Example test carfbrofile 2) from the June 2021 UAF campaign

3.5.7 Summary of Results

After initial flight testing of the Echoflight UA platform, it was apparent that the airborne system
was adversely affected by ground motion. While some effect was anticipated, the extent to which
a dynamic platform would impact radar performance was unknown. While the Echoflight radars
do have an integrated IMU for the purpose of tracking-salilizaton, this functionality
apparently does not compensate for all platform dynamics. Any relative motion of the ground
with respect to the airborne platform induces multiple false tracks. This occurs because ground
based objects appear to move within field of Regard FoR) and stationary objects are
interpreted as moving targets. This phenomenon is most pronounced during yaw motion of the
UA platform (an example is provideid Figure 39). Unfortunately, for all encounters where the
Echoflight platform vas in motion, the radar data were rendered useless due to excessive noise.
The Echoflight and Echoguard are only capable of tracking 20 simultaneous targets at any given
time. Therefore, an excessive number of false tracks effectively saturates the Dagato this
limitation, only encounters where the Echoflight UA platform is in stationary hover are considered
in these test results.
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Flgure 39. Ground motion induced noise experlenced with the Echoflight.radar

For encounters where the airborne UA platform was in a stationary hover, false tracks were
attenuated sufficiently to discern a few valid tracks from false positives. In enfevunters an
increased maximum detection range was noted as compared to the lgaseddEchoguard units.
However, there was virtually no consistency; the range of first detection varied dramatically, even
between like encounters. It should be notetlttia was an issue common to both the Echoflight
and Echoguard units.

The tracks generated by the Echoflight radar consistently exhibited erratic variance in altitude as
compared to those from the Echoguard units. This altitude variance is a resblatibmiand
buffeting of the airborne platform. The resulting low amplitude high frequency motion also
adversely affects the ability of the Echoflight unit to acquire new targets at extended range. This
is a concern for a DAA sensor becausgeitreasethe CPA for intruders

For the duration of the test campaign, the Echoguard radars demonstrated dyniakesed
performanceelative tothe Echoflight radars. Given that the Echoflight and Echoguard units are
virtually identical, it can be inferreddhperformance is tightly coupled to the use case. Stationary
Echodyne units typically have better performance.

During the test campaign it was noted that the range of first deteetimd This characteristic

is illustratedin Figure 40, which conveysa significant spread in values. The source of this
variability is as of now undetermined. However, given thatcditions of the testst can be
reasonably inferred that tivariability results fronthe tracking characteristics of the Echoguard.
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RANGE OF FIRST DETECTION (METERS)
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2000
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Encounter 1 Encounter 3 Encounter 3a

Figure 40. Variability of Echoguard initial detection range

The data clearly show there were instances during the test where the intruder was detected very
late in the encounter.This placed the moment of initial detection just outside the well clear
volume. It should also be noted that the Echoguard radars are drased DAA sensors and will

most likely be utilized as sensors for a UTM system. Therefore, the Echoguard ayitsotm
necessarily be etmcated with the UA. In order to achieve full coverage a UTM would likely
employ a network of Echoguard arrays. If the woeste detection ranges presented in this report

are indicative of the minimum distances required betwgssors, such a network may not be
practicable.

Another noteworthy attribute that was identified during this test was the effect of intruder aircraft
maneuvers on Echoguard tracking. During tight radius turns the radar would consistently lose
track of theintruder aircraft. The Echoguard radars employ a probabilistic predictive analysis as
part of their detection and tracking algorithm. During manatherradar cross section is dynamic

as is the vector of the intruder. The resultant loss of confidaribe track position is likely why

the radar loses traskluring tight maneuvers.

3.5.8 Lessons Learned
Lessons learned during this campaign include:
1 The dynamic environment associated with the Echoflight system results in significant
ground clutter (when flyig near the ground)
1 Vibration appears to affect altitude estimates of intruders generated using the Echoflight
system
1 The Echoguard (and presumably Echoflight) system can lose tracks during tight
maneuvering of intruders
1 Variations in detection range for the Echoguard system can be significant
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1 Both the Echoflight and Echoguard systems show promise for DAA, although challenges
exist

3.6 UND June 2021
A detailed report for this campaign is provided by Askelson&teghens (2022). The following
provides a higHevel overview of this campaign.

