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Executive Summary 

The Upper Class E Traffic Management (ETM) concept envisions multiple new entrant vehicles 
operating in high altitude airspace. Separation mechanisms under consideration include 
cooperative separation provided by participating operators and Air Traffic Control (ATC) 
managed separation. Deconfliction of trajectories is expected to occur through employment of 
information and data exchanges. Deconfliction will address conflicts that may infringe upon time 
and distance separation minima. Deconfliction requirements for ETM vehicles are in an early stage 
of development. For example, what constitutes a conflict, as well as spatial and temporal needs for 
conflict resolution, are currently unclear. The purpose of the analysis described in this paper is to 
provide preliminary estimates of some of these requirements for potential conflict scenarios. 

This paper describes development and application of a modeling and simulation tool that estimates 
the minimum time and longitudinal distance necessary to resolve conflicts between ETM aircraft. 
Two scenarios were modeled in upper Class A airspace. In both instances, a more maneuverable 
aircraft designated as “ownship” and a less maneuverable aircraft designated as “traffic” traveled 
along orthogonal, converging flight paths that ultimately intersected if no action was taken. In the 
first scenario, ownship was a Supersonic Transport (SST) and the traffic aircraft was a High 
Altitude Long Endurance (HALE) balloon. The second scenario consisted of a high speed 
Unmanned Aircraft System (UAS) as ownship and a HALE fixed wing UAS as the traffic aircraft. 
The conflict resolution chosen for the analysis consisted of a turn executed by ownship. Horizontal 
conflict resolutions are commonly used in Class A airspace.   

The simulation was programmed to calculate resolution trajectories based on user-specified 
constraints. One constraint was a minimum allowed distance between aircraft. Maneuvers were 
also constrained by turn (track angle change) limits. Each permutation examined consisted of a 
unique combination of minimum distance between aircraft and turn limit.  

Analysis results indicate that SSTs can quickly accommodate conflict resolution maneuvers, e.g., 
on the order of minutes, if the minimum distance that must be maintained is 30 Nautical Miles 
(NM) or less. Alternatively, for entrants that are significantly slower than SSTs, the time required 
for conflict resolution maneuvers can be quite large, on the order of hours; several combinations 
of minimum distance and turn limit constraints may not be feasible for these aircraft in the tactical 
domain.  

It was determined that both time and longitudinal distance requirements linearly increase with 
greater values of minimum separation. It was also found that longitudinal distance necessary for 
conflict resolution is primarily dependent on minimum distance and turn limit values, regardless 
of the maneuvering aircraft type. The minimum time needed to accommodate a successful 
resolution was found to be primarily dependent on ownship speed. It is expected that the results of 
this analysis can be expanded upon to mature the deconfliction component of the ETM concept.   

Several potential next steps were identified. These include but are not limited to inclusion of 
ownship course corrections and continued traffic aircraft drift, modeling of additional aircraft 
pairs, geometries, and vertical resolutions. Lastly, incorporation of additional delays, e.g., 
deconfliction negotiation and communication delays, could also be beneficial.  
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1 Introduction 

The Upper Class E Traffic Management (ETM) concept envisions multiple new entrant vehicles 
operating in high altitude airspace. Separation mechanisms under consideration include 
cooperative separation provided by participating operators and Air Traffic Control (ATC) 
managed separation. Deconfliction of trajectories is expected to occur through employment of 
information and data exchanges. Deconfliction will address conflicts that may infringe upon time 
and distance minima. 

Deconfliction requirements for ETM vehicles are in an early stage of development. For example, 
what constitutes a conflict, as well as spatial and temporal needs for conflict resolution, are 
currently unclear. The purpose of the analysis described in this paper is to provide preliminary 
estimates of some of these requirements for potential conflict scenarios. 

1.1 Background 

Activity in upper Class E airspace is expected to increase significantly in the near future. 
Anticipated entrants include High Altitude Long Endurance (HALE) balloons, HALE fixed wing 
aircraft, high speed fixed wing Unmanned Aircraft Systems (UAS), and reintroduced Supersonic 
Transports (SSTs). HALE balloons may operate up to altitudes above 100,000 feet (ft) with 
mission durations averaging 100 days. Solar powered, HALE fixed wing UAS are expected to 
loiter between Flight Level (FL) 600 and FL900 for three to six months. High speed UAS entrants 
are typically equipped with a turbofan engine and are capable of operating at altitudes between 
FL600 and FL700. SSTs are expected to cruise at speeds between Mach 1.0 and Mach 2.5, at 
altitudes between FL550 and FL700. Subsequent generations of supersonic aircraft may be capable 
of even greater speeds (e.g., Mach 3.0 and above). Figure 1 depicts (clockwise from left) a HALE 
telecommunications balloon, a conceptual HALE fixed wing UAS, and an SST. 

 

Figure 1. High Altitude Vehicles 

The infrastructure, procedures, and policies in place today will not cost-effectively scale to 
accommodate the disparate vehicle performance characteristics, operational diversity, and 
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operational tempo expected. The ETM concept provides a vision to support these operations with 
principles drawn from Air Traffic Management (ATM), UAS Traffic Management (UTM), and 
operations currently performed above FL600 [1]. Figure 2 contains a notional depiction of the 
ATM, UTM, and ETM environments. 

