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21l ntroducti on

As unmanned aircraft systems (UAS) continue 't
System (NAS), the requirementmu ddev inaatiinotna isnaefde.t
i ntegration demands separation asscdarahte Maom

aviation has driven the development ofrttechno

pidi eathaei r craft operati onal concepts. These tecl
AD®B, provide collisndodnsepaidbince &dluectsons th
flight decision making based on the pilotds s
aircraft capabilities. Mai ntaining sematraltyon
stilill dthGs presponsibility.

Many UAS integration strategies are buelt on
surveillance technol ogies, and new, emerging
assurance. The Detent iaandhnAM\aprat@dAA) rfspractei &
transitions from the pilot with eyes, to tech
recommendations. One of the | argest chmol enge

known resear dh et tpetr feox amainmcees of t hese airborne
mai ntaining separation assurance when the pil
equi pment performance standards are establish
ashet definition for Awell c¢clear, o6 butaniheusanal
equi page configurationsDAmyYlsf émghhasveeniagmiobi
obtaining operati onaf omlnbdAcgs utsh@erstehisryess € masp @am @
novel and theiprerifnotremmatce f anlce i def i MAA i n t he
sysbéma YpSci fic

The analysis of airborne traffic surveillance
critinoalnuedcUASGnaxpamganiadn 6oh e hkAS omprehensi ve
evaluates the sensitivities of various system
analysis determines the I mpacts of nfpaodinleunrtess, a
and the analysis assesses the hazaNAS resul ti

Research that covers this analysis will inclu
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manned and unmanned aircr afst ,i nl anrug et iapnlde stnyaplels
with air traffic at different | evels of densi

guestions:

l1For a cooperative DBAasidl/otri oem amaspoch dem sA
current operational or techiBi Qalt @eardf/f @rman
transponders be chhMfgedc(i 6na?® all) for UA

2Do current survechhahogi eguimpmént he desi g
provide UAS DAA functions?

3.h&wt are the criteria for evaluating

Afequivalent | evel of s yo of UAS agains

pilaiedraft for DAA f u} ons?

A research team of Si X uni*rsities was f or me

t he FAA6s UAS Center of Excellence program,

ASSURE, to answer these q! ions and provide
analysis of airborne traf/: sur v ance tec
the context of UAS DAA operation - s team
. . Criticality

consts of North Carol-i na St Lte.U ity, E mlt
Riddl e Aeronauti cal Uni ver = tvy, ssippi S
University, University of t h Dawota, Ohio
University, and Ohegomrs®faa University. T

t eam dealv emmeotphodol ogy and tocl set for
evalgtahtei cr iDAAathbhygl offi es using
avaipabl eramangesi s process

simul ati on
Simulation
Analysis

environdeatgsi pmant dHFargaa! zations

2. The teadnnudtuisltirzyevpa@adigeemankno
resources{UUABstabEgsaepbD Figatknal ysi s aj
OperaCoon®peis(om ST Ba

eval uateinaamr i os, and a teamhmpdasescaechenyety c

anal ysi s.
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The I ndustry Partners on this research projec

Technol ogi es ;3L Kaormrmu: i €Cartp.ons, Precision Hawk,
Simulyze. These partners were invited martici
to regul ar technical exchange teleconferences

The research team madetlseveeaéanscls uenpft o otnsf @

anal ysis.

1. The i nitialesrmeslearrgceh WA, usnot small UAS f |
(bel ow 50006 AGL) .

2.Al'l aircraft operating in the scenarios m
includiBn QuADS unctionality, in a 2020 fut

3. DAA systems must serve as a meancifwva¥® comp
rules, but also may be required to comply
aircraft) and 1Wm CsFaRf € la |1t1li9t u(dvE snii nGener al

4. DAA system behavior must also comply with

clearances and instructions) and 14 CFR 9
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3 Systems Overview

Det ect d DA Adyvwsadaesin r e siem rtchhiasdceo mploe xscoynsi emi ng o
sever al Il ndependent componentBaaals eadf tthhhreosuegg hou
components i s assumedamwebar ami noateAAady ptoe m.i
consi stsBmé6dal& ABS a radar, a Mode S transpon

All of the |Iisted parts of the DAA system hav
Systhednest.ai |l ed description of each component us
3. 1ADS

Aut omat iecn tDeSuerrivBeriolaldacnaeBeg ( 4 D& system by which
ground | ocations can share position, -Belocity
periodically transmits its state werctand whic

velocity. The system is br okenBQuwtwna nBhntldoDS wo
The transponde-BOumodret iioslnrtondedadrddisSIsst at e vector i
The receiving patrBtl mhfi cthh e escyasitwead iicsmmMAfISo m ot h e
as wel IBmes s s, ground | ocations. Wi th state
ot her proximate airchbeanbadaaswetd!| faemi gf oumdt |
possible to est amliasid tmboe emelndt iove thosiet ipr o X i

reference to the ownship aircraft.

ADS is automatic in the sense that notipoin ot o
to be broadcast. It i s a depehdeatrsuaveansttian
additional i nf or mathomar b en awirg asteido rf reoqmu it fhree rotn.

originating the broadcast may or may not have

broadcast .

The overall sysrtepl aomal | sde doen duasreyd rtaodar as t he
for air traff-Bcsyosmemoils dhrer &Sl y used i n t hi
of the NextGen national airspace strategy for
infrtastedBcAMEreases air traffic safety by mak
Traffic Control (ATC) and to other appropriat

possibility of increased situetioeppbrawagenes
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information broadcasts, traffic capacity impr
(CDTI') and airborne collision avoidance.
- Aid to Visual
, Nav,
and Other Data / x Azaubpion
1090 MHz 1090 MHz
Transponder Receiver
Conflict
M Message QS B Msesaes Enancs G SRS
(e.g., call sign) Generaion | o Function = Assembly
Weather/Other
Pressure M =
e Transmitting Transensﬂssasgiin at S
k Subsystem 1090 MHz Subsystem J
User
Source
Data 1090 MHz ADS-B System Applications
Figur.e ABDIBlodikagr am
3. 2ZTCAS
The Traffic Alert Coll i sioneAv aisduapn dae ¢ Ioyosrtneem (
collision avoidance system. The system provid
increase vertical separation between two or m
possible collisi on ctohmpeoaste.d Tohfe al OWoSd es yS tterma ni ssp
interrogates other air traffic transpanders a
interrogations. The system includes a traffic
conflicting. airborne traffic
TCAS is capable of providing two classes of a
vertical maneuvers that are predicted to eith
separation from threateni ngraivriareafhto.r i Reosnd laut
gui dance as the algorithm for TCAS is )based wu
indicate the positions of intruding aircraft
di splayed. Trafframgedvi asmge ersatde spalatyi t ude, al
available) for intruding aircraft relative to
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The best method for understanding the operat:i
flight. When airpmemt, peé¢hieodiCA&I legutransmits |

_______________________ interrogations are receive
' TCAS Process

Control Radar Beacon Syste
Detect Traffic
| 7 |E Mode S transponder s. Il n re
Wit interrogations, the transp
Threat Estimate; ' . . .
Format Display Data N - whi ch r emmrdtes iTthe a ICtAIS SYys
Display . computes the range of the
}-“_"_"_"-n_"_"_u_"-"-__;_;-";T usi ng tthrei pr otuinnde bet ween t|
UAS Operator | Encounter | i transmission of the interr
S [7i0 Altitude, altitude rate, r
_* . range acceleration, and be
Tra;gctqy ::
°'°"1‘i’°" ' det erbmy ntedacking the reply
No '
’<;£f> ' from the ATCBRS or Mode S
i\fg i data, together with the cu
gl [ PO o i level are used to deter mi
v [Ttz | 1 ’
Command ; é\x//” . the intruding aircraft. Ea
.Eﬁﬁ.l.f processed i nndiitvitdhueal sl eyl e cot |
- eroraemr e ' the minimum safe resolutio

............................