3.6.1 Objectives
The objectives for this flight test campaign were:
1 Determination if the test methodology results in ved#lar maintenance during encounters
(especially with the icreased vertical safety offset and for dese@ta encounters)
1 Collection of additional samples at selected horizontal encounter geometries and
evaluation of impacts on statistical parameters

3.6.2 Dates/Schedule

Tests were conducted during the week 0f193Jwme 2021. 14 June 2021 was a planned
shakedown day. The team encountered challenges with provision of UA location data to the
L3Harri s system. These issues were resolved
days: 1618 June 2021. Theatined schedule for that week is provided iruFeg 1.

Day 1: 15 June 2021 Day 2: 16 June 2021 Day 3: 17 June 2021 Day 4: 18 June 2021
600 630
630 700
700 730 Meet at NPUASTS (4201 James Ray Dreet at NPUASTS (4201 James Ray Breet at NPUASTS (4201 James Ray Dreet at NPUASTS (4201 James Ray
730 800 Travel to Site Travel to Site Travel to Site Travel to Site
800 830 Morning Briefing Morning Briefing Morning Briefing Morning Briefing
ggg ggg Site Setup and Preparation Site Setup and Preparation Site Setup and Preparation Site Setup and Preparation
930 1000
1000 1030
1030 1100 Flight Testing Flight Testing Flight Testing Flight Testing
1100 1130
1130 1200
1200 1230 Lunch and Aircraft Refueling Lunch and Aircraft Refueling Lunch and Aircraft Refueling Lunch and Aircraft Refueling
1230 1300
1300 1330
1330 1400
1400 1430 Flight Testing Flight Testing Flight Testing Flight Testing
1430 1500
1500 1530
1530 1600
1600 1630 . ) . . . . . .
1630 1700 Site and Equipment Tear Down Site and Equipment Tear Down Site and Equipment Tear Down Site and Equipment Tear Down
1700 1730 ) ) . . . . . .
1730 1800 Debrief and Schedule Review Debrief and Schedule Review Debrief and Schedule Review Debrief and Schedule Review
1800 1830 Travel to NPUASTS Travel to NPUASTS Travel to NPUASTS Travel to NPUASTS

Figure 41. Planned test schedule for June 2021 UND campaign

3.6.3 Location
Test locations were the same as those used duerggptember 2020 UND campaign.

3.6.4 System Tested

The system tested was the same as that used during the September 2020 UND campaign except
the display system was upgraded to the RangeV
A&G. For the Evaluate stethte  EO used the RangeVueE Pro di sj
identify maneuvers, and a Stonecast radio to communicate maneuvers to the UA PIC. In the
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absence of an A&G system, distarimased circles were drawn around the UA, as illustrated in
Figure 42. The radii of these (outer) circles are generally equal to the horizontal extent of the
hazard zone as defined Wyadio Technical Commission for AeronautiRTCA) (2017;
§2.2.4.3.2), which vary with horizontal encounter geometry to account for chargestire rates

and depends upon the alert threshold. For these tests, a late (60 s) alert threshold was used to limit
the distance between UA origin points andEmeounter Focal PoinEEP), which simplified Part

107 operations in that daishained grand observers were not required and sped up the testing
process by decreasing the amount of time required fasbetween encounters. For simplicity,
distances for D and 180 horizontal encounter angles were computed, and distances for
intervening angles were linearly interpolated from those values. In addition, a buffer of 0.17 mi
was added for 180encounters, which provides an additional 5 s. This was based upon
computatbns of the amount of time required for the UA to travel 2000 ft [the horizontatleelt
distance used in ASTM (2020)] from the line adjoining the aircraft tracks for aek@®unter,

the estimated amount of time required for initiating a maneuver $);1&8nd the distance the
intruder travels in that amount of time.

