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Abstract

In this paper, we investigatd.ang TermEvolution (LTE) network mounted onreairborne
small unmannedircraft system (SUAS}o providebroadband connectivity temartphone
deviceson the groundThe use case is a public safety scenario whe#s require
broadband connectivity in an isolated aM¥® evaluate practical constrgsrfor the delivery
platform and the LTE system. We propose research questions ahéovbit of a fixed
wing sUASwould affect the coverage area provided bydireornesmall cell, and w
describethetest planusedto investigate our questiondl/e preent data on multiple field
experimentsand provide recommendations for future realidgéployments

Key words
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Definitions

LTE Attach is the successfudonnectionauthenticationand registratiomf a deviceto a
cellularnetwork.

A small unmanned aircraft systemisan unmanned aircraft weighing less than 55 pounds
on takeoff, includingll itemsthatareon board or otherwise attached to the aircraft. The
system can also refer to its associated elements (including communication links and the
components that contrdi¢ small unmanned aircraft) that are required for safe and efficient
operation of the small unmanned aircraft in the national airspace system.

Acronyms

3GPPThird Generation Partnership Project
4G 4" Generation

5G 5" Generation

AGL Above Ground Level

CSU Colorado State University

CSV commaseparated values

DHS Department of Homeland Security
DS Deployable Syste(s)

EPC Evolved Packet Core

EVM Error VectorMagnitude

FAA Federal Aviation Administration
FDD Frequency Division Duplex
GPSGlobal Positioning System

HMDN Highly Mobile Deployed Networks
LTE Long Term Evolution

MANET mobile ad hoc network

MIMO Multiple Input Multiple Output
NGFR Next Generation First Responder
NPSBN National Public Safety Broadband Network
NUC Next Unit of Computing

Vi



PSCRPublic Safety Communications Research
RF Radio Frequency

RFA Radio Frequency Authorization
RSRPReference Signal Received Power
RSRQ Reference Signal Received Quality
RSSIReceived #nal Strength Indicator

sUAS small unmanned aircraft syst¢s)y

UAS unmanned aircraft system

UE User Equipment
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1. Introduction

1.1. Project Background

The Highly Mobile Deployed Networks (HMDN) project falls within the Department of
Homeland Security (DHS) portfolio of the Public Safety Communications Research (PSCR)
Division. Deployable systems (DS) are a critical component for providing broadband
coverage for Next Generation First Responders (NGFR) under the Nationwide Public Safety
Broadband Network (NPSBN). The availability of DS is a critical need for remote areas
where conplete coverage is not feasible and areas where installed resources are
compromised. Under this project, PSCR conducts research into DS interconnectivity to
create a mobile ad hoc network (MANET) of networkemnbancenteroperability between

public safey agencies in incident areas.

As DS are highly mobile and rapidly deployable in nature, it should be expected that these
systems will operate in a wide range of environmentthaproximity of other deployed and

fixed in-band systems, in places with lted or no backhaul connectivity, andareasvhere
access to protected frequencies such as band 14 may be unavailable. Therefore, this project
proposes to identify solutions for realizing public safety's goal of utilizing broadband

services irdiverseenvironments Our research focuesson manyaspects of deploying a
broadband network for public safety use. Topics include deployment feasibility, wireless
access technologies, local and distribudechputingresources, and broadband service
availability and quality.

1.2. Objectives

This reportaimsto outlineaerial broadband coverage testamnducted in 202@nd 2021 by
PSCR statfWe describe our experimental plan in sections 2, 3, and 4, Proposed Experiment,
Test Plan, and Equipment, respeelyv In section 5, we describe the field tests we conducted
from July 2020 to February 2021. We summarize the results in section 6 and provide our
recommendations for future work in section 7.

2. Proposed Experiment

2.1. Overview

The purpose of this experimenttesobserve the coverage quality of various smartphones
connected to an LTE system mounted on an orbiting SUAS. Specifically, this experiment will
measurd. TE reference signal received power (RSRBhe system moves in an orbital

path at several predeteined distancefResearch ata will provide insight into thbest

practices for deployingnaerialLTE communication system for the public safety deployable
use case.

In previous research effort8SCRidentifiedthe SUAS as an ideal delivery platfornt fo
hosting aDS [1]. SUAS can positiomommunicatiorsystems high above an operational area
and provide line of sighwireless linkgo users on the grod. One challenge with using
SUAS for hosting DS is flight timer endurance. In a survey conducted by PSCR, 183 first
responders answered the following question:

If drones could stay in the air indefinitely and a drone ygag able to
provide continuous cellular broadband coverage for first responders in
areas where coverage was not available, approximately how long would



you anticipate needing the drone to stay in the air during such a
missionP2]

The survey results indicated that the public safety requirement for SUAS to support
broadband communications is greater than 120 minutes. Although only 183 first responders
respondedo the surveythe majority stated a need fover 120 minutes of flighiThe results

of the survey question for tl##JAS endurance need by first respondeeshown inFig. 1

® 60 to 90 minutes
90 to 120 minutes
® More than 120 minutes

Fig. 1. SUAS endurance need by first respond2}s

Major factorscontributingto sUAS endurance time are the size of the sUAS, design type,
and payload mass. In previous evaluati®?8CRresearchers identifietiese three factors
for further investigation into SUAS feasibilitwe continue to use thedesign element®r

our experiments

The total mass ofresUAS for our research and evaluation was constrained to be under 25 kg
(approximately 55 pounds). This criterion comes from the Federal Aviation Administration
(FAA) requirements fosmall unmanned aircraft use ggvernment and commercial
operatorsThe® FAA regulations, also referred to as Part 107, are the basis for how public
safety entities use sUAS. Part 107 rules dictate that the overall weight\0R& must be

under 55 pounds, and a speeaemptions required for any drone exceeding the weigh

limit. An exemptionmay not always be obtained by public safety, ginénthat uncertainty,

our research focused on the use case for drones under the weight limit. The flexibility offered
by operating under Part 107 regulations offers the best fihéopaiblic safety DS use cases

[3], [4].

From inteviews with public safetpersonnelthe most common drone dessgrsed by
public safetyagenciesvere multirotor systems. The same drone survey conducted by PSCR
asked the following question:

If a drone (that can provide continuous cellular broadband coverage)
could be either an untethered muribtor drone that can take off and land
vertically, an untethered fixeding drone that can take off and land



horizontally, or an untethered hybrid drethat can take off and land
vertically and fly horizontally, would you choose one type over another?

Of the respondents who answered this question, 74.6% expressed a preference for the
platform typeor drone designindependentf their answer to the pv@us question,
respondents then indicated their preferred drone type giving the following preferences
(percentages total to 101% due to rounding error)

1 Either they had no preference or did not give a relevant answer (46%)
Preferred multrotor UAS (29%)

Preferred fixedving UAS (1%)

Preferred hybrid UAS (14%)

= =2 =4 =

Vertical takeoff and landing capability is crucial to their missions (regardless of
whether the aircraft was a mufttor system or a fixewing system) (11%)

From the survey, 29% preferred muibtor SUAS.That resulandseveral other factorsere
sufficient for us to continueonstraiiing our research to multiotor systems. Mukrotor

drones are easier to pilot than traditional winged aircraft, are cheaper to produce, and have a
more extensivenanufacturer base. Additionally, because public safety has adopted multi

rotor systems more than any other type of design, it seemed reasonable to research these
systems instead of fixaeding systems or hybrid systems.

The third major factor we looked fatr SUAS endurance time was the payload mass.
Although many DS exist within the market, and custom solutions can be built with or without
certain features, a reasonable DS payload mass is around 4.5 kg (10 pounds).

The design of a muHiotor SUAS weighinginder 55 pounds (including a 4.5 kg payload) is
a technically challenging effort. Moreover, it is even more difficult to desiggUAS to

meet these requirements while maintaining flight capability for over 120 mifutgaish

the sUAS industry and theurrent capabilities adn SUAS, PSCR is conducting the First
Responder UAS Endurance Challefjiffe seekingo crowdsource sUAS designs that fit
these onstraints. The challenge is currentlygoingand will conclude in 2021.