 

Figure 2. Notional Depiction of ATM, UTM, and ETM Environments 

Previous ETM concept work included assessments of Communication, Navigation, and 
Surveillance (CNS) technologies with an emphasis on potential applicability and limitations in 
high altitude airspace [2][3][4][5]. Additionally, considerations for potential methods and 
standards for deconfliction of ETM vehicles were identified [6]. Considerations include the mixed 
use of cooperative separation provided by participating operators and ATC managed separation. 

Cooperative separation consists of shared intent between operators, deconfliction of operations, 
and conformance monitoring. ATC managed separation may also be used to deconflict aircraft, 
however, this will likely consist of interactions between controllers and pilots/operators (on board 
or remote). 

1.2 Scope and Objectives 

Deconfliction requirements for ETM vehicles are in a nascent stage of development. For example, 
what constitutes a conflict, as well as spatial and temporal needs for conflict resolution, are 
currently unclear. Existing separation standards for potential ETM vehicles may provide a starting 
point for analysis, however, there are significant limitations. Per current ATC procedural criteria 
[7], time and distance separation standards do exist for SSTs and were historically applied to 
Concorde flights. ATC procedures exist for HALE balloons, HALE fixed wing UAS, and high 
speed UAS, however, specific separation standards for these vehicles are limited (if existent). 
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In oceanic airspace, vertical separation of 4,000 ft is required between an SST and any other 
aircraft above FL450. In North Atlantic and Caribbean International Civil Aviation Organization 
(ICAO) regions, longitudinal separation of 10 minutes is required between SSTs if both aircraft 
are level and operating at the same Mach number, or are of the same type, operating in cruise 
climb, and maintaining the time requirement along the same or parallel tracks. For all other cases, 
longitudinal separation of 15 minutes is required between SSTs. In the same ICAO regions, lateral 
separation of 60 Nautical Miles (NM) or 1 degree of latitude is required between SSTs operating 
above FL275. It is important to note that these existing horizontal requirements are specific to 
pairs of SSTs within regions where historical Concorde operations were conducted. There is a 
requirement for lateral separation of 120 NM or 2 degrees of latitude for cases not explicitly 
mentioned, however, it should not be assumed that this captures potential future ETM pairings.   

Existing high altitude balloon separation protocols consist of geographic and visibility constraints 
on operations, combined with ATC issuance of traffic advisories to pilots. Operators have 
indicated that HALE fixed wing UAS take off and land in remote areas and that flights are 
conducted under a Certificate of Waiver or Authorization (COA)1. After an application is 
submitted, the Federal Aviation Administration (FAA) conducts a comprehensive operational and 
technical review. If necessary, provisions or limitations may be imposed as part of the approval to 
ensure the UAS can operate safely with other airspace users. Temporary Flight Restrictions (TFRs) 
have been used to accommodate Global Hawk flights in civil airspace. TFRs temporarily prohibit 
other flights in the vicinity of the high speed UAS operation. 

If all potential ETM vehicle pairings (proximate operations) are considered, in both Class A and 
upper Class E airspace, the information available is insufficient to exhaustively define safe 
minima. For example, given that SST horizontal separation standards are only defined for pairs of 
supersonic aircraft, it is unclear what time and distance values define an unsafe encounter between 
an SST and a HALE balloon. Similarly, it is unclear what constitutes an unsafe encounter between 
a high speed UAS and HALE fixed wing aircraft when the former is a commercial operation that 
does not rely on TFRs. It is expected that operationally applicable separation standards and/or 
separation envelopes for ETM vehicles will be established through formal safety analysis that is 
predicated on vehicle performance-based criteria. This may be accomplished in a consensus-based 
forum such as the Radio Technical Commission for Aeronautics (RTCA) where regulators, 
research and development institutions, and industry stakeholders (e.g., manufacturers and 
operators) interact. To aid development of ETM deconfliction mechanisms, there is a parallel need 
for capabilities that identify time and distance minima for conflict resolution. These parameters 
will be critical for deconfliction systems.  

This paper describes development and application of a modeling and simulation capability that, 
given a user-specified separation value, provides the minimum time and longitudinal distance 
necessary to resolve ETM aircraft conflict scenarios (i.e., maintain separation) based on assumed 
vehicle performance characteristics. Analysis results pertain to upper Class A airspace (FL550), 
and are expected to inform maturation of ETM deconfliction mechanisms.   

 
1 A COA is an authorization issued by the Federal Aviation Administration (FAA) Air Traffic Organization (ATO) to 
a public operator for a specific unmanned aircraft activity.  
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2 Scenario Definitions, Variables, and Assumptions 

This section describes the examined conflict scenarios in detail, including aircraft types, flight path 
geometries, and evasive maneuvers. Key analysis variables and assumptions, including aircraft 
performance characteristics, input parameters, and output parameters are also discussed. Two 
scenarios were modeled using ETM aircraft in upper Class A airspace. This altitude band was 
selected for the scenarios based on the experience and expertise of the research team. Additionally, 
some information used in the analysis was specific to upper Class A airspace, e.g., observed aircraft 
performance characteristics. However, it is expected that the analysis results are broadly valid and 
can be applied to ETM. The first analysis scenario consists of an SST and HALE balloon in conflict. 
The second scenario consists of conflicting high speed UAS and HALE fixed wing UAS operations.  

