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Researchers at the National Aeronautics and Space Administration Armstrong Flight 
Research Center in Edwards, California and Vigilant Aerospace Systems collaborated for the 
flight -test demonstration of an Automatic Dependent Surveillance-Broadcast based collision 
avoidance technology on a small unmanned aircraft system equipped with the uAvionix  
Automatic Dependent Surveillance-Broadcast transponder. The purpose of the testing was to 
demonstrate that National Aeronautics and Space Administration / Vigilant software and 
algorithms, commercialized as the FlightHorizon UAS�� , are compatible with uAvionix 
hardware systems and the DJI Phantom 4 small unmanned aircraft system. The testing and 
demonstrations were necessary for both parties to further develop and certify the technology 
in three key areas: flights beyond visual line of sight, collision avoidance, and autonomous 
operations. The National Aeronautics and Space Administration and Vigilant Aerospace 
Systems have developed and successfully flight-tested an Automatic Dependent Surveillance-
Broadcast Detect and Avoid system on the Phantom 4 small unmanned aircraft system. The 
Automatic Dependent Surveillance-Broadcast Detect and Avoid system architecture is 
especially suited for small unmanned aircraft systems because it integrates: 1) miniaturized 
Automatic Dependent Surveillance-Broadcast hardware; 2) radio data-link communications; 
3) software algorithms for real-time Automatic Dependent Surveillance-Broadcast 
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Fig. 13. X-33 simulation with a Resolution Advisory. 

 

 
Fig. 14. DAA verification and validation methodology. 

IV.  Flight Testing 
Although ground tests and simulations are essential for testing and debugging both hardware and software, flight 

testing is ultimately necessary for demonstrating the full ADS-B DAA system functionality. The flight-test separation 
challenges for airborne, airspace, and ground hazards were mitigated, clearing the authorization for the flight tests. 
These mitigations included ground surveillance using a visual observer and an ADS-B ground station to detect manned 
and unmanned aircraft. 
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Fig. 17. ADS-B DAA Flight 3 on December 8, 2016; transmission problems with ADS-B hardware addressed. 

The DAA software did not account for the quadcopter maneuvering as a non-linear time invariant system. The 
simulations assumed the aircraft behavior model was linear; therefore, the trajectory prediction models were designed 
to use ADS-B state-based nominal trajectories with 30 seconds of historical state information. However, the 
Phantom 4 SUAS is capable of hovering and moving in any of the three dimensions instantaneously and making very 
rapid turns. Changing the software to account for this nonlinearity would update the trajectories faster, giving the 
software more time to create resolutions. One method would be for the software to reset the trajectory prediction 
models during hover operations, since the ground tracks are unstable at very slow ground speeds.  

D. Flight 4  
On December 9, 2016, the team successfully flew all the flight-test encounter geometries with the ADS-B DAA 

capability to enable BVLOS UAS operations. Throughout the flight test, trajectories were mostly on track, flying 
outbound to the IP. However, the software did not update them quickly enough on the inbound to provide a conflict 
resolution. Although the transmission problems were resolved, the reception sensitivity of the PingBuddy receiver 
manifested in the intermittent reception of one drone based on the direction of the PingBuddy antenna affected the 
timing of the conflict resolution. The ADS-B receiver and antenna sensitivity is paramount for BVLOS and low 
altitude SUAS operations. The DAA algorithm accurately detected that a predicted trajectory would create a loss of 
safe separation with the ownship and generated an alert prompting that a collision was possible within time to close 
point of approach (tCPA) of 0 seconds with a Desend RA shown in green ( Fig. 18).  The research flight-test team at 
NASA Armstrong Flight Research Center is shown in Fig. 19.  
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Fig. 21. ADS-B DAA flights from July 2017 (U.S. Patent No. 9,405,005) [2]. 

G. Flight Operations Harvey 
The integrated DAA system for SUAS developed and flight-tested at NASA was deployed in August 2017 for 

Hurricane Harvey humanitarian aid and recovery.  The �1�$�6�$���F�R�P�P�H�U�F�L�D�O�L�]�H�G���W�H�F�K�Q�R�O�R�J�\���H�Q�D�E�O�H�G���Y�L�W�D�O���E�L�U�G�¶�V-eye 
views of the Houston disaster areas left in the wake of Hurricane Harvey that helped first in the search and rescue 
mission, and then in damage assessment  [10].  Vigilant Aerospace Systems provided a FlightHorizon UAS�Œ���V�\�V�W�H�P��
to members of the Humanitarian Drones team and operational training of this technology during the early stages of 
the Hurricane Harvey disaster recovery. The team provided damage assessment and data collection services to the 
Federal Emergency Management Agency, who are working to collect data in the Gulf Coast region for flood damage 
assessment and humanitarian aid [11, 12].   