Revisiting the major sUAS flight endurance factors, we investigatteer SUAS design types
in addition tomulti-rotor systemsTherelationship of aircraft design type to aeridi@éncy

is noted in [6] Multi-rotor systems have the lowest efficiency for staying airbamen
compared to helicopter systems or fixgohg systems. One reason fixedng systems are
more energy efficient is that they obtain lift from forwandtion and wing geometry.
Because fixedving systems by design are more energy efficient, it is expected that fixed
wing systems would generally have longer endurance times thanrrataltsystems. This
expectation led PSCR to ask questions about théfissof using a fixedwing system,
instead of a multrotor system, to host a DS.



2.2. Research Question

Using fixedwing systems to provide broadband connectivity to first responders, we
encounter a neweployment configuratiofor an aerialDS. Thesignificant differencesn
utilizing a fixedwing system over a muitotor system are the following:

1. Fixedwing drones must be in lateral motion for flight.

2. The use of fixedving drones introduces rapidly varying distanceth&éoground
receivers.

These two baracteristics introduced by fixedng drones may have unintended
consequences for providing broadband service. To understand the link characteristics, we
propose to investigate a specific scenario involgegeralL TE connections to users on the
groundfrom a fixedwing aircraft at various orbital radii. We will collect connectivity data to
answer the following:

1. Motion may have unintended effects on the link between an eNodeB and User
Equipment (UE). Does eNodeB motion cause link degradation to a Uteon t
ground?

2. Rapidly varying distances between an eNodeB and a UE will cause fluctuating link
qualities. What does this link look like between an eNodeBaas on the ground?

3. It can take several seconds for a UE to attach to a network when an eNodeB reference
signal is first picked up. If the distance between an eNodeB and UE changes quickly,
then a UE may not be able to attach to the network in time. Alternatively, there is a
case where a UE does attach, but the eNodeB moves away from the UE, so the
connection is only used for a brigériod Thiscasewould lead to a limitation on the
amount of data exchanged by the LTE network and the UE. In certain cases, the small
amount ofdata exchanged by the LTE network and the UE would have the same
effect as if the phone never connected to the LTE network. The delay irirajtich
the LTE network would shrink thealizedcoverage area provided by the system.

What would the new effeloe coverage area be?

By analyzing data from several aerial experiments, we can answer these questions and
provide data on optimizing a fixasling drone operation. Further, by conducting several
experiments, we plan to provide the public safety communtty wvaluable
recommendations.

As an additional note, for the remainder of this report, we will be using thextexamto
describe the successful authentication and conneafiatJEto the LTE network.

2.3. Authorizations

Before continuing, it is importand provide a briehccountof the frequency authorizations
PSCR staff obtained for the experiments. PSCR owns specialized LTE equipment that
operates only in band 14, a restricted specthatis owned by FirstNet andased to

AT&T. For initial testing,PSCR applied for several Radio Frequency Authorizations (RFA)
for Gypsum, Colorado, that were approved in March 2019. The RFAs only cover the
Gypsum areaWhen testindhadto move to Fort Collins, Colorado, PSCR staff contaeted
federalliaisonspectrum managerdm FirstNet, who coordinated the request with AT&T for



special permission to use band 14 without an RFA. PSCR was granted an exception for
testing band 14 at Christman airport in Fort Collins with the same notice and
contact/communicatiomechanisnthat PSCRused forthe GypsunRFAs.

3. Test Plan

The test plan below outlines the specific tests foatréal experimeniTests included
groundbased control measurements as well as various aerial tests.

3.1. Closerange Baseline Test

The closerangebaseline connectivity test will collect data on ideal connectivity to the
eNodeBfor each phoneThis test involves the LTE system connected to each smartphone at
a close rangerigure 2shows a diagram of the test setup.
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Fig. 2. Baseline test setup diagram

.t

o

Center Point

/
Y

We placedhe LTE system at the center of our test range, also known as the central point,
elevated approximately 0.74 m from the grouHde height was based on the portable table
used for the tesThe LTE eNodeB antennadasiented downrange toward the smartphones
using a tripod to maintain its orientation. Specifically, the eNodeB antenna will have its gain
maximum in the direction of the smartphoné& provide more information on the LTE
eNodeB antenna in Set.2 Figure 3shows this test setup in Gypsum, Colorado during a test
in August.



Fig. 3. Baseline test setup antenna orientation

Fourrows of smartphones will be mounted on tripods 5 m apart in a small grid. The phones
will be raised to 1.3 mbove ground levelnd oriented vertically with the screens facing the
LTE system. Three differestmaripphonesanonymized for this repomyill be in eachof the

four rows. Loaded on each phone is the NetMonRoos Android applicatiopnwhich monitors

and reportgellular connectivity metrics. The application will run on each phone to collect
connectiviy data during the tesiection 4.4 provides one informationon theNetMonitor

Pro application The primary measurement recorded is the eNadéBence signal received
power RSRB. This measurement can be loosely translated to coverage quality and is a
predictable quantity useaidely by telecom operators. We will run the experiment for
approximately 20 minutes to capture any connectivity fades that the phones may experience
over time.We will use ahandheld spectrum analyzer at the center point to mesastor

vector magnitude (EVM) and Doppler shift data if any exist.

This test ensures that the phones are connecting to the LTE network properly before an aerial
test. The closeange baseline test will also revaalyissues with the phones connecttng

the LTE system. The expectation is that all phones will remain attached and connected to the
LTE system throughout the test and will measure an RSRP ab@®&Bm. This100 dBm

criterion is based on the free space path loss calculation which is epgately 56 dB for the
phones in the fourth row. A phone that reads a connection b#@dBm most likely has
anissueand will beremoved fronthe experimentThis test would provide an opportunity

for backup smartphones to be substituted.
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3.2. Full-range Baseline Test

The full-range baseline test involvpkacing phones down range to collect connectivity data
without any movement or altitude advantag&isones willstayin their same rows, but row
spacing will be increased from 5 meters to 300 mefegsire4 andFig. 5show the diagram
of this test setup and the physical location of each smartphoneGirisemantest site.

More information on the test location will be described in a later section.

A A 4 &
0.74 m AGL «f} e ] % <3 o |
GR) } /4
A 3 4 &
Center Point A A\ /<>\
I 300 Meters I 300 Meters 300 Meters I
| | |

Fig. 4. Full-range baseline test diagram

Google Earth
Fig. 5. Google Maps fulirange baseline test setup at Christman airport

Although it is unknown what the connection quality will be between the LTE system and
each phone, we can estimate the path loss between the system and each row, as well as the



ideal RSRP levellablel showsthe calculated path loss and predicted RSRP |évekach
row.

Table 1. Estimated Path Loss and Ideal RSRP

Row Distance Free Space Path Loss|deal Predicted RSRF
Row 1 5m 44.1 dB+ 0.3 dB -42.5 dBm+ 06 dB
Row 2 305m  79.782 dBt 0005dB  -78.2 dBm+ 05dB
Row 3 605m  85.731dB+ 0003dB -84.2dBm+05dB
Row 4 905m  89.229 dB+ 0002dB  -87.7 dBm+ 05dB

The predicted RSRP values are derived from measured LTE system output power of 1.1

0.5 dBm and ideal line of sight free space path loss calculation. As noted in previous research
[1], line of sight is critical fohigh-frequency broadband communication links most

groundbased deployment cases, line of sight cannot be obtained, so it is not expected that
this test will yield the ideal predicted RSR&uesfor phones in thenore distantows This
groundbased test will provide another baseline for comparison with flight tests at similar
distanceswhereline of sight communicationsill be enabled by theUAS. In other words,

this test will provide data to demonstrate why it is necessary to host the system on a drone in
the first place. If all phones in this test could connect to the LTE network with no issues and
adequate connection quality, then a drone ath. TE system would not be needed.

3.3. Aerial Tess

The aerial tests involve mounting the LTE system to a fixed) aircraft that follows a

prescribed cirglar patharound the center point of the test range. The phones for the test will
remain in the samdace as in the fultange baseline test and will log connectivity data. The
altitude of the aircraft will be set near the maximum altitude for Part 107 regulations, just

below 122 m (400 feet). Although the optimal speed of the aircraft will be deterohinied

the trial, the aim is for the pilot to conserve as much energy as possible for prdlagyiged
endurance time. The aircraft has a stall speed of 13.0 m/s and a cruise speed of 18.9 m/s, so it
is assumed to fly somewhere in this range, with comgisfgeed for all tests. Tée flight

paths described belowyill be implemented.