Figure42Ex ampl e of the RangeVueE Pro display. The
near the center of the display, with concentric rings drawn around it. The infrimticated by the triangle
symbol surrounded by a magettlored circle. The outer ring around the UA serves as the alert for the
EO to identify and communicate a maneuver to the UA PIC.

3.6.5 Test Plan Overview

Testing involved the entire of the DTEM chandencountersvere geometrically baseduring

the prior set of flight tests conducted by the UND and NPUASTS in September 2020 (Askelson
2022), horizontal encounters including the full ranf@ossible encounter angles {880°) and

using a 45° increment (0°, 45°, 90°, 135°, 180°, 225°, 270°, 315°) were conducted. Analysis of
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those tests indicated an interesting pattern in which the horizontal component of CP# (CPA
appeared to depend updhe encounter angle, with smaller GP®alues associated with
overtaking encounters (encounter geometries of 180° and 225°) and larger values associated with
headon encounters such as 0° and 45° [cf. Figure 22 of Askelson (2022)]. To explore whether
thedifferences observed during the September 2020 flight tests consistently occur, the June 2021
tests utilized a selected subset of horizontal encounter angles (0°, 45°, 180°, 225°). In addition,
for the horizontal encounters and these encounter angléssts@t each angle were incorporated

into the encounter test script (as opposed to 5 in the September 2020 test). Executing more tests
at each angle produces greater confidence in observed differences and also enables exploration of
dependence of statisal properties (e.g., variance) on the number of samples through comparison
with previous test results. These horizontal encounters followed collision trajectories, wherein the
aircraft were flown towards an EFP using a vertical safety offset. ThisvebAskelson (2022),

with the exception of a larger vertical safety offset of 400 ft [vs 350 ft with Askelson (2022)] used
for this round of flight tests. Collision trajectories were used because they result in the strictest
timing requirements for DAAdr each encounter angle.

In addition to horizontal encounters, tests also included desctn@ncounters, as shown in
Figure43. For these, horizontal origination points were the same as in horizontal encounters for
the corresponding horizontal encourdagles, which were°@nd 138 for the June 2021 descend

into encounters. In these encounters, the intruder descended at a rate of 500(# tyypical
descent rate for the Piper Archer intruder aircraft used in this set of tests). Initial iaitildee

was set such that the intruder and UAS would fly to the same location, horizontally and vertically,
without the use of the vertical safety offset (described subsequently). Thus, a cbjlion
geometry was employed and applied to the poinhateng the vertical safety offset. Given the
horizontal 120 kt speed and 500 ft rhidescent rate of the intruder, the vertical encounter angle

is +2.

Because ground features that could be used to ensure horizontal aircraft safety offseithavere

not present or not aligned with horizontal encounter geometries, safety was maintained by having
the intruder halt descent by the time 800 ft AGL was reached. Given that the UAS was operated
at 390 ft AGL, this provided ~400 ft of vertical safef§set, which is 50 ft greater than that used

in the September 2020 tests. With this design, at 900 ft AGL the intruder is ~250 ft from the
vertical well clear boundary of the UA and, at a descent rate of 500°# #80 s from the vertical

well clear baindary. This produced a trend prior to activating the vertical safety offset that
required a maneuver to maintain well clear in the vertical direction. In the horizontal direction,
the trend is constant (before and after activation of the vertical saffisgt) and required a
maneuver to maintain well clear in the horizontal direction. Thus, the destenehcounter
design resulted in a trend to a well clear violation prior to activation of the vertical safety offset
that required a maneuver for manance of well clear.
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Figure 43. lllustration of descendhto encounters used during the June 2021 UND campaign

Speed variations (beyond those drilnenvironmental winds) were not included. A total of 6
scenarios were tested [(4 horizontal scenarios + 2 destenscenarios) x 1 intruder speed].

The UA that was flown is | si g lpdcificdion® foretheSer vi
SuperVolo are provided in Table 7. Isight Drone Services operated the SuperVolo.