track data and in coordina

equi ed aircraft.
/_!_\ q pp

Maneuver /

Figure 3.2. TCAS block diagram as it applies

3. RADAR

Detect and avtoadrreaddari shan asrbeing devel op:
additional |l ayer of collision avoidance and s
nati onal airspace. The systemnwiolrldehmave croee eo
field. The electronics of the radar provide a

functions.
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3. TRANSPONDERS
Mode S transponders are cooperatfwor sur vtrn af fai

contregl empTlhg ground and airborne seaisors, an
ground data | ink communications can be accomm
interrogations and replies. Mode S has Sbheen d
to provide the enhanced surveillance and comm
control automati on. Mode S tr arxqud mdgerds apgrracwvia
and Mode S transponders wil/ reploy htto AMOGCRBS |
communi cations. I n addition, the datalomk pot

a number of ATC and aircraft separation assur :

Mode S transponders communicate bothlowst heorl
interrogations of Moede SI CtArSa n sapnadn dveordse, AYZ 0CO O rAa

Mode S frequencies were chosen to reduce the

A principal feature of Mode Srtabhdat i i fafsueeri sy nferd
address code. Using this unique code,adi nterro
replies unambiguously identified. Chanest inte
i nterrogationestt.o Itraragdcdist iodn,i nkyerpropferomi mir
cl osplagxed aircraft can be received without mu

Overall, Mode S transponders are designed to
airspace bgcaproondand altitude data over a 10
S transponder integrates 2SBeamlessly with both

3. GPS
The GI obal Positioning System (GPS) is a Unit

mai ntained ufiluisty st lwat hpwovil dei de positionin

services. GPS conshestspadethegmenstegmiemeé scont r
segment. The space segment -wawssbgesabt shael b
GPSatellite position and ti me. The contr ol S
that ensure the GPS satellites in their prope

19



gl obe. The user segment i s eihvwe sGPsSi gnreales vferro ne

satellites and uses that i nformation to cal cu

Manned and unmanned aircraft use GPS to deter
GPS system fBe eadnsd i Th@AS ,ADaSn dA A ss yssteedms yf d rh olscec a
This reliance on GPS for DAA as wel | as basic

critical system for aviation.

The basic GP8esemnsvsiecs witmetepproxumatg| y98B% o
anywhernee aorn tonre surface of the earth. This 1is

emits signals to receivers that determ ne the

the time that the signal i's senh Badptthlee di me
codes transmitted by the satellites ssgntahat t
was broadcast. The signal also contaimwmé$ dat a
the satellites ast swealol nmeas nmak en aadjcwsrtancey . Wi t
separate satellite transmissions, a GPS recei

position by determining the distance (referre

3. 6ALTI METERS
Il n ajralraimeters are a system used tormeasure

outside the aircraft. I n principle asetaelrt iitsud
cali brated on aircraft to shaoweamr ssexad tha edvierl e
altimeter system takes a baiSometrci ¢ upeefoniut & e
the aircraft and uses a vacuum system &ao disp
sensitive type hal taicmaitadr MiSL whil ule can be adju

conditions.

Al ti meters are used by both manned and unmann

aircraft altitude. The barometric wail pganttitde i s
DAA. -BDSTCAS, and transponders all rely on al-
Additionall vy, GPS altitude as wel/l as yground

check of barometric altiatludemeareri nf atihea mneca saess o

of altitude informati on.
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4 Ai rspace Overview

Airspace in thecdmpohead Si at dbElsd Sencdl adiaesess easr. e
of the different equipment apnd piltotraéfucrem
presader eMohy ght communi cabobs a&ahdtequepmantdat
hi gher classes are related to collisifoent yavoi d
We evaluated some dfdatnlcee meajcdrn od olgliiessi am aowd e
how these technol ogUAS.nmioguthrt almhel egmplsqgqyead Ibyir
have the equipage re8umanectanhes of the 2020 AD

For the purposes of ourf oprreldiimifreareynth exmairi g agse
definéed accordance with the | atest DAA MOPS,
equi pagesvighest |, eCelascdeégqmiepgaags -Bhbavi ng TCAS

transpondtehre WASM,@ anorFaodart.he most conservative

assumed that t-Bes yfCtAémanar éADSt i | i zi ng the s ame
not redundant, independent systems. This intr
failuresd ot opsiiomdée® manufacturers And ther

Class 1 spPbBemtkhkaanppoadeadar, but does not hay
same for the intrudert-aimcraddr pxaessygantstihrerteh e
The final two, i nitCrlwudkder 1Anl| yh aevqg nigp aognd sy ar @ r an
compéky unegur pcpleadses elsn A t hrough C, as well as
only equipages one and twbearespreskaelti hbrudbe
four edqdilpaemsb.i nati ons of equdrmpdgaer e nrceoprnd £ rs

their own hazard tabl e.

4. ICLASSAIARSPACE DESCRI PTI ON
T ATC Services

INnCl ass A airspace, alltaptanafregasdl ks
weat her conditignyvesTWAEE€Cecasgplarame on

responesveri ldaltly aircrawhifleyitmg@ iomnwnGlhagps |
always be on an I FR flight planofgnd t he
anwFRraffic from apemrssgtacEg ciamntdlya sismpA oV
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4 .

4 .

safety therein. Essent.i

ally, the

U

ASb6s |

guidance and instructions, and there ar

respond to t hemmeArd styisadresnds r eco

T FIlight Altitudes
Class A airspace exists
Feet tM$SL ghFEDNEG GW¥.el (

XZLASSAIBRSPACE DESCRI PTI ON
T ATC Services

Class B airspace is the
equi pment requirements

does not carry the same

traffic must receive specific
ATC flight separation whi

ever ywhoegoe

in t |

ma snt thheea VUISI.y Tchoe

are very si

mi | ar

Il FR mandat e. Wh

aet hori za

|l e operating wi

i mproved situational awareness for the
operating at | east a Mode C transponder
withnauBwicdels of a Class B airport. This
Class B airspacae,r sapsa cwe |ble laosw tthhe out er
T FIlight Altitudes

Class B airspace is often highly compl e
their own altlitugle bdoeod somntdheleiequirert
general, the shape is described as an wu
tiers with different radii. The first t

10,000 feet MSL, ussuuad s eyg uledOn tmitlieesr sa cerxotse

from the center point of

accommodate the specific

airspace routes.

XL LASSAICRSPACE DESCRI PTI ON
T ATC Services

the primary ai

needs of

Cont rhoiln wGltass C is slightly | ess

sever al ways. First and

f oremost
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of two way communications between each
requirement fHGUbhoclieataonoe Addationall vy,
VFR traffic may not be receiving separa
T FIlight Altitudes

Class C airspace is wusually a two tiere
surface to 4,000 fé&enaabovcal t mel ssur bdcae
shelf, extending 10 nautical mil es out
ceiling of 4,000 feet above tdhfe tshue f ace
| ocal diiagtsqtdeee di mensiionmnspacdetheceecaadjssgs C

accommodate these needs.

4. CLASSAIDRSPACE DESCRI PTI ON
T ATC Services

Similar to Class C in entrance requirem
but do not require authorization, to en
eguage of tranBpoyidtwemsoandeADSred in cl
I n some cases, the only means al separa
acquisition from the tower.
T FIlight Altitudes

I n general, c¢class D ai rswrafcecea st ma X,i 5mpd

above the surfacttymwmifadlhes rafnwayn avwtuilgchal

the radiusl mayowmargases, there may be at
the Class D area to encompaseoaerelianedru

flight service.

4. CLASS E ( AB@OWSE) AIORVRMACE DESCRI PTI ON
T ATC Services

The most common airspace in the United

E airports, the majority of Class E air
t oetfthl oor of Class A at FL 180. The equi
change at 10,000 feet MSL, therefore it

two distinct sections. That airspace de

23



MSL carrtyrssnsmpdmdBrraqdi ABRents to the c
airspaces dhoAghBt hame €S no requiremen
communi cat éhewiptrte sATnC,e tof this technol og
t heemidvabl e ATC s e pcaorogpteiroant isnegr vaiicrecsr affaotr.

