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Highlights

What are the main findings?

* Analyzing the interaction of several quantitative measures (e.g., average traffic density,
flight time, and flight distance) in different altitude bands provides an initial picture to
structure crewed flight behavior at non-towered airports.

* Holding options above the airport traffic pattern may present feasible integration solu-
tions for UAS, but holding altitudes vary significantly based on the airport’s surrounding
topography;, airspace classes, present aircraft types, and crewed flight behavior.

What are the implications of the main findings?

* A variety of factors influence the development of an internationally harmonized “one
size fits all” approach for UAS integration, including advancements related to UAS
flight rules, DAA capabilities, and UAS traffic management solutions.

¢ The development of standards and regulations is crucial to derive “ideal” solutions
for the integration of UAS, determining where, when, and how to integrate UAS with
crewed traffic in and around traffic patterns of non-towered airports.

Abstract

Uncrewed aircraft systems are expected to revitalize traffic activities at under-utilized
airports. These airports are often located in uncontrolled airspace and do not have an oper-
ating control tower to provide separation services for approaching aircraft. This presents
unique challenges for the integration of uncrewed aircraft at non-towered airports. This
paper offers a methodology to systematically assess traffic activities and quantify flight
behaviors of crewed aircraft using historical flight data. To integrate uncrewed traffic in
high-density traffic scenarios or during off-nominal flight situations, this paper assesses
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the concept of a holding stack above the traffic pattern airspace to handle increased traffic
uncertainty and to provide safe integration procedures. Twelve non-towered airport envi-
ronments, relevant for initial uncrewed cargo operations across Germany, California, and
Texas, are investigated to assess concept feasibility and real-world implementation. Based
on the interaction of various quantitative measures, results are presented on the feasibility
of holding stacks in the terminal airspace and the influence of crewed aircraft’s historical
flight behavior on different integration procedures for uncrewed aircraft. The analysis
of various measures suggests that six airports are comparatively suitable candidates for
holding layers above the airport traffic pattern, with holding altitudes to start between 2500
and 3500 feet above the ground.

Keywords: UAS; regional air mobility; non-towered airport; traffic pattern; holding stack

1. Introduction

Uncrewed Aircraft Systems (UAS) offer many benefits, such as flexible asset utiliza-
tion, the ability for a Remote Pilot (RP) to operate one or more aircraft from anywhere,
and improved economics compared to aircraft flying with an onboard pilot [1]. Among the
many use cases enabled by this technology (e.g., firefighting, inspection work, and public
safety), previous work has shown that the cargo use case in the Regional Air Mobility
(RAM) realm is one of the most likely initial use cases for remotely piloted aircraft [2,3].
A significant proportion of current regional air cargo flights use airports without an opera-
tional control tower. Note that in this work, the more colloquial “non-towered” descriptor
will be used to describe airports and airfields without an operational control tower. These
non-towered airports are commonly located in uncontrolled airspace, and aircraft pilots
following Visual Flight Rules (VFR) do not receive Air Traffic Control (ATC) separation ser-
vices when approaching these airports. In addition, non-towered airports are expected to
play an increasingly important role in future air mobility concepts [3,4]. Larger, fixed-wing
regional cargo UAS with a Maximum Takeoff Weight (MTOW) of up to 25 tonnes (note that
throughout the paper metric tonnes (t) are used as a weight measurement) are expected to
take advantage of the less busy non-towered airports throughout the world [1].

In both Europe and the United States (US), thousands of non-towered airports are
currently under-utilized [2,5,6]. They are expected to be leveraged as part of new and
emerging air traffic concepts. However, it remains to be determined how UAS can be
integrated at non-towered airports, given that crewed traffic behavior is less predictable
compared to operations at towered airports [7]. Pilots under VFR individually decide
how to integrate into the terminal airspace of non-towered airports based on ongoing
traffic activities, wind conditions, and personal preferences. This variability makes the
prediction of VER traffic intent around non-towered airports more uncertain compared to
operations under Instrument Flight Rules (IFR), which require filing a flight plan prior to
their flight. Furthermore, there are limited data on operating schemes, traffic behaviors,
and VFR intent prediction at non-towered airports [8]. Therefore, a common operating
environment for large UAS flying under IFR or “new” flight rules will be needed in and
around non-towered airports.

This research aims to answer the following questions:

e First, how could UAS be procedurally integrated into the terminal airspace of non-
towered airports, especially with crewed aircraft in the airport vicinity?

*  Second, how might crewed aircraft track history inform UAS flight planning and UAS
procedural integration options at non-towered airports?
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This work expands upon Refs. [9,10] and proposes a concept for procedural terminal
airspace integration of large UAS at non-towered airports, whereby, where appropriate,
a holding stack over the airport with different holding layers is implemented, providing
the UAS with space in which to loiter when the traffic uncertainty in the terminal airspace
exceeds a pre-determined threshold. In the holding stack, UAS could safely monitor
ongoing terminal airspace activities of crewed aircraft before integrating into the standard
Traffic Pattern (TP) of the airport. The exact means of this monitoring are outside the scope
of this paper.

The paper will provide an overview of current crewed integration procedures and
integration hurdles for UAS at non-towered airports in Section 2. Section 3 will propose the
foundational concept of this paper, a holding stack concept for UAS in terminal airspaces
to safely integrate UAS at non-towered airports. Accordingly, a methodology is introduced
for systematically analyzing the terminal airspace of non-towered airports. Using that
methodology, Section 4 will derive quantitative measures and assess historical crewed
aircraft activities at twelve airports and discuss implications for potential UAS integration
procedures. Section 5 presents the concluding remarks.

2. Background: Airborne Integration at Non-Towered Airports

This paper maintains a scope similar to the authors’ previous work, as Germany,
California, and Texas are considered to be regions with high potential relevant for the
deployment of initial regional cargo UAS operations in Europe and the US [2]. UAS vehicle
types, such as electric Vertical Takeoff and Landing (eVTOL) aircraft, are not explicitly out
of scope for regional cargo UAS operations, though the focus is primarily on larger fixed-
wing UAS (e.g., Cessna 208 Caravan retrofitted for uncrewed flights). UAS for regional
cargo operations are likely to fall into the “certified” category, which is defined by the
European Union Aviation Safety Agency (EASA) as operations with the highest safety risk
and require certification of the UAS operator, the UAS, and the RP [11]. Note that there
are currently no “certified” civilian UAS operations. It is assumed (see previous work [2])
that initial larger UAS operations are likely to replace current regional air cargo operations
and that such operations will be “certified”. Further, it is assumed that these UAS are only
allowed to operate under IFR.

2.1. Current Terminal Airspace Integration Procedures of Crewed Aircraft

Current integration procedures for crewed aircraft at non-towered airports depend
on a few important factors, namely the flight rules under which the aircraft is flying,
the meteorological conditions, and the presence of an appropriate Instrument Approach
Procedure (IAP) for the active runway end(s) [12]. Note that, although there may be slight
differences between operations in the US and Germany, the general rules described herein
apply to flights in both countries.

2.1.1. Flight Rules and Meteorological Conditions

The flight rules under which an aircraft is operating govern the flight. There are two
main sets of flight rules: IFR and VFR. Under IFR, it is incumbent upon ATC to separate
IFR aircraft from other IFR aircraft. In general, in the US, this separation is achieved at
non-towered airports via the procedural paradigm of “one-in/one-out”, whereby ATC will
only clear one IFR aircraft into a terminal airspace at a time. Note that it is incumbent upon
the pilot on board the aircraft flying under IFR to “see and avoid” and remain “well clear”
of other traffic [13], especially aircraft operating under VFR. Under VFR, communication
with ATC is generally not required, and the pilot on board must still “see and avoid”.
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If aircraft under IFR are allowed to approach a non-towered airport, they must gener-
ally follow published procedures and communicate their positions and intents at specific
points in the airport’s terminal airspace. In Germany, however, flights under IFR are not
common in uncontrolled airspace. To accommodate IFR flights at non-towered airports,
Germany has established Radio Mandatory Zones (RMZs) around 27 non-towered airports
(including a heliport, Donauwoerth (EDPR)) out of 151 publicly accessible non-towered
airports [2]. Typically, an RMZ covers the terminal airspace with a size of ~10 x 20 km
and extends from the ground up to 1000 ft (~300 m) Above Ground Level (AGL) to the
above bordering controlled airspace Class E. Within an RMZ, all aircraft (flying under IFR
or VFR) are required to establish a Very High Frequency (VHF) radio link to the ground
and to listen to any communication on a designated RMZ radio frequency. Flight entries
and exits must be communicated via the radio link. An entry or exit clearance by ATC is
not required [14].

In addition to an RMZ, two German non-towered airports, Egelsbach (EDFE) and
Magdeburg—Cochstedt (EDBC), operate an Aerodrome Traffic Zone (ATZ), and Egelsbach
(EDFE) operates an additional Transponder Mandatory Zone (TMZ) to support IFR inte-
gration in uncontrolled airspace. An ATZ is established to allow only aircraft that intend to
land or depart via specific routes to or from a non-towered airport. Additionally, a TMZ
requires aircraft to carry an active transponder on board [14].

For IFR approaches at non-towered airports in the US as well as in Germany within a
dedicated airspace environment, pilots must file a flight plan and follow an IAP. The IAP
commonly consists of several three-dimensional Waypoints (WPs), which indicate the IFR
flight route towards a runway end via an Initial Approach Fix (IAF) and Final Approach
Fix (FAF) [12,14].

The two meteorological conditions, Visual Meteorological Conditions (VMC) and
Instrument Meteorological Conditions (IMC), will also dictate which flight rules can be
utilized. Under IMC, only flights operating under IFR are allowed. Under VMC, flights
can operate under VER or IFR, the latter assuming that the pilot is rated for IFR operations
and the aircraft has the necessary equipment for IFR operations.

2.1.2. Integration of Crewed Aircraft Under IMC

At non-towered airports under IMC, the integration problem for an IFR aircraft is
trivial, assuming the presence of an appropriate IAP. In the US, ATC will procedurally
allow only one IFR aircraft at a time into the terminal environment, and VFR aircraft are
not a concern, given that they may not operate under IMC. In this scenario, the crewed
aircraft will fly the IAP down to the appropriate altitude, at which point the pilot on board
visually identifies the runway and continues to land.

2.1.3. Integration of Crewed Aircraft Under VMC

At non-towered airports under VMC, however, the integration problem for an aircraft
operating under IFR becomes significantly more complex, given the presence of VFR
aircraft. The pilot on board an IFR aircraft must still “see and avoid” VFR aircraft in the
vicinity; however, IFR traffic usually has no priority over VFR traffic in the TP. As soon
as the IFR aircraft has entered the TP, it is subject to the same right-of-way rules as VFR
traffic. Generally, the pilot of the IFR aircraft has three options: to continue under IFR
using the IAP, to continue under IFR using a visual approach, or to cancel IFR and continue
under VFR. According to verbal discussions with current regional air cargo pilots in the
US, the second and third options are commonplace in their operations. For the second
and third options, the pilot will then integrate into the non-towered terminal environment
using the standard TP for the airport. The airport TP is located at an altitude above the
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airport (typically 1000 ft (~300 m) AGL [15]) that allows pilots to visually assess ongoing
traffic activities before safely descending towards the airport runway.

The altitude of the TP and the TP integration procedures can vary for different airspace
environments, depending on the airport layout, the surrounding topography of the airport
and the individual skills and preferences of the pilot [14,15]. As seen in Figure 1, there are
several methods of entry into a standard TP. Before a VFR pilot enters a TP, the pilot must
be able to assess the traffic in the TP and in the vicinity, as well as the wind conditions.
Ideally, the pilot should fly at an altitude above that of the non-towered airports TP so
that the pilot does not interfere with airspace users entering the TP. TPs are usually flown
at an altitude of 1000 ft (~300 m) AGL counterclockwise at a distance of at least 1.5 km
from the runway so that the left-seated pilot can keep the runway in view throughout the
airport approach.

Base / s > \
entry / Y 45° approach
v | , »
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1 A ) -~
" Downwind \ V\ h
leg \ \
B > ' Crosswind
ase rosswin
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Figure 1. Standard airport TP scheme [16]; own depiction.

Although TPs have standardized TP legs, TP sizes can vary from airport to airport.
Typically, VER pilots enter the TP at the beginning of the downwind leg (e.g., via a 45°
approach; see Figure 1) at the required TP altitude (TPA) with appropriate aircraft speed
and flight heading, and descend steadily throughout the downwind leg, base leg, and final
leg before landing the aircraft on the runway. If the pilot is unable to approach the runway
during the base and final leg, the pilot usually flies upwind parallel to the runway and
rejoins the downwind leg via the crosswind leg. As a general rule, the flight maneuver
from the end of the downwind leg over the base leg to the final leg should take about
one minute. In addition to the downwind entry of the TP, pilots can also fly directly into
the base leg as part of a base entry or enter the final leg of the TP as part of a straight-in
approach. Alternatively, midfield entries or overhead joins are also a possibility for pilots
to integrate into the TP. In this case, if the pilot approaches from the upwind side, the pilot
flies above the TP orthogonally to the runway (~500-1000 ft (~150-300 m) above the TPA)
and joins the downwind leg directly or in the course of a loop [14,15].

The dimensions of the TP are usually not strictly defined and allow VER pilots to make
flexible adjustments depending on the conditions of the terminal airspace environment.
Non-towered airport TPs offer a relatively high degree of flexibility for pilots, creating
a dynamic airspace environment that is dependent on current air traffic, pilot skills and
aircraft capabilities, wind conditions, and requirements such as those prescribed in a
German Visual Operation Chart (VOC); see Figure 2. It can be concluded that the higher the
VER traffic volume in the airspace around a non-towered airport, the more unpredictable
the pilot behavior and TP integration procedures, and the greater the overall uncertainty in
the terminal airspace.
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Figure 2. VOC of the terminal airspace of Juist (EDW]J) [17].

The Federal Aviation Administration (FAA) suggests using the 45° approach or the
overhead join approach at non-towered airports, depending on the direction from which
the aircraft is approaching [15]. In the US, a generic TP, per appropriate regulations
and guidance, applies at most non-towered airports. In contrast, in Germany, a VOC
prescribes more directly the integration of crewed aircraft. VOCs are usually published
for VER approaches, which show a standardized TP with the corresponding information.
For example, the VFR pilot can obtain information on the recommended side for the
airport approach and TP entry together with the required flight altitudes and geographic
information; see Figure 2. In general, however, these two TP integration layouts follow
the same procedures as described above. The UAS integration concept presented in this
paper will assume VMC, in which traffic largely relies on TP integration procedures, and
represents the most complex integration environment at non-towered airports.

2.2. Initial Terminal Airspace Integration Concepts to Enhance Efficiency
2.2.1. High Traffic Volume Operational Concepts

From 2001 to 2006, the US National Aeronautics and Space Administration (NASA)
conducted the Small Aircraft Transportation System (SATS) program to enable efficient self-
sequencing of crewed air traffic at non-towered airports with high traffic volumes under
IMC. The goal of the program was to solve the “one-in/one-out” paradigm, which states
that under IMC, in the US, only one IFR aircraft at a time can be on approach or departure
or on a runway of a non-towered airport. The SATS concept was based on a Self-Controlled
Area (SCA), which enabled pilots to take over the separation in the terminal airspace
under their own responsibility. An Airport Management Module (AMM) was designed
to automatically coordinate the sequencing and provide information for approaches and
departures under IMC, without conventional ground-based surveillance or ATC sequencing
instructions. Additionally, pilots were required to have completed special training and
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carry aircraft equipment such as an Automatic Dependent Surveillance-Broadcast (ADS-B)
transponder, a cockpit display for traffic information, and special software for conflict
detection to be allowed to operate in an SCA. The operational procedure required pilots
to request clearance to enter the SCA via the AMM over a data link communication.
The AMM then automatically calculated the separation and sequencing information based
on the aircraft performance and vehicle position. If compliant with the SCA requirements,
the AMM then issued clearance to the pilot by providing associated approach or departure
information and airport meteorology for the operation in the SCA [18,19].