H. Lessons Learned 
Flight testing with an ADS-B Detect and Avoid technology for BVLOS SUAS operations is challenging. Lessons 

learned include: 
1) Fly, Fix, Fly; do not try to get it totally right the first time, as success comes only after overcoming many 

technical challenges. 
2) Incrementally integrate the ADS-B hardware and ADS-B DAA software capability. Once the ADS-B 

hardware is selected, a spiral series of software upgrades is necessary to improve system functionality and 
performance [13]. 

3) 3D printing saves time and money, and allows testing of new designs during the integration phase. 
4) Simulation of linear models are not reality. Simulations did not include the effects of winds and non-linear 

(fly -hover-fly) aircraft behavior. 
5) Timing is everything for RAs. In order to meet the time constraint at the CPA, and thus a timely resolution 

advisory, timing tolerances were used for both aircraft. 
6) Use rechargeable LiPo 12-V batteries with at least 2200 mAh for ADS-B transponders during flight tests.  
7) Use a better (sensitivity minimum triggering level -93 dBmW) ADS-B receiver antenna to increase range 

reception for beyond line-of-sight operations at very low altitudes. 
8) Reset the trajectories when the drone performs a hover (ground speed < 3 knots). Thus, halt and hover can 

be an avoidance maneuver. 
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9) The ownship selection in the software should default to the ICAO code for ownship to ensure tracking during 
signal dropouts. Signal drop outs can occur during RF line-of-sight terrain obstruction and aircraft 
maneuvers. 

V. Conclusion and Future Work 
The National Aeronautics and Space Administration and Vigilant Aerospace Systems have successfully 

demonstrated an Automatic Dependent Surveillance-Broadcast Detect and Avoid system coupled to a small unmanned 
aircraft system to enable  beyond visual line of sight low altitude flight operations. This patented Automatic Dependent 
Surveillance-Broadcast based collision avoidance technology enables growth in commercial application of small 
unmanned aircraft system operations at lower altitudes. The testing and demonstrations are necessary for both parties 
to further the development and certification of the technology in three key areas: flights beyond-visual-line-of sight, 
collision avoidance, and autonomous operations. The first flight phase focused on the performance required for 
minimal separation provisions of two small unmanned aircraft systems conducting operations beyond-visual-line-of 
sight. The Detect and Avoid algorithm configuration parameters used for conflict detection and resolution included a 
horizontal separation threshold of 0.1 nmi and 200-ft vertical separation. The Automatic Dependent Surveillance-
Broadcast Detect and Avoid  alerting mechanism for conflict detection and separation requirements was successfully 
tested between two small unmanned aircraft systems for reporting loss of separation and alerting logic for timely 
corrective resolution advisories. Analysis, simulations, and flight tests were conducted to validate assumptions for 
collision avoidance in low risk environments. 

The platform used for system testing was DJI�¶s Phantom 4 small unmanned aircraft system �Z�L�W�K�� �X�$�Y�L�R�Q�L�[�¶�V��
Automatic Dependent Surveillance-Broadcast capable Ping2020 installed inside a mechanical support structure. All 
data from the unit required radio frequency transmission to the ground station via the aircraft  Automatic Dependent 
Surveillance-Broadcast link. A series of hardware and software ground tests were performed for system validation. 

Pragmatic lessons were learned during the flight tests of a small unmanned aircraft system integrated with 
Automatic Dependent Surveillance-Broadcast Detect and Avoid for beyond visual line of sight operations. During 
this Automatic Dependent Surveillance-Broadcast Detect and Avoid integration on a small unmanned aircraft system 
development, considerable time and effort went into solving problems with antennas, transmitter, receivers, and 
replacing batteries. The  Automatic Dependent Surveillance-Broadcast receiver and antenna sensitivity is paramount 
for the performance of  Automatic Dependent Surveillance-Broadcast Detect and Avoid during  beyond visual line of 
sight operations. A software lesson learned was the Detect and Avoid design assumption for large unmanned aircraft 
systems as being linear time invariant systems; however, the small unmanned aircraft system aircraft behavior is 
nonlinear, thus the trajectories are inaccurate at very low ground speeds. A further improvement to the Detect and 
Avoid algorithm would reset the trajectories during hover operation (ground speed < 3 knots), because the Stratway 
conflict detection relies on accurate trajectories of the ownship and traffic aircraft. 

