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Abstract
Use of  small unmanned aircraft systems (sUAS) for commercial and recreational purposes is 
increasing. The low altitude airspace where sUAS operates is uncontrolled, requiring pilots and 
aircraft operators to rely on see- or sense and avoid when interacting with other air traffic. That can 
be difficult with increasing traffic volumes, or for aircraft flying beyond visual line of  sight of  their 
operator. A related problem that has become more and more common is unauthorized sUAS 
intrusions into controlled airspace around airports. These cause interruptions in airport operations 
and create a risk of  collisions between sUAS and regular air traffic. A solution to these problems is 
to introduce an air traffic control service for sUAS aircraft. This thesis looks at providing such a 
service through the use of  existing LTE cellular networks. Air traffic surveillance and ACAS are 
identified as two important areas where LTE can assist an ATC system implementation. Command 
and control, telemetry links, direct communication and cooperation between participating sUAS is 
also possible through LTE. 

LTE networks and cell coverage are planned and built with ground based users in mind. Antennas 
are mounted to provide coverage and capacity in places where people are likely to be. Because of  
this, typical base station antennas have radiation patterns that direct most of  their emitted energy 
towards the ground within its cell coverage area. 

A simple model is presented for evaluating LTE service availability for airborne users. It looks at 
how cell coverage and signal strength changes as the altitude increases. The model uses 3D base 
station antenna radiation patterns together with free space radio propagation to approximate signal 
conditions in the air. The model results are compared with ground conditions computed by the 
Hata propagation model. 

Signals propagate much further in the air since there are no radio obstacles present. This together 
with the high vantage point of  a flying sUAS makes it possible for the aircraft to see, and attempt 
connections with, cells that are much further away than normal. Up to the point where it is timing 
imposed cell range limits rather than low signal strength that prevents successful connections. The 
model also shows that the region of  air where a cell provides the best signal does not necessarily 
occupy the airspace directly above its ground coverage area. Cell overlap in the air is significantly 
increased, making inter-cell interference a likely cause of  signal quality issues for airborne users. 
Airborne users can similarly introduce interference fro ground users in neighbor cells due to their 
elevated position and clear line of  sight to much of  their surroundings. 

Overall the results show that providing ATC services for sUAS through LTE should work when 
flying at the low altitudes that are most relevant for sUAS traffic. There is however much additional 
research and work that remains before such a system can be safely and widely deployed. Both when 
it comes to use of  LTE in the air and with the design and implementation of  the ATC system. Some 
suggestions for future work are made at the end of  the thesis. 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1  Introduction
There is increasing interest in using small unmanned aircraft for a wide variety of  applications 
throughout society. Examples include delivery services, aerial photography and film making, remote 
sensing tasks for agriculture, city planning, civil engineering, support for public safety and rescue 
services, and much more. Common for these use cases are that they all make use of  smaller remote 
controlled aircraft that operate at low altitudes, often above urban areas. Some applications involve 
aircraft that are manually flown by their operator. Some are well suited for autonomous flight where 
humans could be monitoring multiple aircraft and intervening only if  trouble arises. 

With more and more aircraft flying, possibly being flown autonomously or controlled from a remote 
location, the ability to monitor, control and plan the traffic flow becomes a necessity. This will 
require an air traffic control system that can handle both manually flown and autonomous small 
unmanned aircraft systems (sUAS). It also needs to integrate with existing air traffic control systems 
to ensure safe operations when commercial and general aviation are flying in the same airspace. The 
system needs to be able to distribute relevant information to all parties. Who is flying where, their 
planned route, temporary obstacles, weather situation and more. Aircraft operators should be able 
to operate their aircraft on site or from remotely located control centers. The operators should be 
made aware of  the environment around the aircraft they are flying. The aircraft themselves also 
need information about their immediate surroundings so that they may take certain actions by 
themselves without involving other systems or parties. There also needs to be a way for authorities to 
monitor the airspace, reserve or restrict airspace access or close the airspace entirely. 

Overall system efficiency will suffer if  a human air traffic controller has to be involved in handling 
each and every request from the operators or aircraft. A lot of  tasks can be performed and verified 
automatically by ATC computers. This is especially useful when interacting with fully autonomous 
aircraft. Examples of  such tasks include registering flight plans, computing flight paths, approving 
altitude changes and general flight monitoring. Automation increases the amount of  aircraft that a 
human controller can handle since they would mostly need to monitor the system and only directly 
intervene when a problem the system can’t handle arises. 

All of  this will require two way radio communications between the aircraft, ground systems, aircraft 
operator, and ATC. Considering the size of  the aircraft and where they are likely to operate, using 
existing air traffic control systems directly may prove to be impractical. Future scenarios have sUAS 
flying in quantities, at altitudes, and locations that the current ATC infrastructure is not well 
prepared to handle. One could assume that since cellular networks are widely deployed today it 
should be possible to use them to communicate with sUAS aircraft. This has the added benefit of  
leveraging existing radio spectrum, base station infrastructure, and research on mobile radio 
equipment. Air traffic control related data and payload data streams could use the same radio 
equipment, reducing the equipment weight and onboard energy requirements of  the aircraft. Both 
things are especially important when designing a sUAS aircraft. 

As such, the purpose of  this thesis is to examine the possibility of  creating an automatic air traffic 
control service for sUAS by using existing and future 3GPP LTE cellular network infrastructure. 
The thesis looks at how airborne LTE cell coverage differs from cell coverage on the ground. It also  
looks at how LTE can help the implementation of  an automated air traffic control service for a mix 
of  manually and autonomously operated sUAS. How such a system could be integrated with 
existing airspace users and potential safety issues are also discussed. Solutions to problems are 
proposed, or noted for future research in cases that fall outside the scope or time limits of  this thesis.  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2  Method
The thesis focuses on investigating the following: 

• The kind of  aircraft and airspace that are relevant to the proposed ATC system. 
• Airspace surveillance and airborne collision avoidance systems. 
• LTE network coverage for airborne users. 
• LTE features that are of  value to the proposed sUAS ATC system. 
• LTE limitations that may affect its use by the proposed sUAS ATC system. 
• Potential safety issues from using LTE with the proposed ATC service. 
• System integration with existing ATC services. 

Existing literature that is relevant to the thesis was studied to provide background. Unmanned 
aircraft systems and sUAS, air traffic control and management systems, 3GPP LTE network 
technology, and more were looked at. This background provides an overview of  the kinds of  
different systems that are involved and how they normally operate in their existing form. It also gives 
an understanding of  how different aspects of  these systems could combine to achieve the proposed 
sUAS air traffic control service. The initial study informs the scope of  the continuing work. It 
provides baseline assumptions placed on the proposed system and also identifies the relevant aircraft 
characteristics and airspace that the system would work with. 

Also included in the background are brief  looks at the existing and proposed regulations concerning 
operating UAS and sUAS. The purpose is to give the reader an overview of  the current legal 
landscape and to ground some assumptions regarding sUAS in reality. These rules are currently 
undergoing a lot of  changes as different issues regarding operation of  unmanned aircraft are 
evaluated and new technological solutions to problems are created. As a result of  this, the rules for 
unmanned aircraft can vary a lot between different countries. In cases where the regulations differ 
widely they are used as guidelines for assumptions instead of  as solid rules. 

LTE coverage in the air is modeled by combining the 3D radiation patterns of  typical cellular 
network basestation antennas with a simple radio propagation model. Free space propagation is 
assumed through the air. The thesis looks at how signal strength and cell coverage changes with 
altitude, both for individual cells and in aggregate. The coverage model is implemented in a 
computer program where simulated sUAS flights can be made to test the expected signal conditions 
for various sUAS flights and network setups. Coverage and signal strength at various altitudes are 
compared to ground conditions, as predicted by use of  the Hata propagation model for urban areas. 

An overview of  the proposed sUAS automatic air traffic control system is presented to serve as a 
basis for discussions. LTE features that can provide value for the system are identified and discussed. 
The focus is on when LTE data links can be useful, how LTE could be used to support airspace 
surveillance functions, and how LTE could implement airborne collision avoidance. Demands on 
communications infrastructure are identified and potential issues highlighted with respect to use of  
LTE networks. Ideas on how the proposed system could integrate with existing air traffic and ATC 
infrastructure, as well as ways to accommodate both autonomous and manually controlled sUAS 
aircraft are explored. A few failure scenarios are also discussed, primarily looking the loss of  network 
connectivity. 

The results from the investigations, signal propagation model, and simulations are analyzed and 
discussed. Finally, a conclusion on the viability of  using a LTE network to provide an automatic air 
traffic control service for small unmanned aircraft systems is presented and topics that need further 
research are highlighted.  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3  Background & Theory
3.1  Small Unmanned Aircraft Systems
Unmanned aircraft come in all kinds of  shapes and sizes. While they are referred to by different 
names (remotely piloted aircraft systems, unmanned aerial systems, drone, etc.), this text uses the 
general term Unmanned Aircraft System (UAS). An UAS consists of  the aircraft itself  and any other 
equipment required to operate the aircraft. This includes ground stations for operators, 
communication links, and other supporting equipment. 

In this thesis the focus is on small unmanned aircraft systems (sUAS). As the name implies this refers 
to unmanned aircraft of  relatively small sizes. Usually small and light enough for one, or sometimes 
two, persons to carry it. This is in contrast to the more general UAS which may be of  arbitrary size 
and weight. For example, proposed rule making from the FAA limit sUAS to weighting a maximum 
of  25 kg and having a maximum airspeed of  87 knots (160 km/h, 45 m/s). The proposal also limits 
the maximum allowed altitude to 500 ft (150 m) above ground level [1]. 

Existing Swedish rules for operating an UAS varies depending on aircraft category. For Category 1 
UAS the takeoff  weight is limited to a maximum of  7 kg and the aircraft kinetic energy must not 
exceed 1000 J (approximately 17 m/s or 60 km/h at 7 kg). Category 2 UAS aircraft allow takeoff  
weights of  more than 7 kg. Both categories are limited to a maximum altitude of  120 m (400 ft). 
Category 3 UAS has no such limits but includes other demands on aircraft equipment that fall 
outside of  what is reasonable on a small UAS [2]. The term sUAS is not explicitly defined in the 
Swedish rules (they apply to UAS in general) but both category 1 and 2 UAS aircraft can be said to 
fit that description. Worth noting is that exceptions to these rules may be given by 
Transportstyrelsen on a case by case basis should the UAS in question be deemed sufficiently 
equipped. The CAP 722 document [3] presents similar restrictions for unmanned and small 
unmanned aircraft in UK airspace. 

All kinds of  different aircraft can be found as part of  unmanned aircraft systems, either in the form 
of  prototypes or as commercially available aircraft. Fixed wing aircraft with vertical takeoff  and 
landing capabilities, rotary wing aircraft, and multi-rotor aircraft are all likely to be commonly used 
in the sUAS space thanks to their versatility in use and flexibility when it comes to choice of  landing 
and takeoff  sites. 

Images 1 & 2. Examples of sUAS aircraft: NASA Greased Lightning VTOL prototype plane. Camclone T21 
power line inspection helicopter drone.

�    �
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The aircraft in a UAS typically has some ability to fly without requiring direct action from the 
ground based operator, but the degree of  autonomy can vary. The simplest form is using basic flight 
stabilization to compensate for any latency introduced by the command and control link while the 
operator is manually flying the aircraft at all times. At the other extreme the aircraft flies itself  fully 
autonomously based only on minimal command inputs that assign destinations and tasks to be 
performed. Both cases require the existence of  a reliable two way communications link between the 
aircraft and ground systems for monitoring and command input. 

The link performance and latency requirements are quite restrictive when manually piloting the 
UAS. Too much latency or any loss of  communications could make the aircraft uncontrollable and 
possibly cause a crash. Aircraft with higher degrees of  autonomy are less sensitive to such issues 
since the aircraft can mostly take care of  itself. 

Current regulations typically restrict sUAS to be used only within visual range of  the operator at all 
times. This restriction exists in large because of  the need for the aircraft and its operator to be aware 
of  and able to see and avoid obstacles and any other air traffic in the area (sense and avoid, if  the 
task is performed by the aircraft itself). With the aircraft and its surroundings in plain sight, the 
operator can handle such tasks visually without having to rely on any technological assistance. Fully 
autonomous operations and flights beyond the operators line of  sight the aircraft must be 
adequately equipped to perform such tasks by itself. 

3.1.1  AIRCRAFT ASSUMPTIONS
For the purpose of  defining the term sUAS this thesis does not assume the aircraft to be of  any 
specific kind. The following assumptions of  sUAS properties are however made, based on proposed 
and existing rules while also leaving some room for taking into account future potential 
developments and use cases: 

• The aircraft takeoff  weight may not exceed 20-25 kg, and will in many cases be lower. 
• The aircraft may not exceed airspeeds of  more than 45 m/s. 
• The aircraft operating altitude may not exceed more than a few hundred meters above ground. 

Further, the following is also assumed regarding how the aircraft is controlled: 

• The aircraft may operate autonomously or be flown manually, or alternate between the two. 
• The aircraft may fly both within and beyond line-of-sight of  the operator. 

3.2  Airspace
Small UAS are expected to operate at relatively low altitudes and in places where everyday air traffic 
might previously not have been very common. Integrating sUAS traffic into this space requires 
knowledge of  how the airspace is structured, what rules apply, and what other existing air traffic 
might be encountered. 

The details of  how airspace is managed is typically determined by individual nation’s aviation 
authorities but in general they tend to follow the standards set out by the International Civil 
Aviation Organization (ICAO). ICAO defines a set of  airspace classes labeled A through G. The 
class specifies which rules of  flight apply and whether the airspace is considered controlled (A 
through E) or uncontrolled (F and G).  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Important differences between classes include: 
  
• If  ATC is available and responsible for providing traffic separation. 
• If  ATC clearance and/or continuous two way communications with air traffic services are 

required. 
• If  flight information services are provided. 
• If  flights using Instrumental Flight Rules (IFR) and/or Visual Flight Rules (VFR) are allowed. 

Additionally, special or restricted airspace where area specific rules apply or where flight is 
prohibited are also commonly found around the world. To give a more concrete example of  the 
airspace that a sUAS might operate in, lets look at how Swedish airspace is classified at low altitudes. 

Sweden uses airspace class G from ground level up to FL95 (9500 ft or approx. 3 km). Larger 
airports use class C airspace. Here, ATC handles the traffic separation and all movements within the 
area are subject to ATC clearance. Around smaller airports the airspace is uncontrolled but pilots 
are required to be in contact with and report maneuvers to air traffic services [4]. The use of  
uncontrolled class G airspace in a layer closest to the ground is commonly found around the world, 
as is the use of  controlled airspace extending upward and outward around airports. 

Looking at area charts for a couple of  Swedish airports [5] it is clear that the airport CTRs extend 
quite far from the airport itself. Cases where the CTR covers an area with a radius of  10 km or 
more from the airport centre are frequent. For the airports around the Stockholm area this extends 
over a large part of  the populated areas. For smaller cities such as Umeå and Luleå, the airport 
CTRs blanket all of  it (see image 3). The CTR altitude varies slightly between airports, but typically 
covers the airspace from ground up to around 2000 ft. Above the CTR is the TMA. Like a 
mushroom cap, this covers an even wider area. Sometimes divided into different sectors, each 
typically starting at altitudes around 1000-4000 ft. Areas typically covered by an airport with a TIZ 
and TIA tend to be somewhat smaller but are still considerable. 

Figure 3.2-1. Simplified overview of low altitude airspace based on Swedish airspace classifications (up to 
5000 ft AMSL/3000 ft AGL) [4] with class C airspace around larger airports and class G elsewhere. Control 
Zones (CTR) envelops a wide area of airspace around high traffic airports and typically extends up to 
1000-2000 ft in in altitude above which the even wider Terminal Control Area (TMA) takes over. Traffic 
Information Zones (TIZ) and Traffic Information Areas (TIA) are used similarly around smaller airfields. 
Figure not to scale.
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Airports tend to be built where there are people around that may benefit from having air 
transportation nearby, and many potential sUAS use cases similarly involve flying over populated 
areas. This makes it likely that future sUAS flights will have occur in controlled airspace and thus 
any sUAS ATC system will need to work in cooperation with existing ATC for larger airplanes to 
maintain separation. Under the assumption that sUAS will largely operate at most a few hundred 
meters above ground they should typically not need to enter TMA or TIA airspace. 

Flying a sUAS in uncontrolled low altitude airspace is also not without its own problems. In this 
airspace one can expect to encounter helicopters, smaller general aviation aircraft, hot air balloons, 
gliders and various other recreational airspace users. Pilots flying by Visual Flight Rules (VFR) are 
common and some of  the aircraft at these altitudes might not be required to have transponders 
equipped [6]. Very close to the ground there is also the possibility of  radio controlled model aircraft, 
other sUAS flown within visual range of  the operator. Temporary flight obstacles such as cranes or 
kids playing with kites may also be present. The sUAS and proposed ATC system must safely handle 
all these cases, ensure that proper right of  way is respected and that aircraft separation is 
maintained. The sUAS should probably yield to most other traffic where possible since sUAS are 
small and likely very maneuverable. It could be difficult for pilots of  larger and faster aircraft to see 
and avoid sUAS traffic in time. Also, larger aircraft can have humans onboard that don’t want to 
crash and die, whilst a sUAS is comparatively expendable. 

Looking towards a future where sUAS traffic is common it is not unreasonable to expect additional 
restrictions on low altitude airspace use due to (among other things) privacy, noise, preferred sUAS 
corridors, or security concerns. Since such restrictions may be temporary or move around, the sUAS 
ATC system must be able to handle that and route traffic accordingly. 

Image 3. Part of the area chart for Umeå Airport (ICAO: ESNU) with map of the city overlaid to show the 
geographical extent of the controlled airspace surrounding the airport (control zone (CTR) and terminal 
control area (TMA)) relative to the size of the densely populated area (yellow).

�
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3.3  Air Traffic Management & Air Traffic Control Services
Air Traffic Control and Management systems exist to ensure safe and efficient use of  available 
airspace. ATC is responsible for maintaining traffic separation in controlled airspace. Normal air 
traffic is typically handled by air traffic controllers who communicate with pilots via voice over 
amplitude modulated VHF radio, although datalink use is increasing [7]. 

3.3.1  SESAR & NEXTGEN 
New air traffic management systems are currently being developed and deployed in stages 
throughout the world. Prime examples are the Single European Sky ATM Research (SESAR) [8] 
project in Europe, and Next Generation Air Transportation System (NextGen) [9] in the United 
States. They take advantage of  detailed data sharing between aircraft, pilots, flight planners, and air 
traffic controllers to provide safe and efficient traffic flows. These systems are made possible by 
ubiquitous use of  data links, cooperative surveillance, GPS positioning, collision avoidance systems, 
and powerful onboard computers. Individual aircraft are given a better picture of  their surroundings 
and the pilots are freer to make their own decisions, to fly the best path for their particular flight. 4D 
flight path planning (time and space) and trajectory monitoring at the system level allows for 
coordinated departure and arrival times, and early conflict detection. 

With every part of  the system sharing detailed data with each other it is easy to detect and react to 
course deviations due to for example weather, and update the affected flightpaths accordingly. All 
actors being aware of  their surroundings and makes them less reliant on involving a central 
authority in every decision. ATC only needs to step in to resolve conflicts that cannot be handled 
locally by the immediately affected parties. This kind of  hierarchical decentralized ATM system 
allows individual entities to freely plan optimal flights according to their needs in an efficient, 
flexible and safe way [10][11]. The central ATC service provides up to date information and 
forecasts on traffic conditions, weather, and other relevant data to users. External entities may use 
this information to create a flight plans that are optimal based on the particular mission and aircraft 
in question. Once a flight plan is filed, ATC accepts or rejects it after verifying that it is free of  
conflicts with other traffic and that it does not violate any other constraints. 

The planning, monitoring and control responsibilities required in such a system can be split into 
four separate levels [10]. Each task level may be handled exclusively by separate entities or 
combined at one or multiple entities in the system: 

• Strategic level planning concerns itself  only with the highest level objectives. Such as 
where all the aircraft in a particular airspace are starting and where they are going. Coarse 
trajectories and goals are planned here and conflicts are resolved. This is typically done on a 
system wide level, involving coordination between all parties. 

• Tactical level planning takes the coarse trajectory from the strategic planner and refines 
it using simple aircraft specific kinematic modeling. Aircraft awareness of  nearby traffic is 
included at this stage. Conflicts that arise may be bumped back up to the strategic planner 
for reevaluation, conflict free trajectories are passed down to the trajectory level. 