The Piper Archer intruder aircraft is owned by UND and was operated by UND during the June
2021 flight tests. Information regarding this aircraft isyided in Table 8.
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Table 7. Information regarding the UA used during the June 208D campaign

-

The SuperVolo is a long range, Vertical Takdf andLanding (VTOL)
UAS designed for simplified deployment/ease of. useitilizes a hybrid
The SuperVolo enables quick refueling
successive flights and requires very little ground infrastructure

gas/electric power plant.

operations. It also featlsea modular airframe that enables dive
payload configurations and cesffective maintenance.
Wing Span | 3.0 m Cruise Speed 18-34m st
Maximum Takeoff Weight | 18.2kg UAS Operator ISight Drone
Services
Endurance | 8 hrs GCS Type ACER  computer
with Swift GCS
Autopilot | CUAV PixHawk i Mavlink

Table 8 Information regarding the intruder aircraft used during the June @BIZ1 campaign

ThePiper Archelis a twoseat, tricyclegear general aviation airplane th
\ is used heavily in UNDG6s aviat
smwe,) 5
. %
Wing Span | 35ft 6in Cruise Speed 128kts
Maximum Takeoff Weight | 2,550Ib Operator UND
Fuel Capacity | 50 US gal

3.6.6 Sample Test Cards

Test cards were developed for three roles: FTD, UA pilot,Ghgbilot. A total of 18 cards[(4
horizontal scenarios + @escendnto scenarios) x 1 intruder speed x 3 rolaghported this test
campaign. For brevity, the FTD test card for one scenario is provided herse@y
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Overall Test Card

UAS TEST SITE

" TER- E
Flight Card # A18-ND-MASTER-DE-0_2-120

Date/Time

Objective

Manned aircraft and UAS
encounters are conducted at the
indicated cruise speeds. The
manned aircraft starts at 1100 feet
AGL and descends down to 800
feet AGL at 500 feet/min. A vertical
offset of 400’ used to provide
safety margin.

UAS Platform | Supervolo

Description

UAS Altitude | 350t

UAS Speed | 40 knots

Intruder | Piper Archer

Intruder Altitude | 1100 - 800 ft
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MORTHERM PLAIMS
UAS TEST SITE 4

Intruder Speed | 120 knots
. 47.328505, -97.087696. Lovas
Location
Farmstead.
G5 | Mission Planner
D&A System D | L3Harris GBDAA
¥tend ADS-B Receiver, C-Speed
DAASensors | o iar FAA NextGen (VAS)
MPUASTS trailers, visualization
Supporting | systems, additional AD5-B
Technology | receivers, video cameras, DCAPS

data recording

Intruder Pilot

RFIC

V0=

MC

FD

COAWaiver(s)

Condition # {objective)

w’

Action Remarks
la | UA maintains position at defined

Point E 47.315145", -

Time

RPIC callz “holding at

1c | Imtruder begins flying straight

slong its encounter path
towards Scenario Start [S5).

1d | UA exits [5) and proceeds

towards 55 once intruder begins
exits its set-up turn.

stand-off location ~5643 ft 97.075445°
[~1.07 mi} from the Horizontal
Encounter Focal Point {HEFP) as
manned aircraft flies loop away
from encounter location to set-
up {3} for this encountsr.
1b | Imtruder executes turn at This is driven by the DAA
defined ground point ~17,160ft | technology, the
[~2.25 mi ) from HEFP during [5) | warning/alert system, and
at 1100 fest AGL UA speed.

47 365505°, -97.126405°
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WORTHERM PLAINS
LAS TEST SITE