2.1 Scenario Descriptions 

The two scenarios considered in this analysis contain similar flight path geometries. In both 
instances, a more maneuverable aircraft designated as “ownship” and a less maneuverable aircraft 
designated as “traffic” are traveling along orthogonal, converging flight paths that ultimately 
intersect if no action is taken. The intent was to represent near worst case (or “sufficiently bad”) 
scenarios where long duration vehicles may drift into the path of another aircraft due to factors 
such as unpredicted wind changes. Figure 3 depicts the first scenario in which ownship is an SST 
and the traffic aircraft is a HALE balloon. Figure 4 depicts the second scenario with a high speed 
UAS as ownship and a HALE fixed wing UAS as the traffic aircraft. Note that elements of Figures 
3 and 4 are not to scale. 

 

Figure 3. Scenario One: SST and HALE Balloon 
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Figure 4. Scenario Two: High Speed UAS and HALE Fixed Wing UAS 

The conflict resolution chosen for this analysis consists of a turn executed by ownship. Horizontal 
maneuvers are likely to be applicable because ATC routinely deconflicts aircraft with these 
resolutions in Class A airspace. It is expected that vertical resolutions will also be examined, 
pending identification of additional constraints, e.g., potential SST and high speed UAS climb 
limitations at particular altitudes. In both scenarios examined in this analysis, conflict resolutions 
consisted of ownship turns in the direction of travel of the traffic aircraft. This is illustrated by 
Figure 5 using the SST and HALE balloon as examples.   

 

Figure 5. Conflict Resolution Maneuver 

The maneuver shown in Figure 5 was selected for this particular analysis, however, turns in the 
opposite direction are easily enabled. Ultimately, safe time and distance minima will likely account 
for multiple forms of closure and resolution maneuvers, accommodating the worst case(s).  
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2.2 Scenario Variables and Assumptions 

Multiple variables and assumptions were employed in this parametric analysis. Aircraft-specific 
variables that further define scenarios include altitude, speed, and bank angle (for ownship 
maneuvers). For both scenarios considered in this analysis, all aircraft were set to co-altitudes of 
FL550. For scenario one, an SST cruise speed of Mach 2.0 was selected because it was routinely 
achieved during Concorde flights and also was indicated as an upper bound by an ETM 
stakeholder. An SST maximum bank angle of 30 degrees (deg) was chosen because Concorde 
certification flight test data (in Figure 6) indicates that the aircraft was capable of this in both 
normal and failure states between speeds of Mach 1.8 and 2.0.   

 

Figure 6. Concorde Certification Flight Test Data (Excerpted from [8]) 

For scenario two, a cruise speed of 335 knots (kts) and maximum bank angle of 15 deg were 
selected for the high speed UAS based on observed performance of a NASA Global Hawk between 
altitudes of 53,000 and 63,000 ft (shown in Figure 7). 
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Figure 7. Global Hawk Performance (Excerpted from [9]) 

The HALE traffic aircraft in both scenarios one and two were assigned intersecting trajectories 
(relative to ownship aircraft) in conformance with Figures 3 and 4. HALE aircraft bank angles 
were not applicable in this analysis as it was assumed that the less maneuverable traffic aircraft 
would not execute conflict resolution trajectories. 

An ownship turn limit (or maximum change in track angle), constraining the conflict resolution 
maneuver, was also incorporated based on feedback from ETM stakeholders, historical 
information, and engineering judgment. Turn limits of 5, 10, and 30 deg were selected for both 
scenarios in the analysis. An ETM stakeholder indicated that a 5 deg course change would be 
preferable for deconfliction of expected SST operations. Former Concorde controllers indicated 
that the aircraft was rarely (if ever) instructed to turn more than 10 deg from its nominal course. 
These relatively low values, e.g., in comparison to traditional air transport limits, are reflective of 
SST turn performance characterized by low turn rates. However, the argument can be made that 
smaller course deviations may be optimal for multiple ETM aircraft operations because of reduced 
track miles flown. Lastly, it was determined that a turn limit of 30 deg represented a reasonable 
upper bound for course deviation; while this may be suboptimal for SST operations, it could 
facilitate conflict resolution for a more maneuverable ownship such as the high speed UAS. 