The operational concept of the SCA at SATS airports intended that aircraft approach
fixed points arranged in the shape of a T, called Initial Approach Fixes (IAF) (see Figure 3).
An JAF served as an entry point into the SCA on both sides of the T, IAF-L and IAF-R.
If the aircraft was outside the SCA under ATC control, it had to wait at 4000 ft (~1220 m)
AGL. The holding areas within the SCA were located at 2000 ft (~610 m) AGL and 3000 ft
(~910 m) AGL and served as an IAF. Based on the decisions of the AMM, aircraft entered
the IAF either vertically or laterally. If the aircraft approached the IAF vertically, it remained
at 3000 ft (~910 m) AGL until it descended to 2000 ft (~610 m) AGL. If the AMM decided
on a lateral entry, the aircraft approached the IAF directly at 2000 ft (~610 m) AGL. If the
AMM gave the signal for a landing approach, the pilot continued to the Intermediate
Fix (IF) and from there via the FAF to the runway. As a result, the SATS operational
concept allowed for four simultaneous self-organized aircraft approaches under IMC at
non-towered airports [20,21].
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Figure 3. SCA at a non-towered airport [19,20].

Despite proven operational efficiency, the SATS program was not realized because
the technological hurdles of carrying specific aircraft equipment and requirements, such
as special pilot training, were too high at the time. There were also doubts as to whether
SATS would compete with road transportation [22].



Drones 2025, 9, 858

8 of 57

2.2.2. Initial Terminal Airspace Integration Concepts for UAS

The integration of UAS into airspace has been the subject of ongoing discussion
and research for several years. With the development of UAS with different operational
requirements and capabilities, concepts must be developed for how to integrate UAS
cooperatively with existing air traffic in different terminal airspace environments around
airports. This integration with existing air traffic is recognized to be one of the greatest
challenges in UAS airspace integration [4,23-25].

There are different concepts and approaches that address the integration of UAS into
controlled terminal airspaces. In 2013, Ref. [23] introduced an initial concept to handle
multiple fixed-wing UAS in the terminal airspace of a towered hub airport. An airport-
based ground control station was intended to navigate UAS and enable dual threshold
operations on a single runway. This concept was intended to be applicable to any towered
airport with a parallel runway layout.

In 2022, the European SESAR Joint Undertaking research project INVIRCAT proposed
a Concept of Operations (ConOps) for the integration of UAS into controlled terminal
airspaces of towered airports under IFR [26]. Different technical and operational aspects for
a seamless integration of UAS into controlled terminal airspaces were investigated, followed
by simulations to validate the concept. The ConOps included aspects like system latency
regarding Command and Control (C2) link and voice communication link, automatic
takeoff and landing, handover of UAS control between different RPs and impact on ATC,
and contingency procedures such as Lost C2 Link (LC2L) (i.e., the C2 link is severed) [27].
However, most of the research in this area has focused on integrating UAS at major towered
airports under ATC supervision with the help of defined IFR approach procedures. It can
be assumed that the integration of UAS at towered airports with published IFR procedures
is likely to occur relatively seamlessly, with UAS following the already standardized
procedures for crewed aviation. Today, Standard Terminal Arrival Routes (STAR) and
Standard Instrument Departure Routes (SID) guide IFR aircraft to and from the en-route
airspace via initial approach fix points to separate traffic based on checkpoints that restrict
flight levels and speeds. The integration of UAS at airports becomes much more complex
when there are few, if any, IFR procedures and VFR aircraft operate in the airspace around
the airport. Due to the presence of these less predictable VER aircraft, there is greater
uncertainty in airspace environments of non-towered airports, with only “see and avoid”
principles and schematic TPs (rather than instrument procedures) being common separation
procedures for today’s airspace users.

As emerging, larger UAS operations (e.g., fixed-wing regional cargo) will increasingly
occur at smaller under-utilized airports, the uncertainty of VER traffic intent must be given
greater consideration. To date, few studies have analyzed VFR data in the context of UAS
airspace integration. Ref. [7] is the only published recent research investigating VFR traffic
intent uncertainty and its potential impact on UAS operational capacities at a regional US
airport, Fort Worth Alliance (KAFW). Ref. [7] analyzes one month of traffic data in the
terminal airspace of Fort Worth Alliance (KAFW) to generate spatial-temporal occupancy
maps to analyze the interaction probability of UAS with VER traffic. Ref. [7] emphasizes
that the characterization of VFR traffic intent uncertainty is an important step towards
strategic and tactical air traffic flow management for efficient UAS integration.

In addition to limited research on VER traffic intent uncertainty, few concepts inves-
tigate integration procedures of UAS at non-towered airports. In Refs. [24,28], a concept
proposes a UAS holding pattern above the TP of non-towered airports. In this concept, UA
RPs must resolve potential conflicts with VER traffic by going to a safety altitude. UAS
wait in a holding pattern above the TP before the RP decides to descend and enter the TP
of the non-towered airport.
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In Refs. [24,28], the UAS holding pattern is defined above the highest point of the TP to
allow the RP of the UAS to decide when and how to enter the traffic circuit and, if necessary,
to establish radio contact with other airspace users. The holding pattern consists of five
WPs, which, depending on wind direction and traffic, can enable the RP to approve an
omnidirectional landing. The four outer WPs represent the entry into the holding pattern
and allow the UAS to enter the holding pattern (via the entry WPs) in a clockwise or
counterclockwise direction; see Figure 4. The outer WPs also serve as exit WPs, from which
the UAS descends into the beginning of the downwind leg at TP height.

Asrival
-~

-
-~
-~
-~
-

J P
== 1 . “" Entry WP

Figure 4. UAS holding pattern above the airport TP [24].

In addition to a UAS holding pattern above the TP of the non-towered airport,
Refs. [24,28] propose to place UAS holding patterns at the TP level next to the down-
wind leg before UAS enter the base leg; see Figure 5. These holding patterns next to
the downwind leg are intended to enable UAS to maintain sufficient separation from
the aircraft ahead. These downwind leg holding patterns could also give way to other
aircraft that choose the base entry or straight-in entry of the TP, for example, or to
aircraft that fly a TP in the opposite direction [28].

ume SI
‘ tme [s
______________________________________________ .‘I
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................................................................................. -
currant position [me[s] ]

Figure 5. UAS holding pattern at the end of the downwind leg [24].

However, these concepts raise several questions. First, UAS are largely confronted
with non-cooperative VER traffic around non-towered airports, which leads to increased
traffic intent uncertainty in the TP and in the terminal airspace. It remains to be clarified
how UAS or the RP will predict and detect the intent of VER traffic in-flight and resolve
potential conflicts. No consideration is given to Detect and Avoid (DAA) requirements on
board the UAS or uncrewed traffic management concepts to enable cooperative interaction
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practices between UAS and crewed aircraft. Second, there is a significant lack of data on
existing and forecast traffic activities to assess concept feasibility at the locations where
these UAS holding patterns are to be established. Third, these concepts have not been
applied to realistic airport environments to assess potential real-world implementation.

2.3. Hurdles for Terminal Airspace Integration of UAS
2.3.1. Landing

At present, there are limited options for large, fixed-wing UAS to integrate at non-
towered airports, and none of these options is currently approved for widespread, nominal
usage. Military UAS, such as the MQ-9 Reaper, typically will execute a long, straight-
in approach, the type of approach that the FAA, in Advisory Circular 90-66C, explicitly
recommends against when traffic is present in the pattern [29]. Additionally, currently
certified civilian automatic landing systems found on some airliners generally necessitate
an appropriate landing guidance system (e.g., Instrument Landing System (ILS)) and
associated IAP, which often has a straight-in component. For smaller aircraft, such as those
used for regional air cargo, the only currently certified automatic landing system is for use
in emergency only (i.e., the Garmin automatic landing system [30]). Although not currently
certified, there have been advances made in autopilot and automatic landing systems that
do not require an expensive landing guidance system [2,31]. For the purpose of the concept
presented in this paper, it is assumed that such a system will be certified in the future and
that such a system can fly a conventional TP with no other traffic in the pattern, confirm
runway occupancy, and perform an automated landing. However, this assumption does
not imply that the UAS can merge and space with other traffic in a TP, only that it can fly a
TP and execute a landing in an automated fashion.

2.3.2. See and Avoid

As discussed above, the pilot on board a crewed aircraft needs to “see and avoid”
other traffic, especially traffic operating under VFR. A UAS, by nature, does not have a pilot
on board. Therefore, it may only fly under IFR, and systems such as Airborne Collision
Avoidance System X (ACAS X) provide DAA and Collision Avoidance (CA) capabilities
to the RP such that the RP can keep the UAS “DAA well clear” of other traffic [32,33].
For the purpose of this concept, it is assumed that the UAS contains a certified onboard
system, such as an ACAS X variant, and that such a system functions correctly in the
more demanding terminal environment. Note that the development of such a system
is still an area of active research, especially at lower altitudes. Additionally, a Ground-
Based Surveillance System (GBSS) could be used as a local low-altitude radar to provide
information about aircraft, especially non-cooperative aircraft without a transponder.

In summary, it is imperative that the RP has sufficient knowledge of the traffic at
the airport. Nonetheless, absent a robust merging and spacing integration capability, it is
likely that there will be levels of traffic at a non-towered airport at which a UAS cannot
be safely integrated, even if the RP has sufficient knowledge of said traffic. To further
support UAS airspace integration in complex airspace environments, it can be expected
that safe and efficient separation of UAS from VEFR traffic (i.e., merging and spacing) in
non-towered airport environments will be achieved through the provision of a digitalized
airspace ecosystem such as U-space.

U-space is Europe’s uncrewed traffic management system that defines technical and
operational requirements within a regulatory framework for future UAS operations [34].
UAS operations within U-spaces must utilize U-space services (e.g., UAS flight authoriza-
tion service, traffic information service, network identification service, and geo-awareness
service) that are provided by one or more U-space Service Providers (USSP).
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Additionally, all airspace users in U-space airspaces will have to be electronically
visible to the ground and to other U-space users (e.g., broadcasting their current position
via certified ADS-B out to a USSP), also referred to as “e-conspicuity” obligation for crewed
aircraft entering U-space airspace [35].

Accordingly, U-space airspaces around non-towered airports in uncontrolled airspace
will allow for cooperative air traffic only, as crewed airspace users must broadcast their
flight information by means of being e-conspicuous. Thus, UAS obligated to receive U-space
services will be informed about the flight information and position of crewed and uncrewed
traffic. However, crewed traffic will not necessarily be aware of UAS flight information.
Crewed traffic will only be required to broadcast their flight position. In addition, it can
be assumed that UAS receiving U-space traffic information services will give right-of-way
to VER traffic and that UAS will adapt their flight procedures according to the position of
VER traffic. To allow for a seamless terminal airspace integration of initial UAS operations,
it is expected that UAS should interfere with flight patterns of crewed airspace users as
little as possible while still maintaining operational efficiency and safety.

A first regulatory sandbox for a U-space airspace around a non-towered airport is
being set up in Germany at Magdeburg-Cochstedt (EDBC), which also serves as the German
National Experimental Test Center for UAS and is operated by the German Aerospace
Center (DLR) [36].

2.3.3. Lost C2 Link

The RP operates the UAS via the C2 link, through which the RP can upload commands
and receive telemetry. However, in the event of an LC2L, the RP is no longer able to operate
the UAS, and the UAS will execute an LC2L procedure. In an LC2L procedure, the UAS
is expected to follow the procedure automatically, only deviating if there is a DAA alert,
which is assumed to be resolved automatically. The development of such procedures,
especially for non-towered airport environments, is ongoing, and procedures are not yet
certified. To that end, RTCA, Inc. has published DO-400, “Guidance Material: Standardized
Lost C2 Link Procedures for Uncrewed Aircraft Systems” [37]. Two recommendations
from DO-400, Recommendations #13 and #14, discuss the need to define arrival, approach,
and landing LC2L procedure guidelines and to “.. . investigate the potential need to separate
UA [(Uncrewed Aircraft)] holding patterns from traditionally piloted aircraft holding
patterns” [37] (p. 52). This work aims to address these two recommendations for the
non-towered airport environment.

2.4. Theoretical Integration Procedures of UAS

An IFR-flying UAS, as discussed in Section 2.1.3, is generally assumed to fly an IAP.
However, many IAPs are straight-in approaches for landing and, if there is traffic in the
pattern, a straight-in approach for landing is not recommended [15]. Further, a visual or
VER approach is often preferred for operational efficiency. It is assumed that, if a UAS is
not able to land or integrate into the TP, the UAS will need to hold somewhere until it is
safe to land.

Recalling the assumption that, for certain low levels of traffic, the RP can successfully
integrate the UAS into the TP (here called a “visual-like” approach), these assumptions
lead to five theoretical scenarios for UAS integration in VMC; see Table 1. It is assumed that
a UAS in an LC2L state is incapable of executing a “visual-like” approach. Although novel
flight rules have been proposed in literature (see [38,39]), no novel flight rules are assumed
in this work. These five theoretical scenarios indicate the need to measure the complexity
of traffic in and around the airspace of the TP, as well as the need for some sort of holding
maneuver. Consequently, this work proposes a holding maneuver to be applied in Sce-
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nario 3. A holding maneuver may also apply in Scenario 5, though a further distinction
based on the phase of flight is an area of future research. Inherent in the five scenarios is
the assumption that traffic in the pattern can be detected and complexity assessed, and that
there exist certain safety thresholds at which the UAS moves from one scenario to the next.

Table 1. Theoretical scenarios for UAS integration in the terminal airspace of non-towered airports.

Scenario C2 Link Traffic in Terminal Airspace Anticipated UAS Behavior
1 Nominal None Execute IAP or “visual-like” approach
2 Nominal Minimal Execute “visual-like” approach
3 Nominal Saturated Execute holding maneuver
4 Lost None Execute IAP
5 Lost Any Execute holding maneuver

Especially important is the determination of when the UAS should execute the pro-
posed holding maneuver. In this work, however, these five scenarios are purely conceptual
and a step towards a robust, real-world implementation. Although historical data are
used to give a glimpse at what traffic might look like at a non-towered airport, it is crucial
that, for a real-life application of this concept, some type of real-time traffic monitoring
(e.g., a GBSS or U-space) be implemented.

Further, without a rigorous safety analysis of that real-time data and without interna-
tionally harmonized frameworks to structure and assess collision risk management [40],
these safety thresholds are difficult to ascertain. However, metrics of complexity in the
airspace of TPs can nonetheless be applied to assist in stepping towards future safety
analyses and testing integration concepts. In the following, this work will discuss quantita-
tive measures and the implications that they might have for the integration of UAS into
non-towered environments.

3. UAS Holding Stack Concept and Methodology

Increased uncertainty and complexity in an airport environment can be caused by
temporary factors such as poor weather conditions, runway unavailability, traffic conges-
tion, or contingencies. In these cases, especially at major hub airports, ATC might set up
holding patterns in a multilayer holding stack to queue one IFR aircraft per layer over time
until congestion has been cleared or the missed approach has been terminated, for example.
These holding patterns are commonly referred to as standard holding patterns with a pub-
lished holding fix and directions to the fix, entry and exit procedures, integration altitudes,
flight speeds, and turn rates [41]. A prominent example is London Heathrow (EGLL), one
of the busiest airports in the world, where four fixed multilayer holding stack locations are
used in the vicinity of the airport to systematically separate arriving IFR aircraft [42].

3.1. Terminal Airspace and Procedure Design

Generally, the structural design of a terminal airspace, also referred to as Terminal Con-
trol Area (TCA) or Terminal Maneuvering Area (TMA) in controlled airspace environments,
is particularly important to protect arriving and departing IFR flights at airports with high
traffic densities. Terminal airspaces in controlled airspace commonly contain “significant
points” that specify arrival and departure routes to and from runway ends [43,44]. Here,
the International Civil Aviation Organization (ICAO) has provided extensive documen-
tation on how to design a terminal airspace (e.g., Annex 2, Annex 11, Doc. 4444, Doc.
9426, Doc. 8186 and Doc. 9368). Based on these ICAO documents, EUROCONTROL has
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provided a step-by-step guideline on how to develop a ConOps for the design of terminal
airspaces and the procedures contained therein.

The first two steps, capacity assessment and traffic flow analysis, are intended to inves-
tigate existing and forecast traffic activities by considering traffic density, flow complexity,
type of aircraft operations and local conditions and/or restrictions, to name a few [43].
In the further steps of the ConOps, STARs and SIDs are designed to effectively accommo-
date traffic flows from and to en-route airspace. The final steps of the guideline include
validation, implementation, and monitoring activities. The guideline highlights that “each
individual [airspace] area must be seen to be unique in its own way. ... Airspace structures
have evolved with time. This evolution will continue and will need to take account of new
generations of aircraft with improved performance ability. ... Therefore it is necessary for
continuous reassessment of existing airspace structures based upon future requirements
and the development of aviation technology” [43] (p. 162).