3.3.1. 350-Meter Test

In the 350meter testthe aircraft's orbital radius will be set to 350 metengch will place
the aircraft into a 6to 10-degree bank relative to the grouR@gure 6providesa diagram of
this experiment.
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Fig. 6. 350-meter test diagram

We expect a varying connectivity pattern for each row of phasekescribed irbec.3.4.
The orientation of the antenna on the fixeithg aircraftis describedn Sec.4.2 The test
will run for as long as the aircraft can remain in the sky.

3.3.2. 650-Meter Test
In the650-meter test, the aircraft's orbital radius will¢®t to 650 meters. Other than the
orbital radius, this test iglentical to the 350neter test.

3.3.3. 850-Meter Test

In the850-metertest, the aircraft's orbital radius will be seB&D metersAgain, histest is
identical to the two previous orbital testscept for the change in radiu@riginally thistest
was planned for @50 m orbit; however due to flight restrictions ahristman airportthe
orbital radiusvasreduced.

3.3.4. Additional Trials

Depending orthe availabldime and the outcome of the previdhseeflight tests we may
performadditional flighttestsfor more data. A 200 m trial may be execuyt@dng with
iteratiors of the previous flightests Figure 7shows theaerial magdor the three flightests
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Fig. 7. Google Mapsummary of all three flight trials

3.4. Expectation

In preparation for the experiment, PSCR staff developed cqaledact the distance and path
loss between the aircraft and each row of phones on the groppdnédix A provides &ew
sample outpudlataplots for the 35@neter test and the 85@eter test for the first and fourth
rows. Table 2 summarizesiese plots wit approximatesstimationsabout the expected
connectivity.

Table 2. ApproximateAssessment of Connectivity

Summary Small Orbit Large Orbit

Phones close { Overall path lossi79 dB T Overall path lossa87 dB

to the center of § Small variationd0.2dB ! Small variationd0.1 dB

the orbit

Phones far I Overall path lossa86 dB f Overall path lossbetween70
from the center § Sizable variationa7 dB dB and 90 dB

of the orbit { Large variationa24 dB

In Table2 above, when phones are far from the center of the orbit and the aircraft is in a
large orbit, we seextreme changes ath loss and distanceer time. This variabilitywill

cause issues in connecting the phone to the LTE system and, if connected, maintaining the
connection.
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4. Equipment

The following section describ¢he componentsnvolved inthe experimenand the details
surroundingheir usage.

4.1. LTE System

The LTE systemwhich we anonymized for this repod,a complete virtualized LTE EPC
(Evolved Packet Core) and eNodeB radibe core and radio combine to form a full LTE
system. The eNodeB is a Fremey Division Duplexed (FDD) system that receives UE

signals (uplink) in th&88MHz to 798 MHzrangeandtransmits (downlink) in th&58 MHz
to 768 MHzrange.These paired frequency ranges are known as band 14.

The system contains antel Next Unit of Gmputing(NUC) that runs a virtualized LTE
core. The NUC, radio baseband unit, #melRF board require a 32olt source @ supply at
least 6 ampsThetotal system mass reughly 1.5 kg without a power supplyFigure 8
shows a picture of the LTE system.

Fig. 8. LTE System

TheeNodeBof the LTE systenis a 2x2 Multiple Input Multiple Output (MIMO)system that

can output 1 W opower per antenna posiithin the 10 MHz downlink channghowever,

thatlevelis reacheanly when every resource bloak the LTE signals atmaximumpower.
Consequently, the coverage area provided by the system cannot be predicted based ona 1 W
signal. TheRSRP, which is thpower measurehby the UEin thedownlink referencesignal
determineghe abilityof a phone to attachnd maintain a connection to an eNodeB

Thereforethe RSRP, instead dhe total power outpuis used taletermine the coverage

area of an LTE eNodeB.

TheRSRP valuave expect to measufer theeNodeB can be calculatég assuming it
transmits with itdull rated poweacrosghe channelthendividing the total power between
all of theresource blocks of the downlink E signal, usind=q. (1)

YYYREE YYYDS G pr T Y6 ()

11



TheReceived Signal Strength Indica{®SSI) is the maximum output power of the total
channel (specified at 1 W or 30 dBR)B is the number of resource blocks in the channel. A
10 MHz downlink channel corresponds to 50 resource blocks, so our expected RERP a
transmitter is 2.22 dBnRSCR staftabled theeNodeB directlyto a handheldpectrum

analyer andmeasuredhe RSRP at approximatelyto 1.5 dBm Although under the
expectedevel of 2.22 dBmthedifference may be attributed to losses in cabéing

connectors

PSCR staff tested 1sthartphonefrom three vendors with the LTE system. Evphpne was
able toattach to the system anglach thenternetwhenthe systemwas cabled to a gateway
router.

4.2. Band 14 LTE eNodeBAntennas

The eNodeB antenrselectedor the experimenivas theEM-LTE flexible internal strip
antenna fronMobileMark. The EMLTE antennacovers both the 698/Hz to 960 MHz
band and the 171Hz to 2700 MHz band and provides a directivityghtly over O dB at
725MHz. The antenna has a bend radius of 2.5 inchdxi), allowing it to fit on curved
surfaceg8]. The maximumnput powerto the antenna iS watts within the watt rating of
the eNodeBThe antenndimensions aré.3inches(3.4 cm) by 5.4nches(13.7cm). Figure
9 shows theEM-LTE flexible antenna.

Fig. 9. EM-LTE Antenna.

After reviewing theplannedexperimenmeasurements, namely RSR&tues we decided to

use only one antenna for one of the antenna ports on the eNodeB. Specifically, we will use
antenna port 0 of the eNodeB, which transmits the reference signal block. By having only
one antenna attached to tiecraft, we save in experiment complexity and space
management, as the aircraft underside is small compared to the antenna. An additional
antenna would only boost data rates, whiehdid not measur@ this experimentigure 10
shows the manufacturer a@nna pattern and a PS@Reated visualization of the antenna

gain.

12
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Elevation Plot at 725 MHz

Fig. 10. (a) EM-LTE Antenna gain patterfp) PSCR gain estimation

For the experiment, we will place the anteasaclose as possiblettoe front of the aircraf

away from the motor, to avoid interfererfcem the motor and any other moving metallic
sections. TIs orientation will provide the best possible connectivity to phones on the left and
right sides of the aircraft. The major nulls from this orientationle be in front of and

behind the aircraffThe antenna will be mounted to the airgrafishown inFig. 11

Fig. 11. Antenna placement and orientation on sUAS

13
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4.3. Albatross Fixed-wing UAV

ThesUAS selected for the experiment is fibatross fixedwing UAV, owned and operated
by the CSU Drone Centat Colorado State UniversitfhissUAShas a mass @f.4 kg
without a battery and is rated to carry a maximum payload of 5.6 Kg§he system,
developed by Applied Aeronautics, has a wingspan of 3 m and can reach speedsmysto 3
(80 mph). The Albatrossmploysopenrsource software for it8X4 autopilot systeqused
for automatic takeoffand landing. The aircraft is ratetbr a stall speed of 13.0 m/s and a
cruise speed of 18.9 mAse assumd it would fly in this rangeduring our testsDuring flight
trials conductedn July 2020 thesydem flew for 19 minutes with replicapayload massef
1.496 kg using a single batterffigure 12shows the aircraft during the July test flight.

Fig. 12. CSU Drone Center Albatross fixedng UAV

The CSUDroneCenterworkedwith Applied Aeronautics to increase thiiciency of the
dronefor this use case. After reviewing some of the flight logsDitene Centerstaff
believal thata 30-minuteflight time would beobtainable with somdronemodifications.

4.4. NetMonitor Pro Tool

Formeasuring UE LTE connectivityye will use the NetMonitoPro e&ll signallogging
application The tool collects cellular connectivitgetricssuch alRSRP, Reference Signal
Received Quality (RSRQ), Global Positioning System (GR&), dnd other cellular system
information. The tool can be used Android 4.4 and highatevicesand provides graphical
informationfor recorded logging sessiorfsgure 13showsresults from amexample test
conducted in Boulder. Note thtite applicatio can provide a map of coveragigh GPS
uncertainty. The color scheme can be customiaestiow "Good," "Not bad," and "Bad"
coverage.