Currently, the system has undergone four successful flights in December 2016 and included approximately 100 
scripted encounters. Furthermore, the system has undergone additional successful follow-up flights in May and July 
2017. The Detect and Avoid system successfully detects conflicts and provides alerting to the small unmanned aircraft 
system operator, and combined with obstacle avoidance sensors increases safety. After significant improvements to 
performance were made by using the PingEFB Automatic Dependent Surveillance-Broadcast receiver and the 
nonlinear behavior of small unmanned aircraft systems, subsequent flight testing validated successful operation of 
Automatic Dependent Surveillance-Broadcast Detect and Avoid and ultimately the system as a whole. The Federal 
Aviation Administration witnessed the flight-test execution of two small unmanned aircraft systems, and these results 
have demonstrated that small unmanned aircraft system integration into the National Airspace System can be 
efficiently accomplished when equipped with an integrated Automatic Dependent Surveillance-Broadcast Detect and 
Avoid system. However, there are still several tasks to complete for future research. Our current research is focused 
on the development of a state-of-the-art miniaturized radar system suitable for small unmanned aircraft systems for 
detecting non-cooperative objects. Future research is required to address the separation challenges of multiple small 
unmanned aircraft systems for airborne, airspace, and ground terrain hazards including the effects of  Automatic 
Dependent Surveillance-Broadcast interference and delays.  

In conclusion, operations of small, highly autonomous vehicles within specially designated areas, as well as 
integration within the National Airspace, will address public, scientific, government, and commercial needs and 
maximize the benefits of aviation to society. Recently, Vigilant Aerospace Systems provided a FlightHorizon UAS�Œ��
system to members of the Humanitarian Drones team and operational training of this technology during the early 
stages of the Hurricane Harvey disaster recovery. The team provided damage assessment and data collection services 
to Federal Emergency Management Agency, who are working to collect data in the Gulf Coast region for flood damage 
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assessment and humanitarian aid. To this end, this National Aeronautics and Space Administration patented unmanned 
aircraft system detect and avoid technology was deployed for Federal Emergency Management Agency damage and 
aid assessment missions to help our fellow �$�P�H�U�L�F�D�Q�¶�V���L�Q���Q�H�H�G�� 
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Fig. 10. ADS-B DAA scenario geometrics. 

E. Flight Operating Area 
The operating area for flight tests was the Muroc Model Master Complex (Edwards, California). The authorized 

airspace within the Muroc Complex requested for each day of operation during this flight test is outlined by the 
magenta colored box shown in the flight volume (Fig. 11). A geofence in the flight control software was used to 
contain the aircraft within the operating volume portrayed by the blue oval in Fig. 11. 

 

 
Fig. 11. Flight operations area. 

Scenarios began with both aircraft hovering at an IP positioned BVLOS with each aircraft flying toward a CPA, 
creating (red and yellow) trajectories over the runway inside the Muroc operating volume as shown in Fig. 12. In 
general, the test director requested an altitude block from 50 ft to 500 ft. Altitudes were adjusted per requirements for 
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each scenario flown. Scenarios were planned so that they could be flown in altitude blocks other than requested so 
that the test could remain flexible to airspace usage. 

 

 
Fig. 12. Series 20 encounter geometry. 

F. Simulations 
The computational efficiency and performance of the ADS-B DAA algorithm is presented in this section. The goal 

of the simulation tool is to measure the CPA and the alerting time while following the RA. The simulation was 
developed in order to determine how the algorithm would resolve conflicts for the given scenarios over a broad range 
of encounter geometries. The DAA system used a 0.1 nmi horizontal separation and 200-ft vertical separation for the 
collision avoidance threshold. Critical to the performance of both the conflict detection and resolution is a model of 
the aircraft behavior [7]. The Phantom 4 SUAS aircraft performance behavior in terms of maximum climb rate, turn 
rate, altitude, and airspeed were applied to the DAA (Stratway+) algorithm and simulations. All encounter geometries 
in Table 2 were simulated prior to the flight-test execution. While executing simulations with different encounter 
geometries, the guidance and alerting performance was verified. The test outcomes (must not alert, must alert, 
horizontal RAs, and vertical RAs) as well as guidance (Stratway+) algorithm proficiency with respect to numerous 
dependent metrics were evaluated. It should be noted that all the encounter geometries were verified for the DAA 
system performance (where an RA was expected) using the Phantom 4 aircraft performance capabilities (Fig. 13). The 
simulations were tested with DAA software, allowing it to fly the waypoints and the resolutions. The DAA verification 
and validation methodology is shown in Fig. 14. 

 




