To meet the ongoing advancements of aviation technologies and related air mobility
concepts, this research provides terminal airspace and procedure design implications on
how emerging UAS operations might integrate into today’s terminal airspace of non-
towered airports. To this end, a holding stack concept for UAS to safely and systematically
integrate into the terminal airspace of a non-towered airport in case of increased traffic
uncertainties and complexities is proposed.

The proposed UAS holding stack concept builds on traffic management approaches
and operational concepts discussed in Section 2. The operating principles of the UAS
holding stack concept are based on NASA’s SATS self-sequencing system with vertical
holding areas, the framework of the INVIRCAT project, such as the role of the RP and C2
link data flows to and from the UA in the terminal airspace, and the current IFR holding
principles set by ATC.

The holding stack concept presented in this paper is intended to provide a space for
UAS to loiter in a safe manner in the terminal airspace, for example, due to traffic in the TP,
runway blockage, an LC2L, or a combination thereof. To identify feasible altitude bands for
holding stack locations and respective UAS integration procedures from holding into the
TP of an airport, this paper focuses on deriving implications for the first two steps of the
EUROCONTROL ConOps guideline for terminal airspace and procedure design: capacity
assessment and traffic flow analysis of existing traffic activities.

The traffic management of the UAS holding stack, such as UAS integrating into the
holding stack or from the holding stack into the airport TP, especially in high-density traffic
scenarios, and highly automated merging and spacing with other airspace users, could
be managed by digital traffic services within an U-space ecosystem (see Section 2.3.2) or
by supplemental data service providers outside of U-space, for example. The location of
the holding stack should be sufficiently separated from other traffic, while nonetheless
being close enough to the TP that integration is feasible given the inherent uncertainty
and complexity of the non-towered environment. Additionally, the holding stack should
be close to the airport of interest so that the UAS can divert to the holding stack in the
event of a safety threshold, discussed in the previous section, being exceeded without
adding excessive distance and time to the flight. To meet these requirements, the proposed
location of the holding stack is placed above historically flown TPs of a non-towered airport,
as depicted in Figure 6.

For a UAS to enter holding, similar to NASA’s SATS program, it is expected that the
UAS will approach fixed points (i.e., entry waypoints) above the airport’s individual TP
and wait at conflict-free altitudes until the UAS can descend into lower holding areas or
approach the runway directly from initial holding. While in the SATS program, aircraft
communicated via an AMM on the ground of the airport that assigned aircraft to holding
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altitudes and provided sequencing information, UAS are expected to communicate within
a digital ecosystem, such as U-space, in the proposed concept and separate according to
onboard DAA functions and/or conflict management services provided by data service
providers, when such a system is active. In the absence of such a system, the RP will
communicate with traffic via a VHF radio link, like a pilot of a crewed aircraft. The detailed
interaction of UAS traffic management systems with UAS and crewed aircraft is beyond
the scope of this paper but can be explored in more detail in Refs. [38,45].

For the proposed UAS holding stack concept, in line with the operating framework of
the INVIRCAT project, the RP is responsible for the safety of flight operation according to
ICAO Annex 2 — Rules of the Air [26,46]. For flights in controlled airspace, for example,
prior to entering a non-towered airport environment in uncontrolled airspace, the RP is
expected to follow the same clearance and separation instructions issued by ATC as crewed
aircraft. For a detailed overview of the RP’s responsibilities in flight planning, monitoring,
and decision-making, as well as navigating and communicating, see Ref. [26].

UAS
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Figure 6. Conceptual scheme of the UAS holding stack above conventional TPA with UAS overhead
join from holding into TPA.

Although it is unlikely that there will be a “one size fits all” approach to placing a
holding stack at a non-towered airport, there are some general limitations: (1) The bottom
of the holding stack will need to be vertically separated from the top of historical TPs at the
airport; see Figure 7b. (2) The number of holding stack layers and the top of the holding
stack is limited by overhead traffic streams (see Figure 7b) and relevant UAS performance
characteristics, such as climbing and descending capabilities. (3) If multiple UAS are
allowed in the holding stack simultaneously, some means of holding stack management
(i.e., entry, exit, and flight direction) will need to be developed.

Limitations 1 and 2 will be addressed in this paper to assess the feasibility of the
concept. Limitation 3 will need to be explored in future work following the assessment of
feasibility and the establishment of metrics for the quantitative description of the airspace
around a non-towered airport.
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Figure 7. Conceptual design of the UAS holding stack above conventional TPA according to the
dimension of the airport-specific TP (top view): (a) UAS holding stack design with one layer (gray
rectangle) with UAS overhead join approach from holding into TP towards runway (orange-dashed
line). (b) UAS holding stack design with vertical layers (gray rectangles).

A holding stack location above the TP is anticipated to be safer than placing it next
to the TP, as lower traffic densities can be expected above conventional TP integration
altitudes, and UAS are able to enter the holding stack from any direction without crossing
conventional TP integration altitudes. Conventional TP integration altitudes are standard
altitudes where a crewed aircraft is recommended to integrate into the TP. Although some
non-towered airports have specific assigned TP integration altitudes, crewed aircraft are
commonly expected to integrate into the TP at 1000 ft (~300 m) AGL [15]. Depending on
the performance characteristics of different aircraft, higher-performance aircraft (e.g., jet
aircraft) are expected to integrate into the TP at an altitude of 1500 ft (~460 m) AGL,
whereas lower-performance aircraft (e.g., piston aircraft) may be expected to integrate
into the TP at a lower altitude, as low as 500 ft (~150 m) AGL. The concept expects UAS
to integrate from the holding stack into the TP at a conventional TP integration altitude
based on the performance characteristics of the UAS (higher UAS performance, higher TP
integration altitude) using recommended TP entry procedures (i.e., overhead join approach
into the downwind leg).

The size of the UAS holding stack is proposed to be based on the size of the historically
flown TP and will vary by airport. The size of the historically flown TP can be determined
by assessing the airspace segments with the highest historical traffic densities. Based on
the airspace segments with the highest historical traffic densities, the length of the TP legs
can be determined, such as the downwind leg and base leg.

For airports with only one TP, the legs of the UAS holding stack will be determined by
the legs of the TP and extended towards the non-active side of the airport by doubling their
size, see Figure 7a, subject to applicable terrain and airspace restrictions. Extending the
holding stack towards the non-active side of the airport is considered important to allow
UAS sufficient time and space to integrate from the holding stack with crewed aircraft
coming from the non-active side of the airport. In short, it is expected that the holding stack
will be twice the size of the historically flown TP to give the UAS more space to loiter and
integrate with crewed traffic from holding.

Airports with TPs on both sides of the runway are treated slightly differently. For ex-
ample, Juist (EDW]) is a non-towered airport located on one of the islands in the German
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North Sea. It has two recommended active TPs: north of the runway for motorized aircraft
and south of the runway for non-motor-driven aircraft (e.g., gliders), which can be seen
in its VOC in Figure 2. The traffic density heatmap of historical flight track data at Juist
(EDW]J) shows that the southern TP has a higher traffic density than the northern TP over
an exemplary altitude band of 0-3000 ft AGL (~910 m) (see Figure 8). In the case of two
active TPs, the length of the UAS holding stack legs is determined by the TP on the same
side of the runway, which in turn is determined according to the highest historical traffic
density, as explained earlier in this paper. In other words, the UAS holding stack is not
simply double the size of the busier historically flown TP but is an overlap of both TPs.

Northern traffic
pattern (TP)

st

UAS g
holding —> "
stack -

/

4

Southern TP

Figure 8. Traffic density heatmap of Juist (EDW]) with two active TPs (north and south of the runway)
and UAS holding stack (gray rectangle) in conventional TPA 0-1500 ft (~460 m) AGL. The southern
TP shows significantly higher TP activities (darker colors) than the northern TP (lighter colors).

A holding stack for UAS is proposed to consist of different vertical layers, similar to
ATC stacking arriving IFR aircraft in holding stacks at major hub airports; see Figure 7b.
The lowest altitude at which the UAS holding stack can begin will vary by airport, but gen-
erally will start at 2500 ft (~760 m) AGL. The highest conventional TPA, that of a jet aircraft
(see Figure 6), is at 1500 ft (~460 m) AGL. The recommended overhead join approach is
500 ft (~150 m) above that, or at 2000 ft (~610 m) AGL. Another 500 ft (~150 m) above that
altitude is needed as a safety buffer to comply with separation minima [16].

The number of levels in the holding stack, as well as the upper altitude limit of
the holding stack, will depend on the traffic and UAS demand at the airport of interest.
For example, a holding stack upper altitude might be limited by the presence of a low-
altitude airway (e.g., Victor airway in the US) above the airport. Finally, each holding stack
layer will be separated by 500 ft (~150 m), in accordance with separation minima [16].

Entry into the holding stack is notionally designated at the corners of each level.
A UAS exiting from the holding stack should join with a standard overhead join approach
into the downwind leg of the TP, leaving the lateral dimensions of the holding stack; see
Figure 6.

Initially, it can be expected that one UAS will be assigned per holding layer, similar
to how ATC today stacks one IFR aircraft per holding layer. For example, if the first UAS
is assigned to the first holding layer (bottom of the holding stack) and the second UAS
is assigned to the second holding layer (above the initial bottom layer), a third UAS is
expected to enter the holding stack at a third layer on top of the first two holding layers.
The third UAS might exit the holding stack towards the TP from its initial entry layer (third
layer of the holding stack) or transition through the lower first and/or second holding layer
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once the first and second UAS have transitioned from their holdings into the TP. For most
cases, it is not expected that a UAS will need to travel through multiple empty holding
stack layers before integrating into the TP. Generally, the queuing of UAS in the holding
stack will be managed by “first-in/first-out” principles. Additionally, different holding
stack layers could be used to sort UAS by flight mission priorities or aircraft capabilities
(e.g., aircraft flying similar holding speeds) in high traffic density scenarios. However,
as mentioned earlier, holding stack management (i.e., entry, exit, and flight direction) and
the coordination of simultaneous UAS in the holding stack will not be further explored in
this paper.

The FAA Airplane Flying Handbook (FAA-H-8083-3C) recommends single-engine
airplanes to integrate into the TP of non-towered airports flying 70-90 knots (kn) indicated
airspeed [15]. Similar speeds are expected to be used by UAS in layers of the holding
stack. Although the concept proposed in this work currently addresses UA powered by a
piston or turboprop engine, it is expected that larger aircraft or crewed /uncrewed eVTOL
aircraft, similar to today’s helicopters, which also integrate into TPs at lower altitudes (500 ft
(~150 m) AGL) [47], will also utilize this concept.

The UAS holding stack concept proposes that the dimension of the holding stack
depends on the size of the historically flown TP, varying by airport. For an airport with
two active TPs, such as Juist (EDW]J), the UAS holding stack is proposed to be the dimension
of an overlap of both historically flown TPs, the northern and southern TP (see Figure 8).
According to the UAS holding stack dimension of Figure 8, the northern and southern TP
of Juist (EDW]) have a combined perimeter of ~12 km, which is used in the following as
an initial reference for calculating the circuit time that a UAS needs to travel through an
entire holding layer. For this exemplary calculation, the performance characteristics of a
Cessna 208 Caravan aircraft are chosen. Companies such as Reliable Robotics and Merlin
Labs are currently working to convert this aircraft type from a crewed aircraft to a remotely
piloted UAS, with plans to convert larger aircraft for remotely piloted cargo operations
in the future [48,49]. Therefore, it is assumed that an aircraft (i.e., Cessna 208 Caravan)
will hold with an average speed of 90 kn in the layer of a UAS holding stack. Note that
for lower-performance single-engine aircraft, such as the Cessna 172, the average speed
may be lower, leading to an increase in the time spent in the holding stack. Accordingly,
a Cessna 208 Caravan UAS needs ~4.32 min to fly through every leg of the holding stack
layer of Juist (EDW]) (proposed perimeter of ~12 km), which corresponds to the nominal
circuit time of an IFR aircraft of about four minutes in a standard holding pattern set up by
ATC [41].

Building on these assumptions for an exemplary holding layer circuit time, the descent
time of a UAS from the lowest layer of a holding stack into the recommended TPA of Juist
(EDW]), which is also expected to be used by UAS to enhance the predictability of the UAS
flight path by other aircraft in the vicinity of the UAS, will be considered in the following:

VDgansfer :  Vertical Distance (VD) from holding into TPA, 1900 ft (~580m),
rrop :  Assumed Rate of Descent (ROD), 800 ft (~240 m) per min,
Vavg : Assumed indicated airspeed of an aircraft, 90 kn (~2.78 km per min).
Equation (1) gives the time that a UAS needs to vertically transfer from a holding layer

into a TP, while Equation (2) gives the Horizontal Distance (HD) that the UAS has to cover
during the vertical descent:
VDtransfer

= ————— in min. @)

ttransfer ROD

HDtransfer = Vavg * transfer In km. 2)
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The TPA of Juist (EDW]) is at ~600 ft (~180 m) AGL [17]. Recalling that the lowest
holding layer altitude is proposed to be at 2500 ft (~760 m) AGL, this results in a minimum
vertical transfer distance of 1900 ft (~580 m). For this distance, a UAS with a given descent
rate of a Cessna 208 Caravan would take ~2.38 min, traveling ~6.6 km (~4.1 miles (mi) or
~3.6 nautical miles (NM)) horizontally. This distance can probably be flown on a relatively
straight trajectory, while longer distances will likely have to be flown in a spiral descent to
avoid spreading out too far horizontally. For a vertical transfer distance of 1900 ft (~580 m),
a relatively straight trajectory from holding into TP with a horizontal distance of ~6.6 km
(~4.1 mi or ~3.6 NM) can be considered operationally feasible, since the downwind leg of
Juist (EDW]), for example, already has a length of ~6 km (~3.7 mi or ~3.2 NM) with the
downwind leg of the holding layer proposed to be on top of the downwind leg of the TP;
see Figure 7a.

3.2. Conceptual Operating Scheme of UAS Flight Planning at Non-Towered Airports

To better understand how operational processes of UAS integration at non-towered
airports intertwine, Figure 9 provides an overview of the key process steps considered for
the concept in this work (see blue boxes). This paper focuses on a three-step methodology to
identify and assess historically flown TPs and their surrounding traffic activities at airports.
This intends to provide insight as to where, when, and how crewed and uncrewed traffic
might have to interact in the future, which airspace segments could be utilized for the
proposed UAS holding stack concept, and how UAS are expected to integrate into the TP
of an airport using various metrics and illustrative analyses of real airport environments.

1. Assessment of airspace environment of non-towered airports
The first step for integrating UAS into non-towered environments is the assessment
and spatial definition of the main operating environment (Section 4.1), namely the
volume of the airspace that surrounds historically flown TPs, referred to as “TP
airspace” in the following.

2.  Assessment of flight behaviors of airspace users
Second, after systematically identifying the bounds of where crewed traffic has his-
torically flown the TP (i.e., TP airspace), flight behaviors are assessed using different
quantitative measures (Section 4.2).

3. Assessment of locations for UAS holding stack
Third, after investigating crewed flight metrics and traffic densities, locations in and
above the TP airspace are investigated to derive potential UAS holding stack locations,
exemplified for different airports of interest (Section 4.3).

All three steps impact the UAS behavior on where, when, and how to integrate into the
TP of an airport. Additionally, the conceptual operating scheme provides five TP integration
cases for UAS based on the implications of the proposed three-step methodology and the
current traffic situation of an airport, which will be discussed at the end of this paper.

The current real-time traffic situation of an airport, which, for example, could be
provided to the RP via GBSS and/or digital services from U-space, will determine if it is
required for a UAS to transfer into a holding stack or not. “No current traffic” will not
require a UAS to execute a holding maneuver to monitor current ongoing traffic activities.
Similarly, “minimal current traffic” (e.g., one or two crewed aircraft) in the terminal airspace
might not necessitate the UAS to transfer into holding, since the UAS might simply follow
the preceding aircraft into the TP, depending on the location of all present aircraft.

However, reaching a level of “saturated current traffic” in the terminal airspace might
require the UAS to transfer into holding until the intent uncertainty of current traffic
activities has been resolved, and it is safe for the UAS to integrate into the TP. Note that
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the size of an airport’s terminal airspace will normally exceed the size of an airport’s TP
airspace. For this research, the terminal airspace of non-towered airports can be considered
to be the size of ~200 km? (~77 mi?), which is the common size of an RMZ, for example.
With both airspaces normally centered according to the runway coordinates, the TP airspace
is a subset of the terminal airspace with sizes ranging between ~20-100 km? (~8-39 mi?),
which is based on the airports of interest in this paper.
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such as expected flight distance/time of current traffic

s Integrate by applying separation minima for procedural spacing and merging (fo be
defined by regulators)

Execute missed-approach or
divert to alternate airport
(off-nominal)

Case 5
If any current traffic in terminal

airspace, integrate3 by following
preceding aircraft from holding
after all aircraft integrated into TP

\ J

Figure 9. Conceptual operating scheme for UAS integration at non-towered airports.