le | Imtruder varies speed to ensure
arrival at HEFP within tolerance.
1f | Altitudes are checked through
radia calls.
2 | Arrival time at the HEFP is within | Difference between arrival Hight test director calls
tolerance—Scenario Start (55)is | times at HEFP is =655, 55
declared.
2a | Imtruder aircraft begins Hight test director calls
descending at 500 feet per “begin descent”
minute down to 800 feet AGL.
3 | Encournter Initiztion (EI) is Oceurs sfter 55 and no later | Flight test director calls
declared. than approsamate time of El.
first alert or warning.
4z | Time of First Detaction (FD) is Data collector records the
recorded. time of FD. I FD does not
accur, this is noted.
4b | Time of Track Establizshment (TE} | Data collector records the
is recorded. time of TE. If TE does not
accur, this is noted.
4c | Time of Manewwer Initiztion (MI) | Data collector records the RPIC calls
is recorded. time of MI. If MI do=s not “mansuvering”
accur, this is noted.
4d | Approximate time of CPA s If @ mamewver occurs, data
recorded. collector records
approximate time of CPA.
Exact time is determined
with post-processing.
da | Well clear status recorded. If knowen, data collector
records status {maintained
or not).
4f | Regain well-clear time recorded If weell clear is not
maintained, data collector
records approximate time it
iz regained. Exacttime is
determined with post-
processing..
5 | Encounter End [EE] is declared. Data collector records the Flight tast director
time of encounter end declares EE.
[same a5 scenaric end).
& | Baoth zircraft procesd to set-up
(&) for next encounter (if
zpplicable).

Figure 44. Example FTD test card for tllene2021 UND campaign
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3.6.7 Summary of Results

The vertical aircraft safety offset was increased 50 ft relative to that used by Askelson (2022) to
400 ft. This helped ensure desired aircraft separation. bidgest enabler for ensuring
maintenance of vertical well clear during testing, however, was CA altitude monitoring in which
CA altitudes were adjusted if they were deemed to be too low. These resulted in no vertical well
clear violations occurring durinthe June 2021 test campaign. For desostodencounters, CA
descent was halted to preserve a 400 ft vertical safety offset between aircraft. The pilots were
successful at halting their descent as planned, as the minimum vertical offset for theeh@ desc
into encounters was 403 ft.

In addition to metrics developed by Askelson (20a8)encounter descriptor/metric labelled coast
period was added. This is needed because of flight of the UA under Part 107 rules, without the
use of daisychained observer and the speed of the UA resulting in it reaching the visual range
limit associated with Part 107 prior to the time when aircraft separation was minimized. When
that limit was reached, the aircraft was directed to stdsmp (fly circles around a degd
location). To obtain results consistent with a BVLOS type of operation in which such -station
keeping would not generally occur, the straitye portion of the UA path associated with its
maneuver was extrapolated forward/coasted.

Execution of more mcounters for given scenarios did not consistently reduce the standard
deviation of the aircraft separation metric analyzed herein. It did, however, reduce uncertainty in
both the mean and standard deviations of that metric.

No horizontal well clear viokioons occurred during this test campaign, resulting in a loss of well
clear risk ratio for this subset of encounter scenarios of Qrertainty windows for this subset
of encounters ranged from 60001 to 0.00.02. The exceptional performance of thep&Volo

UA that was used in these t@staspecially its cruising speed (up to ~66 kts), significantly enabled
maintenance of horizontal well clear.

3.6.8 Lessons Learned
Lessons learned from this round of flight tests include:
1 Failures associated with testingcac, including ones experienced during this round of
flight tests:
o Ingestion of UA telemetry into the DAA system can be a major challenge. It
resulted in a significant delay in data collection during the June 2021 tests.
1 Detection challenges occur
o0 ADS-B drop-outs did occur and seemed to be focused on a certain location.
o Primary tracks (radar) did not always arise for aircraft takifigand landing at the
airport.
1 Display glitches can occur
o Occasionally the locations of UA and CA did not update on RandeVuB r o
A This resulted in aircraft positions

3.7 NMSU Fall 2021

The NMSU UASTS planned to execute an equivalent of 5 days of flight testing in the Fall of 2021.
Each flight set had multiple encounters profilésch profile was planned to be flown a minimum

of 5 times with data collected during each evddtth ground based and airborne systems have
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been tested as part of the A18 research arc. Each has advantages and chalhengé8.team
tested a number of different systems in UACH encounters, andA to UA encounters that have
been completed with safe segigon distances. Areas identified as challenges are the-oibmb
and descenthto encounters. These might &eperiencedvith crop dusters or othé€A flying
specific lowaltitude missions/operations. This testing addiekfisese climbinto and desceh
into types of encounters.