14



WCDMA RSSI: -69 dBm  (last point)
Rncld: 1322 CI: 10312 PSC: 332 ARFCN: 2087
n. Cell:~

- A Net Monitor

Fig. 13. NetMonitor Pro tool example output

The application stores logged data into a Structured Query Language database or SQLite
database in the Android phone. Researchers can export the data into asaparmsed
values (CSV) file for further analysis.

In August, tests were conducted on sevemnartphones to see what occurred when the

phones were disconnected from the LTE network and then reconnected. These tests showed
that as soon asphone vasreconnected to the LTE network, the applicatesumed

recording, and thaeext measured point reflected the connection with no lapse in data. This
result indicated that the application would meafB&Pnearthe exact timea phone

connectdto the network.

4.5. Portable Tripod and Battery Banks

Portable martphone tripods and portable battery banks will be utilized for the experiment to
hold phones in place and to charge the devices. Tripods provide realistic elandtion
orientationfor the phones, allowing us to simulate users holding the UEs as warméag
signals. The 10,000 nmA battery banks are attached to the tripods and plugged into the
smartphones so that devices are charged for the duration of eaEligtast.14shows the

setup in the lab.

15
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Fig. 14. Tripod and ba#ry bank setup

4.6. Lufkin 12-1/2-inch MeasuringWheel

A measurement whealill be usedto place the phones relative to one anoiheach row
The geatbased measuring system has an accuracy0d}# The position of the phones
during thefull-rangebaseline test and flight trials will be determined by using GPS
coordinates provided by the phones

4.7. Rohde and Schwarz FSH&pectrum Analyzer

The Rohde and Schwarz FSH8 handheld spectrum analyzer will batukedcenter point to
measure EVM. The spectrum analyzer can decode and measuatbe-air LTE signal
informationandreportoverall transmitter performance

5. Field Tests

The sections below detail the field tests that PSCR staff conducted froduipi2D20 until
February 2021Staff conducted the tests in the PSCR lab, Gypsuror&lq and Fort
Collins, Glorado

5.1. July Tests

On July 13, 2020, initial flight tests were conducted at Christman airport in Fort Collins with
a1.496kg replica payload. Thedes ensured that the Albatross fixethg UAV could fly

circular flight paths with the payload properly and safalyit flew for 19 minutes in the 350

m circular orbit Figure 15shows one of the CSU Drone Center pilots placing the replica
payload intohe Albatross.

16
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Fig. 15. Albatrossfixed-wing aircraft withreplica payload

5.2. September Tests

On September 18, 2020, PSCR staffiducted a site survey and baseline tatstise Gypsum
Creek Ranch airpara privately owned airportiwt hi n t he boundari es
RFA. After speaking with the airport owners, PSCR and the CSU Drone Center staff were
granted permission to use the facilittes experimentsFigure 16shows the September
closerange baseline test setup at #mport

Fig. 16. Closerange baseline test at the Gypsum Creek Ranch airport
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The results of th&ull-rangebaseline test are outlined below and revealed that the eNodeB
was not operating as expectethieBpproximate connectivityange of the system for tifigll -
rangebaseline test showed that only the first row of phones could attach to the network.

A walking test revealed that phones could not detect the eNodeB signal beyond
approximately 150 m from the base statiewen thouf line of sight to the LTE systemas
maintained throughout the test the days following the trial, the team determined that the
eNodeB was not properly configured by the vendor. Several troubleshooting meetings with
the vendor confirmed that the eNode®&s operating at a much lower output power than
intended. The eNodeB was reconfigured in late September and validated by PSCR staff.

5.3. October Tests

On October 3, 2020, PSCR staff and the CSU Drone Center pilots arrived at the Gypsum
Creek Ranch private @iort for testing. PSCR staff conducted both baseline tests; however,
we did not conduct aerial tests due to takeoff issues with the SUAS.

Before the September site evaluation, the pilots expressed concerns about the gravel runway
andupgraded the landingear of the Albatross to address the rough surface. After
successfully performing priight and taxi tests with the replica payload, the first flight
attempt proved unsuccessful. The flight was aborted before the aircraft took off because
gravel from theunway started striking the propeller. An inspection of the aircraft revealed
that allthreeblades of the propeller were significantly damaged, presumably when rocks
were kicked up by the nose wheel and drawn into the prop&lerDrone Centeeamhada
spare propeller, but given the risk that the same issue could happeritegteandeemedt
unsafe to proceed with another flight. The owner of the airport took the flight team around
the area to search for another (grass or paved) surface to usenasyp, butwe could not

find a location that would allow safe takeoff and landing of the airdkafa result, we
canceled all aerial tests at the Gypssita

While flight tests could not be conducted, ground basédisisprovided new information
abaut the LTE system; this information is reported below.

5.3.1. October CloserangeBaselineTest

In the closerange baseline test, PSCR staff observed a rairgr@artphoneneasured RSRP
values across every device and at all distancesniBasuementsrangedrom -42 dBm
to-128 dBm however all devicesecorded the majority dRSRP valuesear-55 dBm,
indicaing a good connectiorkigure 17shows all phone msarements combined into one
plot with the mean for each row, the 95% confidence interval of the mean, and error bars that
show themiddle 90% of the data’he 95% confidence intervals, shown to the right of each
mean, were calculated first in linear wadtsl then converted to dBmheerror bars that
extend through thmiddle 90% of the datarovide insight into the density of points for each
row. Plots for each phone type are available in Appenditich includethe mean for each
row, the 95% confidenaaterval of the mean, and error bars that show the middle 90% of
the data
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Fig. 17. Plot of all phonedn closerange baseline test

Included inFig. 17are a number of instances where the NetMonitor Pro tool could not
measure LE connectivity. These instances were recorded iis@kite database on each
phone as pointwith random or null measurements for certain aspects of the signal such as
eNodeB cell IDor network 10 and they aréisplayed in each closange and fulrange

baseline plot as the number of dropped connections in boxes above the plot. Trehbaxes
data foreach rowof phonessothatthe number of dropped connections can be compared
between rows. Appendix B includéee number of dropped connections by phone type as
well. These points could reflect issues with the application, with the LTE system, or as valid
drops inwirelessconnectivity to the LTE system. Sometimes the drops in connectivity would
last for severadeconds, and at other times they would come in small bursts lasting only for a
few secondsWe observed this behavialsoin lab settingsindercontrolled radio

environments, such as in an Biielded enclosur& he drops in connectivity could not be
reproduced for a personal device attached to an active commercial network with the app.
This issue is discussed furtherSec.6.2

For the data collected from the NetMtor Pro tool, we filtered out only successful
measurements from the LTE system. We determined whether a measurement was successful
by comparing the known eNodeB cell ID to the one recorded in the phone measurement. For
example, some measured points st cell ID for a neighboring network site. Although

our smartphones would never attach to these neighboring cell sites, the smartphone would
cycle through these cell sites to determafieetherit could connect. These measured points

would be read as dpped connections to our network. In other cases, a measured point

would read a nonexistent cell ID such24<7483647Again, such points were recorded as
dropped connections.

Another note about this test was that the handheld spectrum analyzer usedha@uring
experiment measured a nearby AT&T bandcc@mmerciakell site. The cell site was located
near +70, just north of the airfield. The spectrum analyzer measured the AT&T cell RSRP
value at aroundl20 dBm.While it is unlikely that the lowpower LTE sgtem usedh our
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test would interfere witlhisers orthe AT&T systemthe AT&T cell sitedid raise the noise
floor for our experimenand introduced a low level of interference to the test area

5.3.2. October Full-rangeBaselineTest

In thefull-rangebaseline é¢st, we observed thall smartphones in row connected to the

LTE systemandonly a single type of phone was able to attakom rows2 and3. The other

two types of phones in the second and third rows did not attach. Finally, all phones in the
fourth row failed to attach to the network. In tests conducted in controlled radio

environments, phone attachment times to this LTE system ranged troaple of seconds

to around 30 seconds. This test was carried out over several minutes, allowing ample time for
any phone within range to attadkiigure 18shows thdull-rangebaseline test, where the

points at 305 m and 605 m are only from one phone. gain we have included the mean,

95% confidence interval of the mean, amtbr bars showing thaiddle 90% of the data
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Fig. 18. Plot of all phones for thill-rangebaseline test

Because the fultange baseline test showewly onetype of phonehat was able to attadh
the network 300 m away, it was decided to carry out an additional walking test as described
in the next section.