• Trajectory level planning creates a detailed plan using the tactical level trajectory, full 
dynamic modeling of  the aircraft, and situational sensor data such as wind conditions. The 
resulting plan should be realistic to fly as is and details the sequence of  flight modes, etc., 
needed for executing the flight. Feedback is given to the tactical planner. 

• Regulation level is responsible for executing the flight locally on the actual aircraft. It 
gathers sensor inputs, controls flight surfaces and engine thrust to follow the trajectory as 
closely as possible. Large deviations are passed back to the trajectory level for potential re-
planning. 
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Through the course of  planning and executing a flight, it may be necessary to iterate back and forth 
between the levels to come up with a conflict free solution that satisfies all aircraft. Re-planning may 
be necessary at any point during a flight due to accumulated errors, unforeseen events or external 
influence. 

3.3.2  HANDLING OF UNMANNED AIRCRAFT
ATC handling of  large unmanned aircraft is a bit different from handling normal air traffic. Most 
procedures remain the same, as does the onboard equipment related to air traffic surveillance and 
collision avoidance. But since there is no pilot onboard, it is no longer necessarily so that ATC being 
able to communicate with the aircraft means that ATC is able to communicate with the person in 
charge of  flying the aircraft. On large UAS the ATC radio is simply relayed to the UAS ground 
station operator via the aircraft’s command and control link. That way, ATC can talk to the UAS 
operator the same way ATC talks to regular aircraft. The difference comes from the fact that the 
UAS command and control link may fail separately from the link between ATC and the UAS. Such 
link loss puts the aircraft into a preprogrammed autonomous flight mode, and ATC voice comms 
with the operator in charge of  flying the aircraft are no longer possible [12].  

Even if  ATC is able to reach the UAS operator through other means, the operator will still be 
unable to issue new commands to the aircraft. There is also the issue of  the time it takes for the 
human controller to notice that an UAS has lost its command link, and the time needed to get in 
contact with the operator though other means so the aircraft’s preprogrammed autonomous 
behavior can be ascertained [13], if  such information had not already been exchanged. ATC is left 
in a position where it can do little more than route other traffic around the non-responsive UAS 
until the command and control link is reestablished or the aircraft has made its way back to an 
airport and landed. 

3.4  Airspace Surveillance
Aircraft tracking and monitoring used by ATC relies on traffic data provided by one, or a 
combination of, either primary surveillance radar (PSR), secondary surveillance radar (SSR), or self  
reporting cooperative surveillance (i.e., ADS-B). 

3.4.1  PRIMARY & SECONDARY SURVEILLANCE RADAR
PSR is basic radar detection through radar signals reflected off  of  aircraft in the area. It uses the 
time of  flight and direction of  the return signal to determine aircraft positions.  

SSR is similar in how it determines the location and altitude of  the aircraft but it relies on 
transponders mounted on the aircraft to send a response. These transponders are interrogated by 
ground stations that send directed pulses over 1030 MHz radio to which the transponder responds 
with a basic identifying code on 1090 MHz (Mode A transponder). More advanced transponders 
include more information, such as the current pressure altitude (Mode C). Mode S transponders 
allow for selective interrogation of  specific aircraft and also implements protocols for exchanging a 
lot more detailed data. 

3.4.2  COOPERATIVE SURVEILLANCE (ADS-B)
Automatic Dependent Surveillance-Broadcast (ADS-B) transponders are basically Mode S 
transponders with extended functionality, referred to as Extended Squitter (1090 ES). Some ADS-B 
transponders may use the Universal Access Transceiver (UAT) transmitting on 978 MHz or the 
VDL Mode 4 data link. The system is built on self  reporting of  data from the aircraft where the 
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transponder periodically broadcasts the aircraft state vector, GPS location, and other data relevant 
to ATC or other traffic. 

Transponders with ADS-B In functionality are also able to receive the broadcasts from nearby 
aircraft. With the addition of  a ground-to-air Traffic Information Service-Broadcast (TIS-B) data 
link providing information on additional traffic in the area, pilots are able to get a good overview of  
their surrounding traffic situation, similar to that of  air traffic controllers. By using a ground based 
ADS-B multilink gateway, information about aircraft that might not be ADS-B equipped, or 
equipped with incompatible transponders is relayed to all ADS-B enabled aircraft in the area. 
Current civilian ATC relies on SSR but the industry is transitioning more and more towards fully 
incorporating ADS-B as part of  SESAR and NextGen, possibly relying on ADS-B exclusively in 
certain areas. [14] 

ADS-B equipped aircraft are required to send reports at least every 1 second when in the air. 
Requirements are also placed on the accuracy and timeliness of  measurements and the reliability of  
the involved onboard systems. [15,  §91.227] 

3.5  Airborne Collision Avoidance Systems
While the goal of  ATC services is to maintain adequate traffic separation at all times, there is a need 
for aircraft to be able to detect and avert dangerous situations and midair collisions that can occur 
should ATC fail at this task. Airborne collision avoidance systems (ACAS) provide a last line of  
defense against malfunctions, human error, or any other event in which two aircraft get too close to 
each other. 

Pilots should always be visually scanning for other traffic in the area. However, approaching aircraft 
can sometimes be difficult or impossible to spot and react to in time to avoid an accident. Collision 
avoidance systems address the sense and avoid problem by use of  various sensors that monitor 
nearby airspace and track nearby air traffic. The system notifies the pilots of  potential conflicts, and 
alert them if  evasive action need to be taken. The tracking may be done either passively by listening 
to messages broadcasted from other aircraft, by actively having various sensors scanning the vicinity 
(radar is one example), or by asking any nearby aircraft to provide data through directed 
interrogations. 

An ACAS system typically defines a nested set of  protected volumes surrounding the aircraft. A 
larger one representing the volume in which intruders generate traffic advisories (TA), i.e., 
notifications of  nearby traffic. Aircraft intruding into this region are with tracked more closely, 
increasing the interrogation rate. A smaller volume representing the volume in which collision is 
imminent and an intruder generates a resolution advisory (RA), i.e., orders to change course to 
avoid imminent collision with the intruder. The extents of  these volumes are defined as limits of  the 
estimated time until a potential collision will occur, and is referred to as tau. The time to a potential 
collision is extrapolated from the current aircraft trajectory and the trajectory of  the intruder. 
Different values of  tau are used for maintaining horizontal and vertical separation. If  two aircraft 
are approaching each other very slowly, the tau criteria alone may allow them to get dangerously 
close without causing the system to react. To prevent this, the ACAS system also enforces minimum 
allowed separation distances in meters. [16, p. 22ff.] 
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When a conflict occurs the ACAS systems on the involved aircraft coordinate their actions, giving 
the pilots orders to go in opposite directions so the separation between the aircraft increases as 
quickly as possible. During a resolution advisory the RA orders takes precedence over any orders 
from air traffic control until the ACAS system gives the all clear. The safe resolution of  conflicts 
depend on both aircraft acting together. Listening to outside input from ATC may cause 
noncooperation. 

3.5.1  TCAS II
The collision avoidance system that is currently in use is called TCAS II. It is mandatory on larger 
aircraft and on aircraft used in commercial aviation, although specific regulations vary in different 
parts of  the world. The tracking of  nearby aircraft relies on active transponder interrogations using 
the same transponders that ATC uses for SSR. Full TCAS II functionality requires all involved 
aircraft to have Mode S transponders, but the system will still work, with reduced capabilities due to 
less available data, if  intruding aircraft are equipped with Mode A or Mode C transponders. [16] 

Mode S interrogation rates at long range are typically set at once every 5 seconds and increases to 
once every second when an intruder approaches the TA volume [16, p. 17]. TCAS II may 
optionally switch to a hybrid surveillance scheme where it uses passively listens to ADS-B 
transmissions from other aircraft that are far away from being a threat. Position and velocity data is 
transmitted twice a second over ADS-B [17]. The validity of  the ADS-B data is verified by active 
transponder interrogation once per minute, changing to once every 10s as the distance decreases, 
and eventually full active surveillance as the intruder gets close [16, p. 21]. The specific action to 
take in a RA situation is selected using a large set of  logic rules and the result is coordinated using 
the same Mode S datalink that is used for interrogations. TCAS II also transmit information about 
resolution advisories to ground equipment. 

TCAS uses different sensitivity levels at different altitudes to define the TA and RA regions. To give 
some approximate values for low altitudes (up to 5000 ft, 1.5 km); tau for RA is between 15-20 
seconds, minimum horizontal separation between 0.2-0.35 nautical miles (370-650 m), and 
minimum vertical separation of  600 ft (180 m) [16, Table 2]. Additionally, TCAS ignores responses 

Figure 3.5-1. Basic ACAS overview. TA and RA regions for aircraft (a) are defined by extrapolating its 
trajectory in space and time. Multi rotor aircraft (b) is about to enter the RA region, triggering immediate 
evasive action to avoid imminent collision. Multi rotor aircraft (c) is about to enter the TA region, causing 
notification and increased tracking rates.
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that indicate the other aircraft altitude is lower than 360 ft AGL (110 m) to avoid false positives from 
aircraft that are on the ground. 

3.5.2  ACAS X
A successor to TCAS II is currently being developed under the name ACAS X. It is meant to 
improve system safety and performance compared to TCAS. Some examples are improved input 
data accuracy, reduced false advisories and RA reversals. It will allow use of  multiple sensor data 
sources for all stages of  the collision avoidance process, compared to TCAS II that fall back on only 
using SSR transponder data for determining RA when intruding aircraft gets too close. Use of  GPS 
data provided over ADS-B is one example of  such data [18]. New surveillance data sources can be 
added to ACAS X through a plug-and-play interface. 

ACAS X will also add compatibility with additional aircraft classes such as UAS, and small general 
aviation aircraft. TCAS is designed with large commercial aircraft in mind and the places strict 
performance requirements on the aircraft, some of  which may be difficult or impossible for smaller 
aircraft or unmanned aircraft to comply with. Additionally, the onboard equipment required (SSR 
transponders, etc.) in a fully working TCAS system is likely too expensive and too heavy for smaller 
aircraft, and especially sUAS. To address this ACAS X introduces four implementation variants: 

• ACAS Xa is the direct replacement for TCAS, it implements active SSR transponder 
interrogations and passive data sources such as ADS-B. 

• ACAS Xo applies mode specific optimizations to Xa in special operational cases, such as 
parallel runway approaches. 

• ACAS Xp implements passive only surveillance such as listening to ADS-B. It is intended 
for general aviation, and helicopters, that currently lack any collision avoidance systems. 

• ACAX Xu is intended for unmanned aircraft, with a wide variety of  sensor inputs and 
varying aircraft capabilities. 

While the implementation details are not complete, the variants will be mutually compatible. ACAS 
X also provides backwards compatibility with TCAS since both systems will be used in parallel until 
the transition to ACAS X can be fully completed. [19] 

The collision avoidance logic use a precomputed lookup table to determine the appropriate actions 
given current sensor inputs. The lookup table is created from Markov decision processes that 
describe the possible states and state transitions with varying costs assigned. They are solved for 
optimal actions using dynamic programming. The tables can easily be improved and tailored to 
specific scenarios or aircraft capabilities, allowing for improved system performance and safer system 
operation. [20] 

3.6  3GPP LTE Cellular Networks
Long-Term Evolution (LTE) is a wireless network standard developed by the 3rd Generation 
Partnership Project (3GPP). It follows from previous GSM and UMTS cellular network standards, 
and is continuously improved upon. LTE uses an IP-based packet switched network architecture. 
The LTE system can be thought of  as consisting of  two parts, the Evolved Universal Terrestrial 
Radio Access Network (E-UTRAN) and the Evolved Packet Core (EPC). E-UTRAN consists of  the 
mobile user equipment (UE) and the cellular base stations (eNB). The eNB handles all radio 
resource management and scheduling tasks. EPC is the backend infrastructure consisting of  various 
parts that manage network operations and provide network specific services. It also provides external 
access to outside networks, such as the internet. Network control signaling and user data traffic are 

�11



treated separately on a control plane, and a user plane, respectively. The protocol stacks used differs 
between the control plane, and user plane. [21][22] 

The following EPC entities provide key functions: 

• Mobility Management Entity (MME) is the main control node in the LTE network 
infrastructure. It responsible for or directly involved in a lot of  network control tasks. 
Examples include managing UE mobility (handovers, performing paging), assigning new 
connecting UEs to a specific S-GW, UE authentication, security and key management, etc. 
Access to many internal network services is provided by passing through the MME, one 
example is the location services provided by the E-SMLC. 

• Serving Gateway (S-GW) is the internal termination point for user data packet traffic 
(i.e., IP traffic) going to and from E-UTRAN. Downlink packet data is buffered here for idle 
users and during handovers. Paging is initiated from here if  data for an idle user is received. 
The S-GW also stores miscellaneous internal network state related to connected UEs and 
network routing. 

• Packet Data Network Gateway (P-GW) is where the LTE network interfaces with 
external packet data networks, such as the internet and other IP-based network 
infrastructure. It is also responsible for assigning UE IP-numbers on the internal network. 

Additional entities exist that handle specific data and tasks such as network subscriber info, 
interfaces with older 3GPP network technologies, location services, and more. 

E-UTRAN uses orthogonal frequency division multiple access (OFDMA) for the radio downlink 
(eNB to UE) and single-carrier frequency division multiple access (SC-FDMA) for the uplink (UE to 
eNB). SC-FDMA is also used for sidelinks where two UE communicate directly with each other. 
[23][24] 

LTE defines a set of  44 operating bands with carrier frequencies ranging from around 500 MHz to 
3800 MHz [25, table 5.5-1]. Network operators typically use only a few bands, licensable spectrum 
also varies between countries. For example, Telia uses LTE bands 3, 7, and 20 (1800 MHz, 2600 
MHz, 800 MHz) in Sweden [26]. Higher frequencies allow more network capacity at the cost of  cell 
range. 

Figure 3.6-1. Simplified overview of key LTE network components.
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The system supports variable channel bandwidths with six preset bandwidths ranging from 
1.4 MHz to 20 MHz [25, section 5.6]. Radio channel resources are split into resource blocks (RB), 
that each corresponds to a total of  180 kHz of  subcarriers in the frequency domain and one time 
slot Tslot = 0.5 ms worth of  symbols in the time domain [24]. 

A number of  physical and logical channels are defined for transmission of  various user data and 
control information [23, section 4.2.2][27, section 4]. The random access channel (RACH, 
PRACH) is of  special interest because of  its involvement in establishing connections to new cells 
and during handovers. 

3.6.1  USER MOBILITY
LTE is made to provide network access for users that are moving around. The system is designed to 
handle users traveling at multiple speeds. High network performance is required for pedestrians 
(0-15 km/h) and cars (15-120 km/h). The system shall also be able to handle users traveling at 
speeds up to 350-500 km/h (i.e. trains) with some reservations on performance at these higher user 
speeds. [28, section 7.3] 

LTE uses hard handovers, that is where the connection with the current eNB is cut before 
attempting to establish the new connection with the target eNB. The LTE handover procedure is 
described in [29]. A handover is initiated if  UE measurements indicate that a better cell then the 
current one is available. Once the network is prepared to execute the handover, the UE severs its 
connection with the current eNB and attempts to synchronize with the target eNB. Synchronization 
is done by sending a PRACH preamble (see table 4.1.3-3) and receiving a valid response. Successful 
synchronization and handover confirmation with the new cell concludes the process. 

Handovers can be performed quickly between involved eNBs if  they are directly linked and both 
eNBs are backed by the same S-GW. The handover is more costly if  the current eNB and target 
eNB are not directly connected or if  a change of  MME/S-GW is required. 

3.6.2  LOCATION SERVICES
One of  the services that the network can provide is a geographical location service, helping to 
determine positions and velocities of  users. Location service requests are handled by the Enhanced 
Serving Mobile Location Centre (E-SMLC). The system supports location queries from the UE 
itself, from other internal network services, or from authorized outside entities such as emergency 
services [30]. A variety of  data sources can be used for positioning, measurements from multiple 
sources may be combined to improve the accuracy of  results [31]: 

• Network-Assisted GNSS relies on GNSS receivers for GPS, Galileo, etc., onboard the 
UE. GNSS data processing can be offloaded to the E-SMLC to reduce UE processing load, 
startup and satellite acquisition times. Involving the E-SMLC also allows inclusion of  other 
location data sources for more accurate results. 

• Downlink positioning measures the observed time difference of  arrival (OTDOA) at the 
UE of  LTE reference signals from multiple eNBs to determine the UE location. 

• Uplink positioning measures the uplink time difference of  arrival (UTDOA) of  UE 
uplink signals at multiple eNB location measurement units (LMU) to determine the UE 
location. 

• Enhanced cell ID gives an estimate of  the UE location using the network's knowledge of  
which eNB the UE is connected to, together with other measurements gathered through the 
normal operation of  the LTE system. 

• Barometric sensor data from the UE helps determine its vertical location. 
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• WLAN & Bluetooth signals can also be used. Positions of  detected WLAN access points 
and Bluetooth beacons are looked up in databases. 

• Terrestrial Beacon Systems are ground based systems that broadcast positioning signals 
which may also be used to determine the UE location. 

3.6.3  PROXIMITY SERVICES
LTE allows individual UEs to discover each other and communicate directly through proximity 
services (ProSe). Direct discovery and communications between UEs is done through the UE 
sidelink radios. Discovery may also be assisted by the EPC network infrastructure. Availability is 
determined by the kinds of  services that are advertised in an area and the physical distance between 
the UE and the providing entity. The service range and access permissions are configurable. If  the 
UE is outside of  regular cell coverage, then service availability is also restricted by radio range. 

Device discovery can be done in one of  two ways: 
• By the device announcing its own presence and services to anyone who might be listening 

(referred to as Model A discovery). 
• By issuing a request for a specific service and receiving responses from those in the 

proximity that provide that service (Model B discovery). 

LTE proximity services are spit into two categories. The first includes basic proximity discovery and 
service announcements. This is available to any ProSe-enabled UE when within network coverage. 
The second category includes additional functionality that is intended for public safety users only. 
Public safety UEs can discover and establish direct communication links between UEs both when 
within and when outside of  network coverage. This includes one-to-one links as well as broadcasts to 
any nearby UEs, or broadcasts limited to UEs that are members of  a specific group. Nearby public 
safety devices do not necessarily need to be discovered for them to receive broadcasted messages. 
ProSe for public safety also makes it possible for a UE within network coverage to act as a relay for 
another remote UE that is outside of  network coverage, that has radio contact with the first UE. 
[32][33] 

3.7  Radio Wave Propagation
All electromagnetic waves experience a variety of  phenomenon while propagating through a 
medium, resulting in various losses and gains in signal quality. This includes reflections, refraction, 
diffraction, scattering, doppler shifts, changes in polarization, and the resulting constructive or 
destructive interference that occurs at the receiver as a result. All impact how well a transmitted 
signal is able to be picked up at the receiving end. [34, ch. 4.3] 

For outdoor LTE signals one can for example expect the waves to reflect or scatter off  of  the 
ground, buildings, vehicles, and more. Edge diffraction can be found around sharp building edges, 
and doppler shifting occurs in any case where the user is moving relative to the base station. As a 
result, a signal can be expected to arrive at a receiver from multiple directions with varying phase 
shifts. The choice of  carrier frequency and signal modulation will affect the success rate of  a data 
transmission. Detailed examination of  fading effects fall outside the scope of  this text, though they 
have a significant impact on real life signal conditions. 
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3.7.1  FREE SPACE PATH LOSS
Free space propagation describes the idealized case of  two antennas (one transmitting and one 
receiving) that are located in empty space with a clear transmission path between them and no 
multipath effects. As the electromagnetic field radiated by an antenna extends in multiple directions, 
conservation of  energy gives that the power density must decrease as the distance from the 
transmitting antenna increases, following the inverse square law 

P ∝ 1/r2	 (1) 

where P is the power density, and r is the distance from the source. 