6 Symbol indicates UAS procedures to resolve off-nominal situation

Different entities, such as regulatory authorities, ATC and/or USSP, or the UAS
operator itself, could be responsible for determining the levels of traffic and associated
safety thresholds for transfer into holding. In addition to safety thresholds, the requirement
to transfer into holding could be based on additional factors such as the level of DAA
equipage on board the UAS and/or the availability of automatic landing systems.
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Furthermore, UAS integration decisions depend on whether the UAS is operating
in a nominal or off-nominal situation, such as during an LC2L. However, this work does
not provide safety thresholds to distinguish between different levels of traffic (i.e., be-
tween “minimal current traffic” and “saturated current traffic”, see Figure 9), which is
subject to ongoing safety regulations as discussed in Section 2.4. Additionally, concepts
and regulations for contingency and emergency procedures need to be developed to safely
guide UAS during off-nominal situations. For this concept, if a UAS is not able to integrate
into a holding pattern above the airport, for example, the UAS is likely to execute a missed
approach or divert to an alternate airport. However, this paper will not focus on off-nominal
situations due to a lack of standards and procedural contingency/emergency regulations.

The three-step methodology for the terminal airspace and procedure design applying
holding stacks for UAS integration at non-towered airports, as seen in Figure 9, will be
covered in the following section using various quantitative measures and in-depth analyses
for different exemplary non-towered airports.

4. Analysis of Flight Track Data Around Non-Towered Airports
4.1. Assessment of Airspace Environment of Non-Towered Airports

Despite best practices and, in the case of German airports, VOCs suggesting the “ideal”
TP in terms of integration altitude and distance of the downwind leg from the runway,
the historical traffic at non-towered airports is nevertheless distributed, both vertically and
horizontally, beyond the “ideal” pattern. Therefore, it is vital to identify the bounds of this
spread to properly define the TP airspace as the volume around the non-towered airport
and to analyze historical traffic behavior within this volume.

4.1.1. Data Selection

Historical data on air traffic are obtained from two sources. For the German airports,
flight data from Flightradar24 covering one year of data for the latest year available (2022)
are used to analyze speed, heading, and four-dimensional WPs indicating the longitude,
latitude, altitude, and time of every aircraft in the airspace [50]. Flightradar24 uses ground-
based ADS-B receivers that collect data every second from aircraft in their vicinity that
are equipped with an ADS-B transponder. Furthermore, these are complemented by data
from multilateration (MLAT) and data collected from the Open Glider Network utilizing
commercial FLARM transponders. Similar data are examined for US airports, using
Sherlock Data Warehouse to access flight track data for the latest year available (2023) from
terminal airspaces [51]. Using these historical data, the TP airspace can be defined.

Data were analyzed using internal DLR software to filter and sort flight track data and
to visualize traffic density heatmaps with QGIS (v3.38.0). All other data processing and
visualization were performed in MATLAB R2025b.

Note that not all airspace users within the investigated airspace segments might have
transmitted flight data in the respective year. A European survey has shown that 78% of
crewed aircraft flying in uncontrolled airspace carry some kind of e-conspicuity system
(e.g., ADS-B) on board their aircraft to transmit flight data to other airspace users and
ground-based systems [52]. Therefore, the data sets analyzed have to be considered of an
indicative but not comprehensive quality.

4.1.2. Vertical Bounding of the TP Airspace

At each airport, the Average Number of Simultaneous Flights per Square Kilometer
(ASFK) is calculated [53]. The ASFK is a measure of the density of historical operations.
For each 0.01 km? spatial cell, the time spent in that cell by historical flights during a given
time period (i.e., one year) is recorded in flight seconds. This sum is then divided by the
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area of the airspace cell (i.e., 0.01 km?) and the overall recording time to provide the average
density for a single airspace cell, as provided in Equation (3). Figures 10 and 11 show the
ASFK across different altitude bands for Watsonville (KWVI) and Juist (EDW]J).

teell flights
ASFK = ——=—— . 3
Acell - Tperiod km2 )
feell: Flight time [s] spent by flights in the cell over the observation period,
Acell: Area of the spatial cell [kmz], e.g., 0.01 km?,

Tperiod: ~ Duration of the observation period [s], e.g., one year = 31,536,000 s.

450-550 ft 550-650 ft 650-750 ft 750-850 ft 850-950 ft

{ /¥ [E /p /

10501150 ft 1150-1250 ft 1250-1350 ft 1350-1450 ft 1450-1550 ft

4 4.4 /. / /

>0.0097 ASFK

Figure 10. Traffic densities in altitude bands of Watsonville (KWVI). Altitude band 1050-1150 ft
(~335-350 m) AGL shows the highest traffic density in the downwind leg (~0.0097 ASFK).

350450 ft 450-550 ft 550-650 ft 650-750 ft 750-850 ft

— - - - -

950-1050 ft 1050-1150 ft 1150-1250 ft 1250-1350 ft 1350-1450 ft

) e =

>0.0097 ASFK

Figure 11. Traffic densities in altitude bands of Juist (EDW]). Altitude band 550-650 ft (~170-200 m)
AGL shows the highest traffic density in the downwind leg (~0.0010 ASFK).

As discussed previously, it is anticipated that most traffic would integrate into the
TP at conventional TPA between 500-1500 ft (~150-460 m) AGL. This can also be seen by
looking at Figure 10, with most traffic integrating into the TP downwind leg of Watsonville
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(KWVI) between 1050-1150 ft (~335-350 m) AGL. This also appears to be close to the
recommended TPA of Watsonville (KWVI), which is 1000 ft (~300 m) AGL [54].

For Juist (EDW]), the highest downwind leg density (~0.0010 ASFK) can be observed
between 550-650 ft (~170-200 m) AGL, with 600 ft Mean Sea Level (MSL) being the
recommended TPA of Juist (EDW]J); see Figure 2. Note that the airport runway of Juist
(EDW]) is at an elevation of only 8 ft MSL. For Watsonville (KWVI), almost no TP activities
occur above ~1500 ft (~460 m) AGL. For Juist (EDW]J), TP traffic densities have already
become low between ~850-950 ft (~260-290 m) AGL.

Since traffic can still integrate into conventional TPA from above 1500 ft (~460 m)
AGL, 3000 ft (~910 m) AGL was chosen as an upper bound to the TP airspace. Assessment
of several non-towered airports indicated that the density of historical operations above
1500 ft (~460 m) AGL was significantly lower; however, traffic used the airspace above
conventional TPA before integrating into the TP. These traffic activities above conventional
TPA are likely to have an impact on the decision on the feasibility of the holding stack
location and the number of holding stack layers. A discussion of the differences in traffic
densities in different altitude bands of the TP airspace at airports of interest and the
implications of these differences will follow in Section 4.2.

4.1.3. Horizontal Bounding of the TP Airspace

In the next step, as indicated in Figure 12c, the horizontal bounds of the TP
airspace are drawn around all airspace cells that represent an airspace density of at least
810~ ASFK (light green on the given scale). This bounding threshold implies that,
over the course of the year, a total of ~2500 flight seconds (7 - 10~! flight hours) were spent
within the 0.01 km? spatial cell.

@) (b)

<0.0003 ASFK >0.0097 ASFK

(©)

Figure 12. Visualization of traffic densities in altitude bands at Juist (EDW]) to identify the TP airspace
(yellow-dashed bounding box): (a) Traffic densities in conventional TPA 0-1500 ft (~460 m) AGL.
(b) Traffic densities above conventional TPA 1500-3000 ft (~460-910 m) AGL. (c) Traffic densities in
the TP airspace 0-3000 ft (~910 m) AGL.
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For this research, the proposed bounding threshold of 8 - 10~* ASFK is based on a
preliminary assessment of historical traffic at the airports of interest. As seen in Figure 12c,
the proposed bounding threshold covers the flight track data of aircraft flying the airport’s
individual TP. However, future work will apply further mathematical rigor to refine and
better scale this bounding threshold. In summary, every TP airspace is vertically bound at
3000 ft (~910 m) AGL but has individual horizontal bounds based on the density of the TP
at each non-towered airport.

4.2. Assessment of Flight Behaviors of Airspace Users

Flight operations can vary significantly from one non-towered airport to the next.
To gain a better quantitative understanding of operations at non-towered airports, this
paper proposes several metrics to describe operations. These metrics will be applied to
twelve example airports (see Figure 13). It is intended that these metrics can be utilized
to design scenarios and simulations that will help define the undefined safety thresholds
discussed in Section 2.4. As mentioned previously, the actual definition of these safety
thresholds is beyond the scope of the present work. A discussion of how these metrics
might impact the integration of UAS into non-towered airports will follow.

Twelve different airports, four each from Germany, California, and Texas, were chosen
as airports of interest. Different regions were chosen to provide a varied and international
view of non-towered airports. These three regions were previously identified as regions
where UAS are likely to be introduced for use in the regional air cargo use case [2].

Norderney (EDWY) Egelsbach (EDFE) Schoenhagen (EDAZ)

g EEEEEEE
pEEmEREE

Marina (KOAR)

>0.0097 ASFK

Figure 13. Identification of TP airspaces (yellow-dashed bounding boxes) at airports of interest.
Traffic densities are visualized in an altitude band of 0-3000 ft (~910 m) AGL. Airports and their TPs
are not to scale.
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The historical traffic density at each airport of interest, as well as the identified TP
airspace for each non-towered airport, is shown in Figure 13. Flight data are extracted from
the identified TP airspaces, which are aligned with the runway center-line of the respective
airport and are shown in Figure 13 as the yellow-dashed bounding box. For airports with
multiple runways, the TP airspace was aligned with the busier runway.

The twelve airports were selected due to their strategic location for initial regional
cargo UAS operations. Locations considered relevant for the initial deployment of highly
automated regional cargo operations are suburban areas (e.g., Watsonville (KWVI), Marina
(KOAR), Visalia (KVIS), and Hillsboro (KINJ)), hard-to-reach areas such as rural regions
or islands (e.g., Juist (EDW]) and Norderney (EDWY)), and areas close to main airports or
cargo hub airports (e.g., Egelsbach (EDFE), Schoenhagen (EDAZ), Selma (0Q4), Houston
SW (KAXH), Pearland (KLV]), and Lancaster (KLNC)).

4.2.1. Analysis of Crewed Traffic Shares and Densities in TP Airspace

For UAS flight planning at non-towered airports, it is relevant to consider the share
of flights that operate in different altitude bands of the TP airspace. Ideally, UAS want
to minimize interaction with crewed traffic; thus, the holding stack should be placed at
an altitude that is deconflicted from other traffic. This distinction by altitude bands helps
to understand crewed traffic behavior in the TP airspace in order to minimize interaction
of UAS with crewed aircraft when choosing a suitable UAS integration procedure and a
location for the UAS holding stack. As discussed in Section 4.1.2, the vertical bound to the
TP airspace was placed at 3000 ft (~910 m) AGL. To provide a more detailed picture of
traffic in the TP airspace, the flights found in the TP airspace are divided into three sets; see
Figure 14.

A : Set of flights from 0-1500 ft (~460 m) AGL;
B : Set of flights from 1500-3000 ft (~460-910 m) AGL;
X: Set of flights from 0-3000 ft (~910 m) AGL.

3000 ft —
B — — |
1500 ft — X X X X
Conventional
A — traffic pattern
altitudes (TPA)
Runway — T
AUuB ANB A\ B B\A

Figure 14. Visualization of different traffic behaviors in the TP airspace.

Here, A C X and B C X. Airspace segment X contains the total number of flights
in the defined TP airspace (i.e., flights in A or B), which can be expressed by A UB. A
is designed to cover the conventional TP integration altitudes. B covers all flights from
the top of the conventional TPA to the top of the TP airspace. A N B contains all flights
that flew through both airspace segments (i.e., flights in A and B), presumably landing at
or departing from the airport. The total number of flights in A and in B may exceed the
number in X, as flights can transition and therefore be counted in both bands.

Next, the relative complement of B in A, A \ B, is taken to describe those flights that
were only present in A. These flights only integrated into the TP airspace below 1500 ft
(~460 m) AGL and presumably landed at or departed from the airport or used airspace
segment A to fly through the terminal airspace without landing. Finally, B \ A describes
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those flights that only integrated into the TP airspace from 1500-3000 ft (~460-910 m) AGL,
presumably overflying the airport.

By breaking down the traffic into altitude bands, deviations from convention can be
identified. These deviations will be critical in determining UAS integration procedures and
the feasibility of a holding stack at the airport of interest. It is clear from the data that a
holding stack could not be placed at lower altitudes (i.e., below 1500 ft (~460 m) AGL), due
to the percentage of traffic operating at these altitudes at all airports investigated. If too
much traffic is present at higher altitudes (i.e., B), the holding stack will either need to
occur at even higher altitudes (i.e., above 3000 ft (~910 m) AGL), be located in an area away
from the runway (defeating many of the advantages of placing the holding stack above the
runway), or be deemed infeasible at the airport of interest.

Data for the twelve airports of interest are presented in Table 2. The background color
is a gradient based on the assessment of the feasibility of UAS integration, with dark green
being the most feasible and white being the least feasible airport. Each row is scaled only
according to the values in that row. In general, UAS integration should be more feasible at
an airport with more dark green. Airports with mixed green and white, e.g., Visalia (KVIS),
are excellent candidates for future simulation studies to investigate and improve upon this
proposed concept, as they are complex environments.

Table 2. Number (N) and share of flights (%) in different altitude bands in the TP airspace.

S !
6"’“ @‘ﬂ @(‘% WP:L x@“q ‘{~°?& *15\6 g @*\x \@« xL@C \0@

Npaup (inAorB) [flights]

7117- 15,719 6969 21,047 8783 25,273 | 4475| 22,464 19,113 19,661 = 7287

Ny

Ng

Nuyrp (inAand B)  [%]
Ny\p (only in A)

Ng 5 (only in B)

84.3 70.9 99.8 92.0 88.4 64.5 91.8 43.0 48.4 83.3 67.0 79.0
32.0 37.3 26.0 63.2 62.4 58.2 62.1 62.2 31.1 51.9 489
17.3 10.4 20.0 51.6 26.9 50.0 52 10.6 14.4 18.9 27.8
67.6 62.3 99.4 73.8 36.8 37.6 41.8 37.8 37.8 68.9 48.1 51.2

15.1 27.3 - 6.2 11.6 35.5 8.2 57.0 51.6 16.7 33.0 21.0

Note to the table: The color gradient is an indicator for the feasibility of UAS integration, with dark green being
the most feasible and white being the least feasible airport. Each row is scaled according to the values in that row.

Each individual airport will have its own distribution of traffic. However, the values
in Table 2 can help to better understand how today’s traffic integrates at these airports. If N
is large, it is likely that the airport is consistently busy and thus may present additional
integration difficulties to the UAS. Conversely, a small N indicates a less-busy airport,
which may not merit a holding stack (e.g., Norderney (EDWY) and Selma (0Q4)).

Take, for example, Watsonville (KWVI) and Visalia (KVIS). At both airports, ~50-52%
of traffic integrates through both A and B, meaning that a UAS aiming to integrate at these
airports will likely need to contend with an aircraft transitioning altitudes, potentially
increasing the difficulty of integration. Another ~37-42% of flights at these two airports
are integrated exclusively in A, meaning that a UAS could likely stay clear of this traffic by
remaining above 1500 ft (~460 m) AGL, although the UAS would be flying among traffic
in B, unless it was flying above 3000 ft (~910 m) AGL. However, at these airports, only a
small percentage of traffic, ~8-12%, is found only in B, meaning that the traffic is likely
overflying the airport and should have minimal impact on UAS integration and a UAS
holding stack.
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Putting these three percentages together, it is reasonable to assume that a holding
stack at Watsonville (KWVI) and Visalia (KVIS) would need to be placed at higher altitudes,
even above 3000 ft (~910 m) AGL, to remain free of historical traffic. Conversely, Egelsbach
(EDFE) and Pearland (KLV]), which have a low percentage of overflight traffic (0.1% and
16.7%, respectively) and relatively little traffic with large altitude changes (0.5% and 14.4%),
may present an easier integration opportunity to the UAS, as the traffic in the TP airspace
might be more predictable. An airport like Marina (KOAR), on the other hand, with its
more evenly distributed traffic, presents another type of integration hurdle.