5.3.3. October Walking Test

As an added informal test to the October experiment, PSCR staff wailkedach type of

phone along the test site to observe connectivity over distance. Two researchers attached the
phones to the network near the LTE system and proceeded to walk in a straight line toward
each row of the test site. At all points during thadkythe eNodeB was within visual line of
sightto the researcherBigure 19shows all the measured RSRP values over distance.
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Fig. 19. Plot of all phones for the informal walking test

Plots of RSRP over distance for each phone are in Appendix B. These plots show smartphone
connectivity as far out as 600 meters for two of the phdnhessunknown why two types of

phones would not attach to the LTE system in their static loc®waghe case in théull-

range baseline tebut could stay attachei the network in the same locatiahsring the

walking test.This was the first indication that LTE coverage dependstwethera device is
attachedo the network or not. Thigesultis further discussed in Seg5.

5.4. DecemberTests

After aerial tests could not be carried out in October, the research team determined that the
CSU Drone Center in northweSort Collins was the most viabédternateest site. The

Christman airport is owned and operated by the CSU Drone Center and is used primarily for
drone flights by the center. The property is fully fenced off, and only CSU personnel have
gate accesd.he asphaltrunway isapproximately 18 m wide and 1200 m long, making it

ideal for fixedwing drone operations. Special permission was obtained from Aar&T
FirstNetby PSCR staff to conduct band 14 tests at the airport.

In October, the State of Coloradsad the Christman airport for fighting the Cameron Peak
fire west of Fort Collins. Because of this development, the CSU Drone Center and PSCR
staff could not gain access to the airport for testing until early December.

On December 7, PSCR statinned taconduct flight tests with the LTE system at
Christman airportHowever, diring a preliminary test flight with the Albatross, the system
autopilot landed too hard, breaking one of the landing wheigjsre 20shows the damaged
Albatross.
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Fig. 20. Albatrossfixed-wing aircraft on December 7 with detached landing gear

Without proper landing gear, the CSU drone pilots no longer felt safe in piloting the system,
andthey elected toeplacet with a multi-rotor dronewhichwas usedn previous

experimentdy PSCRn the Summer of 2019. The LTE system was mounted to the

underside of the drone with the intention of simulating a fiwéth drone flight by following

the same orbits proposed for the experiment. Due to enduramizions, the multrotor

drone could only complete one 850 m arBis a resultthe PSCR research team chose to
perform only the 350neter and 650neter tests. Due to limitations in the software used to

pilot themulti-rotor, the system could not flyoatinuously in a circular pattern for the 650 m
orbit. For the 650 m orbit, the drone had to slow down at points along the circular orbit, so
the system was not at a constant speed and not flying in a perfect circle. The effects from this
limitation are aparentlater inFig. 26 where theplot of drone distance to each row is not
smooth. Also, the maximum speed was restricted to 9.8 m/s (22 mph), so the system did not
perfectly emulate the fixediing drone pattern. The eNod@tenna was placed in a simila
orientation as was planned for tlireed-wing AlbatrossFigure 21shows the LTE system
mounted to thenulti-rotor.
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Fig. 21. Multi-rotor drone with LTE system

Altogether the results from the aerial tests seem to provide a fairly accurate representation of
a fixedwing drone flight, with the most significant difference being the speed at which the
aircraft moved. As previously mentioned, since the aircraft is in mdhere are cases

where UEs do not have enough time to attach to the LTE network. Therataiftdrone

orbits the area at a much slower rate than a fixied) vehicle, giving UEs more time to

attach. The following sections describe the data collected froexfieriment.

5.4.1. December QoserangeBaselineTest

The closerange baseline test showed results similar to those from the Gypsum tests, with
phonescollecing connectivity data atpacing intervals dd m. Each row of phonescorded
averageRSRP valuebetween-52 dBm and60 dBm.Figure 22shows the measured RSRP
valuesfor all phones within each row for this test. Plots of data from individual phones are
included inAppendixB.
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Fig. 22. Plot of all phonedn closerange baselintest

In addition to collecting signal informatidrom phones, we placed asoRde andschwarz
handheld spectrum analyzer next to the system to collect datanalyzemwas placed in the
null of the radiating antenneollecing spectrum metrics such as RSRP, RF Channel Power,
SINR, and otherslablereports the means, 95% confidence intervals of the means, and the
delineationpoints where irbetween resideg0%of all the 154 measurements collected
during the test.

Table 3. Handheld Spectrum Analyzer Measurements

Metric Mean 95% CI Middle 90% Range
RSRP -34.75 -34.87,-34.64 -35.51 -33.727
RF Channel 118.87 119.01,-18.74 120.09-17.563
RSSI -14.07 -14.19,-13.96 -14.94 -12.96
SINR 35.07 34.85, 35.29 32.91 37.16
EVM Average 1.67 dB 1.591.75 0.96 2.5
Frequency Error 0.1047 Hz 0.104, 0.1055 0.09590.1111

Thehandheld spectrum analyzer also measured a nearby AT&T band 14 cell site somewhere
in the Fort Collins area. The cell site location is unknaduwawever the spectrum analyzer
measured the RSRBr the siteto be around110 dBm, significantly higher thahe

interferer identified at the Gypsum site.

5.4.2. December Fullrange Baseline Test

Thefull-rangebaseline test showed that no phones would connect begant Row 2

phones were within line of sight to the transmitter; however, they could never attaeh to th
network. Rows3 and4 were not in visual line of sight due to small hills, so it was not
surprising thathese phonesould not attachBecause only themartphones inow 1
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attachedthe plot was not included in this report as it conveys the same atiomas the
row 1 datain Fig. 22

5.4.3. December WalkingTest

The informal walking tests for the phones revealed that grbasdd connectivity only
extendedor approximatelyl70 m, much less than the Gypsum walking fésfre 23
shows the NetMonitor Pro data overlaid on the Android Team Awareness Kit (ATAK)
interface showingone phonéosingconnectivityat 170 maway from the transmitteilhe
other two phones used in the walking test lost connecaviyshortedistance Considenng
the problem witlthe LTE system output power we found in September (seeS5S8cwe
tested the system again in the lab after the December yeahdaonfirmed that it was
operating at expected levels.

434 2 B Gd - Q =l &
OO XPuwHl & @ (@ |~ * S

&
Cen?

Fig. 23. Ground based walking teftr phonetype 3

5.4.4. December 356Meter Test

The 350meter test revealeaduchabout the connectivity range of the LTE system from an
orbiting sSUAS. Primarily, we were able to obsertreatphonegetained connectiorts the
network much farther away than in the walking test or theréube baseline testsSigure 24
andFig. 25show the connectivity ophones irrows1 and2 to the LTE system over time. In
addition, the distance between the phones and the aircraft is phdtadote, although the
distance between each phone in the remthe drone are not the same, their deéferes are
small compared to the minimum distance observed. As a consequence, for visualization on a
plot, we have only included the distance from the drone to the center phone in tiideow.
distance was calculated from flight data collected from theedafter the test. Phones in
rows 3 and4 never connected to the LTE network.

Figure 24shows the measured RSRP from the first row of phones over time. The graph
shows an RSRP plot for each phone, as well as a plot of the distance frdrorntheo the
phanes.Only one phone in the first row connected to the LTE system during the actual orbit.
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Later, when the drone was landing, one of the other phones finally conritlobee. logs did

not reveal a reasdhe other two phones in this row did not connectraduthe orbit;

however, it is possible that the phones were in a cycle to search for other networks during the
flight. Another explanation could be that the interfering band 14 LTE system, which was
measuret-110 dBm, could have stopped the phones friaacthing however, these

phones connected to the LTE system before andtaééight.