T FIlight Altitudes

This portion of Class E airspace extend
and FL 180 at t he DbAodtdtiotm oonfalQlya s sClAa sasi rE
resumes aboveassatA ERIi600Og of CI

4. CLASS E (BEOMM):Al RSPACE DESCRI PTI ON
T ATC Services

I n contrast to its higher altitude equi
MSL hrayg INiettl e manvdFaR arryafeggwi pmenth.i s ai
required to talk to AJfC a&nxc&iprntaowhte nwir al |
tower
T FIlight Altitudes

Class E airspace extends below 10,000 f
There are airports designated as Cl ass

are other areas wdhleagwattence tCd als,s2 (EO ffl eveotr

4. CLASSAIGRSPACE DESCRI PTI ON
T ATC Services

Cl asas rGpace is the |l ow |lying airalpace f
Class E, except when another airports h
There aarie psoomes within class G airspace,
public and private airports. ATCQ aocsfsf e@ si s

No separadbhtdmerserane€erso communi cation ol

Around airperadjl oogweshneormamite pr ocedures and

recommeodedl | out their i ntentions on t
T FIlight Altitudes
From the surface up to the | ocal Cl ass

mo s t cases.
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Airspace
Classification swus

Figurki de@acCl assi fication

Class D f=ye st
approach
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5 Eval uati on

5. IFUNCTI ONS ANDSMETHOD

5.11dtroduction
Fi vaenal ysi s tools were selected to provide

airborne surveillance technology perfor man
techniques provided the research team a re
acraisfsf erent scenarios and equipage confi gt
sufficientfidsa#aal ysseitss .t efchheni ques t hat were s
Haza&ndl,ysbhDessi gn ofHulEvamehldcomentSs mulaadi Most e

Carl ol aiTmoensFault Tree analysis provides a
i mpact of specific component failures with
ownship or the encounter aircraft in the s
met hodol ogheprsewnisdeés vity analysis for unde
components are most critical for achieving
configurations. The Functional Haz aiurrce Anal
i mpact st haeg apienrsftor mance of the system. The s
visualize the combined results of the othe
component characterizations, operatiyonal p
thesei asnabglss provide the data, coirtryelafti ol

each airborne traffic surveillance technol

5.1Fault Trees
Faureetanal ysis ia grasphginedl tnepresemtati on

the syiss emet Tdhd odo nvfitismuamatsd iazl dt idoanme red earcd ii @, S
bet weeecnhnol ogi es are incorporateldue nt @ hteh e U
mul tiple equipage possibilities for both o
teewere built to toggle on and off so that
same structure. I n doing so, however, cond
exclude certain failure rates frdmrthe cal
operation was not present on the opposite

does not receive an i mproved | evel -of safe
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cooperfFatilwee rates are assignedrtoasachome

from the technical standards on each compo
this manner, it is important to note which
to, and which ar é nstihl lanpd telydey tf@dt n cotni,o ntihneg .c
failure irstode sadetwtand reliability of sy:
resi dual l evel of saWetpr whedeat hasl datada
assessment i n theyhanard sdanas srmaevntt hteo sfyslt
failure.

5. 1H8zard Analysis
Hazard @AHA)sysai snet hod for interpreting the

a set of operational ®nd enagskr wamehbakvas s
f ai lhurroeusg htout t heHNAWBastarreXoelel ant anal yt
the failuwde cmoedels i nTHAake| twetd tt heeteam t o |
failures ktd saesdbdqai pageaceombination, providi
ananabling compari sonThbiest weainl odri & o ea pepnrt o asct e
presence of air traffic contrlodyelwheinmf agpfpdt

t heemyst

5. 1Désign of Experiments
A systematic approamhofuskExgeni me¢emat $ s¢gDOB) t

i mpl emented to evaluate tThhtei sFadidtta Tareael yanids
critical i nformation on operational and te
t echnollnogtiheiss. f as hpiuatns tihnet ov arhieo ussy sitrem c an
ssess their contribution to the overall r
meri cal comparison of each of the par ame
t ween the parameeei aall VThe alt eabhieqwdeins de

stems where multiple parameters have inf

c W T S5 9

entifying interaa@amedmres sbhethwe e matyhetihrep wi

u
e
y
nbi ased due to any predisposed opinions o
d
ndetected. Several classic texts on the wu
e

vel opment( aaws @arvaanabkErj avec 2001, Box ar
1978, Di.eter 1991)
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The specificsDOBEyud sd ail n wakit®ri al design w
identified parameters is evaluatedeat the
design space of interest. Il n addittoen, the
eval uat eveeasedhebéet mits on the settings of
DOE provides a prediction of the outncome i
its full capacity, but still provitdsng par"
t heatriele i mportance of each parametemg but
correlation between the input parameters a
systems where there is not direct i mpact f
uncecgetmi ned outcome. Conversely, identifying
determining the inputs that have the great
efficient and effective decision makitng, a
can be targeted. The focus can be on makin
establishing the appropriate requirkeenent s.
given more freedom and/ or | ess ra&esitmgcti on

resources where they best fit while not ov

Our DOE parcdmeteedlr s representing Ownship TC,
ADS. It is assumed that each ofort hneoste. sOusrt
results indicateB haatfitvhe tlinmesdmor ADISNnTf |
safety than any other parameter on interac
Ownship TCAS a#BdlIhbheradeéir oADSand AD8Bruder

Il nteraction also have i mpact on the outoput
insignificant i nfluence on the results. Th
indi vidual components and subsystems to ga

i mpact of each.

The DOE can al so be used to evalwuate si mul
fault tree finditmgssseOmpe |dgpr adocH lwasi mul a

various systems turned of f. alrhd om saemnsd wiecho
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uenced most by Modeab avaotabehdewncaed

r

a | arger set of encounters to evalu

testing.

areas of system evaluation that we ¢

archivesusav aioltahblod ttchese systems are |

nents to future safety in the &AS. I n

correct or misleading data was tobseryv

0
n
shot wfditeidme sweasersatl i nteresting phenon
e

ms have | oss of data occurringd.in a r

of the data | osses are single events

out dauaebei "becapher key observation

entage, but still meaningful number, o

rved. This is in the form of altitude

odical ] yomtbamaaemetsciaan and geometric all

repanci es. I n addition, instances of m

observed as wel |l as isolated cases of

i mi nawiyt hf itnhdei nrgesl ati ve percentag.e of ai

data is instrument al in updatitnige t he

ems involved.

l'y, initial preliminary sttuedihensagwesrse tch

been identified as prospective contri

ma | detection systems have been e dent.

i al studies are complieng,thdeseames yBOE M

ni

gues developed -Bospstsems. the {TICAS m@al

uence and | i keli hood of fai lurdadcan be

mpact of the i ncl usiilolnamnde tchreistei c alciht
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5.1Mbnte Liamuloati ons
A Monte Carl o simulation methodol ogy was d

uncertainties occurring in the failure tre
met hod referr enrdsonslipye csiafmpclailnigy etiot rear accur a

from known or modeled component and system

The sampl e probabons t(yfPdf ssitnrdiibvuitdi uoanl fcuonntptoin
were model ed based omodva odefloyyr paudorhmasrh ecdo rhpad r

majority of the cases considered in this w
Wei bull distribution with scaling proport.i:
i ndividual componenton Af are pGRS elnd taitti wde da rsc
i's shownFibgelraew i n

Failure modes were treated as bimodal f ail
design assurance | evel. For the baseline t
resi dual pfraiblabi | i ti es were based entirely
individual compoonaehnhti obd3 aaoat &ecrtabhnons

Additionall compusawepnpeadevel oped to assess
individual component accuracy requirements
rate characterizations. -Dmecsaptabol s eares wih

rapidly ntna engoraed eaddvianwed| chotlel sume datd i s
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o
N
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Probability
o

0.05¢

10

2-D Error (m)
Figbr2D GPS error distribution

5. Z2VALUATI ON PROCESS
5.2FAA SRM Procedure
A safety evaluation i s essential tad determ
i mpact on the NAS of each component of wunm
To ensure a comprehensive and robuwsts eval u.
was aligned with the FAAG6s Safety Risk Man:
is a part of the over al lesSafbdtiys aMamadgye me n ti

systematic and comprehensive anal yteilcsal ap
The SRM process is a means to:

1. Document proposed NAS changes regardl ess
2.l dentify hazards associated with a propos
3. Assess and analyze the safety risk of ide
4. Mi t i gat e unac caenpdt arbel deu csea ftehtey irdiesnkt il fei ed r
l evel

5. Accept residual ri sk prior to change i mpl
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6.l mpl ement the change and track hazards to
7. Assess and monitor the effectiveness of t
| icfyel e of the change

8 Reassess change based on the effectivenes

The SRM begins through hazard identificati
asseanm@rdi,ori fThziedprocess and the resualts art
decision making. The continuous | oop proce
evaluation of desired results and the need
the SRM process provide a viable wmwme&dns upo

component can be based.