The effective area, or aperture, of  an antenna is a measurement of  its ability to transmit or receive 
power from an incident electromagnetic wave of  particular direction. It is defined as the ratio 
between the received power and the average power density of  the incident wave  

Ae = Pr/Pavg.	 (2) 

It can be shown [35, p. 664ff.] that the effective area of  an arbitrary antenna can be expressed as 

Ae = λ2/4π ⋅ G	 (3) 

Figure 3.7-1. Comparison of radio signal path loss from free space propagation, Hata model propagation, 
and COST 231-Hata propagation (both for a medium-small city) at two different frequencies. See equations 
(6), (7) and (9).
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where G is the antennas directive gain in the direction of  the incident or outgoing wave. By 
applying these equations to the case of  the two free space antennas, we arrive at Friis transmission 
formula [35, eq. 13.76]. It gives us a relationship between the power transmitted and the power 
received as 

Pr = Gr ⋅ Gt ⋅ (λ/4πr)2 ⋅ Pt  =  Gr ⋅ Gt ⋅ (c/4πrf)2 ⋅ Pt	 (4) 

where Pr is the received power, Pt is the transmitted power, Gr is the directive gain of  the receiver in 
the direction of  the transmitter, Gt is the directive gain of  the transmitter in the direction of  the 
receiver, r is the distance between the transmitter and receiver, λ is the wavelength, f  is the 
frequency, and c is the speed of  light. 

Defining the free space path loss as the ratio between the transmitted power and the received power 
(antenna gains ignored) we get 

FSPL = Pt/Pr = (4πrf/c)2	 (5) 

or, logarithmically 

FSPL(r, f) = 20⋅log(r) + 20⋅log(f) + 20⋅log(4π/c) = 20⋅log(r) + 20⋅log(f) - 147.55	 (6) 

with r measured in meters, f  in hertz, and FSPL in decibels. 

3.7.2  HATA PROPAGATION MODEL
The Hata propagation model is a fairly easy to use empirical model for propagation loss in urban 
environments [36]. The model covers propagation loss between isotropic antennas over quasi-
smooth terrain. The path loss is given as 

HPL = 69.55 + 26.16⋅log(f) - 13.82⋅log(hb) - a(hm) + (44.9 - 6.55⋅log(hb))⋅log(r)	 (7) 

where f  is the frequency, r is the distance between the transmitter and receiver, hb is the base station 
antenna height over terrain, hm is the user equipment antenna height over terrain. With f  measured 
in megahertz, r in kilometers, hb and hm in meters, and HPL in decibels. 

The correction factor a(hm) is different for varying city sizes. For a medium-small city it is given as 

 a(hm) = (1.1⋅log(f) - 0.7)⋅hm - (1.56⋅log(f) - 0.8).	 (8) 

The Hata model will give valid results for parameters in these approximate ranges: 

f  is 150-1500 MHz 
hb is 30-200 m 
hm is 1-10 m 
r < 20 km. 

3.7.3  COST 231-HATA PROPAGATION MODEL
The COST 231 project produced an extended Hata model valid for frequencies in the higher 
1500-2000 MHz range (otherwise the model restrictions are the same as for the original Hata 
model). This model [34, ch. 4.4.1] gives the path loss as 

CHPL = 46.3 + 33.9⋅log(f) - 13.82⋅log(hb) - a(hm) + (44.9 - 6.55⋅log(hb))⋅log(r) + Cm	 (9) 
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with f  measured in megahertz, r in kilometers, hb and hm in meters, and CHPL in decibels. The 
correction factor a(hm) is the same as for medium-small cities in the original model (equation (8)). 
The new Cm term is defined as 0 dB for medium sized city and suburban centers with medium tree 
density, or 3 dB for or metropolitan city centers. 

3.7.4  SHANNON-HARTLEY THEOREM
The Shannon-Hartley theorem determines the relationship between the maximum possible 
transmission rate (or channel capacity) for a communications channel given the channel bandwidth 
and channel signal-to-noise ratio 

C = BW⋅log2(1 + 10(0.1⋅S/N))	 (10) 

where C is the channel capacity in symbols/s, BW is the bandwidth in hertz, and S/N is the signal-
to-noise ratio given in decibels. 

3.7.5  THERMAL NOISE
The thermal noise of  a communications channel is given by 

P = kB⋅T⋅BW	 (11) 

where P is the noise power in watts, kB is Boltzmann's constant (1.38064852e-23 Joule/Kelvin), and 
BW is the channel bandwidth in hertz. 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4  LTE in the Air
When LTE networks are built, they are made to provide sufficient coverage for users on the ground. 
The user may be walking outside, be inside a building, traveling in a car or on a train. Cell sizes, 
locations of  base stations, choice of  antennas and their placements are all made with optimal 
performance of  these ground based users in mind. None of  the scenarios planned for today include 
users that are flying tens or hundreds of  meters above ground.  

To provide an ATC service through existing or future LTE networks one must be able to maintain a 
two way connection with the aircraft. It is therefore of  interest to take a look at what signal 
conditions can be expected at the altitudes involved and what differences that may be encountered 
in the air, compared with regular ground users. Identify if  there are any special considerations 
necessary for airborne users. 

4.1  Coverage Model for Airborne Users
The purpose of  this model is to provide a first look at the problem of  airborne users and highlight 
some of  the potential issues involved. The goal is to provide a starting point for future discussions 
and more thorough investigations. As such it is fairly limited in scope and makes a fair number of  
simplifying assumptions.  

4.1.1  MODEL ASSUMPTIONS AND LIMITATIONS
Given the relevant airspace and aircraft limitations for sUAS from before, we know that the 
maximum operating altitude is unlikely to be higher then a few hundred meters. With a lot of  use 
cases having sUAS flying fairly close to the ground. 

LTE cellular network deployments typically mix different cell sizes to accomplish sufficient coverage 
and capacity. Larger areas are covered by macrocells where the antennas are mounted high (on top 
of  buildings, on masts, or similar) to provide clear line of  sight above surrounding obstacles like 
buildings or terrain. This allows the signal to reach further. Smaller cells provide additional coverage 
in blind spots and also adds user capacity in densely populated areas. The antennas, especially for 
smaller cells, are often be placed and oriented so that they are only visible by ground based user 
equipment in a limited area. As much as possible of  the energy emitted by the antennas is directed 
towards that area. This reduces interference in neighbor cells. 

If  the terrain is reasonably even and any buildings in an area are or similar height then it is easy to 
separate the airspace into two regions; one above the average height of  macrocell antennas and one 
below. Depending on use case, sUAS traffic will most likely be present in both regions. Given that an 
area has cellular network coverage, we can assume that aircraft flying in the upper region will have a 
clear unobstructed line of  sight to nearby macrocell antennas.  
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When flying in the lower region, free line of  sight to macro antennas can no longer be guaranteed 
but indirect macrocell signals and nearby smaller cells should still be able to provide sufficient signal 
coverage. Since the antennas are often placed fairly high and angled down to cover specific ground 
areas, it is reasonable to assume that the airspace in between the antenna and ground will also be 
covered. Signal reflections, scattering and similar effects also help to provide coverage here.  

Thus, the model assumes signal conditions in the lower region are similar enough to those 
encountered by ground based users, and that if  signal coverage exists on the ground then the lower 
region of  airspace in the same area will also have coverage. 

The signal conditions in the upper region are more interesting. As the aircraft altitude increases 
more and mode macro antennas come into direct line of  sight, allowing connections to be made. 
Some part of  the signals from these antennas will come from waves reflecting and scattering towards 
the sky off  of  rooftops and terrain. Also, small cell antennas placed in the lower region will likely 
briefly provide usable signal strength for parts of  the sky as aircraft passes by overhead. Strong 
multipath effects are likely, because direct line of  sight to such small cell antennas will be limited. 
Most of  the signal will bounce off  of  the ground, nearby structures, and objects before reaching the 
aircraft. 

To keep the model relatively simple, lets assume that for any point in the upper region the best 
available signal path from a particular macro antenna is the direct line of  sight propagation path. 
Further, lets assume that in the upper region signals from macro cell antennas dominate compared 
to signals from smaller cells in the lower region. These assumptions are not necessarily true in all 
cases when signal reflections, multipath, and fading is considered (particularly when transitioning 
between the lower to and upper region) but they should provide a good enough first look 
approximation to identify any major issues for airborne users. Some cases where the model 
assumptions do not provide a good approximation are discussed in more detail later. 

Thus, for the purposes of  determining cell coverage in the air (i.e., ability to successfully establish a 
two way network connection) the model assumes that: 

• For aircraft flying at or above surrounding macro antennas, coverage is sufficient if  the 
predicted received signal strength of  the strongest line-of-sight macrocell signal exceeds a 
minimum threshold. 

Figure 4.1.1-1. sUAS aircraft operating either above the typical antenna height or below it. Aircraft in the 
upper region have a clear line of sight to multiple antennas. Aircraft in the lower region are more likely to 
only see nearby antennas, with line of sight potentially obscured by various structures or terrain.
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• For aircraft flying below surrounding macro antennas, coverage is sufficient for airborne 
users if  cell coverage exists for ground based at that same location. Ground level cell 
coverage exists if  the predicted received signal strength exceeds a minimum threshold. 

The estimated signal strength at any given point is calculated by using the propagation models 
described under section 3.7. The signal conditions in the upper region are of  primary interest and 
here the free space propagation model is used. The Hata and COST231-Hata propagation models 
are used to estimate signal conditions for ground based users for comparison (and aircraft in the 
lower region, as per the assumptions above). Which specific Hata model to use is determined the 
carrier frequency of  the signal being looked at. Link budget calculations determine the maximum 
path loss allowed for connection to be maintained. When entered into the path loss equations, and 
combined with the antenna radiation pattern in the given direction, this gives the coverage area 
around an antenna site. 

Antenna radiation patterns, the antenna placement, and orientation all impact signal conditions in 
the air. The inclusion of  these parameters in the model are described in further detail below under 
section 4.1.4 “Antenna Radiation Patterns”. 

4.1.2  LINK BUDGET
A link budget is a listing of  the gains and losses experienced as a signal moves through the 
transmitter, medium, and receiver of  a telecommunications system. It determines the maximum 
allowed path loss in dB given the gains of  the transmitting and receiving antennas, available 
bandwidth, data rate, modulation, noise, interference, and various other factors. 

Not very high data rates are needed to provide ATC services such as traffic monitoring and 
enforcing separation. The aircraft needs to periodically report its state (position, velocity, heading, 
intent, etc.), the air traffic control centre and aircraft occasionally need to communicate to issue 
commands or ask for permissions. 

Although not the main focus of  this thesis, one of  the potential benefits of  using LTE for ATC 
communications is that the same radio link can also be used for additional purposes. Data and 
commands for real time remote piloting, payload sensor data and video feeds from the aircraft can 
all use the same datalink. These kinds of  uses may require significantly higher bitrates than a pure 
ATC implementation. Some of  these applications require a continuously maintained high quality 
two way data link for streaming their data. 

This gives us two interesting scenarios to look at: 
1. The case where the LTE connection is only used for ATC purposes and the bandwidth 

requirements are low. 
2. The case where the LTE connection is also used by various payloads with high bandwidth 

requirements. 

The available uplink channel bandwidth is determined by how many radio link resources are 
allocated for the user terminal (the actual usable channel bitrate varies depending on the choice of  
modulation and coding, and also misc. overhead). Radio resources are divided into resource blocks 
(RB) where one RB represents a number of  15 kHz subcarriers, totaling 180 kHz bandwidth per 
resource block. The LTE specifications [24, section 5.2.1][25, section 5.6] specify the supported set 
of  uplink channel bandwidths. The minimum bandwidth is 1.4 MHz and the maximum 20 MHz, 
corresponding to allocations of  6 RB (1.08 MHz) and 100 RB (18 MHz).  
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It is not unreasonable to assume that the uplink performance of  the sUAS UE is the bottleneck 
when determining the worst case link budget, given its lower power output and slower peak data 
rates compared to the eNB-to-UE downlink. In the link budget the UE is assumed to be of  same 
power class as is commonly used in phones (Class 3 UE, 23 dBm ± 2 dB, approximately 200 mW) 
[25]. 

The link budget table is adapted from [37], where various LTE link budget examples are provided. 
The UE antenna is assumed to be fully omnidirectional and any body loss from the aircraft is 
neglected. The receiver noise figure, interference margin, and signal-to-noise ratio are taken from 
the link budget example for a 2 RB uplink channel. Thermal noise is given by equation (11). All 
numbers are assumed to be the same as in the book, except for the thermal noise and the values that 
depend on that. These are recalculated for the new bandwidths. 

The maximum path loss, excluding the receiver antenna gain, is valuable to look at. By using that 
number, instead of  the total maximum path loss, direct comparisons between different antennas 
with different directional gains is made easier. Having an imagined 0 dBi isotropic antenna as a 
reference and determining the maximum path loss relative to that allows the use of  the same cutoff  
value regardless of  which antenna is looked at. This reference offset is used in all figures below that presents 
signal strength (or attenuation) results, unless otherwise noted. When determining of  signal cutoff  distance in 
these one should therefore use the maximum path loss value (the one with the antenna gain 
excluded), not the total maximum path loss. 

Table 4.1.2-1. Link Budget

BANDWIDTH 6 RB (1.08 MHZ) 100 RB (18 MHZ)

Transmitter (UE)

Transmit Power 23 23 dBm

Antenna Gain 0 0 dBi

Body Loss 0 0 dB

EIRP 23 23 dBm

Receiver (eNB)

Noise Figure 2 2 dB

Thermal Noise −113.6 −101.4 dBm

Noise Floor −111.6 −99.4 dBm

Signal-to-Noise Ratio -7 -7 dB

Sensitivity −118.6 −106.4 dBm

Interference Margin 2 2 dB

MAX PATH LOSS (EXCL. RECEIVER ANTENNA GAIN) 139.6 127.4 dB

Antenna Gain 18 18 dBi

TOTAL MAX PATH LOSS 157.6 145.4 dB
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4.1.3  BEST CASE SIGNAL RANGE
Based on the calculated link budgets, it may be useful to establish what the maximum possible 
distance is where the signal remains useable. An estimate of  the best case signal range for airborne 
users can be had by assuming free space conditions. Rearranging equation (5) and solving for the 
distance at the total maximum allowed propagation loss (given from the link budget). The equation 
becomes 

r(f, FSPL) = sqrt(10(FSPL/10)) ⋅ c/(4πf)	 (12) 

where r is the range in meters, FSPL is the path loss in dB, f  is the frequency in hertz, and c is the 
speed of  light. 

The resulting ranges for free space propagation in the low and high bandwidth cases are presented 
in table 4.1.3-1. The signal is sufficiently strong at quite large distances. Usable range decreases 
fairly rapidly as the budgeted path loss decreases. For comparison, the Hata and COST231-Hata 
model equations (7) and (9) can similarly be used to obtain the approximate cell sizes for ground 
based users by solving for r. The resulting cell ranges are presented in table 4.1.3-2 below. The large 
difference between the tables show the significant signal attenuation that is introduced by radio 
obstacles in urban scenarios. 

Figure 4.1.2-1. Illustrating how total max path loss and max path loss excluding receiver antenna gain 
relate for two antennas with different gains. Arrows not to scale.

�

Table 4.1.3-1. Maximum cell ranges calculated using free space propagation.

LOW BANDWIDTH CASE
157.6 dB Total Max Path Loss

HIGH BANDWIDTH CASE
145 dB Total Max Path Loss

2200 MHz (FSPL) 820 km 190 km

800 MHz (FSPL) 2300 km 530 km

Table 4.1.3-2. Maximum cell ranges calculated using the Hata and COST231-Hata propagation models.

LOW BANDWIDTH CASE
157.6 dB Total Max Path Loss

HIGH BANDWIDTH CASE
145 dB Total Max Path Loss

2200 MHz (COST231-Hata) 3.5 km 1.5 km

800 MHz (Hata) 9.1 km 3.9 km
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There are a number of  factors that limit the actual cell range in the air to be much smaller than 
suggested by the FSPL numbers in table 4.1.3-1. First, the curvature of  the Earth limits the range at 
which the transmitter and receiver are in direct line of  sight of  each other. The approximate 
maximum distance is given by 

r(h1, h2)  < 3.57 ⋅ (sqrt(h1) + sqrt(h2))	 (13) 

where h1 and h2 are the distances above ground for the transmitter and receiver in meters, and r is 
the visible distance above the horizon in kilometers. 

For example, a 40 m high cell tower is visible out to about 26 km for a ground based user, assuming 
flat terrain with no obstructions. If  the user is flying at 500 m AGL then the same tower is visible out 
to about 100 km. These approximations ignore any atmospheric propagation effects that can 
increase the usable range beyond the horizon for some radio frequencies. Figure 4.1.3-1 shows the 
visible distance at all altitudes up to 3 km (limit of  class G airspace in Sweden). At 3 km AGL the 
aircraft should be able to see cell towers just shy of  220 km away. 

Also relevant when discussing the usable signal range are the range limits imposed by how LTE 
handles time synchronization between the eNB and UE. To be able to correctly transmit and receive 
data, all users within the cell must be synchronized with the cell tower. Even if  a discovered tower 
signal is strong enough for the user to properly receive it, a connection may still be impossible to 
establish due to time synchronization issues between the cell tower and the user.  

When the distance between the tower and user becomes too large, the propagation delay between 
them (the signal being limited by the speed of  light) exceeds what the system is designed to handle. 
The specific range limit for establishing new connections is determined by the physical random 
access channel (PRACH) preamble format [24, ch. 5.7.1]. With too large propagation delays, the 

Figure 4.1.3-1. Maximum distance visible over the horizon where an antenna mounted on a 40 m tower 
remains within line of sight of an airborne user at various altitudes. See equation (13).
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PRACH preamble guard time is exceed. Thus causing the preamble to arrive at the tower outside 
the listening window, where it is discarded as noise. 

The LTE specifications [24, ch. 4] indicate time as multiples of  a basic time unit 

Ts = 1/(15000 ⋅ 2048) seconds.	 (14)  

A time slot is 15360⋅Ts = 0.5 ms and a subframe consist of  two time slots [24, ch. 4.1]. Each 
PRACH preamble consists of  a cyclic prefix, followed by a sequence number. The various PRACH 
preamble formats have different lengths in time and are assigned the smallest number of  subframes 
needed to contain them. The guard times are calculated from the difference in the allotted subframe 
time and the duration of  the preamble cyclic prefix and preamble sequence. With the guard time 
being the maximum allowed roundtrip time, the cell range is then easy to obtain as half  of  the 
maximum distance possible to travel during that time, when moving at the speed of  light 

rcell = c ⋅ Tguard/2.	 (15) 

The timing advance NTA is another relevant parameter, it is used to synchronize the upload and 
download transmissions at the tower for users that are already connected to it [24, ch. 8.1]. The 
value determines how early the user must transmit an uplink frame for it to arrive at the tower in 
sync with the transmission of  the corresponding downlink frame. NTA is dynamically adjusted, but it 
is always within the range 0 ≤ NTA ≤ 20512 Ts. Some frame structure types also add a static offset 
of  NTAoffset = 624 Ts. Using these as roundtrip maximums, they correspond to cell ranges of  103 km 
or 100 km, with and without the additional offset included. 

In conclusion, cell tower signals may in many cases be strong enough that it is be detectable by 
airborne users at ranges that exceed, or far exceed, the distance at which actual connections can be 
made and maintained. 

Table 4.1.3-3. PRACH preamble format time structure, guard time, and the resulting upper bounds on cell 
range.

FORMAT Tcp (CYCLIC PREFIX) TSEQ (SEQUENCE) SUBFRAMES GUARD TIME CELL RANGE

0 3168 Ts 24576 Ts 1 2976 Ts 14.5 km

1 21024 Ts 24576 Ts 2 15840 Ts 77.3 km

2 6240 Ts 2 ⋅ 24576 Ts 2 6048 Ts 29.5 km

3 21024 Ts 2 ⋅ 24576 Ts 3 21984 Ts 107.3 km

4 488 Ts 4096 Ts 1 288 Ts 1.4 km
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4.1.4  ANTENNA RADIATION PATTERNS
For simple ground coverage maps it is usually sufficient to only consider the antenna patterns 
horizontal radiation component, sometimes a limited part of  the vertical component is also 
included. These are the parts of  the radiated signal that have a direct impact ground users. To find 
the coverage situation for an airborne user one must look at how the antennas radiate in every 
direction. 

A simple antenna model that includes the vertical pattern is presented in [38]. It models the antenna 
gain in two parts; the main lobe is modeled to closely follow that of  the actual pattern, and the side 
lobes are simplified to a single constant gain level. Specifically, the horizontal gain is given as 

Gh(φ) = -min(12⋅(φ/HPBWh)2, FBR)	 (16) 

and the vertical gain  

Gv(θ) = max(-12⋅(θ/HPBWv)2, SLL(θ)).	 (17) 

The antenna parameters HPBWh,v are the half-power beam width in the horizontal and vertical 
directions in degrees. FBR is the front-to-back ratio in decibels. SLL is the side lobe level in decibels, 
relative to the power of  the main lobe, and θtilt is the downwards antenna tilt in degrees. Figure 
4.1.4-1 below shows the sign convention used for the angles. The downtilt angle is an exception. 
Even though its sign is positive it represents a tilt in the downward direction. 