3.7.1 Objectives

This effortwasdesigned t@valuatanethoddor testing DAA technologies by looking at types of
operations, defimg collected data parameters, and defydata processing required for validation

of DAA technologies. The test methodology for DAA systems generally follows a phased
approach wheie the first phase is to understand what the system can do in simulation space before
advancing to flight test phas. For flight tests, the simplest encountersre executedusing an
altitude offset. Subsequent testing wasxecutedwhere encounters become-alitude by
including descend/climimto encounters. Encounter profiles were planned to allow folrithe
CasiaX system to detect an intruder aircraft from multiple angles and altitudes.

In previous DAA testing the A18 team tested a number of different systéms CA and UA to

UA encounters. For the planned climio and descenthto encounters, safe vericoffsets

could not be maintained with a UAS by the very nature of the test profiles. Once the vertical offset
is violated,the question of whdateral offsetis requiredarises To address this paradox and to
ensure safe flights, the DAA system wastatlled on aCA that servedas a proxy UAS. This
allowedtwo CAwith VOsonboard to safely and legally execute pleennedencounters. Vertical

and lateral offsets were incorporated intotéstcards for safety. Thelanned numbegncounters

for the planned scenarios for this campaign are provided in Table 9.

Table 9. Planned number of encounters for encounter scenarios for the Fall 2021 NMSU

campaign

[[Test card)[resteard pesaription | [PlannedINumBer{of encounters|
- Compass rose encounter(s) 20

- Intruder descends behind UAS 5x2=10
- Intruder climbs behind of UAS 5x2=10
- Intruder descends in front of UAS 5x2 =10
- Intruder climbs in front of UAS 5x2=10
- UAS climbs in front of Intruder * 5

- UAS descends in front of Intruder 5

- Total Encounters 70
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3.7.2 Dates/Schedule

The flight testing wascheduled to occuduring several periods to allow for testing of like
encounters on specific days to ensure safety. The team felt that it was safer to not mix different
types of encounters within a single day, but to do all encounters of théygsoae day, and then

reset for the next configuration on subsequent days. This allowed the pilots and ovOsaod

only concentrate on one type of flight profile for consistency and safety.

The CompassRose encounters were competed2drOctober 2021 during two rounds of Hits.

Initial data processing was completed after these flights to ensure system capture of the
information and as a check on the flight planning and procedureslnirbderClimb/Descerd

Behind encountemsere executedn16 November 2021 during two rads of flights. Thelntruder
Climb/Descerd In Front encountersvere executedn 17 November 2021 during two rounds of
flights. A short f uel insegedoatwerkn tifielflights eechdayet c hi ng

3.7.3 Location

Both aircraftaunchedrom thelLas Cruces International Airport (KLRU). Generally, most of the
flight maneuvers tok place away from the airpasb as to minimize impaabn general aviation
operations.The area is sparsely populated and all maneuvering was performed at or below 6500
ft MSL. To maintain safetypoth aircraft involved in the operation had AlB3n/outinstalled so

that pilots had a high level of situational awareness and to allow for smoother setup for encounters.
Figure 45 provides a plan view of the test area for this campaign.
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Figure 45. Plan view of the test area for the Fall 2021 NMSU
campaign

3.7.4 System Tested

Testing was conducted using the Iris Automation CasiaX DAA system, whaimulti-camera
vision-based DAA systemDifferences from previoutesting are that this system used 5 cameras
for a 360 view (versus one cametsed in previous testapd how the system as integrated. Table
10outlines the technologies used.

Table 10 DAA system used in the Fall 2021 NMSU campaign

Iris Automation,| Sensor: Vision| Casia X is the first commercially available®S@ertical
CasiaX Based DAA | @nd 360 radial computer visioDAA system for UAS. It
also has a viewing range of 1.5 km. As an integr
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onboard hardware and software solution, Casia sys
are small, light and low power.

The Iris CasiaX systenvas asigned pursuant to the emerging ASTM standards for performance
risk-ratios. All Casia systems combine ultlightweight and compact hardware with software that
integrates with most industrial drones (lig 46). Figures 4749 illustrate how the CasiaX
cameras werenountedfor this test campaign.