Row 1: Aerial Test 1 (01:23:00.408pm - 01:40:04.407pm) Number of points: 1026
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Fig. 24. 350-meter test roul

Looking at the only connected phone during the 350 m tésgirk4above, we see the
predictedcyclic connectivity pattern. As the aircraft took off vertically and began to orbit the
center point, we saw a decline in RSRRpproximately-100 dBm, whichthen varied from

-95 dBm to-110 dBm. The total flight lasteatound12 minutes from theeginning otthe

orbit at 1:25 p.m. until the aircraft started to descend at 1:37 p.m. Overall, from the only
connected phone in the centettlod aircraftorbit, wesaw a sufficiently stable connection to
the LTE system.

Figure 25shows the measured RSRP values forole2 phoneswheretwo of the phones
connectdduring one pass but not for the other two passes. tNatthe phones were still
connected to the eNodeB when the aircraft was at its farthest point away frawthe
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Number of points: 1026
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Fig. 25. 350-meter test rov2

The phones in row3 and4 never connected to the LTE network throughout the test. It is
unknown whether the reference signal couldiétctedat this location oif the phones

could not connect in time when the aircraft was nearby.

5.4.5. December 656Meter Tests
After the350-meter test, we ran the 650eter testvith manual flight controls for the orbit.

Usingmanual control causes the sporadic distance between the SUAS and (fiopriz3.

For row1, we observed that all three phones connected to the LTE system derordith

After a few minutes, however, one of the phones lost connectivity and never reconnected.
The other two phonegtainedconnedbnsthroughout the test. This flight lasted

approximatelyl7 minutes, with only two full orbits completed.
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Fig. 26. 650-meter test 2 rovt
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Phonesn row 2 never connected to the LTE system during the odaenthough the LTE
system flew very close thatrow, with a minimum distance of only 400 m.

Figure 27showsresults forthe phones in ro\8, where twadevicesconnected for a brief
moment when the orbit was directly overhead. On the first pass, phone type 1 successfully
attached for a couple of seconds. On the second pass, phone type 3 attached in a similar

manner for only a couple of seam

Row 3: Aerial Test 3 (03:02:00.43pm - 03:18:52.433pm)
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Fig. 27. 650-meter test 2 ro\@
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Figure 28showsresults forow 4, where one phone was able to attach during one orbit.
Phonetype 2 attached and stayed attachedfgoroximatelytwo minutes.
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Row 4: Aerial Test 3 (03:02:00.417pm - 03:18:52.428pm)
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Fig. 28. 650-meter test 2 row
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5.5. February Tests

Flight experiments conducted by PSCR staff and the CSU Drone Center in December
resulted in overall unsatisfactory broadband service to devices on the ground. We believe one
of the reasonfor this result ighatdevices attemptto attach to other available commercial
cellular networks in the area rather than attaching to the aerial network.

In general, phonehatwere beyon®05 m from the center of the orbit were disconnected
from theLTE network for most of thduration of thdlights. Although phones connected
consistently to the test network under static conditions during ground baseline tests, aerial
test results were inconsistent. In some instaraespr twophones would attacha the aerial
network,while the rest of the phonegthin the same row did not connect. An example can

be found inFig. 24 where phone type 2 connected to the aerial network throughout the entire
12-minute flight, but phone types 1 and 3 did iRitone ypes 1 and 3, in this case, were

only 5 meters fronphonetype 2. Detailegbrocess flowdor the UE initial attachprocessan

be foundin [9] and[10], but the general outline is that devices loop through available
network IDsand attempto attah in a specific order. In our example, phone types 1 and 3
may have beetrying to attach to a commercial network instead of the aerial network. As a
solution, most phones have the capability to lock to a specific frequency and wireless
protocol.When loked,thedeviceonly considers a specific cellular technology, such as

LTE, and frequency band, such as band 14, wloasideringhe list of available networks.

For our case, this configuration can be applied to the phones to restrict them to the specific
frequency and technology of the aerial netwgikldingmore consistent connectivity when
testing inthe presence aither cellular networks.

In late February, PSCR and the CBtbneCenter conducted more flight tests using phones
locked to LTE and to vad 14. Because concurrent experiments were l@iagutedonly
phone type 1 was usedith asmallernumber of phones. Additional changes were made
thetests to accommodate other experiments. For example, the 650 mastatiuced to a
600 m orbit.Figure 29 shows the new flight planwith phoneslocatedat positions A, B, C,

and D. These points are 300 m freachother, with point Cnearthe center point of the

orbit.
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Fig. 29. Google Mapdlight paths of thenulti-rotor drone with phone locations

Several other improvements were implemented to address findings from the December tests.
We added a secorghtennaallowing connections tboth ports of the LTE systenfihe

pilots alsoused a dferent flight softwareapplicationthat allowed the drone to fly

continuously for an entire orbit. Unfortunately, the dronestd@at the end of each orbit
beforebeginninga new circle Plots reflect this pausas a constant distance period between
thedrone and any UE after a complete orbite Tontinuou®rbit was considered to be

better thann the previous experiments where orbits wateted manually.Finally, the

phone located at the center of the orbit was placed on the operationsitabie display

fadng upwardrather than on a tripodrigure 30shows the equipment table where the center
phone was placed.
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Fig. 30. Equipment table, near the center point where the center phone was placed

Baseline tests were not conduciedhis set of testasing band locked phones. All of the
aerial test plots from this experiment are showAppendixC, and a fewsample plots are
described in the next section.

5.5.1. February 350-Meter Test

The 350meter testwith band locked phones showed more consistemexdivity than the
December 350neter tests; however, the improvement was not as much espsetedFor
some of the 350neter flight tests, we observed continuous connectivity betdeeicesand
the LTE network as in the caseFkig. 31

In othercasesphonedost connectivity to the LTE network for an orbit or two before
reconnecting as in the caseFafl. 35 or they neveconnectdto the aerial network. Another
finding was that the phone in the center of the orbit, which was not mounted on adnifyod,
connected to the aerial network when the drone was at its ghmsatsbnto the phongas
shownin Fig. 36

Figure 31shows the measured RSP one of the phones located at pointdxringone 350
m orbital test In this test, we saw continuousrmectivity between the phone and the LTE
networkafterthe phone attached to the network during the first orbit. We observed a cyclic
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connectivity pattern where RSRP reached a local maximum when the droneawas at
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wasconnected throughout the entire experiment.

February 25 11-33AM Band Lock Phone-935

Fig. 31. 350-meter teswith consistent connectivity for a phone at point D

Another example of consistent connectivgyshownin Fig. 32 where a phone at point B
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Under previou®S research project®SCR conducted informal RSRP service quality tests

11:33:20

Fig. 32. 350-meter teswith consistent connectivity for a phone at point B

for our band 14 FDD systeandconcludedhat RSRP values at or greatiean-100dBm
aregenerallyconsideredisable fowoice, video, and text applications. LTE connectiviy

our specific systeratarts to degrade as RSRP decreases{t6hdBm to-110dBm, at
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which pointthe connectonis essentiallyjunusableFigure 32has been overlaid with this

informal connectivity quality metrito produceFig. 33 indicating thatonnectivity is
generally good so long as the drone is less than 480 meters from the phone. If therdbrbne is

within 480 meters, we start tbservedegiaded connectivity.
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Fig. 33. 350-meter tesat point Bwith service quality

As noted previously, not all tests showed conststesults Figure 34shows one phone at

point D for a 35émeter flight where the phone only connectdten the drone wasithin
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Fig. 34. 350-meter test withntermittent connectivityor a phone at point D



Figure 36showsresults froma phone in the center of the orbit, where we see connectivity

Figure 35present@another case wherephionelost connectivity brieflywhen the drone was

over 630 m away before reconnecting.
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Fig. 35. 350-meter test withnconsistent connectivity for a phoaepoint B

only when the drone iat itsclosestproximity to the phoneThe phonealetaches from the
network at arouneé®4 dBm. This phone was not mounted toipod butwas lying

horizontally on a table near the center. Although not comparable to the other plaistdue t

orientation, the results are still interestanyd present different connectivitypattern We see

this result repeated ifig. 57, Fig. 6Q andFig. 66of Appendix C, along with the remaining
plots for the 35@neter flights
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Fig. 36. 350-meter test for a phorathe centeof the orbit horizontal orientation
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Asnotal aboveneighboring AT&T cell site signals were present at Christman airfield in
December and Februamncreasing thaoise floor for phones trying to connect and maintain
connectivity tothe aeriaL TE network In December, PSCR staff observed only one AT&T
cel site at the airfield with a measured RSRP value arelibd dBm.Interference levels
were highern Februarywith measurements betwe&dd dBm and105 dBm for three
different cell siteslncreased interference from themmercial networkoperating bydesign
at much higher power levels than the aerial network under test) is a likely cause for the
inconsistent connectivity that was present in the data for the February experkomnes 37
shows a spectrum analyzer measurement fronctwamercial netwdye cell sites(Cell IDs