Both equations (16) and (17) give the antenna gain relative to the gain GdBi of  the forward direction 
(φ = θ = 0°). By themselves these equations only model the antenna gain in two orthogonal planes. 
The complete expression for the antenna gain at arbitrary angles is given by interpolating between 
the Gh and Gv terms, and adding the antenna’s directive gain in dBi 

G(φ, θ) = Gh(φ) + Gv(θ) + GdBi .	 (18) 

This interpolation scheme sacrifices accuracy for simplicity. As the angles gets further away from the 
forward direction the error becomes larger. The results in [39, fig. 4 & 6] show that the interpolation 
error can cause overestimates of  the gain by up to 30-40 dB. The error increases as the angles move 

Figure 4.1.4-1. Antenna coordinate system shown from above and from the side for one sector of a 3-
sector tower. The forward antenna direction is indicated by the straight arrows.
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away form the forward direction. These worst errors are found the furthest away from the main lobe 
in both the horizontal vertical directions. By arranging multiple antennas to form individual sectors 
around an antenna site, and assuming that within each sector only the current sector antenna has 
significant influence on signal conditions, the horizontal angles used for each antenna can be limited 
to where the error is at most around 10-20 dB. This approach works out well by forming 3-sector 
sites using the antennas specified below. The vertical angles cannot be restricted in the same way 
since aircraft are allowed to fly anywhere above the antennas. However, unless the antenna sites are 
incredibly densely packed, the vast majority of  relevant airspace is not directly above an antenna. 
For most aircraft positions the vertical angles between antenna and aircraft will therefore stay fairly 
low. Well within the region where the interpolation error should be no more than ±10 dB, which is 
acceptable for this model’s purposes. 

For large vertical angles, approximating the side lobe level (SLL term in eq. (17)) with a single 
constant value becomes insufficient. To improve the approximation, SLL(θ) is allowed to change to a 
different constant when necessary to better follow the actual antenna pattern. Behind the antennas, 
their front-to-back ratio is used to determine the SLL(θ) value (although since all examples in this 
thesis places the antennas in multi sector sites and assumes the forward facing antennas overpower 
any back lobes from other sectors, the backside values are never used).  

The elimination of  the side lobe nulls can be seen as including a rough approximation of  multiple 
weak reflections against obstacles and terrain working to smooth over the nulls for any aircraft 
passing through them. 

Two common panel antennas are chosen for analysis. The Kathrein 742215 antenna has a high 
gain and fairly narrow vertical HPBW [40]. The other antenna, Kathrein 84010525, is a dual band 
antenna with somewhat wider HPBW [41]. By having antennas with different frequency ranges and 
different gains, these parameter’s influence on signal coverage can be studied. The antenna 
properties that are relevant to the model are presented in table 4.1.4-1. Figures 4.1.4-2 through 
4.1.4-4 show the antennas horizontal and vertical radiation patterns as traced from their data sheets, 
and also the approximation of  the patterns by equations (16-18) to be used with the coverage model. 

Table 4.1.4-1. Antenna parameters used with the model [40][41].

ANTENNA KATHREIN 84010525 KATHREIN 742215

Frequency 800 MHz 2170 MHz 2200 MHz

Gain 10.5 dBi 12.8 dBi 18 dBi

HPBW (horizontal) 71° 70° 64°

HPBW (vertical) 37° 18.5° 6.4°

FBR >25 dB >30 dB >30 dB
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Figure 4.1.4-2. Kathrein 742215 antenna, horizontal and vertical antenna patterns. Showing patterns from 
the datasheet and the approximated patterns used in the model.
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Figure 4.1.4-3. Kathrein 84010525 antenna, horizontal and vertical antenna patterns for 2200 MHz. 
Showing patterns from the datasheet and the approximated patterns used in the model.
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Figure 4.1.4-4. Kathrein 84010525 antenna, horizontal and vertical antenna patterns for 800 MHz. 
Showing patterns from the datasheet and the approximated patterns used in the model.
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4.1.5  SIGNAL PROPAGATION FOR 3-SECTOR SITES
As a first step to analyzing the signal conditions and cell coverage above ground, lets look at how the 
model predicts the radiation pattern around three individual three-sector antenna sites. Each site 
using one of  the antenna types from above. Three-sector sites are used to attempt to mimic signal 
conditions around a plausible real tower. When properly arranged they provide good area coverage 
without a lot of  cell overlap for the hex grid site setup used in the simulations below. 

The relative signal strength at any point is calculated by first taking the antenna’s isotropic gain and 
reducing it according to the antenna pattern model using the angles pointing in the direction of  the 
point from the antenna. The signal strength is then given by further subtracting the propagation loss 
experienced over the distance from the antenna to the point. As such the complete equation for 
calculating the signal strength at arbitrary points around an antenna is, combining equations (6) and 
(18) into 

G(φ, θ) =  Gh(φ) + Gv(θ) + GdBi - FSPL(r, f).	 (19) 

The angles φ and θ are relative to each sector antenna’s forward direction. Within each sector it is 
assumed that the signal from the own sector antenna overpowers any signal from the side and back 
lobes of  the other sectors belonging to the same antenna site. 

Figure 4.1.5-1. 3D signal strength pattern around a Kathrein 742215, and 84010525 3-sector site.
� �

Figure 4.1.5-2. 3D signal strength pattern around a Kathrein 84010525 3-sector site.
�
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Figures 4.1.5-1 and 4.1.5-2 shows the resulting signal strengths for each of  the three antenna 
variants (see table 4.1.4-1) computed over a 4 km by 4 km area, up to 3 km altitude. The isosurface 
cutaways at varying signal thresholds help show the shape of  the three dimensional signal patterns. 

All three antennas are panel antennas with somewhat similar specifications, so the resulting patterns 
share some common features. The main antenna lobe covers the ground like a thick pancake. Inside 
this region is where the best signal conditions are found, as expected for antennas that are designed 
to accommodate ground based users. Looking at higher altitudes, the vertical side lobes manage to 
provide decent signal coverage. There are however some regions where the signal strength starts to 
approach the link budget cutoff. The seams between the sectors gets worse with altitude, and the 
region directly above the antenna site also has low signal strength. 

The vertically wider main lobe and reduced directive gain of  the 84010525 antenna (compared to 
the 742215 antenna) allows for better signal at somewhat higher altitude. The low signal region right 
above the antenna site is also reduced with the 84010525 due to the more consistent side lobe levels, 
even when approaching angles of  θ = ±90°. Otherwise there is not much that differs between the 
antenna patterns when operating at 2200 MHz. 

When switching the 84010525 antenna over to 800 MHz there is a significant increase in signal 
strength. This is because the free space propagation losses are much lower for lower carrier 
frequencies. The antenna has a fairly large vertical HPBW. But even if  another 800 MHz antenna 
with a much narrower vertical beam was used the main antenna lobes would still provide ample 
signal strength up to and beyond 3 km in altitude. 

Shown below in figure 4.1.5-3 are side view cross sections of  the same three sector sites, out to a 
distance of  10 km. In a lot of  real world deployments the antennas are mounted with a slight 
downtilt in order to improve signal strength within the cell and to minimize interference with 
neighboring cells. To study how this affects the signal conditions for airborne users the signal 
patterns for the same sites are also shown with the antennas tilted down by 15°. The positive 
direction of  the x-axis cuts straight through an antenna main lobe, showing the best possible signal 
case. Along the negative direction the cut is right between two antenna sectors, thus showing the 
worst possible signal case for the three sector site. 

Starting with the non-tilted antennas, the main lobe layer along the ground is very clear here. The 
figures also makes it easy to identify what parts of  the antenna radiation patterns that contribute to 
signal coverage at what altitudes. The wider beam and reduced range of  the 84010525 antenna is 
also evident. Again, all three antennas provide sufficient signal coverage for both the high and low 
bandwidth link budget cases throughout (and beyond) most of  the computed region. Noting that 
some areas in the left half  of  the figures for the 742215 site drop below the threshold of  the 
-127.4 dB limit for the high bandwidth link budget case (from link budget, table 4.1.2-1). 
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Tilting the antennas has a large effect on low altitude signal conditions. As the tilt angle increases, 
less of  the main lobe is visible to airborne users, and more of  the airspace has to rely on the side 
lobes for coverage. When the tilt angle is sufficiently large compared to the antenna’s half  power 
beam width, the main lobe no longer illuminates any significant aerial volume. 

The sharp signal strength transition directly above the sites should be commented on. It arises from 
the assumption that the current sector’s antenna provides the best signal inside the entire sector. 
While the assumption holds well throughout most of  the sector interior, it fails here where the parts 
of  the side and back lobe from the antenna sector shown to the right should flow over into the sector 
shown on the left side of  the figures. This suggests that the model with these assumptions somewhat 
underestimate the signal strength in the lowest signal region directly above the site. 

4.1.6  SIGNAL ABOVE MULTIPLE SITES (UNIFORM DEPLOYMENT)
Antenna towers are seldom alone, there are pretty much always neighboring cells around. Sites are 
placed to provide adequate area coverage and network capacity for ground users. Cells are allowed 
to overlap enough to make handovers perform well, but otherwise interference from neighbors is 

Figure 4.1.5-3. Signal strength cross sections along x-axis for 3-sector sites. Showing how choice of 
antenna and downtilt angle changes the signal pattern. Also see Appendix A.

(a)

(b)
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sought to be minimized. For really sparse site deployments it seems reasonable to assume that 
conditions for airborne users approach those shown above around a single cell site. Choosing a fairly 
dense site deployment therefore makes sense to study what happens at the other extreme. This 
should highlight any particular issues with the radio environment that is caused by neighboring cells. 

Studying a medium to high density site deployment is also important because of  where sUAS and 
therefore a sUAS ATC system is most likely to be in high use. Many sUAS use cases involve tasks 
that occur over populated areas like cities and suburbs, as is the controlled airspace around airports. 
Densely populated areas require high density cell deployments to meet user capacity demands. With 
more people living in an area, more potential clients of  sUAS provided services exist, leading to 
more sUAS service providers and more air traffic needing to coexist in the same airspace. 
Conversely, while providing ATC services for sUAS in sparsely populated areas is certainly not 
without value, there is less need for an independent ATC entity if  only one or two sUAS actors need 
to simultaneously coexist. Examples would include flying over remote farmland or forests. It is also 
possible to obtain special permission from aviation authorities for exclusive sUAS airspace use, and 
doing so in an unpopulated area should not prove too difficult if  you are the only one who wants to 
fly there. 

The model assumes that antennas are mounted above most, if  not all, surrounding buildings and 
other obstacles. This is typical for macro-cell antennas. The COST 231 report [34, table 4.1.1] 
defines some common cell radii for macro-cells, with small macro-cells starting at 0.5-3 km and 
common large macro-cell sizes beginning at 1 km. Looking at the best case cell range calculated for 
the COST231-Hata model high bandwidth case (table 4.1.3-2) we have an upper bound for our cell 
radius at 1.5 km, corresponding to a maximum of  3 km inter-site distance (ISD). This range 
assumes that the best antenna directions from two adjacent sites face each other, something that 
would leave spots of  no coverage when using three sector sites in a hexagonal grid. So the maximum 
viable distance should be reduced to provide full ground coverage, and further reduced to allow 
some cell overlap for handovers. An ISD of  1 km is assumed to be close to a good enough value to 
allow for further analysis of  airborne signal conditions. Although it may be a somewhat denser than 
in a realistic deployment. For comparison, and to see what happens with slightly sparser site 
placements, a 2 km ISD is also studied in some cases. The results throughout this and the following 
section are from computations using a 100x100x100 m sample grid resolution. 

The same three sector sites described in the section above are organized into a grid with hexagonal 
cells. To provide optimal coverage, the sites are oriented such that each of  the weak signal areas 
between one site’s sectors is compensated by direct illumination by the one of  the sector beams from 
neighboring sites. This works out nicely when having all sites point their sectors in the same three 
directions relative to the local site. Placing the antennas in this way also makes any potential 
problems with high strength regions of  the antenna radiation patterns overpowering the low 
strength regions more evident by aligning the best and worst cases parts of  adjacent sites against 
each other. See figure 4.1.6-1 for site placements. The 3-sector main lobe directions are towards the 
east, southwest, and northwest.  

This thesis only looks at hexagonal site grids (where all sites are equally spaced from its neighbors). 
The results should be applicable for real life site deployments that have reasonably uniform site 
densities, and whose hex equivalent ISD match [42]. 
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From the results shown in the single 3-sector site signal strength plots (figures 4.1.5-1 to 4.1.5-3), it is 
clear that a number of  features and parameters need to be studied further when adding multiple 
neighboring sites. The presence of  regions with lower signal strength right above the cell sites, 
combined with highly directional antenna with powerful main lobes makes it possible that an 
aircraft may see distant cells as providing better signal quality than the geographically closest cell 
directly below. Both the size and shape of  low signal regions and of  the main lobe are controlled by 
the shapes of  the individual antenna patterns. Additionally, with sufficiently down-tilted antennas it 
is possible to restrict the main lobes to cover only the ground and the very lowest altitudes (up to 
antenna height). It may therefore not always be the case that the low power region above an 
antenna site is overpowered by distant antennas. 

The main difference with using the Kathrein 84010525 antenna in its 800 MHz mode compared to 
the 2200 MHz mode is largely the signal range, and not the pattern shape. This section will 
therefore focus on the two antenna models both running at 2200 MHz to highlight how the 
aggregate signal conditions are influenced by differences in the radiation pattern shape of  the 
individual antennas. 

Figure 4.1.6-1. Antenna site placements and site id numbers used when creating the following figures 
using 1 km ISD. The presented dataset is limited to the shaded area and restricted in altitude so the results 
can be used as if there was an infinite field of similarity placed sites. The 3-sector main lobe directions are 
towards the east, southwest, and northwest.

�

�32



Two things are of  particular interest in this section, both are looked at with both antennas and with 
varied antenna downtilt: 

• How will the signal strength over a multi-cell network vary as the altitude increases? 
• Which cell sites provide the best signal conditions over what areas and at what altitudes? 

Starting with the first question. Figure 4.1.6-2 shows an example of  the signal strength patterns 
created above a uniform site deployment. At ground level the strong signal areas of  individual cells 
is localized around the individual antenna towers. As the altitude increases this changes. The areas 
with stronger signal becomes smaller and more scattered, with the strong regions no longer 
necessarily occupying the same area that the cell covers at ground level. In fact, for some altitudes 
the regions that closest match the cells’ ground coverage areas are those with the worst signal 
strength at that altitude. 

It would be interesting to compare how the modeled signal conditions compare to if  signal strength 
was determined solely by the FSPL in a straight up line from the ground to any given altitude. 

Figure 4.1.6-2. Signal strength pattern as it evolves with increasing altitudes. Antennas are placed 40 m 
above ground. Note that the signal strength shown here at altitude 0 m is calculated using the air 
propagation model and as such does not represent actual ground conditions.
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When having multiple sites arranged to cover a larger area, even the worst case signal strength 
remains quite high. The signal profiles when using the two different antennas in figure 4.1.6-3 share 
a lot of  similar features. Starting at ground level, (a) and (b) both show an increase in signal strength 
caused by the main antenna lobes. Looking right above the main lobe, the signal level rapidly 
decreases. With the 742215 antenna there is a region where the vertical side lobes are able to keep 
minimum and average signal strength at slightly higher levels than if  the curve were to follow the 
FSPL reference. This region starts not far above the main lobe and ends at around 1000 m for the 
case with no tilt, and at around 700 m for the case with 10° tilt. No such shape is visible for the 
84010525 antenna due to the less dramatic drop off  in the vertical radiation pattern for large angles 
compared to the 742215 antenna (see and compare the vertical patterns in figures 4.1.4-2 and 
4.1.4-3). At higher altitudes where the influence from main and side lobes diminishes, the signal 
level profile becomes similar to how the FSPL reference decreases with altitude. 

The effects of  differences in antenna directivity show up in a couple of  more places. In the non-
tilted cases there is a clear difference; as expected, with the more directional 742215 antenna the 
strong signal region from the main lobe is narrower and of  higher power compared to the 84010525 

Figure 4.1.6-3. Showing how the signal conditions change as altitude increases, with and without antenna 
downtilt. Also shows how the modeled results compare to free space path loss from the ground to the given 
altitude. Sites are placed as shown in figure 4.1.6-1, with 1 km ISD and antennas mounted 40 m above 
ground. 
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antenna. The signal levels at higher altitudes are also lower in the 742215 case, compared with the 
slightly less directional 84010525 antenna. 

The vertical size of  the main lobe also impacts the down-tilted cases. For the 742215 antenna, a tilt 
of  10° is more than enough to completely push the main lobe below the antenna height (the vertical 
HPBW is 6.4°). The 84010525 antenna with its 18.5° vertical HPBW still radiate parts of  the main 
lobe above the antenna height. Common for both down-tilted cases are the changes in the overall 
signal altitude profile. When tilted, the average signal curve is more of  an L-shape rather than the 
smoother FSPL-following shape in the non-tilted cases. The differences between the maximum and 
minimum signal experienced with tilted antennas increases a lot. This is mostly caused by the worst 
case signal becoming much worse. Changes in the signal profiles when tilting the antennas are 
limited to the lower altitudes, approximately between 0 to 500 m above ground. Above that the 
signal level tracks the FSPL curve. Although it is still offset compared to the reference curve due to 
antenna directivity. The variations between the minimum and maximum signal level in also shrinks 
with increasing altitude.  

Other than the general features identified above, the details in these figures are highly dependent on 
the individual site layouts and cell coverage areas that are being studied. This is especially true when 
looking at the maximum and minimum signal values at each altitude. 

For comparison with figure 4.1.6-3, the COST231-Hata model gives signal attenuations in the 
range of  -130 dB to -90 dB with averages around -110 dB to -120 dB for users at 1 meter above 
ground when using the same set of  sites and antenna setups (shown in figure 4.1.6-4). Purely from a 
signal strength perspective, low altitude airborne users such as sUAS can expect strictly better than 
or (as the altitude increases) about the same as above average conditions for a ground based user 
with the UE terminal at around 1-2 m above ground. 

Figure 4.1.6-4. COST231-Hata model signal strength predictions for ground based users in the same four 
scenarios presented in figure 4.1.6-3. Antennas are placed 40 m above ground. 

�

-140 -130 -120 -110 -100 -90 -80 -70 -60 -50 -40
signal strength (dB)

0

1

2

3

4

5

6

7

8

9

10

al
tit

ud
e 

(m
)

Signal Strength (COST231-Hata) - 74221 & 84010525 @ 2200 MHz

Average
Min
Max

�35



Figure 4.1.6-5. Showing the site with best signal strength at various locations and altitudes for a uniform 
site deployment with and without antenna tilting. Sites positioned 1 km apart with antennas 40 m above 
ground. Site no. 31 is highlighted to show how the best signal coverage area of a site changes with 
altitude. Note that the results shown here are computed with the upper region airborne coverage model 
even when the altitude is zero. More figures are available in Appendix C.

(a)

(b)
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Signal strength is not the only factor that needs to be considered. Answering the second question of  
which site provides the best signal where will give useful hints to several other factors that could 
adversely affect LTE performance for sUAS when compared to the conditions experienced by 
ground users. A map of  which cell site provides the highest signal strength at various altitudes is 
shown in figures 4.1.6-5(a) and (b) for non-tilted and tilted 742215 antennas. By comparing the 
result of  this mapping to the signal strength pattens in figure 4.1.6-2 it is clear that the situation for 
cell coverage gets much more complicated and chaotic than what is evident by simply looking at the 
signal strength value. While ground users see a well ordered layout of  continuous self  contained 
cells, airborne users will experience a patchwork of  multiple noncontinuous cells when flying over 
the same area. The layout of  that patchwork can rapidly change depending on altitude. Vertical 
main lobe width and antenna tilt has a large influence on how scattered the cell regions are at any 
given altitude. 