Figure 46. The Iris CasiaX system

Figure 47. CasiaX cameras mounted on the left wing of
ownship
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Figure 48. CasiaX cameras mounted on the right wing of
ownship

Figure 49. CasiaX camera mounted on the front of
ownship

3.7.5 Test Plan Overview

The NMSU UASTS utilized a Flight Star-IESA as a UAS surrogate. The CasiaX system was
integrated onto this aircraffThis wasusedfor an increased level of safety during the chimto

and descenthto flight encountersThe Flight Star H_.SA is a smalR seaultralight. The intruder
was a Flight Design CTLS owned and operated by NMSU.

The configurationfor horizontalencounterss providedin Figure50. The CasiaX DAA system
has a nominal range of 1Ikbh and a&~oVo f  Bd@ifontalx  Svértical With this information
the encounters wedesignedaround the compass rose. Encourbeginat a distance beyond the
range of the vision systenTheintruder eitheapproachefrom the east or the west with the UA
surrogatdlying toward the center bullsey&’he UA surrogateand the intruder will be separated
by 500ft vertically during this phase of testinggoth theUA surrogateandintruderare CA with
dedicated pilatandVOsto help ensursafety

The configurations of climband descenthto encounters are provided in Eig 51. For these
encounters e ascent/descent rate of 50énfh wasusedbased omrevioustests
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A

Google Earth

Figure 50. Configuration of lorizontal encounters executed during the Fall 2021 NMSU campaign
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Intruder Descends Behind UAS

R RN G ey - PR

UAS Climbs Ahead of Intruder UAS Descends Ahead of Intruder

Figure 51. Configuraion of climb- and descenthto encounters executed during the Fall 2021 NMSU
campaign

3.7.6 Sample Test Cards

Encounters can baerganized into two groups:h e ficompass r ose-mtoandd t he
descendnto encountersFigure 52 provides the compass rose test card, whiled5@ provides

a sampleof the climbinto and descenthto encounters.
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Flight Card #

NMSU_NM DAA Iris Test 1

Date/Time

TBD

Objective

Primary: This will test the FOV
of the Iris DAA while an intrude
is crossing the path from right
left.

Secondary:

Description

Intruder

Descending behind UAS

CTLS Light Sport

Intruder
Altitude

700006 MSL

Intruder Speec

80 mph (70 kts)

Location

Las Cruces, BIM from airport

85

The Intruder will fly both directions east
west and then west to east. The intru
will maintainaal t i t ude of
all times during thencounters.

The UAS will start at WP 1 and fly the ling
in sequential ordercrossing over the
bullseye each time. This includes thi
encounter angles plus head on a
following. The UAS will maintain
600006 MSL at al |l
encounters.

This this portion will be repeated 5 tim:
(20 total encounters).
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GCS| N/A

DAA System
ID

CasiaX (360)

DAA Sensory 5 Cameras

Supporting
Technology

Intruder PIC
Intruder VO

(Vision Base)

Surrogate
UAS PIC

Surrogate
UAS VO

Condition # (objective)

Action Remarks Call Time

1 | Getto Starting altitudes

UAS 60006 MS
700006 MSL

2 | Line upwith initial WP
3 Fly to bulls eye

4 Resetfor total of 5 encounter:

6
7

Figure 52. Compass rose test card used during the Fall 2021 NMSU campaign
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Flight Card #,

NMSU_NM_DAA_lris Test 2

Date/Time

TBD

Objective

Primary: This will test the FOV
of the Iris DAA while an intrude
is crossing the path from abo
and to the rear dhe UAS.

Secondary:

Description

Intruder

Descending behind UAS

CTLS Light Sport

Intruder
Altitude

8 0 OMS& descending 50fpm

Intruder Speec

80 mph (70 kts)

87

The I ntruder wil/l
km behind the UAS. Once the Intruder &
the UAS are at the designated waypoil
the intruder will start a 500fpisecent until
an altitude of 60C
keep t he UAS anc
horizontal segration.