To accurately model conflict resolution maneuvers, assumptions were made regarding the delay 
between a command to bank and an aircraft achieving the specified maximum bank angle. For the 
SST ownship in scenario one, a delay of four seconds was assumed per Concorde flight test data in 
Figure 6 that illustrates this time was required to achieve a 30 deg bank at Mach 1.8. For the high 
speed UAS ownship in scenario two, a delay of two seconds was assumed as this value has been 
used in RTCA avionics analyses for traditional fixed wing aircraft [10]. This analysis did not 
consider additional delays because information currently available is insufficient to accurately 
model them. For example, delays associated with operator deconfliction negotiations cannot 
accurately be identified until a more mature set of requirements exists. Similarly, while modeling 
pilot response delays (e.g., from an alert or transmission) may be straightforward in the case of 
manned aircraft, for unmanned aircraft, factors such as communication latency would need to be 
considered. Additional delays could be associated with deconfliction mechanisms that rely on 
surveillance sources such as space-based Automatic Dependent Surveillance – Broadcast (ADS-B).  
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A key user-specified input variable employed in this analysis is the minimum distance between 
aircraft (denoted “d”) that must be maintained or exceeded in the conflict scenarios, even during 
resolution maneuvers. Values of d that were examined included 5, 10, 30, 60, 90, and 120 NM. A 
distance of 5 NM was selected because it is a typical en route separation value. A distance of 10 
NM is notable because it is twice the typical en route separation value. A minimum distance of 60 
NM was selected because it is the only horizontal distance specified in existing SST separation 
standards. Similarly, a value of 120 NM was chosen because it is currently a lateral separation 
standard for unspecified aircraft pairings in airspace where Concorde operations took place. 
Distance values of 30 and 90 NM were selected for completeness and trend identification. 

Two additional input variables were used to modify the minimum distance d. One of these 
modifiers accounts for the horizontal Total System Error (TSE) of ownship. The second modifier 
accounts for a horizontal collision protection threshold. TSE is primarily comprised of Navigation 
System Error (NSE) and Flight Technical Error (FTE). NSE represents the error(s) in positioning 
mechanisms, e.g., from Global Navigation Satellite Systems (GNSS) or Distance Measuring 
Equipment (DME). FTE is primarily induced by wind gusts and control mechanisms. Figure 8 
illustrates NSE and FTE components of TSE. Path Definition Error (PDE) introduced by 
digitization of flight trajectories is another commonly cited source of TSE. However, as the 
maximum identified value of PDE is 60 ft, it is typically assumed to be a negligible component of 
TSE [11].   

 

Figure 8. Horizontal Total System Error (TSE) 

In collision risk analyses used to approve new procedures, the FAA Flight Standards Service (AFS) 
assumes a TSE value of 145 meters (95%) for GNSS Area Navigation (RNAV) [12]. For the 
purposes of this analysis, ownship horizontal TSE in both scenarios was assumed to be 300 meters 
(95%) or roughly double the value used by AFS for lower altitude operations. The first distance 
modifier increases d by 6σTSE, where the standard deviation σTSE is the 95% value (300 meters) 
divided by 1.96, conforming to a normal distribution. The probability of a horizontal navigational 
error beyond 6σTSE is roughly 10-7. 
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Another parameter commonly used by AFS in collision risk analysis is a horizontal collision 
threshold of 265 ft. This is the minimum allowed distance between simulated aircraft centers of 
mass, based on the dimensions of two A388 airframes in close proximity. It was assumed that this 
value was also appropriate for this analysis as the largest identified wingspan of an ETM vehicle 
was 260 ft for a HALE fixed wing UAS. The second distance modifier further increased d by the 
AFS collision protection threshold of 265 ft. The probability of breaching the collision threshold 
was assumed to be significantly less than 10-2. Incorporation of both modifiers ensures that the 
required probability of collision of less than 10-9 is met. Inclusion of the TSE and collision 
threshold distance modifiers was not critical for this analysis. However, it was postulated that 
incorporation of these parameters would produce results that remain valid if the modeling and 
simulation capability is enhanced to include flight paths containing TSE. Additionally, if this work 
is subsequently considered in a formal safety analysis, the study results may be more applicable. 

Two key output variables were examined in both analysis scenarios. One output parameter, 
(denoted “t”) is the smallest time (in seconds) before path intersection (i.e., collision) necessary to 
initiate a maneuver, subject to aircraft performance limits and turn constraints, that provides the 
specified separation of d plus its modifiers. The second output parameter denoted “dL,” is the 
minimum longitudinal distance needed for the same resolution conditions to be met under the same 
constraints. These outputs are illustrated by Figure 9. 

 

Figure 9. Time and Distance Output Variables 

3 Technical Approach 

Two capabilities were developed in parallel to support this analysis: a kinematics model and an 
optimization algorithm. These tools employed different methodologies; however, each capability 
was designed to identify the minimum times and longitudinal distances needed for conflict 
resolution across multiple permutations, per user-specified conditions and constraints. 
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3.1 Kinematics Model 

A kinematics model was implemented in MATLAB to simulate scenarios one and two. Ownship 
and traffic aircraft centers of mass were represented by virtual points in a Cartesian (e.g., x/y/z or 
East/North/Up) coordinate system. In contrast to a point-mass model, a kinematics model does not 
consider the forces acting on aircraft. For example, in a kinematics model, a virtual point is moved 
by assigning a velocity vector; in a point-mass model, an aircraft object is typically moved by the 
net force resulting from thrust and drag.   

Conflict scenarios one and two were modeled such that ownship aircraft moved north along the y-
axis and traffic aircraft moved west along the x-axis per selected speeds (conforming with 
geometries in Figures 3 and 4). Positions were generated for each aircraft at a one hertz (Hz) update 
rate such that flight paths intersected at the origin. This is illustrated with scenario one aircraft 
(SST and HALE balloon) in Figure 10. It should be noted that Figure 10 contains truncated 
trajectories. 