Common in all cases studied for this report is that as the altitude increases, the areas above which 
each cell sector provides the best signal moves further and further away from the cell tower. How 
quickly this happens depends on the individual antenna radiation patterns. The lower power region 
directly above directional antennas is what makes it possible for neighboring cells to overpower the 
local cell’s signal. More directional antennas will output more power in the sideways direction, 
leaving regions with worse signal directly above them and at the same time making it more likely 
that their main lobe will overpower the weak regions in neighbor cells. This can be seen by 
comparing the results for the 742215 antennas and the 84010525 antennas in Appendix C (figures 
C1 to C4). Specifically by looking at how quickly the best signal areas diverge from the tower 
location when using the different antennas. 

The effects that tilting the antennas have on cell coverage and cell overlap in dense cell deployments 
is clearly shown by comparing the coverage areas of  the tilted and non-tilted figures in 4.1.6-5(a) 
and (b). Conditions at the ground level in (a) compared to (b) provide a perfect example of  why 
down-tilting is useful for restricting cell coverage to the cell tower’s immediate surroundings. Tilting 
also has a significant impact on airborne conditions. As we have seen previously, tilting the antenna 
sufficiently makes it possible to limit the main lobe’s influence to altitudes more or less completely 
below the antenna height. This prevents the strong main lobe signal from overlapping the lower 
power regions above neighboring cells, eliminating a major source of  faraway cells providing the 
strongest signal for airborne users. With tilted antennas, the best signal regions for the cells are much 
less spread out as altitude increases (again see Appendix C for more examples). Although the cell 
regions are still slowly diverging from the tower due to the same kind of  power output difference 
existing between the antenna side lobes and the fully upward direction. The displacement is smaller 
compared to when the main lobe is involved because of  the smaller power delta involved. 

Note that the offset distance does not appear to change with sparser site deployment (compare figure 
C1 to C5, and figure C3 to C7). The distance counted in number of  cells will decrease, but not the 
actual distance in meters. Cell spottiness at higher altitudes is reduced, and the size of  continuous 
best site regions becomes larger (individual cell sizes grow with sparser deployments). This is the 
expected result from reducing cell overlap. With sufficiently sparse site placement we should expect 
to see the cells’ airborne best coverage regions to remain above an area similar to the ground 
coverage area, even without antenna tilting. 

With sparse enough site placements, propagation losses will cause even the strongest signals from 
neighbor cells to fall below the local cell’s minimum signal levels in any given region up to a given 
altitude. Thus ensuring that the local cell provides the best signal. 
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4.1.7  SIGNAL ABOVE MULTIPLE SITES (SPECIAL CASES)
The previous section looked only at completely uniform site deployments where all antennas are 
mounted at the same height. However, the world is not completely flat and site deployments are not 
uniform. It is useful to quickly look at and discuss how some variations affect airborne cell coverage. 

An interesting scenario is having one cell tower located higher than the surrounding cells. A 
somewhat exaggerated example of  this is shown in figure 4.1.7-1. Note that the best coverage area 
shown here extends beyond the xy-bounds of  the figure. By being placed higher then its 
surroundings, where the signal strength from the other antennas is already reduced, the cell with the 
higher antennas has little competition when it comes to providing the best signal power. This allows 
it to dominate over a large area. Beginning at the altitude where the main lobes of  the surrounding 
cells stop being the main contributor to signal strength and ending when the elevated antenna main 
lobes fall off. The special cell’s coverage region extends above multiple neighboring cells, creating 
something sort of  like a mushroom cap shaped region where it is more or less alone in providing the 
best signal. 

Antenna height differences between neighboring cells will be common when looking at real life 
networks. The effects on site coverage areas should be similar to the above, but with the magnitude 
of  the effects matching the magnitude of  the antenna height fluctuations. Higher mounted antennas 
will have larger coverage areas for airborne users than lower mounted ones, with the difference in 
coverage area appearing as the altitude increases above the signal patchwork formed by the lower 
mounted antenna main lobes. 

Figure 4.1.7-1. Showing the antenna with best signal strength at various altitudes for a uniform site 
deployment with one antenna (no. 42) placed higher than the rest. Sites positioned 1 km apart with 
antennas 40 m above ground and tilted down 10°. Site no. 42 is positioned 140 m above ground with no 
tilt.
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Mixing different carrier frequencies will also create large regions where certain antennas provide 
much stronger signals. Since lower frequencies suffer less from propagation losses they will dominate 
over higher frequencies as the altitude increases (see figures 3.7-1 and 4.1.5-3). While the case with 
higher mounted antennas is highly dependent on the geometry of  the cell and antenna placement, 
differences in carrier frequencies between cells is much less so. Cells using lower frequency bands 
will inevitably provide the best signal strength at higher altitudes. 

4.2  Flight Monster Simulation
The Flight Monster simulation prototype software was written to allow for a more interactive 
exploration of  the air coverage model described above (using free space propagation in the air, and 
Hata propagation on ground). The program can simulate sUAS aircraft flying around above various 
simulated cell site deployments. It was also meant to be a tool for exploring autonomous aircraft 
behavior in response to dynamic network conditions, although this part was scrapped due to scope 
and time constraints. 

The simulation advances in discrete time steps. Any simulated aircraft move towards their next set 
waypoint, and the signal strength for possible network connections with cell sites is computed. The 
cell site with the best signal received by the aircraft, as well as the site where a ground based user 
placed directly below the aircraft would get the best signal from is presented in the user interface. 
Additionally, the ten best sites in both the airborne case and ground case are logged to enable 
further analysis. 

Figure 4.2-1. Flight Monster display interface. The green triangle is the aircraft, red line is the planned 
flight path, ant the yellow square is the current target waypoint. Blue squares are antenna sites, the cyan 
square is the current best site for the aircraft, the magenta square would be the best site if the aircraft was 
on the ground. Miscellaneous data is printed showing the state of the sites and aircraft.

Left (a): Random flight at 100 m altitude with 2 km 
ISD and no antenna tilt.

Right (b): Flight at 100 m altitude with 1 km ISD and 
10° antenna tilt. Aircraft is following the same flight 
path that was used in the simulations presented 
below.
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The simulated world in which the sites and aircraft are placed is modeled as an Earth sized sphere 
[43]. However, for simplicity some calculations are made without taking the curvature of  the planet 
into account. This makes results less accurate at larger distances, but the accuracy is sufficient for the 
scenarios looked at here. Possible LTE connections are restricted by distance to horizon and the 
signal time of  flight between the aircraft and cell site. 

By running the program in its interactive mode and experimenting with various site setups the same 
phenomena described in the previous section are observed (anything else would be strange since the 
model is the same). The ground based user will tend to always connect to the closest site, whilst the 
aircraft will connect to further and further away cell sites as it flies higher. 

Flight Monster makes it easy to look at the problem in a few additional ways the previous sections 
did not explore. Having an aircraft travel around the simulation allows us to record:  

• The duration of  a connection to a specific site and how often connections change sites.  
• The distance between sites involved in a handover.  
• The distance between the current selected site and the site that a ground based user would select.  

We can also use the signal strengths of  the top ten best connection candidates to indicate how much 
interference there is from neighboring sites, and how that changes with altitude. A low spread in 
signal power amongst these candidates would indicate presence of  more noise than if  the spread is 
large and the strongest signal source can overpower the others. 

4.2.1  SIMULATION SETUP
The data presented and discussed in the next section was obtained by running the Flight Monster 
simulation with the following parameters: 

Cell sites were placed in a 33 by 33 uniform hexagonal grid with an antenna height of  40 m. Each 
site with three antenna sectors, and antennas operating at 2200 MHz. A randomized flight path 
with 10 waypoints was generated within an area with a 2000 m radius of  the center of  the simulated 
network area (path shown in figure 4.2-1(b)). At the end a run the aircraft will be flying towards the 
final waypoint, with about half  of  that final leg remaining. For Hata model comparisons, the ground 
UE is set to be at 1 meter above ground. 

Aircraft speed was set to 15 m/s to simulate a multi rotor type of  aircraft. The simulation time step 
was set to 100 ms, resulting in a sample being taken for each 1.5 m traveled. The total duration 
simulated for each run was 20 minutes, giving a total distance traveled of  18 km. 

Simulation runs were made with antenna tilt at 0° and at 10°, as well as with ISD at 1 km and at 2 
km. Runs were made with the aircraft flying at different altitudes. Between 50-1000m AGL 
simulations were performed for every 50 m, and between 1000-3000 m they were made for every 
500 m. The same flight path over ground was used at all altitudes. The reduction in vertical 
resolution was done for two reasons. First to reduce simulation time. Secondly because of  regulatory 
limitations. sUAS are unlikely to be allowed to fly very far above ground so for this thesis there is 
limited use in having detailed results beyond a certain altitude. The low resolution data is included 
because larger trends at higher altitudes may still provide some useful information. 
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4.2.2  SIMULATION RESULTS
Since this data was gathered from simulating a single 20 minute flight path at multiple altitudes, 
some details of  the results are inherently tied to this particular path. The focus here is to identify 
larger scale trends as the altitude increases. A subset of  figures are presented here to highlight 
particular features, the complete set of  figures showing the results of  the simulation (with varying 
antenna, tilt, and ISD) is available in Appendix D. 

From figure 4.1.6-5 it is clear that the continuous regions where a single cell provides the best signal 
becomes smaller as altitude increases. Thus, we expect to see more frequent connection changes and 
shorter connection durations with increasing altitude. Note that no intelligent cell selection or 
handover criteria are used here, the UE is simply assumed to always be connected to the site 
providing the best signal at that moment. This gives a good picture of  the experienced signal 
conditions change, but it does not necessarily give an accurate account of  how real LTE equipment 
would behave if  it experience these conditions. 

Table 4.2.1-1. Flight Monster simulation parameters.

PARAMETER VALUE

Site grid size 33 by 33 sites

ISD 1 km and 2 km

Antenna height 40 m

Sectors per site 3 sectors

Antenna downtilt 0° and 10°

Carrier frequency 2200 MHz

Aircraft speed 15 m/s

Aircraft altitudes 50-1000 m @ 50 m intervals
1000-3000 m @ 500 m intervals

Allowed flight area radius 2000 m

Waypoint count 10

Simulation time step 100 ms

Total simulated time per run 20 minutes
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Common in all simulations are that the connection change count increases, and the connection 
durations decreases, with higher altitudes. When the cell deployment is dense (1 km ISD), neighbor 
cells intrude a lot on each others coverage and the coverage regions are quickly broken up into 
smaller pieces. This increases the number of  connection changes compared to the ground case a lot. 
Worst case numbers show up to a 4x increase in connection changes. While for sparser deployments 
(2 km ISD) with less scattered cells, it stays below 2x the number of  connection changes that a 
ground user would experience. These numbers also tend to change back and forth a lot as altitude 

Figure 4.2.2-1. Best site change counts at increasing altitude. Showing the difference between (a) dense 
deployment with high neighbor intrusion, and (b) sparser deployment where each cell remains fairly intact 
(see figures C2 and C8). The gray vertical line show the number of site changes for a ground based user 
traveling the same path. The horizontal line at 1000 m marks where the altitude resolution changes from  
50 m to 500 m.
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Figure 4.2.2-2. Connection durations at increasing altitudes. Showing the difference between (a) dense 
deployment with high neighbor intrusion, and (b) sparser deployment where each cell remains fairly intact 
(see figures C2 and C8). The gray vertical line show the number of site changes for a ground based user 
traveling the same path. The horizontal line at 1000 m marks where the altitude resolution changes from  
50 m to 500 m.
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increases. It makes it dangerous to draw conclusions from the data above 1000 m due to the low 
vertical resolution. 

Discerning a pattern to how the connection times vary is a bit more difficult. Average and median 
connection times will quickly decrease with about the same factors that connection count is 
increased. After the initial change these numbers stay fairly consistent with increasing altitude. 
There is however a lot of  variability in the connection times for any particular altitude. The 
difference between minimum and maximum connection times is large.  There is also a lot of  
variability between separate altitudes. This could indicate that the largest continuous cell regions 
varies a lot with altitude. But it may also be an artifact of  this particular flight path. Looking at the 
300 m layers in figure C2 and cross referencing with the decrease in maximum connection at the 
same altitude in figure 4.2.2-2 hints that it may be a bit of  both. 

Note that in figures 4.2.2-1(b) and 4.2.2-2, (b) has twice the distance between sites compared to (a). 
Any direct comparison of  actual connection times between them needs to keep that in mind. 

In the simulation runs with much cell overlap, and large influence from antenna main lobes, the 
regions with best signal strength move rapidly away from the cell ground coverage area. As a 
consequence an aircraft UE will find that further and further away cells can provide the best signal 
strength (figure 4.2.2-3(a)). The UE will still connect the geographically closest cell some of  the time.  

As the altitude increases to where the main lobes cease to have a large influence on signal 
conditions, the distance to the furthest away cell is significantly reduced. Figure 4.2.2-3(b) shows the 
case where the chosen ISD and antenna downtilt provides enough separation of  cell neighbors to 
limit the number of  cell sites that compete for providing the best signal strength at any given point. 
These conditions are what the aircraft would see in all scenarios if  the influence of  overpowering 
main lobes was absent. Even in this well behaved case, the aircraft will still occasionally see sites one 
or two cells away from the geographically closes one providing the best signal strength. 

Figure 4.2.2-3. Distance in number of cells between the site providing the best signal for the aircraft and 
the site that provides the best signal for a ground based user placed directly below the aircraft. Showing 
the difference between (b) tilted and (a) non-tilted antennas. The horizontal line at 1000 m marks where the 
altitude resolution of the data changes from 50 m to 500 m.
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The further away the currently connected cell is, the larger the possible handover distance. With the 
site setup used for the simulations, the maximum handover distance in number of  cells is roughly 
twice the maximum distance between the closest and most distant cell chosen. Meaning that even in 
the simulations with the most local handovers (84010525 antennas with tilt, 2 km ISD, see figure 
D8(d)), the handovers sometimes occurred between neighbors up to 4 cells away. The worst of  the 
performed simulations in this regard (742215 antennas without tilt, 1 km ISD, see figure D4(a)) 
showed handovers occurring between cells more than 20 cells away. In that particular case the 33 by 
33 site grid was insufficient to mimic an infinite field of  sites, and the 20 cell number would likely be 
exceeded if  more distant sites were added. 

Comparing figures 4.2.2-4 (a) and (b), it shows the effect of  increasing site spacing in situations with 
intruding main lobes. Increasing the ISD stretches out the altitude range where the main lobe 

Figure 4.2.2-4. Jump distance in number of cells between the site providing the best signal for the aircraft 
before and after the best site has changed. Showing the difference when changing the ISD.The horizontal 
line at 1000 m marks where the altitude resolution of the data changes from 50 m to 500 m.
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Figure 4.2.2-5. Maximum, average, and minimum difference in signal strength among the top ten strongest 
sites. Note the difference in scale on the x-axis. Additional figures available in Appendix D.
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influence is a problem. The worst case handover distance will remain the same, it simply occurs at a 
higher altitude. 

The signal strength differences among the strongest available sites at any moment hints toward how 
large the effect of  signal interference from neighbor cells might be. Figure 4.2.2-5 shows the 
maximum, minimum, and average difference recorded for each altitude among the ten best sites at 
each sample. In the non-tilted case (a) both the minimum and average the signal difference quickly 
approaches 0 dB at fairly low altitude. Indicating that neighbor cell interference and an increased 
noise floor may be a problem for airborne users. As the altitude increases further the situation 
improves somewhat. The case with tilted antennas performs much better, with minimums staying 
above 5 dB up to 1 km and averages between 15 to 10 dB reducing with increasing altitude.  

That the signal difference between sites decreases with increasing altitude is expected since 
increasing the altitude increases the distance to all cell sites, allowing the propagation losses to 
reduce the absolute signal strength as well as smoothing out any differences in emitted power. 
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5  sUAS Air Traffic Control
Air traffic control for small UAS combines the challenges of  managing unmanned aircraft with the 
addition of  having very small aircraft operating very close to the ground. Due to their size it may 
not be possible or practical to include the same equipment and transponders that are used for traffic 
surveillance and collision avoidance on larger aircraft. 

The small size and proximity to terrain also make traffic surveillance techniques like primary and 
secondary radar infeasible. Small objects are more difficult to detect, and at very low altitude the 
terrain obstacles are numerous. This limits line of  sight and requires a huge amount of  radar 
stations to ensure full airspace coverage. Some form of  cooperative surveillance is left as the only 
realistic option for covering low altitude airspace over large geographical areas. Terrain proximity 
also presents problems where aircraft are limited in the ways they may safely maneuver. Terrain 
avoidance and providing enough margins to allow for emergency maneuvers needs to be a part of  
the trajectory planning for sUAS. 

Similar air traffic management concepts to those used for SESAR and NextGen would also benefit 
the design of  an ATC system for sUAS. Allowing individual actors large freedoms in how they 
operate, with ATC having the final word in accepting or rejecting flight paths or resolving conflicts. 
This makes for a highly flexible system that accommodates individual airspace users in the best 
possible way whilst maintaining safe operations. 

The onboard computational capabilities of  a sUAS may be limited, making heavy calculations and 
forecasts using large dynamic data sets, such as those required for advanced 4D path planning, 
something best done on ground equipment computers. The role of  onboard sUAS planning in the 
planning process would then be limited to aircraft-local planning and proposing flight paths that 
would be optimal to achieve any goals the sUAS have in mind. Those plans can then be sent to the 
ATC service which evaluates them and return the closest solution that satisfies all system wide 
constraints. The sUAS is then left to execute the final plan. Continuous sensor updates sent to ATC 
and the operator allows them to determine when strategic level changes needs to be made. 

All sUAS must be capable of  at least limited autonomous flight or autonomous flight aborts, since 
command and control (C2) link failures are a real possibility that needs to be handled. One could 
envision ATC being able to issue some commands to the aircraft while in a loss off  command and 
control link situation. If  using traditional ATC arrangements that would either require that the ATC 
controller takes over full responsibility of  operating the aircraft, or that the aircraft is capable of  
intelligently negotiating with ATC based on its preprogrammed plan of  actions, aircraft state, 
mission goals, arbitrary ATC commands, endurance, etc. Neither option is immediately desirable. 
Taking on the responsibility of  flying the aircraft falls way outside of  the scope of  normal ATC 
responsibilities, and designing an onboard systems in a way that is guaranteed to make safe 
autonomous decisions without wasting the ATC controllers time by rejecting all proposed actions 
may be difficult. 

Successful decision making where the impact on mission safety and the safety of  surrounding traffic 
is minimal requires a lot of  cooperation. It requires data sharing and shared awareness, and shared 
responsibility of  the traffic situation with all involved parties (the aircraft, its operator, and ATC). If  
ATC receives and evaluates a lot more information about the UAS state, its capabilities, mission 
objectives, restrictions, etc., than is typical in ATC systems today then it can make more well 
informed decisions. It could be possible to shift more responsibilities to ATC, especially when the 
operator has lost their command and control link to the aircraft.  
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Automation can help with a lot of  the above. Automating most of  the ATC system would make the 
need for human intervention minimal, mostly limited to strategic level decisions. NASA proposes a 
system called UAS traffic management (UTM) [44] for handling low altitude airspace and sUAS. It 
would be capable of  autonomous operation with support for system self-configuration, self-
optimization, and self-protection. The proposed system serves as a repository of  situational data and 
forecasts. Weather predictions is a good example. Incorporating such data in the planning process 
has been shown to improve mission success rate [45] and make for generally safer operations. 

Many use cases for sUAS allow the operator to set up a flight and then have the aircraft perform it 
without further input. Automation at every part of  the system; the ATC service, aircraft, and ground 
station operations are important to consider when developing a sUAS ATC system.

Wether the aircraft is flown manually or not, all involved parties needs to be able to handle every 
eventuality in a safe manner. The guidance on operating UAS issued by the United Kingdom Civil 
Aviation Authority [3] provides a good overview of  the regulatory and technical challenges involved 
when operating UAS and sUAS. When it comes to automation and autonomous systems, emphasis 
is placed on the system always behaving in a deterministic way to specific inputs. By having the ATC 
be aware of  individual sUAS plans for link loss or emergencies at various points in the flight, it 
becomes possible for ATC to extrapolate the likely trajectory and behavior from a last known sUAS 
position. Automatic handling and re-planning by the ATC service makes it easy to manage large 
amounts of  contingencies and alternate flight paths without overwhelming ATC controllers or the 
aircraft operator. 