The UAS will Maintain an altitude o
70006MSL and fly t

This Card will be repeated 5 times.
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Location| Las Cruces, BIM from airport
GCS| N/A

DAA System
ID

CasiaX (360)

DAA Sensorg 5 Cameras

Supporting
Technology

Intruder PIC

(Vision Base)

Intruder VO

Surrogate
UAS PIC

Surrogate
UAS VO

Condition # (objective)
Action Remarks Call Time

1 | Getto Starting altitudes

UAS 70000 MS L
800006 MSL

2 | Line upwith initial WP

3 | Once waypoint is met, intrude
will begin 500 fpm decent

4 | Fly to bulls eye

5 Reset for total of 10 encounters

7

Figure 53. Intruder descend behind test card used durin§alie021 NMSU campaign

3.7.7 Summary of Results

Testing took place over two different ti me p
encounters were fown @2l Oct ober 2021. The fArise intoodo an
flown over two days 016 and 1MNovember 2021 The full test reporwith details are included

in Cathey et al(2022) which covers the test planning, setup, encounter geometries, test cards, and
results. It should be noted that the DAA system also had-BRS part of the detection filters. It

was able to identify aircfavia ADS-B as well as the visual system. During testing, the intruder
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aircraft as well as commercial aircraft in the area (for example, American Airlines flights passing
over at >20,000 ft) were detected. For these analyses, theBD&ections weréltered out and
just the visual system detections were analyzed to better simulat®operative aircraft.

The compass rose encounters were also used as an initial test of-tenfem@ system to assess
the effectiveness of thategration of the systm and to collect data for what was considered the
more straighforward test patternsThe surrogate UAS performed basically Ba&tst passes and
the intruder crossed this path from different encounter angles. As noted;ia beiticalaircraft
offsetwas used durinthese runs.

Challengeswith the timing of encountemose in which it was difficutb make both aircraft cross

the approximate center point of the planned testing geometry at/around the same time. This was
not as difficult with the cmpass rose encounters. Overall, the detections and tracking of aircraft
throughout the compass rose encounters was as expected. Toanfiea system detected the
intruder aircraft at all encounter geometries. Detections were where the aircraft weitly ac
located and at ranges comparable to the published detection ranges. Simply put, there were no real
surprises or issues with the operation of the system. Post testing review of the data showed some
slight tuning of the elevation and ovenapg of the cameras was require@verall this was very

minor.

The Aclimb intoo and fAdescend i nt o @revoustys wer e
timing challenges affected these encounteféesewere exacerbated by the additional timing

element relad to climbing or descending in front of or behind the other aircraft. These encounter
geometries were easydesignon paper and were much more difficult to implement in flight with

the added time dimension. Itis easy to make an aircraft climb certtbatong a desired path, but

more difficult to do this when it has to be perfectly timed with another aircraft also moving across

the test space. The aircraft are always in motion so they hatespexent timing that has to

consider the flight time ahpatterns to get both aircraft into the desired start positions when they

begin a run. This was a challenge.

The first day of these tests wa6 November 2021. The testing wdiided into two sets of
sorties. This was mainly due to the flight timete# Spyder. This aircraftas flownfor a period

of time,landed refuekd and therflown again. The Spyder, with the DAA system installed, flew
a basically level flight and the intruder CTLS performed the climb and descenthto
encounters. The allenge of test timing noted above is cleapparentn Figure 54
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Figure 54. 16 November 2021 flight profiles and detectio@sange dots represent the altitude of the
Spyder (with DAA system), blue dots are CTLS intruder altitudes, and green dots are detections.

The first half of the first round of soes showed zero detections. This was not a reflection of the
performance of the DAA systerhut resulted fronthe challenge with setting up the timing of the
encounters to put the aircraft into the right places at the right times with the ascent or descent
profiles. The firstfour passes did not result in any detections, and the fifth one had a single
detection at one point. The flight team realized they were not positioning the asulaftired

and adjusted the start timing and positioning for subsatquns. The detections for the balance

of the runs veremuch more consistent. The same plot as above with revised scales isishown
Figure 55
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