 

Figure 10. Scenario One Initial Simulated Trajectories 

The algorithm used to identify time (t) and distance (dL) output parameters was designed to work 
backward in time in the virtual environment. Starting at a specified ownship position before flight 
path intersection, a resolution maneuver (turn) was triggered and a new path was created forward 
in time to the moment of initial trajectory intersection. Turn rates derived from identified 
maximum bank angles were used to produce the maneuvers. For the SST in scenario one, a turn 
rate of 0.549 deg/second was used as this corresponds to a bank angle of 30 deg, at a speed of 
Mach 2.0 and an altitude of FL550. For the high speed UAS in scenario two, a turn rate of 0.873 
deg/second was used as this corresponds to a bank angle of 15 deg, at a speed of 335 kts and an 
altitude of FL550. The velocity vector for ownship was modified with basic trigonometry and was 
constrained based on the user-specified turn limit. For example, if a turn limit of 5 deg was 
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selected, the ownship velocity vector would be modified until a course deviation of 5 deg was 
achieved then the vector would be locked.   

The maneuver generation algorithm was implemented as a loop that started with the ownship 
position prior to initial path intersection (i.e., one second before the collision). Alternate maneuvers 
were then triggered from previous ownship positions, moving backward in time in one second 
intervals. For example, in scenario one, the first SST resolution maneuver would only last one 
second as it was initiated one second prior to intersection of initial paths. The second generated 
resolution maneuver would last two seconds, the third maneuver would last three seconds, and so 
on. For each iteration, horizontal ranges between aircraft were computed for every pair of ownship 
and traffic aircraft positions (including those prior to the turn execution time). The loop was 
programmed to exit and output results once an ownship trajectory was identified with all computed 
horizontal ranges greater than or equal to the user-specified minimum distance of d plus its 
modifiers for TSE and the collision protection threshold. The output parameter t was calculated as 
the time of initial course intersection, minus the time the solution maneuver was triggered, plus 
the appropriate delay that accounted for the time between a command to turn and achievement of 
the required bank angle (four seconds for the SST, two seconds for the high speed UAS). The 
output parameter dL was calculated as the y component of ownship position at initial path 
intersection (i.e., zero) minus the y component of ownship position when the maneuver was 
triggered. By working backward in time from the initial path intersection where horizontal range 
between aircraft is zero, this method identifies the minimum values of t and dL that correspond to 
the specific permutation. 

Figure 11 contains a graphical depiction of algorithm computations and the solution identified for 
a permutation of scenario one. For ease of illustration, a value of 5 NM for d (before modification) 
and a turn limit of 30 deg were selected. The initial ownship trajectory, computed alternate 
resolution maneuvers, and identified solution are indicated.   

 

Figure 11. Sample Algorithm Output for a Scenario One Permutation 
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The solution for the permutation in Figure 11 provides separation greater than or equal to 5 NM plus 
TSE and collision threshold modifiers. This is illustrated by Figure 12, which contains the traffic 
aircraft flight path, the identified ownship resolution maneuver, and horizontal range lines drawn 
between traffic aircraft and ownship positions. Range lines are only drawn for the final 50 seconds 
of the scenario. Figure 12 also provides a sense of time and relative velocity. The distance traversed 
by the SST is significantly greater than the distance traveled by the HALE balloon over the same 
timeframe. 

 

Figure 12. Horizontal Ranges Between Aircraft in a Scenario One Permutation 

3.2 Optimization Algorithm 

An optimization algorithm was developed in parallel with the kinematics model to compare results 
obtained through two independent approaches. Analysis scenarios one and two, as previously 
defined, were modeled in a custom MATLAB program. The algorithm objective is to find the most 
optimum maneuver for ownship to avoid the drifting HALE traffic aircraft. 

Provided a series of constraints (e.g., maximum turn rate and maximum change in track heading) 
and a set of aircraft operating variables (e.g., airspeed, altitude, and bank rate), the most optimum 
maneuver is found by the algorithm in order to maintain the user established separation distance 
(d) from the balloon. The algorithm then calculates the minimum required distance and time 
between the maneuvering aircraft and traffic before the optimum maneuver is commanded so that 
the separation distance is maintained. The optimization algorithm and kinematics model were run 
with identical conditions to perform cross-validation. Output variable (t, dL) differences were 
negligible and aligned with expectations based on typical discrepancies between discrete-time 
algorithms. Figure 13 shows a depiction of the maneuver and relevant parameters coded into the 
optimization algorithm. 
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Figure 13. Optimization Algorithm Maneuver Parameters 

4 Results 

After performing cross-validation of the two capabilities developed for this analysis, the 
kinematics model was used to obtain results for multiple permutations of scenarios one and two. 
Each permutation was defined by a unique combination of user-defined values for the minimum  
separation d and the ownship maneuver turn limit.   

4.1 Scenario One: SST and HALE Balloon 

Table 1 contains results for deconfliction of the SST and HALE balloon in scenario one. Recall 
that output parameter t is the smallest time (in seconds) before path intersection necessary for 
ownship to initiate a maneuver, subject to aircraft performance limits (maximum turn rate) and 
turn constraints, that provides the specified separation of d plus its modifiers. The output parameter 
dL is the minimum longitudinal distance needed for the same resolution conditions to be met under 
the same constraints. 