The System Saf System Safety Process
steps are depi

i n Rihgeurlet 5i.s2.

Define Objectives
v

flexible | T System Descriptions
v

Hazard

w

<

% Identification: Identify
= Hazards and Consequences
bt

¥ '

o

o]

o

w

d

nerally foll
t he SRM. Ri sk

s

0

S

been def i

Risk Analysis: Analyze
Hazards and Identify Risks

)
=
(o}
=t
3
a
=
-+

cess by whi

eesnstm r esul t

Risk Assessment: Consolidate
integrated wif 20d Pruoriee Koo
i al , econol Decision-Making: Develop an
. Action Plan

c
engineering ci
c
s

i sions and Validation of Control: Evaluate Modify
Results for Further Action System/

Kk reducti ol Sl

Figbre SRM System Safety Process
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5.2RZCA DAA Minimum Operational Perf or manc:
At t he tpirmg ecft , théhe tea@amlébseevibBeoAughlist he

document prodéSlCc R 8hy TRTeCAMOPs covers the no

architecture, alert computatioasd seeetal
ot her techrmirad Isgdsetteam.l sThreegscope of the doc
systems used in UAS transitioning to and f
50006 Agritgr,aver sing Class D, E, and G airspac
smal | UAS (sURABW bpeebtengironments (bel ow
areas. Likewise, It does not applycto oper

pattern of an airport.

The MOPs assumes that cooperative intruder
to receive state informatoomermdtoiutxe eiheton nd e
and all state data must be determined by s

DAA are.Clatsnédis the basic DAA udatalls af

the required colli.sli@sns aZon @dlainee capBOAS I It
i ncorsg&€A®t ¢ racks and alerts. Class 2 syste
avoidance maneuver execution. The T®GAS I 1

execute the RA, -RAG.c hl f6iss tearl 8 elde AtAa tfool | ow
RA (e.g. due mbo arhedudedfaai Ihurgehs )a,l ttidéteu doepse ro:
of DAA may need to be changed to ARA Offo
intruder may c¢hangeSibsa saeddt eorntbiesshéed AR rl It heq Wi

not .
TCAS 11 RA Mode of iBOpwirmme mntn Clfaoam PILyst er
A RA Of f
A RA Manual
A'RA Auto (automatically maneuver the UA
The Emant Class t@aanmndr@ldags s3y saiem i s mainl
aircraft that have no surveillance equipag
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to determine if it is a traffic isswoe. The

for all aircraft that do not carry transpo
makes use of r adaBr ddaataa tEog uvigplmednat eClAalDsSs 1
surveillance uses 1030/1090 MHz frequenci e
equi page. Active surveillance equi pment r el

and operating Mode S transh®hEerr @epse gtniede |

Active surveillance uses a 1030 MHz transm
defined range of the ownship, and a 1090 MF
measurement of the relative aircraft posit
pressure altitude via the reply.

Il n gener al, DAA systhem phedweded tchreae aledin
by an intruder aircraft. Preventative aler
when both aircraft are | evel, but is speci
geometries as weilvMe allheer tDAIAs ciomtreercd@®sd t o g€

(PI'C) attention, get the &ddl atra dPdtCe rcroiomred i

with. ATSCt he earliest point at which the

Pl

their judgmeedtl, ctloe arre malihre corrective alert

awareness of the PIC and subsequent PIC

to inform the PIC that i mmedi ate action

r e

i s

al ert necessawaarteense sismnoefd itahtee PI C and a pr on

5. RESEARKMHPROACH

The research team divided the technical pro
popul ate the data, and assess the rprsauMitcse d
an iterative development process allowing t
were added to the analysis tool based on fu

ce
or
h e
rt

industry partners, and r essuclrtisb eqfi loppealyfadoyns .aeh al vy

summary of the research task pl an.
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A6: Surveillance Criticality Technical Research Approach

Time Tasks Milestone
Phase
Nov
. Characterization Initial
E.ondua a 0 Ident.'fy I of Equipment Simulation Failure and S:Sheﬂ?:h[der
|tera.ture peratlr.!na Performance and Modeling Sensitivity orkshop
Review Assumptions Reliabilit el #1
Y nalysis
" ) Initial Stakeholder
Updated Fail d FHA/Bow-T R
S':n:it?vitya .L:llraelyas?s Analovvr\.ris N c:tlcah.t ¥ W
nalysis #2
Final
Revisions é:, ﬁ?caatlel ,::r Final
i Analysis EERCIE
Analysis
Figure 5. 3. Research approac
Il nitial Tool DesighnhJuwumad Z@B&) ng (Nov 2016
This research phase was the | ongest phase of

extended time to prepare the Literature Revie
standards, and aviation cbascel ane, swhivlkeel dalasac
AD®B, TCAS, -&andThwodsei mul ati on environment for
scenarios and criticality analysis was built.
anal ysis structureyvyiwevred, dasnidgmed, fbheidl many t
anal ysis and dependencies within the models w
mi ni mal in the first phase, the analysis stru

of theitompl was significantly stronger than w

Stakehol der Workshop #1 (June 2016)
The team met with the FAA Stakeholders and i ni

Aerospace Group, and Rockwel 6 Coliéewsewtt Eembp
the tool design and analysis. The surveillanc
scenario models were reviewed. A demonstrati o
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the anal ysis resdFlitgd5wodu | Th éd ei rwiitsiuall i fzaul t tr e

revi ewed expecting significant expansion and

Fi gb6r.8i mudrentvii r o dime mltderyise gt i ng

The first workshop was successful as it was t
l ocati on. Feedback from the workshop was cons

about meeti ngersesMoreh adhjesmdtiion was needed on

activities, while also needing to show the <co
data sources were identified and industry par
cntext. An I nterim Report detailing téde first
FAA.

Revised Tool Desi gni Saenpdt eTrebsetri n290 (GJ)ul 'y 2016

Based on the feedback from the first workshop
res«arch, the research team completed the robus
anal ysis tools for determining surveillance ¢
from industry partners and epfefanterdatweset
the analysis and generate comparable results.
had the complete structure built for analyzin

equi page confirgeunrtatciloansss easn do fdiafifrespace f or ope
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20
Ae
t h
fo
e X
re

t o

Fi
Th
su
Mo
t h

mbi nati ons were tested, but the structure w

a

a
e
1

n
e

r

l ysi s.

kehol der2(Vop tksZh@ip6 )#

second Stakehol der Workshop was hosted at
6. This workshop was attended by FAA and i
ospace Group, and Precision Hawkpdahesr ése
first workshop, highlighting the ywglivances
evaluating criticality. The simul atd on en
mpl es of scenar iadsy sriwn ttolorlsug MAtt hHe ddhactoan cd nu
earch team was on track to deliversthe res
|l s and data sources identified through the

al Revdi Ain@an gy sa s T(NOoteontbeerr 2MUE )
research team used the scenarios presente
veillance criticality analysi sB,f olrCASar gaen dU

d® transpondetdi sTheal gsulst aref presentoéd af

e

anal ysis tools bel ow.

. 8BOWTI E AND COL IPIRDLIEGGS DESI GN

5. 4Bawtie Flow
The bmoetliwed waolrirs¢ laat @re modes to actual out

A simagdiees dsck,l ewitteh t heeppthedeidalbncanseesi de,
environmentmepecnfiVNoebotbber compl exity and
scenheiesxgaemgdna traditional bowti e structure
however, the undsearlwad.g Ond ecarse asiedert her e &
separated by equipage to on]J]yonnthedet hbe,
airsgheesocusn hhizeaso dpalseet e DfAAI.Isyrse e ms
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5.4Callision Process
Our analysis evaluates how often these tec

failures in an objective manner, hawever,
Our ananégmosadi scushsaitonwshirlev eallcdad f ai l ur es
dangerous outcomes, the wunder |waisn gmipsrsmbnagb i
dertsh ea mtaoptaaclt t hese failures have, traffi
ed to be irwsclisdedni totnheg aimrmptd ohtoawetvee rt, h aitt
stem is not safe simply because ie is no
am to argue that #@Abig skyo was anteffect
encounter occul i edodxapreincetgeeda.e fTahiel ufrien,alc oo

cludes both considerations, with and wit

(7))

verity i s assessed without it. Thitshe s a

wn —
< ®© S5 S O < MO S

stem in an encountbetrae WwWelkl das ehei spam
ce an encounter has occurrefdn bursuoasebe

achdt ermining the expected minimum separ at

® 3 O
X © >

pectation was appl i eAl shyassteedm oonv etrhael |s,t aa fut

=}

order to remain subjective and consi ste

explanations &rna@gudet i.lled | ater in

5. HAZARD ASSESSMIEGN DE

5.5Fault Tree

The faisiucleud ea{ebgbulrbe. 6, 5. 7, d5e.p8i,ct5.t9he an
technol ogy requirements and dependencies o
anidntruder aircraft. AlIl the DAAenystems ar

evaluating | esd | adqduwibpeme dgastceesnarnidasc.at e AND

arched bottoms gates are OR functions. Cir
triangle gate indicates that there is coll
The fail ure reatoews eaarceh ienvcelnutdedoubt are fully

hazard tabl es.