To better understand and compare traffic activities at these airports, the analysis of
the number of aircraft in Table 2 is supplemented by an assessment of traffic densities in
different airspace segments, psegment- By dividing the number of flights, N, by the volume
of the airspace segment of interest in km3, Vx, Va, or Vp, the density of aircraft can be
found in Table 3. Note that V and Vp are half the volume of V; see Figure 14.

Table 3. Annual traffic densities (0segment) in different altitude bands in the TP airspace.

\! N < 1« & S s C
Vx!: Volume of X [km?3] 45.4 18.7 32.2 41.7 70.9 469 100.0 22.7 50.4 42.7 29.5 443
oauB: Naup per Vx 187.3 4874 - 2969 1874 252.6 1972 4459 4479 6654 -
flights
pa: Ny per Vy [ k§n3 ] 2643 265.7 972.6 3076 5249 241.8 463.7 - 431.7 7465 8912 259.9
op: Npper Vg 100.4 1399 - 86.7 3753 2339 2942 2452 5548 2782 690.8 160.8
pars: Nang per Vx 25.9 16.1 - 30.2 153.2 50.5 126.4 10.2 47.3 64.5 125.7 45.8
flights
PA\B: N, A\B Per Va [ﬁ] 2125 233.6 9692 2472 2185 - 211.0 - 337.0 617.6 639.9| 168.4
PB\A NB\ A per Vp 486 107.7 - 26.4 69.0 133.0 415 2248 460.1 1493 4395 69.2

1y, and Vj are half the volume of V.

Note to the table: The color gradient is an indicator for the feasibility of UAS integration, with dark green being
the most feasible and white being the least feasible airport; the gray color gradient has no implication. Each row is
scaled according to the values in that row.

First, if Vx is large, that could indicate that larger aircraft (e.g., jet aircraft) are flying
into that airport and/or that the TP is fairly spread out. A large Vx would also dictate a
larger horizontal footprint for the holding stack. In general, the German airports exhibit
more compact TP airspaces than their US counterparts. Second, psp gives an indication
of the structure of the TP itself. A well-structured TP (i.e., the parts of the TP are clearly
identified and the majority of traffic follows the pattern), such as that of Egelsbach (EDFE),
will have a correspondingly high p g. Conversely, alow p4 g could indicate that the TP is
spread out or that, such as at Marina (KOAR), there are supplementary traffic maneuvers in
the TP airspace. At Marina (KOAR), planes for skydiving will follow a circular or rounded
quadrilateral pattern at altitudes separate from that of the TP; see Figure 13.

Investigating traffic densities is relevant to determining when an airspace segment is
“too busy” for UAS integration. These traffic densities will impact the decision-making of
UAS operators on how to plan the UAS flight and the UAS integration behavior; see Table 1.
As discussed earlier in Section 2.4, safety thresholds need to be derived to distinguish
between different levels of traffic (i.e., “minimal” and “saturated”; see Table 1) to determine
safe UAS integration behaviors.
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Airports with a high p4, such as Egelsbach (EDFE), Pearland (KLV]), and Lancaster
(KLNC), have dense TPs (see white or light green color gradient in Figure 13) and therefore
a higher probability for UAS to interfere with crewed aircraft in the TP. On the other hand,
data from these airports offer UAS more possibilities for predicting the intents of crewed
aircraft when integrating into the TP. Additionally, Egelsbach (EDFE) has a relatively low
0B, indicating that most aircraft in the TP airspace integrate into the TP via airspace segment
A. Overall, densities of aircraft that travel through both altitude bands A and B of the TP
airspace, ppnp, are relatively low for all airports. Due to their proximity to major airports,
Houston SW (KAXH) and Lancaster (KLNC) have relatively high densities of aircraft that
overfly the airports’ TP; see white or light green color gradient of pg, 5, without actually
approaching the airport. A high pg, 5 is an indicator for traffic streams that might interfere
with a potential holding stack location for UAS. For better comparison, the visualization of
traffic densities in different airspace segments of the TP airspace from Table 3 can be found
in Appendix A in Figure Al.

4.2.2. Analysis of Crewed Flight Metrics in TP Airspace

In addition to traffic densities, which describe traffic activities on a broader level, nine
crewed flight metrics are calculated for each airport of interest and are shown in Table 4
to better characterize individual traffic behaviors at each airport. These flight metrics are
provided based on historical flights in the TP airspace, Vx. As in the previous Tables 2 and 3,
the color green indicates a value that implies greater feasibility for UAS integration.

Table 4. Calculated crewed flight metrics for TP airspace of interest (Vx).

N\ % €1 % > © LR C \
Overall norm. flight h {ﬂ‘ghgh} 02 128.3- 601 233 306 337 1340 1035| 202
Toverall,norm km
Overall norm. flight km {ﬂlghitskm] 1937 6151 | 1296 5603 2417 3090 3580 7317 7743 2029
Doverall,norm km
Tmed
Median norm. flight time h 0.0009 0.0013 0.0010 0.0006 0.0008 0.0008 0.0009 0.0012 0.0009 0.0010
Tmed,norm ﬁ:|
o m
St‘i- dev. norm. flight time 0.0114 0.0140 0.0177 0.0059 0.0049 0.0052 0.0062 0.0046 0.0133 0.0125 0.0055
Tnorm
Median flight dist. [km] 6.2- 46 51 115 82 47 50 77MS 84
Dmed
Median norm. flight dist. 014 020 014 012 016 018 021 010 018 015 019
Dmed,norm ﬁ:|
v km
Stj dev. norm. flight dist. 038 025 065 027 032 046 036 028 054 071 034
Dorm
Mg/d‘a“ﬂ‘ght speed [kn] 785 81 768 1028 1035 1216 995 1224 1241 827 872 979
med

Note to the table: The color gradient is an indicator for the feasibility of UAS integration, with dark green being
the most feasible and white being the least feasible airport; the gray color gradient has no implication. Each row is

scaled according to the values in that row.

Six of the nine metrics are normalized by the size of the TP airspace, Vk, in km?3
(defined in Section 4.1) so as to better compare airports. Equation (4) shows the overall
flight hours per km3, Toverall,norm- This metric is the normalized flight time in the TP
airspace for each individual aircraft, ¢;, in h, summed across all N flights that occurred
during the period of study (i.e., one year). Equation (5) shows a similar metric, the overall
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flight kilometers per km?, Doverall norm- This metric describes the normalized flight distance
in the TP airspace for each individual aircraft, d;, in km, summed across all N flights.

YN t; . flighth
Toverall,norm = lV?i - in § 3 (4)

km

D YN, d; ., flightkm
overall,norm — .
’ Vx km?

Equations (6) and (7) show the median flight time per km3, T'med norm, and the median

)

flight distance per km?, Dyed norm- These two metrics provide insights about the common
flight time and flight distance that a crewed aircraft historically needs in the TP airspace.

i ... h
Tmed,norm = medlan{t%/;iz, 4 tN} in @ per ﬂight. (6)
]D)med,norm = medlan{dl, dZ/ — dN} in kim per ﬂight. (7)

Vx km?

In addition to the median as a measure of central tendency being less sensitive to
outliers, the standard deviation in Equations (8) and (9) is used to provide a measure of
dispersion to describe the uncertainty that each airport represents in terms of its individual
traffic behavior.

L (r TV with T = L3°T oh .
m ]Zl( norm,j — norm) wit norm — M = norm,j 1N km3 per flight. (8)
Ly 5\ i = L Ckm
m ]; (Dnorm,j — ]Dnorm) with Dporm = M ]; Dnorm,j in @ per ﬂlght. (9)

In Table 4, Toyerall norm and Dgyerall norm can also be compared with p . These values
can have a significant impact on the integration potential at an airport. If, for example,
the UAS is in an LC2L state and is headed towards Egelsbach (EDFE), per Section 2.4,
the UAS will be able to execute the IAP if there is no traffic (Scenario 4) or, if there is any
traffic, will be forced to execute a holding maneuver (Scenario 5).

An airport with a high value of T yyerall norm indicates that the TP airspace at that airport
is more likely to contain at least one aircraft per km3. A high value of Dgyerall norm indicates
that traffic is likely to spatially utilize more of the TP airspace. Airports like Pearland
(KLV]) and Lancaster (KLNC) have a high value of Dgyeral norm and show complete and
dense TPs. Norderney (EDWY) and Selma (00Q4), on the other hand, exhibit lower values
of Dyyerall norm, Presumably because there is not much traffic and/or the traffic typically
can simply utilize a straight-in approach.

Comparing Tpeq and Dy,.q between different airports provides insights into individ-
ual traffic behaviors within the individual TP airspace. Figure 15 shows that a higher Dy oq
corresponds to a higher T\,.q and vice versa. This correlation was expected since aircraft
are anticipated to fly standard speeds in the TP, such as 70-90 kn as recommended by the
FAA for single-engine airplanes [15]. Airports such as Juist (EDW]), Norderney (EDWY),
Egelsbach (EDFE), Pearland (KLV]), and Lancaster (KLNC) match these standard speed
assumptions, having V.4 in the range of ~77-87 kn. In summary, a larger TP airspace,
Vx, likely results in a higher Ty,4 and a higher D,.4; see Watsonville (KWVI) and Visalia
(KVIS) compared to Norderney (EDWY) and Lancaster (KLNC) in Figure 15. Consequently,
a larger TP airspace with a corresponding large historically operated TP is an indicator for
higher performance aircraft flying at faster speeds compared to lower performance aircraft
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flying lower speeds and therefore shorter TPs; see Watsonville (KWVI) and Visalia (KVIS)
with a Vi.q of ~100 kn compared to Norderney (EDWY) and Lancaster (KLNC) with a
Vined of ~79-87 kn in Figure 15.
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Figure 15. Crewed flight metrics for the TP airspace of interest.

Furthermore, Figure 15 shows that T,oq and Dy,eq are relatively low for airports such
as Selma (0Q4) and Houston SW (KAXH), with T ,eq between 1.2 and 1.3 min and D,,,oq4 be-
tween 4.7 and 5.0 km. Together with relatively high median flight speeds of Vo4 > 120kn,
Table 2 and the analysis of individual flight trajectories show that these two airports have
significant shares of overflying aircraft. At Selma (0Q4), a low-altitude Victor airway is pass-
ing right over the airport. Similarly, at Houston SW (KAXH), overflying arriving and/or
departing aircraft to or from William P. Hobby (KHOU) airport, an international airport in
Houston, Texas, operate at altitudes above 2000 ft AGL (~610 m). These overflying traffic
streams will likely need to be avoided by UAS when integrating into the TP airspace of
Selma (0Q4) and Houston SW (KAXH), which also reduces the feasibility of a UAS holding
stack at altitudes above conventional TPA.

Accordingly, Figures 16 and 17 provide insights into normalized crewed flight metrics
Tmednorm and Dpyed norm- Take, for example, Juist (EDW]) and Marina (KOAR), both
airports have a similar analyzed airspace volume and traffic density in their TP airspace;
see Table 3. Looking at their crewed flight metrics, Juist (EDW]) has a higher Dped norm
than Marina (KOAR), 0.14 % and 0.18 %, whereas both airports have similar values of
T'med norm, 0-0009 % compared to 0.0008 kh? This implies that aircraft spend less time
for the same distance flown in Marina (KOAR), indicating aircraft flying at higher median
speeds in the TP airspace, which can be seen in Figure 15 with 78.5 kn for Juist (EDW]J)
compared to 121.6 kn for Marina (KOAR). These data suggest that higher shares of aircraft
cross the TP airspace without actually approaching Marina (KOAR) or that aircraft fly TPs
at higher speeds, likely by aircraft with higher performances such as jet aircraft, compared
to operations at Juist (EDW]J). At Marina (KOAR), the density of aircraft crossing the TP
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airspace without integrating into conventional TPA, pp 4, is twice as high as in the TP

airspace of Juist (EDWJ), 48.6 TE%° compared to 133.0 JE%2.
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Figure 16. Normalized flight time and standard deviation for TP airspace of interest.
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Figure 17. Normalized flight distance and standard deviation for TP airspace of interest.

For UAS integration, considering the number of aircraft in the vicinity of Juist (EDW])
and Marina (KOAR) together with their Tped norm and Diyed norm Would imply similar
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number and types of operations at first glance. However, a more in-depth analysis of the
data suggests different results. A UAS holding stack at Marina (KOAR) will face traffic
streams of crewed aircraft overflying the airport at relatively low altitudes in Vg compared
to operations at Juist (EDW]). This will likely increase the complexity of flight planning
and traffic management of UAS transferring in and out of a holding stack located above
the airport TP of Marina (KOAR).

Additionally, the standard deviation of flight time and flight distance indicates devia-
tions from convention, which can be expressed in the uncertainty in predicting the flight
intent of other aircraft in the TP airspace. Comparing the airports in Figure 16, Egelsbach
(EDFE), Pearland (KLV]J), and Lancaster (KLNC), which are also among the airports with
the highest traffic density in the TP airspace (see Table 2), have a relatively high standard
deviation of their flight time. At first glance, it can be expected that UAS will interfere with
a relatively high number of crewed aircraft in the TP airspace of these airports. On the one
hand, a high number of historical aircraft will likely improve the prediction of the intent of
crewed aircraft. On the other hand, given the data on the standard deviation, the integration
of UAS at these three airports appears to be subject to relatively large uncertainties, as the
standard deviation at these airports is relatively high, especially in terms of flight time.

Again, comparing traffic activities in the TP airspace of Juist (EDW]) and Marina
(KOAR), the standard deviation of their aircraft’s flight distance (o, ) is around the same
level, 0.38 % and 0.46 % However, the standard deviation of their aircraft flight time
(0T, o) differs significantly, 0.0114 kTIIP at Juist (EDW]) compared to 0.0052 kh? at Marina
(KOAR). One reason for this could be the higher number of overflying aircraft at Marina
(KOAR), which, on average, have a lower but more similar flight time compared to aircraft
at Juist (EDW]). More flights at Juist (EDW]) integrate into the TP of the airport, likely
by using varying routes compared to approaching aircraft at Marina (KOAR), which are
associated with higher uncertainties. Another probable reason for the comparatively low
0T, 18 the skydiving activities at Marina (KOAR), which follow a predictable, prescribed
circular or rounded quadrilateral pattern; see Figure 13.

It can be clearly seen that analyses of traffic densities and crewed flight metrics of
aircraft in different altitude bands vary significantly by airport. This is caused by the
topography of the airport’s surroundings, flight restrictions due to different airspace classes
in and around the terminal airspace, and the performance characteristics of landing and
departing aircraft. At this point, it can be summarized that non-towered airports are
complex environments for integrating UAS and that these airports can be susceptible to
uncertainty when it comes to predicting aircraft intent. It is unlikely that a generic “one
size fits all” approach for integrating UAS will be feasible for every non-towered airport
environment. However, in order to determine if and in which airspace segments the
proposed holding stack concept could work, the following section will investigate traffic
activities more holistically by considering airspace segments above the TP airspace at the
airports of interest, as well as airspace classes and different types of historical aircraft
present at these airports.

4.3. Assessment of Locations for UAS Holding Stack in and Above TP Airspace

This section intends to identify locations for UAS holding stacks in and above the TP
airspace, which refers to Scenarios 3 and 5 of Table 1. Recalling that a holding stack will
likely not be placed below altitudes of 2500 ft (~760 m) AGL due to altitudes where aircraft
conventionally fly the TP (i.e., below 1500 ft (~460 m) AGL), or in altitudes where aircraft
integrate via overhead joins into the TP (i.e., 500 ft (~150 m) above conventional TPA).
Another 500 ft (~150 m) above the altitudes that are used for overhead joins is reserved as
a safety buffer before locating the holding stack. Therefore, for this conceptual approach,
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the lowest possible layer of a holding stack for UAS is expected to be located at 2500 ft
(~760 m) AGL; see Figure 18.