Table 1. Scenario One Results 

SST vs. HALE Balloon Ownship Turn Limit (deg) 
5 10 30 

d (before modifiers, NM) t (s) dL (NM) t (s) dL (NM) t (s) dL (NM) 
5 208 65.00 113 34.73 66 19.76 

10 388 122.36 203 63.41 97 29.63 
30 1107 351.47 563 178.12 220 68.83 
60 2186 695.29 1103 350.20 405 127.78 
90 3266 1039.43 1643 522.27 590 186.73 

120 4345 1383.26 2183 694.34 775 245.68 
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With d set to 5 NM, regardless of the turn limit specified, the SST required several minutes or less 
to maneuver such that the minimum distance was provided. Similarly, for a 5 NM value of d, the 
SST required a longitudinal distance on the order of tens of nautical miles to accommodate the 
maneuver and maintain specified separation. As the distance d increases (e.g., to 120 NM), the 
time and longitudinal distance required both increase significantly. For example, with d set to 120 
NM and the turn limit set to 5 deg, the SST required 4,345 seconds (roughly 72 minutes) and 1,383 
NM to maneuver and accommodate separation. If d is set to 120 NM and the turn limit is increased 
to 30 deg, 775 seconds (roughly 13 minutes) and 246 NM of longitudinal distance were needed 
for resolution. The decrease in time and distance requirements for increasing maneuver turn limit 
can be attributed to the lateral component of the SST velocity vector. With an increased turn limit, 
the SST is able to move away from the conflict rapidly.   

It was determined that both t and dL linearly increase with greater values of d. Figure 14 illustrates 
the relationship between t and d for a turn limit of 5 deg. Figure 15 illustrates the relationship 
between dL and d for a turn limit of 5 deg. A linear relationship holds for all examined turn limits; 
however, line slopes decrease with increasing turn limit because for any value of d, a greater turn 
limit accommodates smaller time and longitudinal distance requirements (e.g., results for 10 deg 
vs. 5 deg for any value of d in Table 1). 

  
Figure 14. Minimum Time Needed for Maneuver (t) vs. Minimum Distance (d) 
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Figure 15. Minimum Longitudinal Distance (dL) Needed for Maneuver (t) vs. Minimum Distance (d) 

It is also interesting to note limitations of a potential airborne deconfliction mechanism.  The limit 
for air-to-air ADS-B target acquisition has been postulated to be a range between 260 and 360 
NM, depending on power.  If an air-to-air ADS-B capability is used for deconfliction of ETM 
vehicles in scenario one, only the permutations shaded in Table 2 would be accommodated, 
assuming a maximum detection range of 360 NM.  A ground-based system, potentially employing 
space-based ADS-B, would not be subject to these constraints. 

Table 2. Scenario One Results Constrained by Avionics Limitations 

SST vs. HALE Balloon 
Ownship Turn Limit (deg) 

5 10 30 
d (before modifiers, NM) t (s) dL (NM) t (s) dL (NM) t (s) dL (NM) 

5 208 65.00 113 34.73 66 19.76 
10 388 122.36 203 63.41 97 29.63 
30 1107 351.47 563 178.12 220 68.83 
60 2186 695.29 1103 350.20 405 127.78 
90 3266 1039.43 1643 522.27 590 186.73 

120 4345 1383.26 2183 694.34 775 245.68 
 
An ETM stakeholder noted an interest in the Traffic Alert and Collision Avoidance System 
(TCAS) or a similar mechanism, such as the subsequently developed Airborne Collision 
Avoidance System (ACAS-X).  While TCAS and ACAS X are not currently being considered for 
deconfliction of ETM vehicles, the limitations of an active ranging capability are worth noting.   
Previous work that focused on integrating TCAS and ADS-B capabilities [10] found that 
operationally, TCAS often cannot acquire targets at slant ranges greater than 45 to 50 NM.  This 
may be examined in further detail in subsequent work, for example, formal safety analysis that 
focuses on much smaller values of d typically associated with collision avoidance.. 
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4.2 Scenario Two: High Speed UAS and HALE Fixed Wing UAS 

Table 3 contains results for deconfliction of the high speed UAS and HALE fixed wing UAS in 
scenario two. 

Table 3. Scenario Two Results 

High Speed UAS vs. 
 HALE Fixed Wing UAS 

Ownship Turn Limit (deg) 
5 10 30 

d (before modifiers, NM) t (s) dL (NM) t (s) dL (NM) t (s) dL (NM) 
5 687 63.74 349 32.29 134 12.28 
10 1303 121.07 657 60.95 238 21.96 
30 3767 350.35 1890 175.69 653 60.58 
60 7462 694.19 3740 347.84 1276 118.55 
90 11158 1038.13 5589 519.90 1899 176.53 

120 14853 1381.97 7439 692.05 2522 234.50 

As in scenario one, for any particular turn limit, the values of t and dL required for conflict 
resolution increase significantly as the specified minimum distance d increases. Notably, with 
ownship traveling substantially slower than the SST in scenario one, values of t required for several 
permutations are quite large. For example, with d set between 30 and 120 NM and the turn limit 
set to 5 deg, times required are on the order of hours. For some permutations, e.g., d set to 120 NM 
with a turn limit of 5 deg, the time required for resolution (14,853 seconds or 4.13 hours) may not 
be possible to achieve in the tactical domain. Other permutations, e.g., d set to 5 NM with a turn 
limit of 30 deg, appear to be more feasible in the tactical sense. The linear relationship between t 
and d, or dL and d, found in scenario one results was also present in those for scenario two. 