Thtop | evel i n sthhee frae llautrieo ntsrheiep stheotwween ow
equi pment. This is al so whuenrtee rt hsec epnraorhbi aob iw a
i mpl ememdreed.are many i nterpretations of whe
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an encounter scenari o may be, and i n most

encolArst prr.evi ously discussed, consideration
fraoame final safety assessment to focus res
resi dual |l i kel i hood deter mi nmeads wsittih la irnecalu

t he haesrdsitmadl a prtoedra bti HVdeu sgahnods.e b édiiisrypr ob
threshol waasthe most conservative (highest
saw in other related research.

The next twotdhegrgut padefibey eacdh wergraif mi
class 2 DAA regqui CAeSs anodB hroDaSbToheer ddf w n shhaivpe WA S
has tthaei rairradar present, while thaendntruder
avoid céapaliel hipei yTOOA.S -Ba ntdr eAeDSsS ar e usedhéor b
barometric altimedlert waes ared uicredl ddedn em it

Failure of the
detect and avoid

system
TOP DAA
| I
Failure of the Probability of Failure of the
ownship DAA encounter intruder DAA
system system
OWN DAA ENC INT DAA

[N\ N [\

Fi gur Bo gSe BAIA r e e
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Failure of the
ownship DAA
system

N

OWN DAA

Failure of the

Failure of the

Failure of the

ownship TCAS ownship ADS-B ownship DAA
system system radar
OWN TCAS OWN ADS-B OWN RADAR

VAN

\
LFail

Fi gur@®wrms BIApA r e e

\ /

ur= @R.a0 (
FR=0.001

4 0



Failure of the
intruder DAA
system

N

INT DAA

Failure of the Failure of the Intruder see and
intruder TCAS intruder ADS-B avoid capability
system system
INT TCAS INT ADS-B INT SAA

L\

L\

Figurlemts ulllleAr ee

N
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Failure of the
TCAS system

ZaN

TCAS
I
TCAS radio Failure of the Failure of the
altimeter failure TCAS function Mode S
transponder
RADIO ALT FAIL TCAS FAIL MODE-S
FR=0.001 FR=1E-05 \{‘j\l
Failure of the Misleading Failure of the
Mode S information from barometric
transponder the Mode S altimeter
transponder
MODE-S FAIL MODE-S WRONG BARO ALT
FR=0.001 FR=1E-05

FigurBCAS®8i.lure tree
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Failure of the
ADS-B system

ZaN

ADS-B
_ J:Iﬁ/; |
Altitude error in Loss of function Misleading Misleading Failure of the
the ADS-B of the ownship information from information in Mode S
system ADS-B system the ADS-B GPS position transponder
system
ALT ERROR ADS-B FAIL ADS-B WRONG GPS ERROR(P) MODE-S
VJL FR=1E-05 FR=1E-05 FR=1E-05 TjL

Misleading Failure of the
information in barometric
GPS altitude altimeter

GPS ERROR(A) BARO ALT

N

FR=1E-05

VAN

Failure of the Misleading
Mode S information from
transponder the Mode S
transponder
MODE-S FAIL MODE-S WRONG
FR=0.001 FR=1E-05

FigurAD®fad .ltuee
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Failure of the
barometric
altimeter
BARO ALT
Failure of the Misleading Loss of the
barometric information from | | primary means of
altimeter the barometric functon of the
altimeter altitude display
ALT FAIL ALT WRONG ALT LOSS
FR=1E-07 FR=1E-09 FR=0.001
Figur e abnoe tladr.t iBnet er failure tree

5.

5Hazard Assessment

OQur task was primarily focused on exami
standases manarmeyr odpti dms i n the mar ket |
system failure rates were drawn from th
of equipment, rather than from data pro
suggest that al/l equi pments,i morheoful e€etw
i mply that none go above and beyond the

measur ement ,prtohvd dset eaamd aarsd s s me Mo st alod e

t he

systems

consider ed

have TSOs

whi ch

4 4



Classificatiremgquitrkemeeatde aingint he ri sk ma

provide a maximum | i kelihood of failure
severity |l evel with the maxi mum value a
was used. Except iens,t hae Iciansiet aotfi omi noofr pfr

i mpl emented because frequent has an unc
again in the final stage of analysis to

into a risk assessment .

The Xt step i n ttohe vied auaarte awhalty 9 imp awa

e
on the DAA system as a whole. We then di

n
h

operating and to what extent they may s
e

awareness for the pilot. Topamsswédil et haeve.
crafted our own criticality assessment

each | evel of criticality as defined by
our analysis of what | evel of separatio
prdving. I't is Iimportant to note etshat fo
were included as a DAA benefit. This wa
included in the analysis directly and n

Wi th a fiahdod eand keeMent <criticality, the
matrix to determine the risk | evoeul f or
conclusions on whether or not a system

scenari o.
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fq.;“% winimal

Probable
B

Remote

Extremely
Remote
D

Extremely
Improbable
E

Figurea&kis.klImatri x

Minor

Medium

Medium

Medium

Major

Medium

Medium

Hazardous |Catastrophic

2 1
Medium .
Medium

Medium

chart

*Risk is high when there
ig a single point or
common cause failure.
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Remainhg DAA Technologies | Expected Hazard Criticality
Result of an
Encounter
Only intruder capable of see MAC Catastrophic
and-avoid (eyes)
Both aircraft capable dfeeand- | NMAC Hazardous
avoid (eyes and radar) or
misleading informatiorprovided
to pilot
Some level of DAA operations | Loss of Major
(partial function of AD8 OR separation
TCAS OR ATC)
At least one DAA system fully | Degraded Minor
operational Performance
/Increased
Workload
Full DAA operations of all Minimal Minimal
systemsbut some loss in effect
capability
Figure 5.12. Criticality

chart
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6 Anal ysi s

6. HAZARD ANALYSABYSUMM
This section presents the summary of all haza

airspace categor3s Thhutsl| iam eodryiisgn hssdéeantrilecsmss t | n g
from DAA system and/ or componensi nf &ikreiushke g hon
scenaegripeps mar i |y i nfl uthae d do woayo i api dngsep eierre. sakididg h

scenarios present imdc&nt wel ledi aictosnptargoel pfeads e
airspace. Theiskestaparnobighlows the hazard
airspace, with a discussion of the influence

The hazar d anbaellyoswe sp rporveisdeenttehde quantitative da
research questions posed in the initial resea

data on the specific research questions is pr

4 8



Contro

1 ed

Airspace (Class A, B, and C)

Equi p&ogetrolled airspace (Class A, B, @a&and C)

Cl ass

Cl ass

2, t

he fhl TCASPYy ARBad raalsae . wiTthe second

-B,, MdOBe S transponder, and Radar. The akt

mi ni mum equi page cases for UAS operations on

2020.
equi pp
survei
Critic
sever.i
1. The
sep
Thi
ris
2. A h
sep
sl
ma t
equ
3. The
i nt
a r
Al ot
Di scus
compon
single
resul t

maj or

For

theeenconniteer ed in this analysis, |

ed with radar, but mayCltaaskse 1o n( weitthhoeurt C

I | an.

al it

ty ¢

t ot
ar at
s is
k ca
azar
ar at
ght
ri x
i pag

fin
rude

emot
her

Si on
ent

poi

DAA

ce capabilities

y of iZhcbeHfghlumek spaseomntsskalltedn

| assification.

al |l oss of function of the 43 amfspon
i on of the ownship and intrutder air
a probable fail ure mordees ulatngd iwh ean T

se on the risk matri x.
dously misleading mal functiowefof th
ion and is therefore classified as

y Ifeasisl uriekse layndt haasnsi gned t he remot e

still outputs this failurelbsthréééeg
e combinati ApnsBhpagksepacen controll e
al hoi cgchu rrsi sokn Ifyaiwhuerne a Cl ass 1 ownsh

r and is the resul't of a GhmlmS wfidgihl ur

e |ikelihood.
system failures in contirseskled airsp

idhidi glmaRiysks demonstrates that th

with the highest associated risk in
nt failure as iIitsaefteanspmaderpfaiob
the DAA system becoming reliant sol
systems results in a greater possib
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conditions. |l spobhdeeveatl ofea AT@nwoul d cont i |
serviinceeshese hi mspanongsthe criticality of the f
The transmission of hazardously misleading in
system may disglraytmalraicklse @ar di spl agkthe in
With incorrect altitude and | ocation informat
radar to provide separation i nformatian of ai
increased workload on the ATC to provide sepal
woul d be | ocation and not altitude. | ntcr eased
and avoid being inoperable,reesult $singof al aapo
separation.