In Table 5 and Figure 19, densities of aircraft in altitude bands of the TP airspace,
segments A and BB, can be compared with densities above the TP airspace, segments C and
D. Note that Vy, V, V¢ and Vp are a quarter of the volume of Vyy and that Vy is twice the
volume of V; see Figures 14 and 18. Among all airports of interest, Juist (EDW]J), Norderney
(EDWY), Egelsbach (EDFE), and Visalia (KVIS) have the lowest pc and pp, likely presenting
feasible airspace segments for installing a holding stack. Conversely, airports like Pearland

(KLV]) and Lancaster (KLNC) have comparatively high traffic densities above their TP
fllghts

airspace. The airspace of Lancaster (KLNC) has a density of 1177.7 in segment C,
which is by far the highest value among all investigated airports. Alrspace segment D,
however, only has a density of 177.9 ﬂlg , indicating that the segment ID could be better

suited to place a UAS holding stack at Lancaster (KLNC). For Pearland (KLV]J), a holding

—————1—

stack might be more feasible in segment C, with a density of 378.8 ﬂlghts compared to
segment D, with a density of 858.8 ﬂlghts
Potential UAS
. holding stack
altitudes A:  Setofflights from 0-1500 ft (~460 m) AGL
: Set of flights from 1500-3000 ft (~910 m) AGL
Y C: Setofflights from 3000-4500 ft (~910-1370 m) AGL
Safety buffer D: Set of flights from 4500-6000 ft (~1370-1830 m) AGL
Overhead join Y: Setofflights from 0-6000 ft (~1830 m) AGL
altitudes
Conventional
traffic pattern
altitudes (TPA)

Figure 18. Description of airspace segments in and above the TP airspace.

To better understand individual traffic behaviors, Table 5 investigates average traffic
densities, namely the annual median of daily medians of hourly density (0g,q ;) for ten
standard airport operating hours. Let D be the number of days in the year (i.e., D = 365)
and h € {8,9,...,17} be the airport operating hours considered each day from 8:00 AM to
6:00 PM local time. For each day, d = 1,2, ..., D, the hourly flight counts are given by

count, ;, = number of flights in hour / on day d.

The annual median density, for each airspace segment (Vsegment: Vi and

plsxegment’
Va—Vp), see Equation (10), is compared with the total annual densities, py and pp—pp,

to assess correlations and deviations between both density metrics.

median ({median(countys, ..., county17) [d =1,...,D}) ., flights

. (10
Vsegment km3 ( )

13 —
psegment -

The total annual density, psegment, provides an overall view of all traffic activities.
Psegment 18, however, sensitive to peaks, for example, due to seasonal fluctuations. Another

density metric, the annual median density, o3, refers to the typical state of traffic at an

[ segment’
airport and is insensitive to outliers (e.g., see many 0.00 values in Table 5).
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Table 5. Total annual traffic densities (0segment) and annual median traffic densities (pgegment) in
different altitude bands in and above the TP airspace.

N \
(AS)«\ (50« Q)Oﬁg QS)P:L ‘pﬂq ‘EOP& (ﬂ‘e > \Qj:a @\ﬂx \s\ﬁc @$\

Vi 12: Volume of X

[km?] 454 187 322 41.7 70.9 469 100.0 22.7 50.4 427 295 443

2548  163.5 186.4- 203.9 3089 451.7 637.1

v py: Ny per Vy
05 0.07 0.02 0.05 0.04 0.03 0.04 0.05 0.09 0.14 0.02
A pa: Np per Vy 972.6  307.6 5249 - 463.7 431.7 7465 8912 -
0% 0.25 0.07 0.14 0.04 0.11 0.10 0.21 0.20 0.05
B oB: Np per Vg [flights | 1004 139.9 3753 2339 2942 2452 5548 2782 690.8 160.8
3
o L km” 0.10 0.04 0.07 - 0.08 0.05 0.14 0.02
c oc: Nc per Ve [ flights | 181.1 2186 378.8 1177.7
« L km® J
1z 0.03 0.04 0.05 0.20
D op: Np per Vp [flights | 113.3 155.8
3
o8 k] 0.03 004
1 In this table, annual median densities are based on normalized flight counts over ten airport operating hours
from 8:00 AM to 6:00 PM local time. The total annual densities, p4—op are based on flight counts over 24 h.
2 Vu, Vi, Ve and Vp are a quarter of the volume of Vyy and Vx is half the volume of Vy.
Note to the table: The color gradient is an indicator for the feasibility of UAS integration, with dark green being
the most feasible and white being the least feasible airport; the gray color gradient has no implication. Each row is
scaled according to the values in that row.
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Figure 19. Visualization of total annual traffic densities and annual median traffic densities in different
altitude bands in and above the TP airspace.

Generally, it can be assumed that an airport with a large number of total annual flights
might have higher hourly medians. However, an airport with a lot of seasonal traffic
during a few weeks has higher annual flight counts but lower hourly medians during
that year. Conversely, an airport with lower steady traffic activities might have lower
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overall annual flights but higher hourly medians over that year. To this end, individual
metrics must be assessed and compared to provide a comprehensive view of the feasibility
of UAS integration. Especially for initial UAS integration at non-towered airports, both
density metrics, Psegment and p‘;‘egment, should be relatively low to enable safe and efficient
integration procedures.

For most airports of interest, p,,,,.,,; correlates with the total annual densities (blue
bars); see Figure 19 or color gradients in Table 5. For airports where the correlation is
relatively low, for example, pc and pg. at Houston SW (KAXH) and pp and pf; at Pearland
(KLV]), a significant increase in flight counts for individual operating hours of these airports
can be observed, which are flattened by the median. See Appendix A Figure A2 for box
plot charts visualizing lower and upper spreads and outliers of hourly flight counts at the

airports of interest. In summary, the annual median density, provides a steadier

P ge ment’
picture of airport traffic densities, whereas the annual total derfsity Psegment Provides an
overall view of densities, which is not as conclusive when considering it without pg,q,;ep;-
Therefore, both density metrics play an important role in determining traffic behaviors at
non-towered airports. To get a more detailed view of total flights per airspace segment,
Appendix A Figure A3 provides a visualization of flight counts similar to Figure 19.

In addition to the analysis of densities py and pp—pp, individual aircraft types at
the airports of interest are investigated in these airspace segments, with an overview of
airspace classes provided in Tables 6 and 7. At all four non-towered German airports,
the airport-specific TPA is surrounded by uncontrolled Class G airspace. At Juist (EDW])
and Norderney (EDWY), Class G airspace extends from the ground up to 2500 ft (~760 m)
AGL,; see Table 6. In Class G airspace, no aircraft receives ATC separation services and no
clearance from ATC needs to be obtained prior to entering Class G airspace. Above Class G
airspace at Juist (EDW]) and Norderney (EDWY), controlled Class E airspace extends from
the upper boundary of Class G to 10,000 ft MSL (approximately corresponding to Flight
Level (FL)100 under standard pressure conditions). In Class E airspace, IFR aircraft get
separated from other IFR aircraft and all IFR aircraft need a clearance before entering Class
E airspace [14].

Table 6. Airspace classes and regulations around airports of interest in Germany.

Juist Norderney Egelsbach Schoenhagen
(EDW]) (EDWY) (EDFE) (EDAZ)
Aj cl ATC ATC
1rspace L-1ass Separation Clearance
IFR to
Class C V/IFR V/IFR >Class E >Class E >Class D >Class E
Controlled IFR to Class G to
airspace Class D IFR V/IER - ~ 2500 ft MSL -
IFR to Class G to Class G to Class G to
Class E IFR IFR FL100 FL100 - Class C !
U_ncontrolled Class G No No Ground to Ground to Ground to Ground to
airspace 2500 ft AGL 2500 ft AGL 1500 ft MSL 1000 ft AGL
Recommended TPA 600 ft MSL 700 ft MSL 1300 ft MSL 1000 ft MSL

(592 ft AGL) (694 ft AGL) (915 ft AGL) (848 ft AGL)

1 Class C airspace right above Schoenhagen (EDAZ) begins at 2500 ft (~760 m) MSL. Note that another Class C
airspace north of Schoenhagen (EDAZ) already begins at 1500 ft (~460 m) MSL.

The surrounding airspace of Egelsbach (EDFE) and Schoenhagen (EDAZ) is more
complex in terms of regulations. Egelsbach (EDFE) has the strictest airspace regulations
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of all German non-towered airports, a designated ATZ, RMZ and TMZ (as explained in
Section 2.1.1), which extend from the ground up to 1500 ft (~460 m) MSL as part of Class
G airspace. Note that the ATZ/RMZ/TMZ around Egelsbach (EDFE) is specified in MSL,
whereas the uncontrolled airspace of the other German airports examined is specified
in AGL. Above 1500 ft (~460 m) MSL, controlled Class D airspace extends from 1500 ft
(~460 m) MSL to 2500 ft (~760 m) MSL at Egelsbach (EDFE). Here, VER aircraft in addition
to IFR aircraft require an ATC clearance as well. Above 2500 ft (~760 m) MSL, controlled
Class C airspace extends up to FL100, where IFR aircraft are separated from VFR and IFR
aircraft by ATC. Schoenhagen (EDAZ) has surrounding Class G airspace together with a
designated RMZ from the ground up to 1000 ft (~300 m) AGL. Above that, Class E extends
up to controlled Class C airspace, which begins at 2500 ft (~760 m) MSL [14].

Table 7. Airspace classes and regulations around airports of interest in California and Texas.

Watsonville Marina Visalia Selma
(KWVI) (KOAR) (KVIS) (0Q4)
Aj cl ATC ATC
1rspace &1ass Separation Clearance
V/IER to
Class B V/IFR V/IFR - - - -
IFR to 1 1500 ft to
ClassC  v/IFR IFR T 4200 ft MSL B B
Controlled Class D %EE to IFR ! B B B B
airspace
Class G to
Class E IFR to IFR Class G to 1500 ft MSL; Ground to Class G to
IFR FL180 Class C to FL180 FL180
FL180
Uncontrolled Class G No No Ground to Ground to 3 Ground to
airspace 700 ft AGL 700 ft AGL 1200 ft AGL
Recommended TPA 1163 ft MSL 1137 ft MSL 1293 ft MSL 1105 ft MSL
(1000 ft AGL) (1000 ft AGL) (1000 ft AGL) (800 ft AGL)
Houston SW Pearland Lancaster Hillsboro
(KAXH) (KLVYJ) (KLNC) (KINT)
Aj 1 ATC ATC
irspace Class Separation Clearance
V/IFR to 2500 ft MSL 2000 ft MSL 4000 ft MSL
ClassB y/1pr V/IER to FL100 to FL100 to FL110 -
IFR to 1
Class C V/IFR IFR - - - -
Controlled Class D %EE to IFR ! B B B B
airspace
Class G to Class G to Class G to
Class E IFR to IFR 2500 ft MSL; 2000 ft MSL; 4000 ft MSL; Class G to
IFR Class B to Class B to Class B to FL180
FL180 FL180 FL180
Uncontrolled Class G N N Ground to Ground to Ground to Ground to
airspace > © © 700 ft AGL  700ftAGL  700ftAGL 700 ft AGL
Recommended TPA 1070 ft MSL 1044 ft MSL 1501 ft MSL 1686 ft MSL
(1000 ft AGL) (1000 ft AGL) (1000 ft AGL) (1000 ft AGL)

1 Pilots flying VFR must establish a two-way radio communication with ATC.
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Generally, the airspace classes around airports in California and Texas (Table 7) follow
similar rules compared to Germany. In uncontrolled Class G airspace, aircraft are not
subject to separation by ATC or need to receive a clearance prior to entry into terminal
airspace. In airspace Classes D and C, however, only IFR aircraft require ATC clearance,
but VER aircraft are required to establish a two-way radio communication link. In the
US, uncontrolled airspace Class G is commonly bounded at lower altitudes compared
to Germany. Note that in the US, non-towered airports can also be located in controlled
airspace Class E, such as Visalia (KVIS), whereas in Germany, Class E airspace is not
dedicated to terminal airspaces. Houston SW (KAXH), Pearland (KLV]) and Lancaster
(KLNC) have a Class B airspace bordering their Class E airspace at relatively low altitudes
(i.e., 2500 ft, 2000 ft, and 4000 ft MSL, respectively), which restricts all aircraft to ATC
separation and clearances. In Germany, there is no Class B airspace.

In the US, when operating under IFR, ATC clearance “delivery” is needed before
landing at or taking off from a non-towered airport, which would give the aircraft IFR
clearance to arrive or depart. Note that this refers to an airport clearance, not an airspace
clearance (referred to as ATC clearance in Tables 6 and 7). An IFR aircraft transitioning
from Class E to Class G airspace does not need ATC clearance; it would normally only
change airspace classes in this way if it intends to land at an airport that is located in Class
G airspace, whereby the “one-in/one-out” paradigm still applies.

Since the lowest possible layer of a UAS holding stack is expected to be located at
2500 ft (~760 m) AGL, see Figure 18, a holding above each of the airports of interest
will take place in controlled airspace. A holding for UAS in controlled airspace, which
are expected to fly under IFR as explained in Section 2.3.2, comes with advantages and
disadvantages. On the one hand, in every controlled airspace, IFR aircraft get separated
from other IFR aircraft, which enhances operational safety compared to IFR flights in
uncontrolled airspace. On the other hand, introducing UAS operations at a larger scale will
likely have a significant impact on ATC workloads and will increase the overall airspace
complexity of the air traffic management (ATM) system. However, integrating crewed and
uncrewed aircraft within one airspace environment could be managed by concepts such
as U-space and dynamic airspace reconfiguration (DAR), for example, the latter aiming
to enhance collaboration between ATC and digital USSP managing UAS traffic (currently
subject to research in European U-space development) [45].

In addition to the traffic densities analyzed above, the following analysis intends
to better explain and understand crewed traffic behaviors in altitude bands relevant for
potential holding stack locations (i.e., above 2500 ft (~760 m) AGL) by assessing different
types of aircraft. Aircraft that operated in the TP airspace and above up to 6000 ft (~1830 m)
AGL are visualized and analyzed for the respective year according to different categories:

LA: “Light-weight” civilian fixed-wing aircraft with < 2.0 t MTOW;
MA: “Medium-weight” civilian fixed-wing aircraft with 2.0-5.7 t MTOW;
HA: “Heavy-weight” civilian fixed-wing aircraft with > 5.7 t MTOW;
GLI: Non-motor-driven civilian fixed-wing aircraft such as gliders;

HEL: Civilian rotary-wing aircraft such as helicopters;

MIL: Military fixed-wing and rotary-wing aircraft;

OTH: Other aircraft such as balloons or gyrocopters;

N/A: Aircraft with a missing type designator.

The following Figures 20 and 21 visualize arriving and departing flights over the
course of a year (i.e., data for the latest available year, 2022 for German airports and 2023
for US airports). Each data point represents a flight, the y-axis indicates the altitude at
which the flight initially integrated into the analyzed airspace, and the x-axis indicates
the flight distance of each flight in and above TP airspace. The color of each data point
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shows the aircraft type of each flight according to the above mentioned aircraft categories.
Additionally, to better understand historical flight behaviors at the airports of interest,
flight tracks for three different scenarios have been investigated:

1.  Total annual flights in and above the TP airspace;
2. Annual flights integrating into the conventional TPA;
3. Annual flights overflying the conventional TPA.

The first scenario, “total annual flights in and above the TP airspace”, provides data
for all flights in the respective year, whereas the second and third scenarios focus on subsets
of flights. The second scenario, “annual flights integrating into the conventional TPA”,
considers all flights that operated in conventional TPA (i.e., below 1500 ft (~460 m) AGL)
at any time during their flight and could therefore have flown above the TP airspace
before integrating into conventional TPA, as indicated by the mapping of the data points
to the y-axis. The third scenario, “annual flights overflying the conventional TPA”, only
considers flights that did not operate in conventional TPA and thus overflew the airport.
Visualizations of the second flight track scenario (Figures A4 and A5) and third flight track
scenario (Figures A6 and A7) can be found in Appendix A.

On the one hand, UA RPs want to avoid executing holding maneuvers at altitudes
where traffic streams of aircraft fly before or while integrating into the TP (i.e., second
flight track scenario). On the other hand, UA RPs also want to avoid executing holding
maneuvers in altitudes where traffic streams of aircraft overfly conventional TPA (i.e., third
flight track scenario). Looking at analyses of real airport environments, the following
Figures 20 and 21 provide insights into different UAS integration problems.

Juist (EDW]) has a total of 7385 annual flights in and above its TP airspace; see
Figure 20a. Most flights are operated by the “LA” category (5954) followed by “HEL”
flights (802), “MA” flights (232) and “GLI” flights (226). Flights in the “LA” category have
a higher variation in their flight distance compared to the “HEL” category, indicating that
“HEL” flights likely take similar approaches to the runway of Juist (EDW]J) or that they cross
TP airspace altitudes on similar flight paths. Investigating individual “HEL” trajectories of
the data sets, it can be seen that significant shares of “HEL” flights cross the TP airspace on
their way to offshore wind parks located north of Juist (EDW]); see Figure 12.