Interestingly, for all permutations of scenario two, the longitudinal distances required for 
resolution are quite similar to those for scenario one, differing by only several NM. An effort to 
understand this was made and it was determined that dL is primarily dependent on the specified 
values for d and the turn limit. Figure 16 was created to explain this dependence. A triangle was 
formed by connecting the ownship position at maneuver initiation, the final ownship position, and 
the final traffic aircraft position. One side of the triangle is a rough approximation of the resolution 
maneuver (denoted “m”), another side of the triangle represents minimum distance d, and the 
remaining side represents the required longitudinal distance dL. An angle θ represents the specified 
maneuver turn limit, with arbitrary angles α and β added for completeness. Although Figure 16 
contains a simplified approximation, it illustrates that when d and θ are held constant, regardless 
of ownship speed, the value of dL will remain similar. However, it should be noted that factors 
such as a difference in ownship turn rate can impact angles α and β and produce differences in dL 
as shown in Tables 1 and 3.   
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Figure 16. Relationship Between Conflict Scenario Distances 

The differences in minimum time needed to accommodate the resolution were found to be 
primarily dependent on ownship speed, e.g., how quickly an aircraft traverses approximated path 
m in Figure 16. A relationship between time results for scenarios one and two was identified. In 
scenario one, with d set to 5 NM and the turn limit set to 5 deg, a time of 208 seconds was needed 
to accommodate the resolution. In scenario two, with the same input variable values, a time of 687 
seconds was required. The latter time divided by the former time is roughly 3.3. The scenario one 
ownship (SST) speed was 1,147 kts and the scenario two ownship (high speed UAS) speed was 
335 kts, dividing the former by the latter results in a value of roughly 3.4. Alternatively, 
multiplying SST speed by the time needed for its resolution is roughly equal to the UAS speed 
multiplied by the time necessary for its resolution. This implies that the following relationship 
exists: vmtm ≈ vntn where v is ownship speed, t is the time required for resolution, and subscripts m 
and n denote different types of aircraft. This could be useful if there is a desire to quickly estimate 
the time requirement for a particular aircraft, with knowledge of its velocity and provided results 
for another aircraft. However, it should be noted that this relationship may not apply in geometries 
not considered in this analysis. 

5 Conclusions 

This preliminary analysis of ETM vehicle conflict resolution is summarized below. Additionally, 
potential next steps are provided. 

5.1 Summary 
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ETM is the manner in which the FAA will support an increasing number of operations above 
FL600. Vehicles expected in this airspace include HALE balloons, HALE fixed wing UAS, high 
speed UAS, and reintroduced SSTs. Deconfliction requirements for ETM vehicles are in a nascent 
stage of development. What constitutes a conflict, as well as spatial and temporal requirements for 
conflict resolution, are currently unclear. There is a need for capabilities that aid identification of 
these requirements.   

This paper described development and application of a modeling and simulation tool that 
calculates the minimum time and longitudinal distance necessary to resolve conflicts between 
ETM aircraft. Two scenarios were modeled in upper Class A airspace; it is expected that results 
are broadly valid and applicable to ETM. In both instances, a more maneuverable aircraft 
designated as “ownship” and a less maneuverable aircraft designated as “traffic” traveled along 
orthogonal, converging flight paths that ultimately intersected if no action was taken. In the first 
scenario, ownship was an SST and the traffic aircraft was a HALE balloon. The second scenario 
consisted of a high speed UAS as ownship and a HALE fixed wing UAS as the traffic aircraft. It 
should be noted that historical SSTs and current high speed UAS operated at the boundary of Class 
A and upper Class E airspace. 

The conflict resolution chosen for the analysis consisted of a turn executed by ownship. ATC 
routinely deconflicts aircraft with horizontal resolutions in Class A airspace. In both examined 
scenarios, conflict resolutions consisted of ownship turns in the direction of travel of the traffic 
aircraft.  

A kinematics model was implemented in MATLAB to simulate the analysis scenarios. An 
optimization algorithm was developed in parallel to compare results obtained through two 
independent approaches. Both capabilities were run with identical conditions to perform cross-
validation. Output variable (t, dL) differences were negligible and aligned with expectations based 
on typical discrepancies between discrete-time algorithms. The kinematics model was used to 
obtain results for multiple permutations of scenarios one and two. Each permutation was defined 
by a specific combination of user defined values for minimum distance d and the ownship 
maneuver turn limit.   

For the SST ownship in scenario one, times required for deconfliction varied from roughly one to 
72 minutes, depending on the permutation. The SST needed a longitudinal distance between 20 
and 1,383 NM to accommodate resolutions under different constraints. For the high speed UAS 
ownship in scenario two, times required for deconfliction ranged from 2.2 minutes to 4.1 hours, 
depending on the permutation. The high speed UAS needed a longitudinal distance between 12 
and 1,382 NM to resolve conflicts. 