331 and 33pand the PSCR syster@€ll ID 97). A third commercial site (€ll ID 14) is not
shown but was recorded wighsimilar RSRP leveb site 332

Fig. 37. February 25 LTE site surveyf band 14 at Gristman airfield

5.5.2. February 600-Meter Test

Of the two 608meter test conducted, no phones would connect to the LTE network during
any orbit. Even as the drone pasdedctly ovethead devices did not connect to the aerial

LTE systemBased on limited investigation, it is assumed that the failure to connect resulted
from insufficient time intervals fofor completing the attach proceduv®e have omitted the
plots of the 60@neter tests due to the lackrokaningfuldata.

6. Summary of Results and Issues

Small fixedwing aircraft flight operations with hosted LTE communigatsysters are

difficult to conduct. Many challenges hinder the overall effectiveness of the concept, such as
the mass of the LTE system, the output power available from small LTE systems, Part 107
dronerestrictions the nature of fixedving SUAS, and dault smartphone network
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attachment schemeshis report details our experience and response to each of those
challenges as we prepared and executed the test plan for aerial LTE communications.
Although initialtestswere not conclusivehe test and dranteams worked through changes
in the test design, configuration and hardwtareollect meaningful and insightful data on
orbiting aerial LTE deployment&indingsmay be used thelp guide future experiments and
endeavors by public safety or public sgfetoadband service providers. This section
provides an overviewf some of the research issues and comments on the data géibwred
the experiments

6.1. Inconsistent Connectivity

A major problem encountered during the experiments was the lack of corgdobini
phones to the LTE network when phones were expected to be conrecteded
previously, phones that were not configured to attadiato band 14LTE systems would
not connect consistently to the aerial LTE netwéwa solution, most phones leathe
capability to lock to a specific frequency and technolddter applying this configuration,
we found much more consistazonnectivity to the aerial LTE network. Although
connectivityimprovedafter this change, we still observed some gegpconnetions As
notedin the report AT&T commercial cell sites were operating near the airfi€le
resulting increase tihe noise flooincreasd the probabilitythatphones would drop
connectios or fail to connect to our test network.

6.2. Sporadic Dropped Measurements

Another notable issue was the number of dropped connectivity points recorded at the top of
each baseline test pldloserange baseline tests in both locations showed numerous
dropped connections to the LTE systéfigure 17in partiaular, shows phones in each row

and across all phone types with several hundred dropped connection points during the test.
As mentioned in th©ctobercloserangebaselinetest these are points where the NetMonitor
Pro tool could not decode LTE referenggnals such as the eNod€RIl ID. The

expectatiorfor these tests is thab dropped connectionsr very few, should be recorded.

This problemdiffers from the inconsistent connectivity issues mentioned in the previous
section since thdropped poird ae interlaced with real measured points in the NetMonitor
Pro tool.

PSCR staff observeddlsame phenomenon during earlier field experiments with the LTE
system in September 2019 in Gypsum. In this field test, we used a Rohde and Schwarz FSH8
spectrum anaBer which has software to demodulate and analyze LTE reference signal
information. InFig. 38 the LTE systenfocationis represented by the blue PSCR logo. The

dots represent measurement points, and darker red dots correspond to higher RSRP values.
Each ed triangle reflects a failure to synchronize with or measure the LTE system.
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Fig. 38. September 2019 measured coverage area from LTE system

Figure 38shows disconnectivity points adjacent to measured points with high RSRB.valu
Following the 2019 test, PSCR worked with the LTE system vendor to troubleshoot this
issue, and after reconfiguration, the problem seemed to be resolved. Further testing on this
system with the FSH8 in a lab environment showed no more desynchronjzaities, but

field trials were not executed. PSCR staff has used the FSH8 on at least three other LTE
systems in field trials, all from different vendors, without recreating this random loss of
synchronization. However, it appears that the same issners2819 may have been present
during the aerial experiment. Although the lapses in connectivity are a cause for concern, this
problem may be attributed to the fact that the LTE system is still a prototype with some
unresolved issues.

6.3. Coverage Footprint

The coverage area provided by a-ovedt LTE systenis difficult to determine as
demonstrated by widely varyingsults from different scenarigsvered during these
experimentsAs detailed above iBec.4.1, for a onewatt total system, the reference signal
power level iapproximatelyl.67 mW (2.22 dBn). Even with some antenrgin the
highest achievablRSRP is low compared to fixed LTE cell sites with more @narder of
magnitude higher poweRelative to such sites, the coverage area fowagpowersystemis
impacted disproportionately by variableghe transmission chann@.g., terrain, distance,
antenna orientation and obstructions).

Looking at the masured coverage from the two baseline tests, phones reliably attached to the
network 20 meters away from the ewatt LTE system. In the Gypsum tests, we observed

only one type of phone attaah305 m and 605 m, whereas in Fort Collins, no phone would
attach beyond 20 m. Given the small sample size for these tests and the notably different full
range baseline test results between Gypsum and Fort Collins, we dateratinewith

certainty the coverage range for reliable phone attachmentbasadineattachmentresult

differs significantly fromthewalking tests at each site. In Gypsum, phaetsined
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connectiongo the system 600 m away, and in Fort Collins no phone would stay attached
beyondl170 m.Theshorter rangé the walking test foFort Collinsmay be attributed tthe
highernoise floor from the nearby AT&T network. In Fort Collins, we measured the nearby
cell site RSRP at110 dBmfor the baseline testashereas in Gypsum we measured RSRP
around-120 dBm.

Range determination was furth@sscuredy the fact that phones maintathexisting

connections at distances significantly greater than the maximum ranges for initial network
attachment Devices which attached to the network for the baseline tests ecoutdved out

from the system and maintain connections; however, once the connections dropped, they had
to be moved closer to the system again to reattach. Even without introducing other variables,
two methodswere possibléor specifying the range.

Thepoints above illustrate a small part of the complexity inherent in attempting to state the
range or coverage area provided by thewa# system. On one hand, if we say the range is
based on UE already attached to the system, then the range could bevéb®isual line

of sight If we say the coverage area is based on attaching to the systeincthddvary

from 20 m to 605 m since the baseline tests do not yield a consistent number.

Furthercomplicaing the range description, both flight experirtefwith and without band
locking) showed different rangdsom the baseline testBor aerial testsvithout bandocked
phoneswe observeghones stayng connected to the aerial LTE netwakdistances as far

as 1100 m. Referring teig. 28 phone type2 was able to attach to the LTE network at

around 300 m, and as the drone continued its orbit, the phone stayed attached until the drone
was around 1100 m away. Fig. 25 we observed that phone types 1 and 3 attached while
the drone was less than 200 weg and stayed connected umgdproximately700 m.For the
aerial tests with band locked phones, we obsemsaltssimilar tothe previous aerial tests
wherephonesonly connectedo the aerial LTE networét close distances to the drone.