Furthermore, it can be seen that 226 “GLI” flights occur with 223 “GLI” flights landing
and/or departing Juist (EDW]) (see Figure A4a). At Juist (EDW]), “GLI” flights have
comparatively long flight distances and relatively low initial integration altitudes, probably
due to leisure trips around the North Sea island, and departing “GLI” flights usually land
back at Juist (EDW]J). For UAS integration, this implies that approaching UAS will be
confronted with comparatively predictable “HEL” flights with short flight distances and
less predictable “GLI” flights with relatively distributed, longer flight distances.

Considering less busy airspace segments for potential UAS holding stack locations
above 2500 ft (~760 m) AGL, it can be seen that the share of total annual historical flights
significantly decreases at altitudes above 3500 ft (~1070 m) AGL. Additionally, most
aircraft integrate into conventional TPA at or below 1500 ft (~460 m) AGL (see Figure A4a)
and limited aircraft overfly the airport above 3500 ft (~1070 m) AGL. Having similar
distributions of flights at Norderney (EDWY), feasible multilayer holding locations for UAS
above 3500 ft (~1070 m) AGL can be suggested.

Historical flight activities at Egelsbach (EDFE), see Figure 20c, look different compared
to Juist (EDW]J) and Norderney (EDWY). At Egelsbach (EDFE), significant shares of flights,
except for “HA” flights, operate in conventional TPA up to 1500 ft (~460 m) AGL and espe-
cially in uncontrolled Class G airspace. Smaller amounts of aircraft operate in controlled
Class D airspace above Class G airspace, where every aircraft needs ATC clearance.
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Figure 20. Scatter plots for airports of interest for total annual flights in the TP airspace and above up
to 6000 ft (~1830 m) AGL. Each data point indicates the initial airspace integration altitude (y-axis),
the operated flight distance (x-axis), and the aircraft type (color): (a) Juist (EDW]). (b) Norderney
(EDWY). (c) Egelsbach (EDEFE). (d) Schoenhagen (EDAZ). (e) Watsonville (KWVI). (f) Marina (KOAR).
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Figure 21. Scatter plots for airports of interest for total annual flights in the TP airspace and above up
to 6000 ft (~1830 m) AGL. Each data point indicates the initial airspace integration altitude (y-axis),
the operated flight distance (x-axis), and the aircraft type (color): (a) Visalia (KVIS). (b) Selma (0Q4).
(c) Houston SW (KAXH). (d) Pearland (KLV]J). (e) Lancaster (KLNC). (f) Hillsboro (KINJ).
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Since Egelsbach (EDFE) is in close proximity to the busiest German airport, Frankfurt
(EDDF), it can be seen that most flights, except for “HA” flights, integrate in Class G
airspace, probably to reduce ATC workload and to separate VFR aircraft from traffic
streams of “HA” flights. Traffic streams of “HA” flights increasingly overfly Egelsbach
(EDFE) at altitudes above 4000 ft (~1220 m) AGL (see Figure Aé6c), likely on their way to
or from Frankfurt (EDDF). For Egelsbach (EDFE), holding altitudes between the defined
minimum UAS holding altitude of 2500 ft (~760 m) AGL and 4000 ft (~1220 m) AGL could
be ideal for a UAS holding stack. However, as mentioned earlier, ATC would need to
provide clearances to UAS in case of a holding maneuver above 1500 ft (~460 m) MSL.

Schoenhagen (EDAZ) provides another type of UAS integration hurdle. Significant
shares of smaller aircraft operate in Class E airspace and below, see Figure 20d, while
even more aircraft, especially “HA” flights, overfly the TP airspace (see Figure A6d).
At Schoenhagen (EDAZ), an IAP from the south-east towards the capital airport of Germany,
Berlin (EDDB), is located right above Schoenhagen (EDAZ), likely towards runway 07L
or 07R. This implies that Schoenhagen (EDAZ) is potentially not a feasible candidate for a
UAS holding stack above the TP airspace. However, a holding layer could be squeezed in
between 2500 ft (~760 m) and 3000 ft (~910 m) AGL, which is the only low-traffic altitude
band at Schoenhagen (EDAZ).

Watsonville (KWVI) and Marina (KOAR) are both relatively busy non-towered airports
with varying types of aircraft increasingly distributed among all altitudes in and above
their TP airspace. Note that comparatively high shares of flights at US airports do not
have an aircraft type listed in their data sets and are therefore labeled “N/A” type aircraft.
At first glance, it can be assumed that a multilayer holding stack for UAS might be more
feasible next to the TP airspace of Watsonville (KWVI) and Marina (KOAR) instead of above.
At both airports, significant shares of aircraft overfly conventional TPA (see Figure A6e,f)
with fewer flights integrating into conventional TPA from above 3000 ft (~910 m) AGL (see
Figure A4e,f). Therefore, no specific recommendation for a UAS holding stack location is
made for Watsonville (KWVI) and Marina (KOAR). However, flight track data imply that,
if UAS were to integrate into the TP from above the airport, UAS would increasingly have
to interact with overflying aircraft instead of TP-integrating aircraft, which are likely more
predictable as they exhibit shorter flight distances compared to aircraft integrating into
conventional TPA.

For the remaining US airports, it can be summarized that most flights integrated
below 3000 ft (~910 m) AGL into conventional TPA (see Figure A5a—f) and that Houston
SW (KAXH), Pearland (KLV]), and Lancaster (KLNC) have significant shares of “HA”
flights overflying conventional TPA (see Figure A7c—e). It can also be seen that overflying
“HA” flights exhibit shorter flight distances than flights in Class E airspace, which mostly
integrate into conventional TPA, flying the TP or parts of the TP and therefore exhibit
longer flight distances than overflying aircraft.

Most of the “HA” flights occur in controlled Class B airspace, where all aircraft need
to receive ATC clearance and ATC separation services. Placing holding stacks in controlled
airspace altitudes of these airports would significantly increase UAS interaction with
overflying aircraft, as well as ATC workload. On the other hand, integrating UAS through
controlled airspace Class B likely enhances operational safety for the UAS and surrounding
traffic. For Houston SW (KAXH), a holding stack layer might be feasible above overflying
traffic streams at 5500-6000 ft (~1680-1830 m) AGL. However, a holding for UAS at such a
high altitude would result in a long descent to conventional TPA, with a high proportion of
overflying aircraft between the holding layer and conventional TPA, resulting in another
UAS integration hurdle.
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Both Visalia (KVIS) and Hillsboro (KINJ) have relatively high shares of flights integrat-
ing in conventional TPA below 3000 ft AGL (~910 m) (see Figure A5a,f) and high shares of
flights overflying the TP airspace (see Figure A7a,f). Additionally, historical traffic in the
surrounding airspace of both airports can be seen to use flight paths at specific altitudes,
which are likely based on dedicated VFR cruising altitudes or flight levels [55]. At Visalia
(KVIS), traffic streams of flights occur between 4000—4500 ft (~1220-1370 m) AGL and
5000-5500 ft (~1520-1680 m) AGL. This implies that a holding stack layer might fit in alti-
tude bands between each of these overflying traffic streams at 3500-4000 ft (~1070-1220 m)
AGL and at 4500-5000 ft (~1370-1520 m) AGL. Similar observations can be made for
Hillsboro (KINJ), traffic streams appear at 2500-3000 ft (~760-910 m) AGL, 35004000 ft
(~1070-1220 m) AGL and 4500-5000 ft (~1370-1520 m) AGL. Accordingly, one holding
stack layer each might be feasible at altitudes between these overflying traffic streams.
Finally, Selma (0Q4) has almost no flights integrating into conventional TPA below 1500 ft
(~460 m) AGL (see Figure A5b), but relatively distributed traffic activities between all other
altitude bands. Therefore, no specific recommendations for UAS holding stack locations
are made for Selma (0Q4).

In summary, most of the analyzed airports (except for Watsonville (KWVI), Marina
(KOAR) and Visalia (KVIS)) have limited shares of historical flights that integrated into
conventional TPA from above 3000 ft (~910 m) AGL. Therefore, if airports have busier
altitudes above 3000 ft (~910 m) AGL, UAS and their holding stack locations will mostly
interact with overflying aircraft, which might be more predictable due to shorter flight
distances than aircraft that integrate at an airport by flying some or all parts of the TP,
for example.

4.4. Determining UAS Behavior for TP Integration

This section summarizes the key findings for UAS integration and holding stack
locations at the airports of interest, provided in Table 8, and discusses the TP integration
cases for UAS, which have been proposed as part of the conceptual operating scheme in
Figure 9. Implications are based on the discussed total and median traffic densities as well
as crewed flight metrics. Along with providing a detailed picture of terminal airspace
traffic activities and UAS integration hurdles, implications intend to help identify potential
altitude bands for UAS holding stacks, the potential number of vertical layers of holding
stacks and vertical flight distances that UAS need to cover to integrate from the lowest
holding stack layer into the TPA.

Based on the analysis of the airports of interest, different UAS integration hurdles can
be summarized based on the previous observations:

*  High variation of crewed aircraft performances: High variations in crewed aircraft
types with varying performances across altitude bands make it challenging to predict
aircraft intent to determine safe and efficient flight paths for UAS.

*  High uncertainty of crewed flight intents: High standard deviations of crewed flight
metrics make state-based intent prediction of crewed aircraft more challenging.

*  Dense population across altitude bands: A high number of flights across different
altitude bands increases the risk of interaction between crewed and uncrewed aircraft.
This reduces the number of potential holding stack layers in these altitude bands,
making holdings for UAS above the TPA less feasible.

* Long integration distances into the TP: High vertical holding altitudes result in high
vertical integration distances for UAS from their holding position into the TP. This
could imply that a holding stack next to the TP airspace might be safer and more
efficient for individual airports.
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Table 8. Summary of key traffic activities and implications for UAS integration at airports of interest.

Juist Norderney Egelsbach Schoenhagen  Watsonville Marina
(EDW]J) (EDWY) (EDFE) (EDAZ) (KWVI) (KOAR)
T
Tmed,norm -} 0.0009 0.0013 0.0010
ot % 0.0114 0.0140 0.0177
- km 2
ID)mecl,norm @ 0.14
Flm
Annual median ﬂlghts N
densities! Pa PB
Total annual ﬂlghts
densities PA PB
Potential less busy a1t1tude 2500 ft— 2500 ft— No recommen- No recommen-
bands for a holding stack? > 9200 ft AGL > 3500 ft AGL 4500 ft AGL 3000 ft AGL dation dation
Potential number of vert1ca1
holding stack layers* 1 B B
R ded TPA 600 ft MSL 700 ft MSL 1300 ft MSL 1000 ft MSL 1163 ft MSL 1137 ft MSL
ecommende (592 ft AGL) (694 ft AGL) (915 ft AGL) (848 ft AGL) (1000 ft AGL) (1000 ft AGL)
Vertical distance from lowest
holding layer into TPA ~ 2800 ft - -
Visalia Selma Houston SW Pearland Lancaster Hillsboro
(KVIS) (0Q4) (KAXH) (KLV]) (KLNC) (KINJ)
T
Timed,norm = 0.0008
Fp
UTnorm km3
Flem
Dmed,norm @
Fem
UDnorm kmS
Annual median flights
densities! [ P A PB Pa PR Pi P PC I8 FL PE OC
Total annual flights
densities km® PA PB PB PD PA PB PC PA PB PC PD PA PB PC
Potential less busy altitude No recommen- 5500 ft— No recommen- No recommen-

> 3500 ft AGL > 3000 ft AGL

bands for a holding stack? dation 6000 ft AGL dation dation

Potential number of Vert1ca1
holding stack layers>* - 1 - -
R ded TPA 1293 ft MSL 1105 ft MSL 1070 ft MSL 1044 ft MSL 1501 ft MSL 1686 ft MSL
ccommende (1000 ft AGL) (800 ft AGL) (1000 ft AGL) (1000 ft AGL) (1000 ft AGL) (1000 ft AGL)

Vertical distance from lowest
holding layer into TPA - ~ 4500 ft - -

1 Annual median of daily medians of hourly density.

2 Potential altitude bands for UAS holding stack locations are not based on safety thresholds, whereas “ideal”
locations would likely be determined based on numerical values and specific thresholds.

3 The upper bound of the UAS holding stack is expected to be limited to 6000 ft (~1830 m) AGL.

4 Depends on the vertical space between individual overflying traffic streams.
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When comparing the airports of interest with each other, fluctuations can be observed
in the measured variables, presented in Table 8. Again, note that the color gradient is an
indicator for the feasibility of UAS integration, with dark green being the most feasible
and white being the least feasible airport. Each row is scaled according to the values of
all twelve airports of interest. However, for annual median densities and total annual
densities, the color gradient for pj, for example, is based only on all p% values of the
twelve airports.

Crewed flight metrics at Juist (EDW]) and Schoenhagen (EDAZ) have average values
between the investigated airports; however, total annual densities at Juist (EDW]) are lower
than at Schoenhagen (EDAZ), especially pc and pp. At Juist (EDW]J), lower densities in
higher altitudes likely result in more feasible holding layers. However, based on historical
flight data, Schoenhagen (EDAZ) has a 500 ft (~150 m) altitude band with relatively few
flights, potentially feasible for one holding layer, at a comparatively low altitude. This will
likely result in a shorter vertical integration distance from holding into the TPA compared
to the holding layers at Juist (EDW]). Ideally, it can be expected that UAS holdings above
the airport should be placed as low as possible to reduce the transition distance from
holding into the TP.

On the other hand, Egelsbach (EDFE) also has low values of pc and pp, but higher
standard deviations for its crewed flight metrics. As a result, choosing the appropriate
holding altitude or time window for TP integration might be subject to greater uncertainty.

Norderney (EDWY) exhibits high values for crewed flight metrics (i.e., Ted norm and
Dmed norm), which probably affect efficient UAS integration into the TP airspace. As a result,
statistically, UAS will have to interact with crewed aircraft, which spend more time and
consume more space in the TP airspace compared to aircraft at other airports.

Airports like Watsonville (KWVI), Marina (KOAR) and Selma (0Q4) have fairly aver-
age values for their crewed flight metrics, standard deviations and densities in different
altitude bands. Therefore, this paper does not provide specific recommendations for
UAS integration and holding maneuvers, which likely makes these airports more difficult
candidates for the initial integration of UAS.

Airports like Pearland (KLV]) and Lancaster (KLNC) have comparatively low values
of their crewed flight metrics and average standard deviations for flights in the TP airspace,
but high total traffic densities (white color gradient) in and above their TP airspace. How-
ever, especially at Pearland (KLV]), the annual median density is inversely correlated with
the total annual density (dark green color gradient of pf; compared to white color gradient
of pp), which indicates a higher spread of flight counts (e.g., due to seasonal fluctuations)
and/or higher shares of outliers. Even though UAS might be able to efficiently integrate
into the airports TP due to fairly predictable flight intents (low expected crewed flight time
and flight distance likely result in the same for UAS), traffic densities above the airport are
probably too high for the placement of holding stacks. Here, airspace segments outside of
the TP airspace should be investigated to determine airspace segments where a holding for
UAS would be more feasible.

Houston SW (KAXH) exhibits low values for crewed flight metrics and standard
deviations, but higher densities between its different airspace segments. The only less
frequented altitude band is relatively high (i.e., green color gradient of p) and pp) and
might only accommodate one holding layer. Therefore, UAS would have to fly a long
distance from holding to the TPA with potentially loads of traffic in between. The long
integration distance probably makes UAS integration from a holding rather inefficient.
Identifying airspace segments outside the TP airspace might be more efficient and safe for
UAS integration.
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Considering the color gradient in Table 8 as an indicator for the feasibility of UAS
integration, Visalia (KVIS) would be the “ideal” candidate among the airports of interest
(followed by Hillsboro (KIN]J) and Juist (EDW])). Similar to Houston SW (KAXH), Visalia
(KVIS) has both comparatively low values for crewed flight metrics and standard deviations,
but also exhibits relatively low densities relevant for determining holding stack locations,
pc—Pp and pg—pp. However, Visalia (KVIS) appears to have traffic streams of overflying
aircraft that span over two altitude bands of ~500 ft (~150 m); see Figure 21a between
4000-4500 ft (~1220-1370 m) AGL and 5000-5500 ft (~1520-1680 m) AGL, which would
likely want to be avoided in the case of a planned UAS holding.