5.1  System Overview 

The main entities that are involved in the proposed sUAS ATC system are as follows: 

• sUAS aircraft is the thing that actually flies around in the air. 
• sUAS ground station is what the aircraft operators use to pilot, monitor and otherwise 

interact with the aircraft and plan its flights. It can be portable for easy use with within line 
of  sight operations, or a permanent system located remotely for beyond line of  sight 
operations. 

Figure 5.1-1. Overview of the proposed sUAS air traffic control system with main entities and 
communication links. 
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• sUAS ATC service center is the provider of  ATC services and relevant situational data. 
Provided data may include current air traffic, weather with forecasts, terrain information, 
airspace constraints, etc. It is the central authority for low altitude airspace, coordinates 
airspace use, determines restricted airspace, interacts with ATC for large aircraft, etc. 

The following links allow communication between the various actors and components: 

• Aircraft command and control link (C2) is the data link between the sUAS aircraft 
and the ground station through which the operator controls the aircraft and receives flight 
telemetry. 

• sUAS ATC to ground station link (ATC-GS) is the data link between the ATC center 
and the ground station through which the operator may communicate directly with air 
traffic control. Uses include flight planning, exchanging situational data, updating flight 
paths, ATC communications with operator of  manually flown aircraft, etc. 

• sUAS ATC to aircraft link (ATC-A) is the data link between the ATC center and the 
aircraft through which the aircraft provides tracking telemetry, and the sUAS and ATC 
service may negotiate flight path updates for autonomous aircraft. 

• sUAS aircraft to sUAS aircraft links (A-A) are the data links between flying aircraft 
that are used for ACAS traffic detection and conflict resolution. These air to air links can 
also be used for other tasks involving direct cooperation between multiple aircraft. 

• sUAS ATC to ATC link may also be present to allow the sUAS ATC system to interact 
with existing ATC services and larger aircraft. 

All components may act autonomously or with a human in the loop. The ATC service is assumed to  
be mostly autonomous. Human ATC controllers should be able to enter new situational data and 
flight restrictions. The system should automatically react and adjust to the new conditions. Aircraft 
and ground station level of  automation can vary between users, the system should handle all 
variations. 

Aircraft and operators are fairly free to make decisions on their own, but ATC always has the final 
word on what is allowed. The exception is in emergencies or when collisions are imminent, then the 
aircraft or operator can make independent decisions to resolve the situation. 

Strategic level planning (mission objectives, setting waypoints, reserving airspace, etc.) involve the 
ATC and the ground station. High authority autonomous aircraft may also be involved in strategic 
decision making, possibly replacing the ground station involvement in some situations. Planning at 
this level requires communication and coordination over most of  the data links presented above. 
Determining how the aircraft should behave in abnormal situations should also be part of  the 
strategic plan. It is critical that all parties agree on a plan before it is executed, in case of  a link loss 
situation occurring during flight. 

Tactical level planning also benefits from involving all parties. For the trajectory level planning there 
is less need for direct ATC involvement, ATC can be notified should the flight need to significantly 
diverge from what was previously agreed upon. Regulation occurs onboard the aircraft, with ground 
station and human involvement in case of  manual flight. ATC is continuously informed of  the 
actual position of  the aircraft throughout the flight, and is thus able to intervene if  the aircraft does 
not follow the agreed upon plan. 

All four of  the data links (C2, ATC-GS, ATC-A, A-A) are somewhat critical for safe flight 
operations. Loss of  any one of  them require action, such as the aircraft aborting the flight. C2 
failing means the operator is no longer in control of  the aircraft or able to track its position (unless it 
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is within VLOS). ATC-GS failing reduces the operators situational awareness of  nearby traffic, and 
also prevents ATC from issuing direct commands to the operator. ATC-A failure causes tracking 
telemetry from the aircraft to cease, making ATC unaware of  the aircraft’s actual location. It also 
prevents ATC from issuing commands directly to the aircraft. Finally, an A-A link failure prevents 
direct interactions between flying aircraft, impeding ACAS capabilities, coordinated flight and other 
cooperative behavior. 

5.1.1  USING LTE
LTE is capable of  providing high bandwidth low latency data connections, as well as UE-to-UE 
direct discovery and communication. As such LTE can be used for the command and control link, 
ATC comms with aircraft, and for direct communications between aircraft. Using LTE for the C2 
and ATC-A links is especially useful in scenarios where the sUAS is flying far away from where the 
ground station and operator is located. LTE is also useful for connecting portable ground stations to 
ATC, even if  the aircraft is not flying very far from the operator.  

The LTE network infrastructure can also be used to benefit the ATC system implementation in 
ways other than just providing communication links. LTE location services can provide information 
for airspace surveillance. This can be used to improve tracking accuracy and to independently verify 
the integrity of  self-reported sUAS position data originating from onboard sensors and GNSS 
receivers. 

The purpose of  the following sections is to explore what is possible, and what the consequences are, 
if  LTE is the only onboard equipment available for ATC communications, command and control, 
and collision avoidance. In reality it is not unreasonable for there to be multiple onboard radios 
dedicated to specific tasks, where a more general radio solution may not sufficiently support all 
aspects necessary for a certain subsystem. 

5.2  Air Traffic Surveillance Through LTE
Self-reported cooperative airspace surveillance is the best fit for use with sUAS flying at low 
altitudes. This requires that the aircraft are equipped with sufficiently accurate and precise GNSS 
and altitude sensors, so that its position can be measured and reported to ATC. If  the ATC system is 
implemented through LTE, then traffic surveillance coverage exists everywhere LTE cell coverage 
exists. Use of  LTE location services for traffic surveillance is fairly straightforward. It can improve 
airspace surveillance in two ways. 

The first is by assisting the UE with self-positioning tasks, mainly though network assisted GNSS. 
Aircraft are always equipped with barometric sensors so they can determine their own altitude. This 
data can also be fed to the location service as an additional source of  location data. The location 
service can provide the aircraft with a more accurate location estimate than the aircraft is capable of  
by itself. It does so by combining GNSS data from the sUAS with network based location 
measurements (OTDOA, UTDOA, etc.). It also adds the ability for the sUAS to partially offload 
some GNSS processing to the network. The sUAS must always be able to run its GNSS receivers 
independently in case of  network failure so it can keep track of  its own position. But when the 
network service is available it can take on some of  the work. Improving location data precision 
allows ATC to safely reduce the minimum aircraft separation requirements, thus increasing air 
traffic capacity. 

The second way through which LTE location services can improve airspace surveillance also relies 
on its ability to provide independent measurements of  the aircraft location. The LTE network can’t 
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detect and track the physical aircraft like primary radar systems do. But it can determine the UE 
location based on which cell tower it is connected to, and through signal measurements like the 
arrival time of  UE uplink communications at separate towers (UTDOA). Making this extra source 
of  location data available to ATC enables ATC to sanity check that the self-reported positions from 
a sUAS are reasonable. It also helps with detection and defense against GNSS-spoofing attacks 
targeting the sUAS. Network operators would need to allow the ATC service to access and 
frequently trigger network based location measurements against sUAS UEs to enable the full 
advantages of  this feature. 

5.3  Collision Avoidance Through LTE
Collision avoidance relies on the aircraft’s ability to detect other traffic, determine if  it is in conflict, 
and through coordinated action resolve trajectory conflicts. It provides the last line of  defense 
against collisions and must therefore work very reliably. This is especially important if  C2 and ATC 
links are down. LTE can provide nearby device discovery and direct communication between UEs 
through proximity services (ProSe). 

For collision avoidance to work, every aircraft has to periodically (for example once every second) let 
every other aircraft in the vicinity know where it is and where it is going. Since it is critical that any 
two aircraft that may be in danger of  colliding can detect each other, ACAS messages must be 
transmitted in a way so that they can reach all nearby aircraft at all times. Whether that aircraft is 
within or outside LTE network coverage, and also whether it has been previously discovered as a 
nearby UE or not. LTE ProSe only provides this permissive level of  broadcasts to public safety UEs 
[32, sections 5.4.1-5.4.3]. One of  the reasons for that limitation is because of  the potential high 
demand on available radio resources should any and every device be allowed to use it.  

There are strict configuration and authorization requirements that the UE must fulfill before being 
allowed to transmit ProSe broadcasts [32, section 4.5.1.1.2.3]. The sUAS UEs would need to be 
provisioned to use public service ProSe, and set to be members of  a special ACAS ProSe broadcast 
group. LTE cells in the area that is covered by the ATC service must be configured to allow use of  
radio resources for public service ProSe. The sUAS UEs could and should also be provisioned to use 
specific ProSe radio resources based on the geographical area where it is currently located. There 
exist certain configuration conditions where a UE can be prohibited from transmitting ProSe 
signals, because doing so may cause interference with a nearby cell that does not support ProSe 
direct communications. The critical nature of  ACAS means that extra care must be taken to ensure 
the correct configuration of  both cells and UEs so that such situations cannot arise within the 
intended ATC service’s coverage area. This must be done before deploying a service that relies upon 
LTE ProSe for ACAS purposes. From the chapter on LTE cell coverage in the air we have seen that 
airborne UEs can see and connect to faraway cells, and respectively the UEs may interfere with 
faraway cells. This could complicate the process of  configuring the network cells and UEs so that 
ProSe direct communications availability is ensured. One way to solve these problems would be to 
assign LTE radio spectrum specifically for this task, or to share spectrum with other special use 
cases. That would ensure that a specific radio band is available everywhere, at all times. 

Another aspect that affects LTE use for ACAS is the maximum relative speed that two aircraft can 
travel at and still be able to establish a connection. LTE is made to support connections between 
eNB and UE where the UE is traveling up to 500 km/h. Assuming that there are no additional 
technical limitations introduced in UE to UE direct communications, the maximum allowed sUAS 
aircraft speed is then limited to around 250 km/h. A speed limit that is still way above the 45 m/s 
(160 km/h) or lower speed limit imposed by sUAS regulations (see section 3.1.1). 
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In TCAS II the aircraft broadcast their full position and state every time interval. Transmissions 
from several aircraft may overlap and interfere with each other. This presents some issues for ADS-B 
as traffic density increases [17]. Using LTE presents its own capacity constraints. Radio resources in 
LTE are allocated for specific users and specific tasks. Only the user who is scheduled to transmit 
using a particular radio resource will do so, with a few exceptions such as random access. Allocation 
and scheduling prevents radio collisions, but it also means that there is a strict upper limit on how 
much traffic the network can handle. 

Replicating the TCAS behavior of  continuously broadcasting all state information about the aircraft 
is one way to implement the ACAS broadcasts with LTE. This would include the full up to date 
sUAS state vector with every broadcast. Apart from potential resource constraints, this is beneficial 
because all who receive the message is instantly aware of  the other aircraft state.  

With an alternative implementation one could instead focus on solutions that minimize radio traffic 
and radio resource use while still keeping other aircraft fully informed when needed. One method 
of  achieving this is to use additional bookkeeping on each individual aircraft. A sUAS can broadcast 
its state and segment of  the planned trajectory along with a timestamp, instead of  only the current 
state. Then it does not need to transmit any additional state information until it either deviates from 
the promised trajectory, or it has successfully flown the full segment and needs to announce the next 
one. It will keep broadcasting an aircraft unique identifier and the timestamp of  the last trajectory 
segment broadcast. This results in a lower amount of  data to transmit with each broadcast. 
Reducing the needed radio resource and also reducing the risk of  radio collisions where broadcasts 
cannot be scheduled ahead of  time. New approaching aircraft and any nearby aircraft that missed 
the segment update will be made aware of  the source aircraft thanks to its unique identifier, and it 
will also know that it does not have the latest trajectory data by comparing the timestamp to any 
previous data it may have received. Once aware that the data is missing or out of  date the other 
aircraft can request it from the source aircraft. This could be done by requesting a new full message 
broadcast, or by talking directly through a one-to-one connection with the source sUAS. The 
downside of  this approach is it delays propagation of  state data in some cases. The upside is that 
conflicts could be detected earlier, depending on how far in advance the trajectory segment is 
broadcast and how well the aircraft are able too keep what they promise. But basically there is a 
tradeoff  between radio resource use, and how quickly every nearby aircraft has up to date data. 

Another way to more intelligently use the available radio resources is make use of  ATC’s knowledge 
of  where everyone is and combine it with information on network coverage and the connection 
states of  individual aircraft. When everything is under control and traffic is highly separated, 
broadcasts can be reduced in frequency. Should traffic get dense, or some nearby aircraft lose 
connection or experience bad connectivity, then the ACAS reporting frequency can be increased.  

Leaving some radio resources freely available at all times (and having everyone listen to them) allows 
aircraft in distress to immediately report deviations to their surroundings regardless of  the global 
update frequency. 

While the requirements for full ProSe ACAS availability at any time prevents sUAS from relying on 
network assistance for ProSe discovery, using network awareness of  connected ProSe devices is 
beneficial when flying within LTE network coverage. The network may be aware of  nearby aircraft 
with which direct radio line of  sight is blocked by obstacles or terrain for some sUAS. Allowing the 
network to assist in discovery in these situations improves the system safety. Relaying messages 
between the aircraft through the eNB can prevent surprise conflicts as the two sUAS fly around the 
corner of  whatever was blocking their direct ProSe communications. This becomes extra valuable 
when flying close to the ground with lots of  dense structures around. 
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By establishing a direct one-to-one datalink with an intruding aircraft, both aircraft can be sure that 
the other one is aware of  each other and the imminent conflict. The resolving actions can then be 
coordinated through further back and forth messaging. Or the aircraft can rely on that knowledge 
and employ evasion maneuvers based on reciprocal velocity obstacles [46][47] to resolve the 
conflict. Precomputed logic tables like those used for ACAS X is also an alternative for resolving 
conflicts. 

5.4  Flight Scenarios & LTE Datalink Usage
Below are a few different flight scenarios that illustrate how and when LTE may be used to 
implement the C2, ATC-GS, ATC-A, and A-A data links. In many cases multiple logical data links 
may depend on the same onboard LTE radio equipment. The focus here is to highlight different 
ways to route the logical data streams, which physical radio links are likely to be used in different 
scenarios, and to identify when LTE is likely to be one of  those radios. Consequences for LTE based 
ACAS and airspace surveillance techniques are also noted, along with examples on how the ATC 
system could handle that kind of  traffic. 

5.4.1  MANUAL FLIGHT WITHIN VISUAL LINE OF SIGHT

Smaller manually flown aircraft that stay within line of  sight need only to use short range radios for 
operator control of  the aircraft. In this case the use of  LTE for the C2 link is unnecessary. The 
connection to ATC for such an aircraft can still be done through LTE, although using an onboard 
UE only for this task may be superfluous. The ATC tracking telemetry, etc., can be relayed through 
the ground station equipment (relaying ATC-A data over the C2 radio) which maintains an ATC 
connection through LTE. With no onboard LTE radio it won’t be possible to ensure LTE based 
ACAS availability in all situations (the C2 link may fail, taking the LTE ACAS data relay with it). 
But the ground station UE will always be able to broadcast a rough aircraft position to other traffic, 
even if  actual data from the aircraft is missing. LTE based airspace surveillance techniques will also 
not work since the LTE UE is part of  the ground station, making it impossible to make network 
based measurements against the aircraft. The operator’s situational awareness could be improved by 
having the portable ground station receive and present proximity messages from other nearby 
aircraft that do use LTE for ACAS. 

Figure 5.4.1-1. Scenario with the sUAS aircraft flown within VLOS of operator. Aircraft is without onboard 
LTE equipment, but the portable ground station is LTE capable.
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ATC and other aircraft are made aware that a manually flown aircraft is in the local area so they 
may plan and act accordingly. In this scenario ATC would reserve the local airspace around where 
the sUAS is flown for manual VLOS flight and keep most other traffic away. Other operators, 
potentially manual, that are flying VLOS in the same area are made aware of  each others existence 
but must maintain separation manually. If  necessary, the ATC service can issue temporary 
restrictions directed this kind of  aircraft in order to keep them separate, or to create safe air 
corridors where other traffic may safely transit through the area. The manual operator would be 
ultimately responsible to visually ensure traffic separation at all times. 

5.4.2  AUTONOMOUS FLIGHT WITHIN VISUAL LINE OF SIGHT

This scenario is similar to that of  fully manual flight within VLOS and the same restrictions and 
consequences can be applied. Since the aircraft never flies very far from the operator (VLOS must 
be maintained at all times) it is still the case that LTE for the C2 link is unnecessary. Other short 
range radio solutions may be beneficial. 

Depending on the degree of  autonomy of  the sUAS it may make sense to add LTE capabilities to 
the aircraft itself  here, in addition to the LTE connection from the ground station, so that a high 
authority autonomous aircraft is able to communicate with ATC by itself  even if  the C2 link is out. 
Including onboard LTE would mean that LTE based surveillance, ACAS, and swarm collaboration 
would also be available to the aircraft. This reduces the need for large safety margins during 
planning. 

By not just manually flying the aircraft around freely within an area, it is possible to file and update 
the intended flight path with ATC. This means less airspace needs to be reserved for the aircraft, 
since potential conflicts with other traffic can be caught and resolved beforehand. Only the intended 
flight path needs to be reserved. The operator is still ultimately responsible to visually ensure traffic 
separation, but the predictability of  following a preplanned autonomous flight path makes it possible 
for the rest of  the system to help with this task. This is true even if  the aircraft itself  is not equipped 
with LTE. 

Figure 5.4.2-1. Scenario with the sUAS aircraft flown within VLOS of operator. Aircraft has onboard LTE 
equipment which is used to interact with ATC and with other aircraft. The ground station is also LTE 
capable.
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5.4.3  MANUAL AND AUTONOMOUS FLIGHT BEYOND VISUAL LINE OF SIGHT

Beyond VLOS flight is the most interesting and technically challenging scenario. It is also the 
scenario where using LTE for all data connections between the sUAS and the rest of  the world 
makes most sense. The cellular architecture of  the LTE network can ensure connectivity where 
short range radio solutions may fail due to radio obstacles and propagation losses. C2 and ATC-A 
connections all go through the LTE network. LTE based ACAS and surveillance is available. In the 
case where a portable ground station is used it is still possible to present local proximity broadcasts 
from other aircraft to the operator, increasing situational awareness. Direct or network assisted 
proximity connections may also be used for the C2 link between a portable ground station and 
aircraft when possible. 

Both the operator and ATC can talk with the aircraft as needed, independently of  each other. The 
downside with this scenario is that since both the operator ground station and ATC communicate 
with the aircraft using a single radio link, losing the LTE connection prevents everyone from 
communicating with the aircraft. The aircraft is forced to handle the situation independently. 

Figure 5.4.3-1. Scenario with sUAS flown from remote operations center, BVLOS of the operator. LTE is 
used for all communication with the aircraft.
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Figure 5.4.3-2. Scenario with sUAS flown from a portable ground station, but BVLOS of the operator. LTE 
is used for all communication with the aircraft.
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Airspace reservations and flight paths can be planned similarly to the VLOS cases. Flights capable 
of  beyond visual line of  sight can fly over much larger geographical areas. Thus, the number of  
interactions and potential conflicts with other aircraft increases. Since the operator does not have 
the ability to see the aircraft or its surroundings when BVLOS, having the ATC service provide the 
operator and aircraft with good terrain data, obstacle data, and other information needed to build 
situational awareness becomes very important. 

5.4.4  MODEL AIRCRAFT
Model aircraft, which have previously not been flown in controlled airspace, would need to be taken 
into account by a sUAS ATC system. There is now competition over low altitude airspace where 
there previously were none. Model aircraft are not classified as sUAS, even though they could be 
seen as similar to sUAS flown manually within line of  sight. Lets look at two straightforward 
methods for handling this without imposing any new requirements on model aircraft or their pilots. 

• The first alternative is to create places where model aviation is always allowed, and make 
the airspace there reserved for model aircraft. All sUAS traffic would be routed around the 
area just as it is routed around other restricted airspace. 

• The second alternative is to allow model aircraft pilots to book a small area of  airspace 
anywhere for a limited period of  time. This also creates a patch of  restricted airspace. Due 
to potential abuse, such a system needs to be designed with care and reject request for 
certain airspace to prevent denial of  service attacks against ATC controlled sUAS traffic. 

In either case it is not necessary for the aircraft or the pilot to maintain any connection with ATC 
when flying, nor any need to use LTE. 