The GPS failure wi-Bl fuesuionahi ayl oEsiodafl| DS,
TCAS system as in Class 1 equipage results in
serviimcem.ner tsoi nihleart ransponder events, this i:

rcraft
t his

ai

failure.

rEA i onpt eari anb i M oi dtey

and therefore ATC sepa
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Class D airspace

Equi p&bgass D airspace oal lodwsadfdart i mowmmdi demrtatude
These include opesfSattiramswiotnldeon!| ymvnal Modentire
(foll owi-Rg206heupesset forth in 14 CFR tA 91. 22
the unequi ppsdumadetwasyhavaditovocont act with ATC
requirements sAet9i1f.oli2h%hsi al LdwE€FRhe | ocan towe

standards for arriving and departing traffic.

Criticalityieki Emaskhihgllgunf@as f or equi pages 2v 2,
class D airspace are equivalent to those foun

repeated here. -Addktcasas!| yortbhbquhpghbessev1A

found t he ihpagdhercaegas. Class D airspace all ows
aircraft (equipage case 0) which implies that
ownship and intruder aircraft is the ownship
i nt rwiresshi p radar failure is assumed biahary ir
|l oss of function (no misleading informéation ¢

ownship radar for equipage caseéscavOotgnantdvpo
NMAC, given the | ack of remaining onboard DAA
systems, combined with the hi g2h2 8 rroabdaabri |MQFS ,0

resul t sriisk as ehvgrhi t y. iAlhle ro tehgeuri pfaagiel ocraesse sf orre sh
medi-ruimsk severity as outlined in the class A,
Di scussionsé&gfidahsgiwmnadiap failure in class D ai
unequi pped inntar uudne-rg lreeishuid gtilse nt . Il n a maremrer s
failure outlined in the discussion ohnhgdkéass A
point failure. However, operations inshde cl a
may peodieconfliction in a manner not avail abl

possible effects from a MAC to a possi bl e NMA
involve the intrudero6és DAA ability and active
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Cl asasi rspace above 10,000 feet

Equi p&byass E above 10,000 feet follows the sa
controlled airspace. These equipage cases are
section earlier in tthetreap arbto.veT he pegwsiemaged he
cases for UAS operations as of 2020. For the
intruder aircraft wil/l not be equipped with r

Crit

cl a

cal ity of JdeTahceh hHigghh rRissklp d@Gadeud v, flovw 2 ,e qa
E airspace above 10,000 feet are equiva

air aces. The tot al | oss of functi oheofosgshe

® T O”

of paration odddrheaiowanrsanfitp. akdl dasnstirbfy shpar e

assified as major. A hazardous!l ynmiasl|l ead]

(on
D

pos | oss of separation and@he sc oimehr eah O r e

ma j

S
s
s

i's ¢
S
or criticality as a result of the two tran
b

probability of failure, respectively, ris&ults
matrix. The two failur guilpiagte d aslesv dboav eCl @mrse
10,000 feet. A third and final high risk fail:
ownship and Class 1 intruder. GPS horadont al

i s th
the ¢

ereflone al magsbfieriticality. Thigs¢syfathus

ombination of a major criticality and re

Di scussion -0hi sli ghaRysks demonstr arid shdrhiaz o the
GPS are the components with the highest assoc
point failure because it affects multiple oth
coordination of positiuanme sd atha.t Tah es ifnailleu rte aanrs
both the TBASysndemsDS Therefore, a transponder
system being entirely reliant on the ownshipod
results in a fgrleoastsero fp ossespiabriatiitoyn oand as such
event of a transponder failure, ATC would coni
criticality of the failure. ATC services combi

owmship radar i s an adequate mitigation to | ow
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probabl e

high

r

s k

The trans

system wo

Wi t h

n

co

radaryvitde

i ncreased

woul d

b

e

i noper abl

separatio

mi sl eadi n

The failuwu
| onger ab
deter mini
being tra
ownship o
to rely o
10, 000 fe
wor k | oad
reliance
l i kel i hoo
high ri sk

|l i kel i hood of a total | oss of funct i

case scenari o.

mi ssi on md ihmafzar daotuisdry mri esd eematdd a s c ¢
uld display multiple aircraftackracks
rrect altitude and |l ocation infor mat
plraot er al separation informatuse @& ai
wor kl oad on the ATC to provide sepal
|l ocation and not altitudey bhcDAaAdasbd

e results in reliance on ATCofand r ad:
n in association with a remote | i kel
g informatiitawmtrieoesnul ts in a high risk
re of horizontadB GRSteaudbERcialulseo ADISI
|l e to determine position. Unlike ver
ng aircraft | ocaABponGPSnl tbat eguni psgl
nsmitted. The | oss of hori zotnt al GPS
rrintruder aircraft to deterAiithe | oc

n p@roivmarey sregpdarattioonp servi cesabtoveairc
et. ATC providing the only reliable :

for ATC. This increased wor klaad col
on ATC and radar, and a potenti al | o
d of failure which causes a ilmsa of

scenari o.
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Class E airspace below 10,000 feet

EquagieCl ass E below 10,000 feet follows the sa

described above. These equipage cases are dis
earlier in the report. Of the abgouviep peeqdu iw a ghe a
mi ni mum-Bo,f MoODdSe S, and Radar. The intruder <can
equi page cases. For the encounter caslesnoctons:i

be equi pped with radar.

CriticalityyRiofk i@ahcete hHigghh ri sk failures for equ

and lvla are similar to those found in cl ass
transponder results in a worst case scenario
NMAC results in a criticality that is classif

mal function of the transponder also results i
hazar dousThcer ictancbailnattyi.on of @& shudzarodoud ecrtiwtoi ¢
transponder failure modes and a probaibhe/ r emo
high risk scenario according to the FAA SMS r |
present in al/l equi papel oavsdd , 0OI0 Cless eEcaipt
case. A third high risk failure is identified
intruder as wel | as CladHori zoma sasia ipl amael Cé aaslst
possi bl e tNiMAQG faorrd cl assi fied as a hazardous cr
remote probability, therefore the comBuhasti on
in a high risk case. The finalrfa@ialsese amnml y so
failure of the Radar system which coulderr esul
aircraft. As such this is a catastroephic crit

|l i keli hood of f asikl ufraei lruerseu.l ts i n a high ri

Di scussion -ohi sli ghaRysks demonstrates that th
GPS, and radar are the components with the hi
as a single point failure because i tssafofnect s
and coordination of position data. The failuwur
to both the-BTGAStaemds . AOferefore, a transponde

entirely reliant on t hemaojwnrs hD AR ss yrsatdeamns. rTehseu |
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possibility of NMAC and as such wunsafe flying

ATC would not provide separation services in
services amadet pen selee amal lavoi d of the intrude
mitigation to | ower the failure criticality r
probable |Iikelihood of a total l ossrofantumctii

high risk case scenari o.