In summary, it is challenging to provide realistic recommendations for the feasibility
of UAS holding stacks without numerical safety thresholds that describe whether it is safe
to perform a holding pattern or not. As mentioned earlier, safety thresholds are needed to
distinguish between different levels of traffic to determine safe UAS integration procedures.
In particular, at selected US airports, higher shares of traffic are more evenly distributed
across investigated altitude bands compared to their German counterparts. Therefore,
in order to better determine holding locations and procedural integration options for UAS,
more detailed analyses of risks of interaction, their potential impact, and safety thresholds
to determine “minimal” and “saturated” levels of traffic for individual altitude bands will
have to be investigated in the future.

Although the exact thresholds between the theoretical scenarios described in
Section 2.4 are an area of future regulatory work, the metrics and variables presented
herein can be used by authorities and rule makers as input parameters in simulation
studies designed to establish those thresholds. Taking into account correlations and de-
viations between the different discussed quantitative measures, traffic activities need to
be investigated from different angles to get a detailed picture of crewed flight behaviors
at non-towered airports and to derive potential UAS integration options. As proposed
in Figure 9, the following Figure 22 presents five potential integration designs for a UAS
integrating into the TP of a non-towered airport, depending on whether a UAS holding
stack is required or not.

Case 1l Case 2(a) Case 2(b)

<X uas
p

Crewed
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Figure 22. Different TP integration cases of UAS based on traffic densities and crewed flight metrics.
Note that UAS are expected to transition via a standard overhead join approach from holding into
the TP downwind leg. For simplicity, the overhead joins are not drawn in this figure.
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Cases 1-3 present nominal flight situations, with Case 1 representing the simplest TP
integration procedure. If there is no ongoing traffic in the terminal airspace, then the UAS
can safely integrate into the TP without regard to other aircraft, for example, by performing
a straight-in approach or by integrating into the downwind leg of the TP. Case 2 refers to
“minimal” current traffic in the terminal airspace. Here, a threshold, called “minimal” traffic
in this research, will determine that it is not required to transfer into holding. However,
the UAS will have to interact with other aircraft in its vicinity while integrating into the
downwind leg of the TP. Note that there are currently no regulatory-defined separation
minima that would specify procedural spacing and merging of UAS with other traffic,
especially in the terminal airspace. In addition to Case 2, Cases (a) and (b) determine
when and how a UAS might integrate with current crewed traffic. Cases (a) and (b) use
historical crewed flight metrics to determine the expected flight time and flight distance
of current crewed aircraft. If historical flight data, ideally matching exactly the aircraft
type of the current aircraft, have spent a lot of time in the TP airspace and have taken up
a lot of airspace (i.e., high values for Tped norm and Dimed norm), then the UAS might want
to integrate ahead of the other aircraft to increase efficiency. If the opposite is the case,
the safest option would be to follow the preceding aircraft into the TP.

Case 3 involves “saturated” current traffic in the terminal airspace, which would now
require the UAS to transfer into holding. Accordingly, the UAS will have to descend from
holding into the TP. Again, Cases (a) and (b) determine when and how the integration
with crewed aircraft in the vicinity of the airport should take place into the TP, but now
from holding.

Cases 4-5 present off-nominal flight situations, such as during an LC2L, probably the
most severe in-flight situation of a UAS. If any crewed aircraft is present in the terminal
airspace, the UAS impaired by the LC2L will be required to transfer into holding. Accord-
ingly, the UAS will have to stay in holding (Case 4) until all other aircraft have integrated
into the TP. If that is the case, the UAS will descend from holding into the TP by following
the preceding aircraft (Case 5).

5. Conclusions

To keep pace with ongoing advancements in aviation technologies and related air
mobility concepts, this research provides implications for the design of terminal airspaces
and procedures for how emerging UAS operations might integrate into today’s non-towered
airports. Considering terminal airspace and procedure design guidelines from ICAO and
EUROCONTROL, this paper focuses on deriving design implications by assessing factors
such as traffic density, flow complexity, type of aircraft operations, and local conditions
and/or restrictions [43].

To date, there have been few studies analyzing terminal traffic data in the context
of UAS airspace integration, especially in non-towered airport environments. There is a
significant lack of data on existing and forecast crewed traffic activities to enable strategic
and tactical air traffic flow management for safe and efficient UAS integration at non-
towered airports.

This paper provides analyses of historical flight activities of crewed aircraft in terminal
airspaces of non-towered airports and a methodology for UAS operators and regulators to
quantify and better understand crewed traffic behaviors. Although unlikely that there will
be a “one size fits all” approach for integrating UAS at non-towered airports, this research
discusses historical crewed flight track data and their implications for efficient and safe
terminal UAS airspace integration. To that end, a conceptual operating scheme for UAS
at non-towered airports and different variables are derived, which quantitatively assess
traffic activities in the terminal airspace and, more importantly, in the TP of non-towered
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airports, which depend on the individual airport layout, environmental constraints, and the
different types of aircraft that operate at these airports. Systematically identifying the TP
airspace to assess traffic activities in the TP is intended to help determine where, when,
and how UAS should integrate into the TP of a non-towered airport.

Furthermore, this paper proposes and discusses the feasibility of a holding stack
concept for UAS in and above the TP airspace, using twelve real airport environments as
examples. The proposed concept is designed to provide an internationally harmonized
integration approach for UAS to safely separate from crewed aircraft around non-towered
airports. A holding stack for UAS, which might be managed by concepts such as U-
space, is intended to facilitate safe procedural TP integration of UAS, in addition to conflict
resolution capabilities on board the UAS. Once the ongoing traffic activities of an individual
airport exceed a certain safety threshold, the UAS is expected to transfer into holding in or
above the TP airspace. Accordingly, if traffic uncertainty has been resolved and it is safe for
the UAS to leave its holding position, the UAS is expected to integrate from holding via the
overhead join approach into the TP.

Based on historical flight track analyses for the twelve airport environments, this paper
provides implications on different UAS integration hurdles and on whether a holding in or
above the TP airspace might be feasible. In the end, five different TP integration cases for
UAS are discussed, which are likely to be impacted by the implications of historical traffic
data presented in this paper. However, safe and efficient TP integration will require UAS to
have robust merging and spacing integration capabilities, which have not yet been defined
and standardized in regulations.

The approach presented in this paper can also help to inform decision-making pro-
cesses for UAS contingency procedures. Assuming a UAS needs to divert from its flight
plan due to an LC2L and has to approach the closest non-towered airport, assessing histor-
ical traffic activities helps to identify the risk of UAS interfering with crewed aircraft for
different non-towered airports.

Due to a lack of standards and procedural contingency/emergency regulations, dy-
namic transitions between holding and missed approach under LC2L conditions will have
to be investigated in more detail in the future and have not been discussed in-depth in this
research. However, building on RTCA, Inc. DO—-400, “Guidance Material: Standardized
Lost C2 Link Procedures for Uncrewed Aircraft Systems”, this paper provides insights
into the need to define arrival, approach, and landing LC2L procedure guidelines and to
“...investigate the potential need to separate UA holding patterns from traditionally piloted
aircraft holding patterns” [37] (p. 52) such as mentioned in DO-400 Recommendations #13
and #14.

The proposed concept for UAS airspace integration at non-towered airports is based on
a suite of metrics and variables against which that concept can be tested for different airport
environments. Accordingly, this research is based on several operational assumptions,
which are critical for concept implementation. First, it is expected that policy makers
and regulators will certify onboard DAA functions for UAS to enable safe separation
from VFR aircraft in terminal environments. Second, to enable VFR-like operational
flexibility and IFR-like airspace accessibility, authorities will have to adapt current flight
rules or introduce new sets of flight rules to enable highly automated UAS operations
at scale, especially in uncontrolled airspace. Third, traffic management concepts such as
U-space and respective digital services will have to be certified and implemented to enable
increasingly automated and cooperative airspace interaction between traditional airspace
users and new airspace entrants.

Furthermore, additional quantitative research is needed to algorithmically determine
a standard decision-making process to derive “ideal” UAS holding altitudes and the
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expected distribution of holding layers based on historical crewed and projected UAS
traffic activities.

Additional research will have to be conducted to investigate integration potentials
of UAS into TP airspaces by assessing performance-based separation minima between
different categories of UAS and between UAS and crewed aircraft to determine airspace
conflict risks. Using performance characteristics of individual UAS (e.g., uncrewed Cessna
208 Caravan), the maximum occupancies of terminal airspaces of non-towered airports can
be algorithmically determined, based on historical traffic densities for an individual time
interval (e.g., within the day or hour). This approach will help to tailor holding stacks to
individual classes of terminal airspace conflict risks to perform simulations across a variety
of representative non-towered airport environments.

Finally, future work will have to investigate communication mechanisms of multiple
simultaneous UAS in the holding stack and their interface mechanisms with existing UAS
traffic management concepts such as U-space to enable real-world flight tests.
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ACAS Airborne Collision Avoidance System

ADS-B Automatic Dependent Surveillance-Broadcast
AGL Above Ground Level

AMM Airport Management Module

ASFK Average Number of Simultaneous Flights per Square Kilometer
ATC Air Traffic Control

ATM Air Traffic Management

ATZ Aerodrome Traffic Zone

C2 Command and Control

CA Collision Avoidance

ConOps Concept of Operations

DAA Detect and Avoid

DAR Dynamic Airspace Reconfiguration

DLR German Aerospace Center

EASA European Union Aviation Safety Agency
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eVTOL
FAA
FAF

FL

HD
IAF
IAP
ICAO
IF

IFR
IMC
ILS
GBSS
LC2L
MLAT
MSL
MTOW
NASA

RMZ
ROD
RP
SATS
SCA
SID
STAR
TCA
TMA
™Z
P
TPA
UA
UAS
UsS
USSP
VD
VFR
VHF
VMC
VOC
WP

electric Vertical Takeoff and Landing
Federal Aviation Administration
Final Approach Fix

Flight Level

Horizontal Distance

Initial Approach Fix

Instrument Approach Procedure
International Civil Aviation Organization
Intermediate Fix

Instrument Flight Rules

Instrument Meteorological Condition
Instrument Landing System
Ground-Based Surveillance System
Lost Command and Control Link
Multilateration

Mean Sea Level

Maximum Takeoff Weight

National Aeronautics and Space Administration

Regional Air Mobility

Radio Mandatory Zone

Rate of Descent

Remote Pilot

Small Aircraft Transportation System
Self-Controlled Area

Standard Instrument Departure Route
Standard Terminal Arrival Route
Terminal Control Area

Terminal Maneuvering Area
Transponder Mandatory Zone
Traffic Pattern

Traffic Pattern Altitude
Uncrewed Aircraft

Uncrewed Aircraft System
United States

U-Space Service Provider
Vertical Distance

Visual Flight Rules

Very High Frequency

Visual Meteorological Condition
Visual Operating Chart
Waypoint
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Figure A1. Sets of traffic densities in altitude bands of the TP airspace: (a) Visualization of total annual
traffic densities in the TP airspace, in conventional TPA, and above conventional TPA. (b) Visualization
of partial annual traffic densities in the TP airspace, in conventional TPA, and above conventional TPA.
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Figure A4. Scatter plots for airports of interest for annual flights in the TP airspace and above up to
6000 ft (~1830 m) AGL integrating into conventional TPA (i.e., below 1500 ft (~460 m) AGL). Each
data point indicates the initial airspace integration altitude (y-axis), the operated flight distance (x-
axis), and the aircraft type (color): (a) Juist (EDW]J). (b) Norderney (EDWY). (c) Egelsbach (EDFE).
(d) Schoenhagen (EDAZ). (e) Watsonville (KWVI). (f) Marina (KOAR).
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Figure A5. Scatter plots for airports of interest for annual flights in the TP airspace and above up to
6000 ft (~1830 m) AGL integrating into conventional TPA (i.e., below 1500 ft (~460 m) AGL). Each
data point indicates the initial airspace integration altitude (y-axis), the operated flight distance
(x-axis), and the aircraft type (color): (a) Visalia (KVIS). (b) Selma (00Q4). (c) Houston SW (KAXH).
(d) Pearland (KLV]J). (e) Lancaster (KLNC). (f) Hillsboro (KINJ]).
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Figure A6. Scatter plots for airports of interest for annual flights in the TP airspace and above up
to 6000 ft (~1830 m) AGL overflying conventional TPA (i.e., above 1500 ft (~460 m) AGL). Each
data point indicates the initial airspace integration altitude (y-axis), the operated flight distance
(x-axis), and the aircraft type (color): (a) Juist (EDW]). (b) Norderney (EDWY). (c) Egelsbach (EDFE).
(d) Schoenhagen (EDAZ). (e) Watsonville (KWVI). (f) Marina (KOAR).



Drones 2025, 9, 858 54 of 57

Initial integration altitude [ft AGL]

Initial integration altitude [ft AGL]

Initial integration altitude [ft AGL]

6000 Annual ﬂighting conventional‘ TPA at KIVIS glass E 6000 Annual( %iihtis“gysyfl}:ng Iconvt-)ntiona‘ll TPA at 0|Q4 glass E
b Total: 4657 |+ ' g me3 Total: 7328| |+
o LA (1940) e o LA (3579)
MA (517) o MA (1615)
HA (361) 5 HA (331)
4500 GLI (0) - = 4500 | GLI (0) —
e HEL (18) & e HEL (65)
e ML (2) P e MIL (1)
o OTH (0) B o OTH (0)
N/A (1776) = N/A (1716)
3000 i < 3000 | i
S
Fe
5
&
45 L]
1500 1 E 1500 1
E Class G
______________________________________________________________________________________ 1
TPA
0 1 1 1 Il I‘ 0 L 1 1 Il I_
102 107! 10° 10! 10? 10° 10* 102 107! 100 10! 10? 10° 10*
Flight distance [km] Flight distance [km]
(a) (b)
A 1 flight flyi tional TPA at KAXH T Annual flight; flyi tional TPA at KL T
6000 nnua .(1g : : o’ver ying %).nven ional at KA Class B 6000 nnu 1g overflying conventional at KI VJ Class B
P i Total: 20,245] |+ Total: 22,623] |+
o LA (1774) LA (776)
MA (1276) _ MA (1064)
HA (15,684) 2 HA (19,480)
4500 GLI (0) - = 4500 GLI (0) —
e HEL (46) & e HEL (13)
e MIL (6) P e MIL (5)
o OTH (0) E OTH (0)
N/A (1448) b= N/A (1270)
3000 i = 3000 i
2
Class E §
o8
L4 ] Class E
= * 1
1500 4 g 1500 4
___________________________________________ N 3040 011 1 1 o 1 O o |
Class G Class G
{ 1
0 1 1 1 L I‘ 0 I’
102 107! 10° 10! 10? 10° 10* 102 10° 10*
Flight distance [km)]
(c)
conventional TPA at KLNC T conventional TPA at KINJ T
6000 T T T Class B 6000 - T T Class E
Total: 24,483 Total: 5458
LA (3970) o LA (2887)
MA (2031) _ MA (133)
HA (13,988) = HA (43)
4500 GLI (0) - = 4500 GLI (0) i
HEL (23) & e HEL (11)
MIL (3) P e MIL (1)
OTH (0) H Class E 2 o OTH (0)
N/A (4455) 1 b= N/A (2357)
3000 1 < 3000 1
2
B
g
g
1500 i E 1500 i
___________________________________________ Y s3I 0 A0 A3 1
Class G Class G
1 1
0 L L 1 1 L 0 1 1 1 1 1
1072 10! 10° 10" 10? 10° 10 1072 10! 10° 10" 10? 10° 10t
Flight distance [km] Flight distance [km)]
(e) ®

Figure A7. Scatter plots for airports of interest for annual flights in the TP airspace and above up to
6000 ft (~1830 m) AGL overflying conventional TPA (i.e., above 1500 ft (~460 m) AGL). Each data
point indicates the initial airspace integration altitude (y-axis), the operated flight distance (x-axis),
and the aircraft type (color): (a) Visalia (KVIS). (b) Selma (0Q4). (c) Houston SW (KAXH). (d) Pearland
(KLV]). (e) Lancaster (KLNC). (f) Hillsboro (KINJ).
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Note that the sum of annual flights integrating in conventional TPA and annual flights
overflying conventional TPA should add up to the value of total annual flights in and above
TP airspace, which are visualized in Figures 20 and 21. For the German airports, however,
a small number of flights are not counted in Figures A4-A7 (maximum ten flights) and
therefore do not add up to the exact value of the total annual flights.
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