5.5  Integration with Existing Aircraft and ATC Services
sUAS air traffic and other existing airspace users are generally kept separate from each other by 
having sUAS restricted to very low altitudes. There are however situations where interactions 
between sUAS and other users are relevant. One important area where interactions are inevitable is 
around airports and helicopter landing pads, where larger aircraft passes through low altitude 
airspace for landing and takeoffs. Part of  the motivation for introducing an sUAS ATC service is to 
allow more flexible, whilst still safe, flights with sUAS aircraft within airport control zones and other 
controlled airspace. This necessitates some form of  cooperation between the two systems. Also, the 
altitude restrictions for sUAS could be revised in the future, increasing the potential conflict area. 

Other examples of  airspace users that sUAS traffic may come into conflict with include low-flying 
helicopters, low-flying general aviation, hot air balloons, hang gliders, etc. Integrating sUAS 
operations with all of  these requires that the sUAS ATC service can cooperate with existing ATC 
services, and that the sUAS and other airspace users can be made aware of  each others presence. 
NASA UTM proposes to handle this by expanding the use of  the sUAS ATC service to work with 
all low altitude airspace operations as one of  the project’s ultimate goals [44]. 

Some examples of  solutions for interacting other low altitude airspace users and existing ATC 
services are discussed below. The goal here is to have minimal impact on existing users, both 
operationally and through minimizing new equipment requirements. In some cases, potential 
conflicts are easily avoided by implementing temporary or permanent sUAS flight restrictions over 
specific areas. It may however not be possible or practical to solve every potential conflict 
everywhere in this way. 
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Again, the working assumption is that sUAS traffic should always yield to larger and manned 
aircraft. There are several reasons for this assumption; sUAS are lighter and more agile than larger 
aircraft. It is also more difficult to detect a small sUAS when relying on see or sense and avoid than 
it is to detect the larger aircraft. In a worst case scenario, where the evasion maneuver results in an 
accident or crash, the loss of  the sUAS is preferable to the loss of  a larger aircraft and possibly 
human life. 

5.5.1  AIR TRAFFIC CONTROLLERS
Air traffic controllers may want to clear certain airspace of  sUAS aircraft, for example to make 
room for a landing helicopter, or to clear airspace around airports for arrivals and departures when 
switching which runways are in use. They can do this by inputting a restricted airspace region into 
the sUAS ATC system, either by themselves or (perhaps more likely) through an intermediary 
contact in charge of  the sUAS ATC system. The system will then automatically direct sUAS traffic 
away from the area, and will be able to report if  and when the airspace is cleared. 

The proposed sUAS ATC service operates more or less autonomously. By feeding the sUAS service 
with traffic data from normal ATC (for example from SSR and ADS-B sources, filed flight plans, 
etc.) the sUAS system is able to automatically include and avoid those aircraft in its planning of  
sUAS trajectories. Likewise, the sUAS ATC can provide data on sUAS traffic to be propagated to 
normal air traffic controllers and pilots, increasing their situational awareness. By and large, normal 
ATC and pilots of  large aircraft should not need to spend much time considering sUAS movements 
as part of  their normal workflow. Intelligent filtering, presenting only the data that is currently of  
value to a pilot or ATC controller helps with this. 

Submitting the operator’s contact information along with the sUAS aircraft registration when filing 
the initial flight plan with the sUAS ATC is a good idea. It makes it possible to contact specific sUAS 
operators directly should it be required, for example if  the normal ways for ATC to talk to the 
operator are not working. 

5.5.2  ADS-B INTEGRATION AND COLLISION AVOIDANCE
Being able to detect air traffic of  any kind that may share the same airspace is important. If  
different airspace users use different equipment (or no equipment) for traffic monitoring and 
collision avoidance they risk being invisible to each other. Visual detection or sense and avoid 
systems that do not require participation from other aircraft can help. But such systems may be 
difficult to implement with sufficient performance on small sUAS.  

Commercial airliners and other large aircraft come equipped with ADS-B transponders and ACAS 
systems that are built with large and fast aircraft traveling over large distances in mind. Most of  
these aircraft will never end up in situations where they need to interact with sUAS traffic, with the 
exception of  landing and takeoff  at airports. In those cases both the sUAS and large aircraft are 
under ATC supervision, and can be kept separate and informed of  each others presence through 
that link. Any sUAS flying nearby or inside such airspace can be pre-programmed with safe exit 
paths or instructed to land should it loose its connection to ATC or its C2 link to prevent conflicts 
where the sUAS and other aircraft are unaware of  each other. 

Then there is also the case of  uncontrolled airspace. Here smaller aircraft can be flying using VFR, 
have no real time position reporting with ATC, and have limited or no onboard equipment for 
ACAS. Hang gliders, parachuters, and hot air balloons can also be included in this category. These 
are much more likely to come into conflict with sUAS traffic at arbitrary locations. Helicopters and 
small aircraft that with ADS-B and collision avoidance equipment installed can also be encountered 
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in uncontrolled airspace. In these cases, conflicts need to be detectable without support from ATC. 
Possibly in situations where the sUAS has lost its communication links with ground. 

More and more aircraft are equipped with ADS-B transponders it would be useful to investigate 
adding ADS-B capabilities to the sUAS or sUAS related systems. By requiring the sUAS to always 
yield to other traffic we need to have at least ADS-B In available onboard the sUAS so it can always 
detect and avoid the other ADS-B users. Given that ADS-B is designed to work over large distances, 
it reasonable to assume a sUAS can detect and avoid conflicts well in advance. ADS-B Out from the 
sUAS would help situational awareness for pilots on larger aircraft if  such data cannot be relayed 
indirectly by sUAS ATC. Requiring onboard ADS-B Out capability comes with multiple drawbacks; 
the equipment and performance requirements are quite strict and not well suited for sUAS. Stark et 
al. [48] looks at the problem of  ADS-B use on sUAS in more detail. They conclude that the focus 
should be on adding ADS-B In to the sUAS system, but that some work is needed to adapt it to 
sUAS applications. 

One can also argue that adding ADS-B capabilities to sUAS is an altogether bad idea. More ASD-B 
Out users contribute to overcrowding radio resources, increasing the problem with ADS-B message 
collisions [17]. Adding ADS-B In is also not without its own problems; for example burdening the 
sUAS system with existing ADS-B security issues [49]. Reducing the number of  attack surfaces for 
malicious actors targeting autonomous vehicles and systems should be taken seriously. The ADS-B 
approach also does not address cases where strapping ADS-B equipment to the sUAS or other flying 
things is impractical for whatever reason. 

An alternative is to instead equip other airspace users with the same ACAS radio that is designed for 
and used on sUAS. This transponder would activate when the aircraft is approaching the altitudes 
where sUAS may operate. With an LTE based collision avoidance implementation this equipment 
would be a public service ProSe capable UE. In its simplest form it only needs to broadcast the 
aircrafts position and trajectory along with special flag that indicates it is a large aircraft that sUAS 
must give right of  way to. More complex implementations can include pilot instrumentation that 
give situational awareness of  nearby sUAS traffic in the same way that ADS-B and TCAS is 
presented to pilots. LTE based ACAS beacons can be made small and inexpensive thanks to the 
wide use of  the technology. Self-contained beacons could easily be added to hot air balloons or put 
in the pockets of  hang gliders or parachuters, making them easily visible to sUAS aircraft. 

5.6  Safety
Using only LTE for the ATC system and C2 links with the aircraft has some drawbacks that needs 
to be mitigated by failsafes in the overall system design.  

One issue with LTE based airspace surveillance is that it relies on aircraft cooperating with the ATC 
service for position reporting, or at the very least that the aircraft is using LTE so that it may be 
located using network measurements. Depending on cooperation and self  reported positions may 
not be sufficient in high risk areas. Airports and other sensitive installations may want to employ 
their own detection systems like radar that do not rely on any form of  cooperation from intruding 
sUAS aircraft. This would allow detection of  all traffic in the area. Data from adding such sensor 
systems at critical locations can also benefit the tracking of  cooperating aircraft by verifying that 
they are accurately reporting their own position. Adding some onboard ability for remotely piloted 
sUAS to sense and avoid non-cooperative traffic would also be helpful. 
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5.6.1  LOSS OF COMMUNICATIONS
All communication systems risk failing at some point. Equipment may break down, cables 
accidentally cut, interference, power outage, etc. Safe operations of  sUAS traffic requires that all 
aircraft are always aware of  each other and that they are all flying according to plan. Loss of  
communication links hinders this. 

By using existing LTE infrastructure there are a few extra modes of  failure that would not be 
present in a dedicated system. Sharing the network and radio resources with other public users 
opens the possibility of  events unrelated to the sUAS and ATC causing a network overload, 
preventing sUAS related messages from reaching their destination. This is the downside to using 
shared spectrum and shared network infrastructure. The problem can be mitigated by applying 
quality of  service management to prioritize sUAS ATC and C2 connections. 

Problems with a specific cell’s equipment or backhaul links may prevent successful connections with 
sUAS ATC within specific areas. If  the ATC service is made aware of  an outage, it can prevent 
further traffic from entering the affected area. The same is true in the case of  localized network 
overloads. sUAS traffic already in the area when the fault occurs can follow link loss procedures to 
abort the flight or fly elsewhere to reestablish communications. 

After leaving the LTE service providers network, the sUAS ATC and C2 data traffic will likely be 
routed over the internet to reach the ATC center and the operator ground stations. As would the 
connection between an operator ground station and ATC. There can be plenty of  reasons why a 
connection may fail here, but in most cases the internet can automatically route around the 
problem. If  a problem occurs at the ATC center or at the operator site that prevents them from 
functioning as they should then that can also trigger a loss of  communication between one or more 
of  the sUAS ATC system actors, again forcing the sUAS to follow link loss procedures. 

The worst loss of  communication situation with an LTE based sUAS system can occur in the 
scenario where the sUAS is flown beyond line of  sight and relies on the LTE connection for both its 
C2 and ATC links. Loosing LTE connectivity here means that the aircraft is completely on its own. 

Not all link losses can be prevented, so all parts of  the system must be designed and built with the 
assumption that they will happen. ATC, sUAS aircraft, and ground stations must be able to quickly 
detect link losses so they can react and maintain safe conditions. Manually flown sUAS must be able 
to switch to autonomous flight. ATC may order other aircraft with which it can still communicate to 
increase their distance from where the problem aircraft is expected to be. Careful planning of  
contingency plans, alternate flight paths and behaviors for link loss scenarios during different 
segments of  a flight can minimize the risk of  conflicts occurring during emergencies. The system 
can plan ahead and provide all actors with enough knowledge to implicitly track or extrapolate 
where a problem aircraft should be and how it should be behaving. 

Those plans can be to continue with the flight as planned, to divert away from a high risk area, to 
land immediately or at the nearest sUAS landing site, etc. Reliable ACAS and sUAS to sUAS ad hoc 
communications provide a last safety net and allows the aircraft to handle unexpected events that 
the contingency plan had not, or could not account for. 

5.6.2  DISTRIBUTED FLIGHT DATA RECORDING
Data recorders are commonly used in aircraft, cars, etc., to save data on critical events for later 
analysis in case of  an accident. The data can be used to determine the cause so that measures may 
be taken to prevent similar occurrences in the future. Reliably storing such records on a sUAS 
requires a crash and water resistant onboard storage device. 
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In the case that a problem arises when a sUAS is out of  contact with ATC and its operator ground 
station, the small size of  the aircraft can make it difficult to locate and recover it. To help with this, 
an aircraft in trouble could send its location and any error messages to nearby aircraft or other 
suitable UEs. These would store the data and forward it to the ATC and operator servers at the first 
opportunity. In essence creating a distributed flight data record in situations where the survivability 
of  the aircraft or its ability to continue communications is in question. Periodic off-board logging of  
trajectory tracking data when the sUAS is not in contact with ATC or its ground station would help 
locating the aircraft in case it is lost due to an emergency where no prior warning of  failure was 
possible. 

Implementation wise, UE discovery and UE to UE data transmission can be achieved through use 
of  LTE proximity services. Participating UEs implements a delay and disruption tolerant 
networking protocol [50][51] to ensure eventual message delivery. Broadcasting data to multiple 
devices using this technique increases data redundancy, and allows for delivery of  data that cannot 
be immediately sent directly to its destination. Thus making it more likely that a lost aircraft can be 
found and that critical flight data can be recovered. 

Some messages need only be delivered eventually, as convenient for the other UEs (“I just made an 
unscheduled landing at this location and will run out of  battery in a minute, come get me when you 
can.”). Other messages may need to be forwarded immediately, perhaps by using mesh networking 
to deliver it in out of  coverage situations (“I’m about to crash in a really bad spot! There is 
immediate danger to life or infrastructure! Send someone out here as soon as possible!”). In that way 
this system can also act as a software version of  an emergency locator transmitter (ELT). 

5.7  Security
By using LTE for the C2 link, communications with ATC, sUAS to sUAS communications, and 
ACAS the sUAS ATC system benefits from all existing LTE security features. This includes 
encryption, network access control, data integrity during transport, etc. Access can be limited so that 
only registered UEs and SIM-cards are allowed to use the sUAS ATC service and related LTE 
network services. 

ACAS transmissions through LTE proximity services are encrypted and only readable by members 
of  the ACAS ProSe group. Proximity service provisioning prevents unauthorized users from freely 
broadcasting spoofed aircraft data that interfere with flight operations. 

Additional encryption and signing of  transmitted data can be introduced at the ATC application 
layer where deemed necessary to ensure system integrity and security.  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6  Discussion & Conclusions
6.1  Air Coverage Model
The motivation for the air coverage model that is presented in this thesis has been to enable a first 
look exploration of  the LTE radio environment for low altitude airborne users. Highlighting 
differences compared to ground conditions and identifying potential problems unique to airborne 
users, without introducing model complexity that would be both unnecessary and too 
computationally expensive to work with at this stage. The model has successfully accomplished this. 

Extending the use of  the antenna radiation pattern model from [38] to include all angles for full 3D 
coverage around the antenna works well. It gives a clear view of  which parts of  the radiated signal 
that originates from the main lobe, and which parts are from the side lobes. The interpolation errors 
caused by approximating the full 3D radiation pattern from the horizontal and vertical antenna 
pattern cross sections using the method described in [39] does get quite large at extreme angles (see 
section 4.1.4). The errors are largest in the backwards and upwards antenna directions. The 
backwards errors are mitigated when using the model by arranging multiple antennas to form 
separate sectors around a cell tower. Making the assumption that the power radiated backwards 
from an antenna is low enough to be disregarded when compared to the forward radiated power of  
the sector facing that same direction. The errors in the upwards direction are allowed to remain 
since they only affect a small number of  points concentrated to regions straight above the cell 
towers. These points are few in comparison to the total number of  data points throughout the whole 
airspace surrounding  the cell towers. 

Since we have compared the air coverage model results to those computed by the Hata model for 
ground users, it is only fair to highlight the main difference between the models themselves. Being 
based on empirical measurements from an actual urban radio environment, the Hata model 
naturally includes and abstracts away everything (reflections, multipath, fading, etc.) that influences 
the propagation of  radio signals between the user and basestation. The air coverage model being 
analytically based and using only free space propagation necessarily ignores similar environmental 
propagation effects to maintain model simplicity. 

There are a number of  ways that the air coverage model can be improved and where those 
improvements would have large impact on the results, moving the model from the very simplistic 
approximation it currently is to a more complete and realistic one. The model currently only 
concerns itself  with direct line of  sight propagation between the cell antennas and the aircraft. For 
example, signals that are directed towards the ground are assumed to be absorbed by repeated 
bounces between ground structure and vegetation and thus not reflected back towards the sky. This 
is obviously not true in real life. Adding in simple reflections against terrain is a first step to address 
this. For an even better model, the reflectance of  various terrain materials could be included by for 
example using BRDFs or other suitable surface modeling. This would be a valuable feature when 
modeling real networks, the actual site and antenna positions could be used together with terrain 
data from that same area to get a good approximation of  actual conditions. 

The next area of  improvement would be to include modeling of  how multipath propagation and 
fading affects the received signal. This is definitely of  interest in a model with complex ground 
reflection modeling. Just as an aircraft can see a lot more cell towers compared to ground users, it 
will also experience a lot more multipath and reflections from the wide area of  terrain below it. 

Dropping the simplified antenna radiation patterns is also an easy change depending on whether the 
increased detail helps with what is currently being analyzed. Putting in the full radiation patterns 
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introduces the multiple side lobes and nulls in-between them that are currently ignored. The result 
should be a decrease of  continuous cell region sizes for the parts of  the airspace where antenna side 
lobes provide most of  the signal.  

It is clear from the results of  the model that cell overlap, and thus neighbor cell interference, is a 
problem for airborne users. Modeling the effects of  this on signal conditions would be valuable. The 
problem of  cell overlap goes in the other direction too. Having a lot of  airborne users means there 
are a lot of  signal sources flying around that can reach and interfere with ground users and cell 
towers from far away. How this affects network performance in neighbor cells also needs to be 
studied. 

We may predict how some of  these improvements would influence the model results, and that way 
get a better understanding of  how the results of  the model as used in this thesis differ from real 
world conditions. 

Reflections against terrain and structures can be anywhere from mostly diffuse to mostly specular. 
Large flat specular areas can cause signals from antennas that are tilted towards the ground to be 
uniformly reflected upwards, resulting in narrow regions of  strong signals. This means that although 
the model currently predicts a sharp falloff  in signal power at a daily low altitude, measurements in 
real life should expect to see higher altitude regions with much higher signal power due to these 
reflections. Depending on the geometry, these reflections can either go mostly straight up, enhancing 
the coverage of  the local cell in the air. Or the signal may be reflected at a more shallow angle, 
where the resulting behavior should be similar to that of  a non-tilted main lobe. Such reflections can 
remain the strongest signal source very far away from the antenna due to other signal sources only 
having low power output in the upwards direction. 

Reflections that are mostly diffuse will be visible from all directions. Since the incoming energy is 
dispersed all over, the impact on faraway signal conditions is lessened.  Although a large enough 
diffuse reflection surface may still cause similar effects to those above. These reflections, as well as 
reflections off  of  smaller objects, will create a lot of  multipath propagation for airborne users. 
  
Multipath and fading are likely to degrade the signal quality, although there cases where 
constructive interference can momentarily improve the received signal. Introducing neighbor cell 
interference to the model should degrade overall signal quality due to increased background noise. 
Combined with the effects of  ground reflections it would not be unreasonable to assume that in real 
life, the conditions shown in figure 4.2.2-5(b) would shift to become somewhat more like those 
shown in 4.2.2-5(a). Thus, the model as is likely underestimates the amount of  interference at lower 
altitudes, and overestimates the actual received signal. 

6.2  Airborne LTE Coverage
From studying the results of  the air coverage model, it is clear that LTE is capable of  providing 
sufficient aerial coverage for aircraft flying at a few hundred meters above ground (in line with 
existing and proposed regulation for sUAS). It is also clear that cell coverage in the air differs from 
cell coverage on the ground in notable ways. 

Cell coverage areas on the ground, for which cell deployments are planned, can typically be seen as 
fairly local to the immediate surroundings of  the cell tower. Antennas are designed and mounted to 
direct most of  the outputted power towards the cells coverage area, and cell range is highly limited 
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by terrain and buildings. Cell coverage areas overlap mostly with immediate neighbor cells so 
successful handovers can be made. 

In the air, signals are not subject to any particular obstacles, allowing signals to propagate freely over 
large distances. As a consequence, cell range is increased by orders of  magnitude compared to the 
ground coverage case (see tables 4.1.3-1 and 4.1.3-2). Far enough that the curvature of  the Earth’s 
surface becomes a limiting factor. Airborne users will also run into situations where the signal time 
of  flight back and forth between the user and tower becomes too large  when compared to the LTE 
time synchronization settings. Exceeding the maximum timing advance or exceeding the guard time 
in the currently set PRACH preamble format prevents connections from being successfully 
established and maintained. 

This increase in cell range presents a number of  problems. No longer will only the most immediate 
cell neighbors overlap, making connections and handovers to faraway cells possible. The increased 
overlap results in more interference and noise from neighbors cells. A cell with a mostly continuous 
ground coverage area can form multiple smaller disconnected regions of  coverage in the air. These 
regions of  best signal coverage may occur far away from where the ground cell is located, meaning 
that the cell tower providing the strongest signal may not always be the geographically closest one.  

Handover workload is thus expected to increase for airborne users compared to those on the 
ground, and handovers may frequently occur between distant base stations where handovers 
between ground based users normally don’t happen. The severity of  all these issues increases with 
increasing altitude. In cases where these issues are predominately caused by regions of  highly 
directional strong signal, such as the antenna main lobes, the problems will decrease once 
transitioning outside of  these regions. 