The transmission of hazardously misleading in
system would display multiple aircraftawckracks
With incorrectoaltntodmatndn|l beabhg transmitte
| ateral separation information of aircraft 1in
operati nal DAA systems are those on the intr
the 1 os of other DAA systems. A NMAC in assof¢

0
theipods ty eafi racmoddr smiodh because of eéliasce
s
nder transmitting hazardoskl|l gi muat eadi

transpo

failure of orizont alB GRSteau bEecialulseo ADISI

> @

ger able to

h

determine position. Unlike ver
ermining aircraft | osawiomoutl nTEGAS, oGP E hleo

a

h

a —
o ®© O =T

—+

nger being transmitted. The |l oss of hori zon

her t he owns

—

i p or intruder to deterdmi ne |

paration d$eéervigesngtonaiCtasa E airspace belo

nw u o

® ®© @ @
-

vices as wel l as a reliance on see and avo
sults in a potenti al NMAC between the ownsh
motl i keli hood of failure which hazarhgcus f ai

sk scenari o.

-

Class E below 10,000 feet the Class 0 intr
i lure when the i ntr udiegr oinsl yu noeng utihpep e dn trreusduel r
pabilities. As such, any situation cwHeare th
sult-ain aomidsion. This is a catastcophic f

(@]
9 ®© 9 ©® S

i lure andi mopd owfabfl®i lukeli s a high risk eve
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Class G airspace

Equip&byass G airspace incorporates all four e
|l i ke Class D and E below 10k. Class G has no
ATC radhmaohtasavaeloconsi stent coverage in the |l ow al
| FR traffic present in class G will not be re
gener al |l FR traffic i s expected ltead uag @rnsigphagcses

separation services upon entering class E or

Criticalityiseki@las®s hGghirspace is the | owest

airspace, and expectedly presentai tbheemostt he
transponder and misleading informationptirom i
when the intruder is unequipped. Additionally

scenarios, failure &f ghorizantcandGPSonadaslint o

intruder is Class 1a, the altimeter fe®inlture b
This is a new high risk event unique nwecl ass
modersatsuch a failure. Finally, both unequippe

remain high risk. W thout ATC presence, tha&ny

previous airspaces, meaning t huast fcaialsusr @& .aiTrhsi
|l evel does not make high risk events more sev
events. Though stil] not critical i nsatuet anal
of flying in class G airspace.

Di sgiuen ofi stkitldlasasti meter failure in tulhd spres

in no active DAA systems being operablhi.s Beca
presents a significant haznaor dotrhoetr fsoyusntde m ne nostu
separation, it is left to the air tios amaj ograda

failure has probable | ikelihood and is theref
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6. ZEVERI'TY ANAMMABR® SU

Fai |l urbDee sTodereExperi ment s

To provide a sensitivity study an@bAAo under st

technol og@iidsaurcen ttrlkeee ,f Tah iDSOEd amaas icsh owsseend t o det
operational and performance Uegqugr am®O@Esi hor

conjunction with the failureombieratil ét msvst ¢ hlee
under$heofdai lure tree provides a gooddAicture
system, but the DOE i kEmeshpapartgeshtehil mphadtacdrortsc
Il n other words, the DOE provioembinkei 9s@ssiori e
fai Owmghip TCAS, intrudeB WE€AS,clhonsden nto uglreos v |

general i zedwovteywmwe eoM od nlahloywsaiss awsosrukmse.d t hat Mo
al ways be turned on both the ownship aonrd i ntr
DAASystems used today, a thorough understandin

undeords.t o

A DOE-l ewel factori al desirgens wmlittehd tihnr eeei gdhitf fdeirf

runs/ scenarios. Al p os s b balleo nsgc ewniatrhi otsh rea raes sporc
|l abel s (A, B, and C) whi ch ivee dusled eirn Tdmeht she gsu
Aono indicates the system is workingtpaoperly
system(s) or the system(s) was/ were noetvelnst a
refers to,thedidow | abel refers to the fdfef o
information obtained from the failuredtree re
overall DAA system.
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Tabd .eSu mmaorfy t he
indicate whether those systems
systems on the aircraft), and
that corresponding scenari o

eight scenarios analyzed with
were on or off

the far right <c

Ownshi p I ntruder| I ntruder

Tot al L iokfe lFia

(Factor (Factor (Factor

of f

of f

1. 1Iv&E

of f

1. rB&

1. r5B4&

2. 6114&

of f

5. FUE

of f

8. 60E

of f

8. 60E

of f

1. 201

One

noticeabl e

resul t

from

t he

fail

ur e

i nter a

TCAS were, tandBeAbDeSSfNNone: TCAS t he TC
the TCAS systiThm¥ks,eetnhdmeot a
tThadb | ewrbs Hi S andnspbonddes Mede
t he ,tThCeA St aatl aglo r
DfAaN y sutreem orf e mhaien & ntth @ es a me
wAonr okt i hnegr
of f

turned on

refers to

equi pment wused for
rows 2 and .Bo tolf
t hiis a meswdul dfosekpegt as
l'i kel i hood of

owns hi pderr hanst rtuhe

one of
regar
abl eghoarvi ttttem.v ion g oa Inlt

does not result i
dodsoho®ohias keseEbecal

tnheew cfvaarltauldel umetdh ad s

t hr ee turned

t hr

par ameters
e parameters
as ystems ar e DaAdsdyesdt etno,

i ncreade tthlree olviek @Al b tidbddproxdfy sft &iml. ur

e
S

potentially
e that aoah yls e sdB savptphefaatrosi DtSoh pl ay t he

observati on
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onet hot ad d | ok &fhaeimlotBrDeS.s ffirtntee toot al lisi k180 i ho o
or wées,-BADiBs hteot akel i od is 10

A useful amelryzaec hr esoul ts from a factdri al desi
effdbtes eoat g pew mafi heefeff esc tasn,d 1 nMaeirna cetfrfeescetest freec
the individual factor effects (par ametsers t ha

il lTustrate the ctoinmrestaefd tewdoermmpasinodonadd esfdractt tyo rpd .o
Paretoarcehaursted to demomntss raft edit thfee Dlvetrmd 0 meelf i &
probability plot correlates the magnitude and

effects, while the Pmpetbaohbherbdofcempadasdt hed

Il n the initial anaad fywnissh,i pt HreC AiSn taenrdd étoit @ nu de&fBf &l
our amaldynssihsi)p TCAS, ,dmd rilurdterBl FeBra SADHh ABCvery

smallluewa whi c hl eccofudictle rb ed ieseegat @b n g entahhs ,r etshud tfs w
estabThehedl | owi ng foindwr eeso ngamd ne ¢ theet isamgni fi ca
inter dotfembdsukelarmomal expr es sWhdi |lbey tElgeas agri ioma rly.

res wlintss dered total failures of the syysteems, t
results, providing insight into party atlhofsae | u
partial failures have as wedllysiTsheofcowdrfiian cece,
value of | ess than 0.05 for the significant f
corresponds to the equipment main effedt or i
val ue Hetamalerll cowl dibmaulenteeraedcdatrti al of8i l ure
1 indicates a fully opelratnidamncaalt essy sat e nu,| | whsiylset
Therefore, to determine the percentaga&nolfief ai
norlmazed to -¥f attd bethwverenexampl e, for actarlure
in the equation is 0, halfway between the end

Equation 1:

Y€ OGAQAOQWRE QTR TEp T Wwa@pm 200 &MWAY0 0 "W gp 1T ?

0t 01 GYAQIYT® ®pTm 20801 OONMS omp T 200 £AQARYS 6 2Y

VEO1l OONMO ydoEp T 208 01 GYAQEYOE 01 ® Q@NO
The nor mal plonhabgsesf st DmeFhguazont al a X
t he signifi cRBendcleomd gmntensee afcatcotrosr . Wihteh bd iugn il fi incea n
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zero effect | ine, so anyi npeoihnats tlheasts €eaflflesc tc [aon
away have Tmoer ev eerftfieccatl. axi s represents the per
di stribution. A | arger percent specifies a gr
experi ment . For example, the effect ofutownshi
does not haveThédenéganpiese effects aroesidtiisvpel ay
effects on right ®9idegat i tviee diiékedniedgemdnse t ih®e e
reduced as tohea fha@than DERIeN hegati ve, which m
|l i kel i hood iIis reduceAD®hemut lpg eidn tavhwdd e€ru axitn @m
positive effect meanesn tfhaec troers pgoofesse ftiroo ar d dowec d de
it Ii's revemddckd g hradddde&dcklwhen eit hesr the ownst
unequi pped/ mbt sfoabtbemnakeendallei magabtede of
either TCAS effect are signefffieantofy-Bilrtssuddrnma
ADS cbhaen seen as the most dominant factor from
» Effect Type
® Not Significant
05 B Significant
| [ e
80 C Intruder ADS-B
70 B
S 60
S 50- mAC
g 407
30 HmBC
20
i mC
5_
1 T T T T T T T
-25 -20 -15 -10 -5 0 5
Standardized Efect
FigérMdor mal Pl ot of standardized effects s
significant effect on |ikelihood. The hori
of the factor and the vertical axi s repres
probability distribution.
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Fig@.i2l l ustrates the quantitative edrft@icotnss oofn t
tot al | Ti hkee I riehdo orde.f er e n edei sltirnieb uitsi otnh;e agnuya nvtaill uee
beyond this reference Tlhirmae asahewpogemnthiealfyesi
ADSB i s extended most beyond the referemnce | in
effect, and i si maepsp rnooxriematthedl nyi cftilweéere de f fibe cdtms .b olt |
anag.t2hat @&n eA@Sed/ functional intruder remar kabl
failures, which would |i&Rerycoéduse onke numbe