Figure 34andFig. 35show phoneseattached to the netwodnly when the drone was less

than 400 m away. The band lock tests also showed phuaiesainingconnedbnsto the

LTE networkatlongerdistanceghan in the baeline test. IrFig. 77, Fig. 81, andFig. 89 we
observed a phone siag connected up to 930 m away for each teshoth of these flight
examples, we see the same phenomenon as in our baseline and walking tests. Specifically,
phones can only attachrafatively close distansgunder400m, but camrmaintain

connedbnsfor a muchongerdistance. With a small coverage footprint for phones to attach,
roughly400m in the aerial casand anywhere from 20 to 605m for the static cas@hones
have a mule smaller window of connectivity when the sUAS passes @veansequence of

this low attachment radius is that phones miss their opportunities to cohsédut.coverage

area of an LTE systenecreasesnore connectivity problenappear

A solution for ncreasing the UE attachment radius could be to increase the output power of
the system. Unfortunately, this is not feasivlth current technologgolutions.The output
power from an eNodeB is ling@tlby the size of the LTE system, as explaine8&c.2. Any
increase in gain from using a larger power amplifier in an eNodeB would result in a much
heavier system, which would likely exceed the payload weiglit fonaPart 107 aerial

platform The LTE system used here has a mass of around 1.5 kg, which is already at the
limit for the Albatrosdixed-wing UAV. Since the input power to the antenna system is

fixed, other optionshouldbe investigated to increatiee system output power while keeping
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the mass constant. One option would bagehigher gain antennas. The anteswsed for
this experimentverea consumer product thaterenot heavy enough to impact the sSUAS
endurance time. It would be beneficialdesign a specigdurpose antenna specifically for
the frequency band being used. An ideal antemoalldhave high gain and a main lobe
width anywhere between 90 degrees and 160 degrees. The beam width should be chosen to
provide as much power to the grauas possibtehence power should not be semward the
sky, as in the case of an omnidirectional antemnado the immediate left or right of the
aircraft as in the case of a 1&@gree antenn&ne couldalsomake a tradeoff between data
rates and opiut power to increase the attachment coverage larea. effort toincrease the
coverage radiysone could decrease theannebandwidth(e.g, from 10 MHz to 5 MH%,
increasinghe power in the reference signal amgprovingthe signaito-noise ratio athe
receiver.

6.4. Fixed-wing Platform Complexity

Communications equipment was not the adilficult componenencountered during testing.
The fixedwing delivery platform presented unique challenges which prohibited us from
successfully flying the real LTE/stem (it only flew with the replica). The first issue with
the fixedwing sUAScame fromconstraints on where the drone could takeThe aircraft
could not take off from a straight gravel runaway or uneven grassisppekifically, testing
revealed thait required a paved runway for takeoff. Access to a paved runeayan
incidentis uncommon for a public safetyperation so this requirement hinders first
responders from deploying a fix@dng drone in a real scenaribhis constraint in takeoff
locationalso halted our experiment, requiring us to move to a new location.

Another issue was that the fix@dng drone was daaged during a flight, causing us to

switch platforms. Its autopilot system was not tuned correctly to theoh#ss payloagd

which caused the landing gear to break on landing. Although problems often arise during
flight operations, this single incidestopped all further testing. Multotor SUAS can

encounter issues where propellers break or an arm detaches; howevetoudtione

pilots expect breakage and often keep replacement pananaifor quick repairsThe fixed

wing platform we chose, icontrast, did not have this replaceable parts capability; in more
than one instance, operations stopped because of damage to the aircraft. Each flight operation
poses a risk of damage; if first responders need a communications payload to serve a large
area for several hours using multiple flights, the probability of losing the delivery platform
during the mission is high.earning from this experimers, public safety entitthatplansto

move forward with a fixedaving aircraft for a communications opematishouldoe careful to
ersure all components of the aircraft can be repaired on sitefifdiisg is not necessarily a
criticism of the fixedwing aircraft design, but a recommendation to ensure the robustness of
any fixed-wing vehicle

An additionalobstaclefor using fixedwing sUAS is that they are generally difficult to pjlot
requiringsignificantlevels of training angkills. In our case, théxed-wing platform
required two pilots. One of the operators had specific knowledge of th@ifattog system
while the other had specific skills in manual flight operations. dmganizatiordeveloping
an sUAS program should consider fixethg platform constraints with runway conditions,
required piloting skills, and aircraft fragility.
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Although challeging, employingfixed-wing sUAS for communication systems can provide
longer endurance times compared to other delivery platforms. In our experiment, the multi
rotor platform provided around 17 minutes of flight, whvebuld not meet expectatiorier

an adual public safety event. The endurance of the finedg system was never verified due
to the problems noted above, but the system was expected to provide around 30ahinutes
flight time, almost doubling the endurance time of the rmaitor SUAS.

7. Recommendations

Overall, we were able to address some of the questions posed at the beginning of the
endeavor. We were able to validate that eNodeB motion didauseseverdink

degradation t@ UE. Although we did not characterize any level of link degrastatiue to
eNodeB motion, we found that motion did not stop a smartphone device from carrying out
basic functionsPhones were able to attach to the LTE network even as the system moved 9.8
m/s on averagend aerial trials with band locked phones showed dauld be sent from

one phone to anotheWe observed thaapidly varying distances betwe#re eNodeBand

the UE causd fluctuating linkqualities,asillustrated by data showingffects on the links.
These UE link fluctuations are a product of the range of the system and the size of the orbit.
Because of the combination selected, we were able to view a realistic use case for system
range and orbit size. Although the datauld have been moreonsistent across tests with a
bettereNodeBantennand kss interference fromommercial networg several plots

showed connectivity patternsf phones at various positiontiroughRSRP valuesneasured

over time. Wedound thatthe expected a@rage area wdargerthan anticipatedn general,

the coverage area from the aerial network exteagedoximatelyl0O00Om radiallyif a phone
was already attachell is important to note that although we saw this for multiple trials,
there werenstan@swhere phones would detach from the aerial network when the distance
was less than 1000 m. Thissultdiffered fromthe static tests where phones coubd stay
connectedeyond600 m.In general, the LTE netwogkovideda larger coverage areden
airborne than it produced dhe ground.We validated that phonagquiredseveral seconds

to attachto theLTE network leading to phones not attaching whendhenewaspassing
overheadIn other words, because the phones took time to attach, the overall attachment
coverage area was reduced. The network attachmentwiaéayfactorfor both thenonband
locking tests and thigandlocking testsFinally, we were able to show that an akL&E
operation can be improveghsilyby locking phonego the incident. TE network. This
configuration greatly improved the data collectieniing the experimergnd would improve
operations for a public safety agency.

In conclusion, many best practiaesulted fronthis set ofexperimentsBelow is a list of
recommendations for public safety agencies or other stakeholders to consider before
launching a fixedving SUAS based LTE network.

1. Find a way to lock the phones to a specific network. As stated gbloeees spend
critical time cycling througlall possible networks instead attaching directlyo the
aerial LTE networkThis researclklemonstratethe improementsthat resulted from
this simple configuration.

2. Always coordinate witthe primary spectrm holder before deploying an
independent systems stated before, commercial cell sitemtributed to
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inconsistent connectivity between the phones and our aerial netwadsda where
sufficient LTE coverageés in place it would bepracticalto rely an the commercial
networkrather than placing deployable system on site.

3. Focus on increasing eNodeB gain by designing a specific antenna for the selected
frequency band, with a propagation pattern optimized for the-fimad system
scenario.

4. Consider L'E equipment that uses a narrower bandwidth, such as 5 MHz. There are
implications for licensing and a tradeoff between bandwidth and data rates, but it may
be worthwhile to pursue this avenue to increase the coverage area.

5. Ensure that theelectedsUAS cartake off from rough and uneven terraiiten,
public safety personnel do nchioosenhere an operation will take place, so it is
important that the SUAS can accommodate diverse terrain conditions.

6. Ensure that the SUAS can be easily repaired or repladbe ffield. Although users
shouldtake measures farevent damaging the system, breakage is often inevitable
and poses a significant risk to sUAS flights.
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Appendix A: Prediction Plots
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Prediction Plots: 350meter Test
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Fig. 39. Distance over time prediction plot of the 3%@ter test aircraft to the first row

Path loss over time: First row of phones (5m from center of orbit)
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Fig. 40. Path loss over time prediction plot of the 386ter test aircraft to the first row
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Distance over time: Fourth row of phones (905m from center of orbit)
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Fig. 41. Distanceover time prediction plot of the 35@eter test aircraft to the fourth row

Path loss over time: Fourth row of phones (905m from center of orbit)
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Fig. 42. Path loss over time prediction plot of the 3%@ter test aircraft to the fourth row

44



Prediction Plots: 850meter Test

Fig. 43. Distance over time prediction plot of the 85@ter test aircraft to the first row

Fig. 44. Path loss over time prediction plot of the 886ter test aircraft to the first row
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