The shape of  individual antennas’ radiation patterns, the orientation in which the antennas are 
mounted, and the distance between cells have a large impact on signal conditions in the air. Macro 
cell antennas are fairly directional with a powerful horizontally narrow main lobe directing most of  
the outputted power towards the ground of  each sector’s coverage area. These main lobes easily 
overpower the signal outputted in other directions by neighbor cells, and the power output towards 
the region directly above a cell site is typically low. This is what makes it possible for distant cells to 
provide better signal quality than the cell directly below. Tilting the antennas down helps a lot, 
making airborne coverage regions stay closer to their cell sites and keeps inter-cell noise down. 
Sparser cell placement also helps to keep aerial coverage regions more local to the cell site. When 
propagation losses from distant sites becomes large, it is more likely that the local cell provides the 
strongest signal. 

Possible existence of  invasive neighbor cell coverage regions at any particular altitude can be 
determined by calculating the lowest signal strength of  the local cell at that altitude and comparing 
it to the strongest signal from the potential invading cell, reduced according to propagation losses 
over the distance between the two cells. If  the invading cell’s strong signal is below the lowest signal 
level of  the local cell then it is safe to say that the local cell will provide the best signal thought its 
entire coverage area, up to that altitude. If  the opposite is true, then the faraway cell will at that 
altitude have broken up the local cell into smaller coverage regions with the intruding cell providing 
coverage in between. 

The issue with cells providing the best signal in regions far away from the cell site becomes extra 
problematic if  this region is located outside of  the maximum range where the target cell can accept 
new connections. An attempted handover to that cell will then fail when the UE attempts to make 
contact with the cell using the RACH. To prevent unnecessary handover failures like this, the 
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network should be made aware of  which cells are too far away so any attempt to hand the UE over 
to them can be rejected. 

If, as is likely from the current regulatory situation, sUAS are restricted to fly at no more than 
100-200 m above ground then they are still within the range of  altitudes where most of  these issues 
have yet to fully develop. There is still increased noise from overlapping cells compared to ground 
conditions. Even at 100 m AGL the horizon is further away (approx. 60 km) than some of  the 
maximum cell ranges as defined by the PRACH preamble format. The larger issues starts at around 
300-500 m AGL and extends upward. Of  course, since most of  the problems discussed here are 
highly dependent on the specifics of  site placements, antennas, frequency use, local terrain, etc. One 
should model the existing sites and perform test flights above to measure actual conditions before 
allowing sUAS traffic to rely on LTE in the area. There may be problems with suboptimal coverage 
regions and signal conditions that once identified can be addressed by for example adjusting 
antenna sectors or antenna tilts without adversely affecting existing ground coverage. Should sUAS 
traffic become common enough one might even consider adding antennas to certain base station 
specifically aimed at sUAS use. The antennas could be placed to provide good coverage in a region 
above the normal cells, making airborne users to prefer to connect to that site. Knowledge of  aerial 
coverage is also important if  one wants to add special equipment or features to the base stations that 
are likely to be used to communicate with sUAS. 

The model suggests that airborne coverage is good enough (with large margin) to allow 
transmissions with high bandwidth requirements, such as video streams from the sUAS. The data 
traffic that is needed for an ATC service is fairly low (periodical transmissions of  relevant aircraft 
state, and the occasional commands from controllers). Therefore, the available cell coverage and 
bandwidth capacity in sUAS airspace is more than sufficient for implementing an ATC system for 
sUAS on top of  LTE network infrastructure.  

A test flight in an Sk 60 aircraft carried out by Ericsson and Saab [52] confirms that LTE network 
connections are possible when flying at low altitude. The focus of  the test was to study LTE 
connectivity when the UE is traveling at very high speed. The test successfully showed good network 
performance when traveling at 500 km/h, 300 m above ground. They also encountered the 
situation where the UE sees (and unsuccessfully attempts to connect to) a cell from beyond the 
maximum cell range. 

6.3  Combining sUAS, ATC & LTE
The key ATC tasks of  monitoring air traffic and communicating with individual aircraft to ensure 
adequate traffic separation and safe flights are both possible through LTE. Existing network 
coverage should be capable of  providing network service for sUAS aircraft flying within the airspace 
where current air traffic regulations allow sUAS traffic. Additionally, the introduction of  ATC for 
sUAS opens the door to safely having sUAS traffic operate at higher altitudes than currently 
allowed. It also helps with integration of  sUAS traffic into low altitude controlled airspace like the 
CTRs and TMAs found around and above airports. 

Wide area airspace surveillance for low altitude sUAS needs to be cooperative. LTE helps with 
surveillance by providing widely available network coverage through which sUAS aircraft can 
connect to ATC and report their positions. LTE location services can directly assist both the sUAS 
aircraft and the ATC service in location tracking and surveillance tasks. The aircraft benefit from 
faster GNSS signal acquisition and improved position estimates trough use of  additional LTE 
provided location measurements. ATC surveillance benefits from the fact that LTE can provide 
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independent measurements of  sUAS positions which can verify that sUAS aircraft are correctly 
reporting their location. Both benefits overall system safety. 

That LTE devices can discover and directly communicate with each other through the devices side 
channel and proximity services enables deeper cooperation between aircraft. This connectivity can 
be used to relay messages from, or to, out of  coverage sUAS aircraft. It can also be used to 
implement an air traffic collision avoidance system. 

The widely available data links with high bandwidth and low latency that LTE can provide between 
sUAS, ATC and the aircraft operators makes it suitable for implementing a sUAS ATC system that 
supports a high degree of  automation and distributed decision making involving all parties. The air 
traffic control service can provide aircraft and operators with rich up to date information on 
weather, nearby traffic, terrain data, flight restrictions, etc. The sUAS aircraft can assist the ATC 
service by acting as remote sensors that gather and report environmental data, wind conditions, 
detect new obstacles, etc., as they perform their flights. Airspace management techniques such as 4D 
trajectory planning that are being researched and implemented for regular air traffic can also be 
used to benefit a sUAS system. 

Maintaining a high capacity low latency sUAS UE uplink connection is important in cases where 
the aircraft provides realtime video and sensor data to the aircraft operator. The downlink from the 
eNB to the sUAS mostly needs to be available and have low latency so it can quickly deliver C2 and 
ATC messages. Downlink bandwidth usage should be fairly low. Uplink usage will likely always be 
higher than downlink usage, even in cases where the uplink is only used for ATC communications 
and low bandwidth telemetry. This is because of  the constant need for the sUAS aircraft to provide 
location updates and status reports. Comparatively, ATC and the operator need to issue instructions 
to the aircraft much less frequently (unless the aircraft is piloted manually). LTE uplink resource use 
should be expected to increase if  sUAS flights become prevalent. 

Equipping sUAS with LTE provides the most benefits in BVLOS scenarios. Here the sUAS can take 
advantage of  the network for all communications with the outside world, for command and control 
as well as for uploading miscellaneous payload telemetry data. All in addition to interfacing with 
sUAS ATC services. VLOS scenarios mostly benefit from the increased safety that come from being 
integrated with ATC. All air traffic benefits from sUAS being tracked by ATC. It allows sUAS 
operators easier access to controlled airspace, which in some cases covers a substantial portion of  
cities. Existing airspace users gain increased situational awareness by having data on nearby sUAS 
traffic available. 

Different parts of  the proposed system requires varying degrees of  changes to LTE, and 
involvement from network operators. C2 and miscellaneous communications through LTE can 
easily be achieved by simply adding the normal LTE UE equipment to the sUAS and purchasing 
data service network access from any network provider. More involvement is needed to enable sUAS 
ATC services. Airspace surveillance requires that the ATC service provider is given access to 
location data from the LTE network operator. The network must also be configured to allow 
frequent location service measurements against all active sUAS UEs. Special account registration 
and SIM cards may be needed to separate the sUAS UEs from normal UEs that shall not be 
trackable by the ATC service.  

Special UE handling would also be needed to support ACAS and other direct sUAS to sUAS 
communications. The sUAS UEs and the LTE network needs to be configured to allow ProSe direct 
discovery and communications. ACAS in particular requires public service ProSe and a lot of  
careful configuration of  the network and UE parameters to ensure that the system functions 
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properly in all situations (see section 5.3 for details). ACAS being the last line of  defense against 
imminent collisions places strict demands on the system always being available and always working 
reliably. 

LTE cell configuration and radio resource scheduling may need to be significantly adjusted to 
accommodate the sUAS ATC service and sUAS users in a way that ensures functionality and 
minimizes interference. If  this is the case then the network operators may want to support automatic 
reconfiguration of  cells where sUAS are present. Enabling sUAS ATC features as the sUAS aircraft 
travels through the cell and reverting back to normal settings when the aircraft is gone. This would 
require tight cooperation between the network operator and the sUAS ATC service provider. The 
ATC service could also be told to avoid certain areas where such reconfiguration is undesirable at 
the moment. 

Position, trajectory and state updates from the sUAS aircraft to ATC require realtime 
communications with little delay. These updates are frequent. If  something goes wrong when 
transmitting a particular report, retransmissions can be limited or not performed at all. The data in 
the next periodic report makes any missed old data obsolete. Other data may not be immediately 
invalidated if  the transmission fails. Examples include operator commands, updated waypoints, 
ATC directives, this data traffic can be sent normally through TCP. All parties must always be able 
to quickly and deterministically detect if  a connection has failed so that contingency actions may be 
performed. 

Certain data may need to be delivered at all cost, even in situations where a complete route between 
the message source and destination is not available at the point of  transmission. To fully support 
ensured eventual delivery of  mission critical data, emergency transmissions, and reliable distributed 
flight data recording, the LTE standard would need to implement a delay and disruption tolerant 
networking (DTN) protocol for user plane data. Having such a protocol implemented as part of  the 
standard enables all UEs and eNBs to participate as DTN relays. Because link failures or denial of  
service attacks that can cause mission critical services to become unreachable may occur at any 
point in the network (within the LTE infrastructure, on the internet, at the mission critical service 
provider) it would be beneficial if  the same DTN protocol is supported by all entities along the 
route. The DTN protocol would be used to transmit any data that must be delivered, where the 
information is still valuable even if  it is delayed.  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7  Future Work
7.1  Airborne LTE
The network coverage model for airborne users is discussed in depth in section 6.1, “Thoughts on 
the Air Coverage Model”. A number of  ways to improve the model are suggested for future work. 
Perhaps the most important improvement to be done is to include signal reflections agains terrain in 
the model. This requires good models and data on how LTE radio waves reflects and scatters 
towards the air against different terrain materials. The reflected signals would need to be combined 
with multipath and interference modeling to provide a more complete model of  airborne signal 
conditions. 

Another important next step is to perform full LTE system simulations using either the existing or 
an improved model. Examples of  things to look at more closely include: airborne UE handover 
performance, how the network handles multiple fast moving aircraft, uplink and downlink data rates 
for airborne UE, how network load affects the situation. Also of  interest is the increased aerial cell 
ranges, possibility of  airborne UE interfering each other, interfering with distant cells, and 
interfering with existing users. 

Measuring airborne conditions over real life networks would also be useful. Studying multiple 
different network scenarios would help determine how various network setups affect airborne users. 
And conversely, how airborne users affect the network and existing users. Examples of  interest 
include suburban areas, cities, farmland, forests, areas with predominately flat terrain, and areas 
with hilly and mountainous terrain. Looking at how towers are placed and how antennas are 
mounted will make it possible to determine how much of  a problem distant cells providing the best 
signal at higher altitude actually is. 

One can also study what angles the aircraft is most likely to receive the best signal from in different 
situations. This could inform how to design the sUAS antennas to increase signal reception and 
reduce unnecessary interference. Beamforming or otherwise redirectable antennas may be useful. 

Because aircraft have free line of  sight to multiple cell towers they may benefit greatly from use of  
coordinated multipoint (CoMP) transmissions. This involves multiple cells cooperating to improve 
transmitted and received signal quality of  a user. Coordinated scheduling could be a way to reduce 
inter-cell interference when talking to a sUAS UE. 

The choice of  ACAS implementation for sUAS is also worth looking at further. The potential 
configuration problems that arise from having to ensure that ProSe direct communications are 
always available for airborne UEs needs to be addressed. ProSe as it is currently designed may not 
provide sufficient availability guarantees needed for ACAS use. An evaluation of, and comparison 
with ACAS alternatives may show that using LTE as it exists now is not the best solution for this 
purpose. 

7.2  Miscellaneous sUAS
Research on autonomous aircraft and sUAS is ongoing. Some conclusions of  this thesis would 
undoubtably need to be reviewed in the future as technology, regulations, and use cases for sUAS 
matures. 
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Sense and avoid systems that are small and efficient enough to fit on sUAS, while still being capable 
of  detecting other sUAS aircraft and obstacles in time to take evasive action remains a topic of  
active research. Creating small sensor systems capable of  quickly scanning and classifying the 
environment with enough speed, distance and anticipation to enable safe operation of  fast moving 
autonomous vehicles is difficult. Research on various techniques is ongoing with varying degrees of  
success and operational capabilities [53]. These systems are necessary for safe BVLOS and 
autonomous flights since they can determine the actual surroundings of  an aircraft the same way 
that a human pilot can. This allows detection of  threats or obstacles that are unpredictable, 
uncooperative, not previously mapped, or otherwise unexpected. 

The human user interface for sUAS operators and ATC controllers is an issue that needs to be 
addressed before large numbers of  autonomous sUAS can be deployed and handled by an 
automated sUAS ATC service. The system must present enough information so that the person in 
charge of  the system maintains full situational awareness and is capable of  making informed 
decisions, but without overwhelming the user with too much, or irrelevant, information. This is 
especially true if  one operator is tasked with monitoring multiple autonomous flights at the same 
time. Interactions between the system entities needs to be well thought out so that any problems can 
be sorted out at the appropriate level, or escalated to the human operators if  necessary. 

Integrating a sUAS ATC system with existing ATC by adding sUAS traffic to ATC and cockpit 
interfaces similarly requires careful thought to prevent problems arising from human-machine 
interactions. 

Procedures needs to be developed for the sUAS ATC service to ensure that all actors behave in 
predictable and safe ways in all situations. Tests and simulations of  the system behavior needs to be 
performed, with uncertainties of  positioning and measurements included so that safety margins can 
be determined and verified. 

The security aspects of  any sUAS ATC system implementation also needs to be considered. Security 
is important both at the system level and at the individual sUAS that connect to it. This is especially 
important in cases where the system is allowed to interact with manned air traffic. 

It may be useful to look more closely at ACAS Xu to see if  it could be adapted for use on sUAS. Or 
if  an LTE based system could be integrated with ACAS X functionality. 
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Appendix A – 3-Sector Site Cross Sections
Signal strength cross sections along x-axis for 3-sector sites. Showing how choice of  antenna and 
downtilt angle changes the signal pattern. The positive direction of  the x-axis cuts straight through 
an antenna main lobe, showing the best possible signal case. Along the negative direction the cut is 
right between two antenna sectors, thus showing the worst possible signal case for the three sector 
site. See section 4.1.5 for more information. 

Figure A1. Signal strength cross sections along x-axis for 3-sector sites. No tilt.
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Figure A2. Signal strength cross sections along x-axis for 3-sector sites with tilt. See figure A1 for scale.
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Appendix B – Signal Strength in the Air
Signal strength above uniform deployment of  3-sector sites. The sites are placed as shown in figure 
4.1.6-1, with 1 km ISD and antennas mounted 40 m above ground. Figures also show how the 
modeled results compare to free space path loss from the ground up to the given altitude. See section 
4.1.6 for more information. 

Figure B1. Showing how the signal conditions change as altitude increases when using the 742215 
antenna.
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Figure B2. Showing how the signal conditions change as altitude increases when using the 84010525 
antenna at 2200 MHz.
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Figure B3. Showing how the signal conditions change as altitude increases when using the 84010525 
antenna at 800 MHz.
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Appendix C – Cell Coverage Areas in the Air
Figures showing which cell site provides best signal strength at various locations and altitudes for a 
uniform site deployment with and without antenna tilting. Sites are positioned 1 km or 2 km apart 
and consist of  three sector antennas mounted 40 m above ground. One site (no. 31 for the 1 km 
ISD case and no. 32 for the 2 km ISD case) is highlighted to more clearly show how the best signal 
coverage area of  a site changes with altitude. Note that the figures show the results from the upper 
region airborne coverage model even when the altitude is zero. 

Figure C1. Kathrein 742215, 1 km ISD, no antenna down-tilt.
�

Figure C2. Kathrein 742215, 1 km ISD, 10° antenna down-tilt.
�
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Figure C3. Kathrein 84010525, 1 km ISD, no antenna down-tilt.
�

Figure C4. Kathrein 84010525, 1 km ISD, 10° antenna down-tilt.
�
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Figure C5. Kathrein 742215, 2 km ISD, no antenna down-tilt.
�

Figure C6. Kathrein 742215, 2 km ISD, 10° antenna down-tilt.
�
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Figure C7. Kathrein 84010525, 2 km ISD, no antenna down-tilt.
�

Figure C8. Kathrein 84010525, 2 km ISD, 10° antenna down-tilt.
�
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Appendix D – Flight Monster Simulation Results
The complete set of  figures from the simulations described in the Flight Monster chapter. Details on 
the simulation setup can be found in section 4.2.1 “Flight Monster Simulation – Simulation Setup”, 
and in table 4.2.1-1. A selection of  the figures here are presented and discussed in section 4.2.2 
“Flight Monster Simulation – Simulation Results”. 

Data for each altitude corresponds to a complete simulation run for that altitude. Between 
50-1000 m AGL runs were made for every 50 m, and between 1000-3000 m runs were made for 
every 500 m. The same flight path over ground was used at all altitudes. Results are shown with and 
without antenna tilt, at 1 km and 2 km ISD, and are grouped by antenna type.  

NOTE: A grid size of  33 by 33 sites was used when simulating. This is insufficient to provide 
accurate results at all altitudes for the 742215 antenna in the case with no downtilt and ISD at 1 km. 
The maximum jump distance of  20 cells (figure D1(a)) would likely be exceeded if  more further 
away sites were added. Keep that in mind when interpreting the data in figures D1-4(a) between 
approximately 700-1500 m AGL. 

(this part of  the page is intentionally left blank) 
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Kathrein 742215 Antenna

Figure D1. Best site change counts with increasing altitude. The gray vertical line show the number of site 
changes for a ground based user traveling the same path. The horizontal line at 1000 m marks where the 
altitude resolution of the data changes from 50 m to 500 m. See note above concerning (a).
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Figure D2. Connection durations at increasing altitude. The gray vertical lines show the connection 
durations for a ground based user traveling the same path. The horizontal line at 1000 m marks where the 
altitude resolution of the data changes from 50 m to 500 m. See note above concerning (a).
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Figure D3. Distance in number of cells between the site providing the best signal for the aircraft and the 
site that provides the best signal for a ground based user placed directly below the aircraft. The horizontal 
line at 1000 m marks where the altitude resolution of the data changes from 50 m to 500 m. See note 
above concerning (a).
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Figure D4. Jump distance in number of cells between the site providing the best signal for the aircraft 
before and after the best site has changed. The horizontal line at 1000 m marks where the altitude 
resolution of the data changes from 50 m to 500 m. See note above concerning (a).
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Kathrein 84010525 Antenna

Figure D5. Best site change counts at increasing altitude. The gray vertical line show the number of site 
changes for a ground based user traveling the same path. The horizontal line at 1000 m marks where the 
altitude resolution of the data changes from 50 m to 500 m.
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Figure D6. Connection durations at increasing altitudes. The gray vertical lines show the connection 
durations for a ground based user traveling the same path. The horizontal line at 1000 m marks where the 
altitude resolution of the data changes from 50 m to 500 m.
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Figure D7. Distance in number of cells between the site providing the best signal for the aircraft and the 
site that provides the best signal for a ground based user placed directly below the aircraft. The horizontal 
line at 1000 m marks where the altitude resolution of the data changes from 50 m to 500 m.
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Figure D8. Jump distance in number of cells between the site providing the best signal for the aircraft 
before and after the best site has changed. The horizontal line at 1000 m marks where the altitude 
resolution of the data changes from 50 m to 500 m.
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Ten Best Sites Signal Difference

Figure D9. Maximum, average, and minimum difference in signal strength among the ten strongest sites. 
Note the differences in scale on the x-axis. 
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Figure D10. Maximum, average, and minimum difference in signal strength among the ten strongest sites. 
Note the difference in scale on the x-axis. 
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