Analysis results indicate that SSTs can quickly accommodate conflict resolution maneuvers, e.g., 
on the order of minutes, if the minimum distance that must be maintained is 30 NM or less. 
Alternatively, for entrants that are significantly slower than SSTs, the time required for conflict 
resolution maneuvers can be quite large, on the order of hours; several combinations of minimum 
distance and turn limit constraints may not be feasible for these aircraft. It was determined that 
both time and longitudinal distance requirements linearly increase with greater values of 
separation. It was also found that longitudinal distance necessary for conflict resolution is 
primarily dependent on the minimum distance and turn limit constraints, regardless of the 
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maneuvering aircraft type. The minimum time needed to accommodate a successful resolution was 
found to be primarily dependent on ownship speed. It is expected that the results of this analysis 
can be expanded upon to inform maturation of ETM deconfliction mechanisms.   

5.2 Next Steps 

Several potential next steps were identified: 

a. Completion of modeled trajectories to include ownship course corrections and continued 
traffic aircraft drift. 

b. Modeling of additional aircraft pairs, scenario geometries, additional resolution 
maneuvers, and enhancement of trajectory realism. 

c. Incorporation of additional delays, e.g., deconfliction negotiation and communication 
delays. 

A significant limitation of this analysis is that it only examined partial trajectories. There is a strong 
likelihood that both regulators and operators will be interested in examining course corrections 
from deviations required for deconfliction. The kinematics model used for this analysis was 
enhanced with a simple Guidance, Navigation, and Control (GNC) mechanism to enable 
generation of ownship course corrections. An algorithm similar to the one that identified conflict 
resolutions was designed to spawn alternate course corrections and flag a solution. The course 
correction algorithm first started with the most aggressive possible turn rate and decreased it by 
0.025 deg/s in subsequent iterations. The only constraints programmed in a cursory examination 
were required maintenance of minimum distance d through the course correction and the turn limit 
applied in the final turn back to the ideal path. Figure 17 illustrates this enhancement applied to 
scenario one aircraft, with a minimum distance value of 120 NM and turn limit of 30 deg selected 
for ease of depiction. 
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Figure 17. Course Correction Algorithm 

A second ownship course correction algorithm was also developed and tested. Rather than 
producing alternate trajectories, the second algorithm relied on a simplified collision avoidance 
system calculation to identify an optimal course correction path. At each time increment beyond 
the initial conflict resolution path, depending on the sign of computed range rate between aircraft, 
ownship would be turned away from the traffic or toward the traffic, constrained by the maximum 
turn rate and turn limit. A capability like this is not expected to be used for real time optimization, 
however, in a virtual environment it could potentially be used to identify optimal course 
corrections that may be applied operationally. 

The modeling and simulation capability developed for this analysis could also be enhanced to 
examine additional aircraft pairs. Vertical resolutions, or horizontal maneuvers in the opposite 
direction, could also be incorporated if continued discussions with industry are held to identify 
appropriate aircraft performance assumptions. This would also facilitate changing ownship and 
traffic aircraft roles in scenarios, e.g., selecting a HALE fixed wing UAS as ownship with accurate 
climb and descent rates identified. Additional conflict geometries could also be modeled; it is 
expected that results and relationships between outputs are likely to change. TSE could be included 
in simulated fixed wing aircraft flight paths. A TSE model accepted by AFS for collision risk 
analysis was adapted for ETM aircraft scenarios, however, time constraints prevented 
implementation in the MATLAB capability. Additionally, potential new TSE models, e.g., for 
HALE fixed wing UAS, could be developed and applied. Wind variables that increase complexity 
and realism could also be incorporated.  
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Additional potential enhancements to the modeling and simulation capability include 
incorporation of other delays. If further work identifies reasonable assumptions for potential pilot 
or operator response delays (e.g., to an alert), operator deconfliction negotiation delays, and 
communication latencies, these could all be implemented in the MATLAB tool. Such 
enhancements could further define requirements and inform deconfliction. 
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Appendix B Acronyms 

All acronyms used throughout the document are provided in Table 4. 

Table 4. Acronyms 

Acronym Definition 

ACAS-X Airborne Collision Avoidance System 
ADS-B Automatic Dependent Surveillance – Broadcast 
AFS FAA Flight Standards Service 
ATC Air Traffic Control 
ATM Air Traffic Management 
CNS Communication, Navigation and Surveillance 
COA Certificate of Waiver or Authorization 
DME Distance Measuring Equipment 
ETM Upper Class E Traffic Management (ETM) 
FAA Federal Aviation Administration 
FL Flight Level 
FTE Flight Technical Error 
GNC Guidance, Navigation and Control 
GNSS Global Navigation Satellite Systems 
HALE High Altitude Long Endurance 
Hz Hertz 
ICAO International Civil Aviation Organization 
NM Nautical Miles 
NSE Navigation System Error 
PDE Path Definition Error 
RTCA Radio Technical Commission for Aeronautics 
SST Supersonic Transport 
TCAS Traffic Alert and Collision Avoidance System 
TFR Temporary Flight Restriction 
TSAA Traffic Situation Awareness with Alerts 
TSE Total System Error 
UAS Unmanned Aircraft System 
UTM UAS Traffic Management 
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