Factor  Mame

A Owrship TCAS
B Intruder TCAS

C Intreder ADS-B

Term
=

ACH

BC -

0 & 10 15 20 25
Standardized Effect

Fig6rRareto chart of standardized effect

representation of wedghi hecdenhotastors. T
statistical significance.
The effect of one factor influemedd fryom hehel ev

i nteracltn oonugpdaosta t he | nnesrha cpt iToCnA Sb eatrBde e mta u d
and the intemrtarcudeorn Th@EASveaBmawienst atdest ADSI |y s
Figéri® the inter acwnisohnirpp/dient DE@A S eamBl ol mdircuadtee s
t he change i nThree arne d idkaeslhiehdooldi.ne i-B &pnd bhachkryp

coinMmuous | ine is for uBequipped/ not functional
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Mean

1.2000E-11 Intruder 1.2000€-114 Intruder
ADSB ADSB

—e— off *—off
1.0000E-11 —m— on 1.0000E-11+ —m-on
8.0000E-12 8.0000E-12

6.0000E-124

6.0000E-124

Mean

4.0000E-12 4.0000E-12 4

2.0000E-12 2.0000E-12 4

0.0000E+00 - — —— ] 0.0000E+00 1 e .

Ownship TCAS Intruder TCAS

(a.) (b.)

Fig63lenteraction plots depicting how total I
on two factors: Ownshi-p (JT&L&)ASarmdd dintudarerT AOS

ADS (b). I n both cadsBed,r ewdh idlae hierdt rl u cheer) ADBS on,
doesndét change when TCAS tur nedB oonf,f b(ubtl aicnk tsho
line), likelihood increases when TCAS turned
From both figures, it can b#8 uyminpmpBde d ADISat

functianlhithel od®obrmnchkddange whether the intruder/
But, i f the intfBudéere donegre@tsehawdhAsX&idk dnlsioldo o
hi ghest with an uneeumingp edj/un tp efdud f autnicd n aoln aAD ST

Live SimQEati on D

Similarly to the DOE performed on the failure
simulations. This approach allows interaction
systems to be analyzed, and rnestunlet sf acia nurbee DcOoE
well . The Il ive simulations all owed individual
turned on or off. These were chosen due to th
components selected ar eotthh®8D&nuds da€CAIBYy sgist emaf
Mode S transponder, barometric alTthiemseet er, and
components were exclusively turned on or off

remai ned f drlhliy aquilgysfe e tphreorv iddeet ai | i nto how i

equi pment can affect the entire DAA as a whol

6 2



welTlhhe simul ation where these $aeharies wNebelde
Il ntruder ManAuMa&mnesuwdrnr eadDABegun and Causes ClI
outl isSx®@@8i 1.2015)

A DOE-lewel factori al design with three differ

runs/ sde)rlRarTihoes Alond i ndi cates rtlhye. cTohnep ofingefnftdo irs
a total failure of the component (s) omethe ali
tree DOE is that each simul ati onomwmep oluent & .wi ¢
The pilots weresamkhéadtti onf | witihe vaameus DAA s

They had to makemehée wesh pbesibfermadgon the

The closest point of approach (CPA), I|listed i
si mul at i Tome efnigrisnte ei ght values | isted under tF
second 8 |listed are from Pilot 2. As expected
components were on or off. Anytime humans ar e
poibse but our inclusion of human pil st.s poten

Mode S appeared to have one o06f.)2tthecd waggewlen m

turned off, the scenari os pr osdiuntuelda tsioommes .of t h

I n order to provide a better anal ysilsi ctaot eas s e
design was wused. Replicate designs areedsed t
After the DOE analassieviwhentp etrifetr méadde iS§ hvad t
effect on CPA, foll owed by the effect of the |

performance of two pilots, resulting in | arge

6 3



Tab8 .e2ummary ofantahley zeeidg hPti | ot sl eaarad i Pisl.otT hZ2 D@
columns indicate which component was on or of
systems on the aircraft), and the fcahr right ¢
bet ween the UAS and plane from the scenario.

a2RSDt { [ fTaGAN/t!

2F¥F |[2FF |2V dhp ™ =

2F¥F |2V 2y MHM(

2F¥F [2FF |2FF Mcn(¢ o

2F¥F |2V 217 HY T ( :

2y 2FF 2V nmMmp ( -

2y 2y 2y CHPI

2y 2FF |2FF MMM O

2y 2y 2T 7 MHT

2F¥F |2V 2F7 MpP N ( T

2y 2TF |2FF MP s

2F¥F |(2FF |2Y MY M N

2F¥F |2V 2y MY P § :

2y 2TT |2V H N O ( -

2¥TF |(2FF |2FF HANpI

2y 2y 2y HNCI

2y 2y 2F7F HCT (
Just I|ike the failure tree analysis D@EB,e an e
primary failures tested, and may be ysed to p

which is only valid for tehiSs asnedt tohfe djaklao ta ncdo n
coefficients were found from analysis of wvar.i
significant factors found. Each variable in t
effect or Pilmumbkdrf elctar E2 tvheeu!l d hlre elndver ed i
the simulation. Hdwewmear ,1 &a owd ldu eéb eb eetnwesrned t o

of the Mode S system as was discussed in the
Equation 2:

60O oL@ P PYRAD £ QQP UL DD Qa £ 0
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Be

mo

t ween the failure tree and | i veB samou,l ati

re specifically, the Mode S transg@onder

DAA system. Fuberdostutdpekioguht ot her f ai

SC
tr
co

S i

enarios, investigating both totak and pa
ee and |live simulations is an exael |l ent
uld be heavifluyuwunei st meddes with of DAA sy

mul ations with many pilots could be cond

6. MATA ( RADAR)/ERAMGRT FLEET STUDY

Radar

Har ri
Fargo
i nihat
j ust

of th

i nter

-+

l eet

ateg
orre
i's 4.

i dent

the s
on th
t his

The d
dropo
uni qu
dropo

from

S very generously gave UND acadegs stid edsat
nadgheFiamount of data accounted for hundr
ion each daybkeoteeachdeirséand thetdata a
altitudaenalnyoednaftoronomwasdawa(s] crme sz2h, b2Q:
e Summer solstice, which providedothe 1o
est, because many of the aircraft detect
durin@ropyluinglh minlegwmes .behavi or wemrmrd | ook
ori zedAbdsepown its medenti fied i f there i:
sponding | ogged data points greatrego t han
8 smedmdsywaidas acan ré&dneqoft b2hsasgcondswas
i fied djawvingr uoube@yd¢ lbiaon Bmelawipoult . mul t i
ame | D nu(meb edre v iaantdi oonutdfi esnosr e t haesh 10% of
e past and projwetedt bhehpviaovai rogrf ushphogtutae db
anal6/.s4,s.6 Fhpuareddsh & .t6hr ee di fferent types

ropouts and luans sgiufei ebde hianvti oco6r.ts3wean ait rateeersv a | s
ut datbasdummat ez@abtbe uotguet behmul br ptda
e behadi 6r omas hemdiite a wne rtahgee ,t anbil nei)mu m, é
utb/ethmmivgwa dur ati ome iccatl @ gdreidz Ad | omame nwii 1t th
the tables, the avievieagar®sacfniss e(evh st ap pF .
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and just under tdher)e fraddaFiumicapnathd8Baktbomweste

|l ower, with an average of about one radar sca
scans (23. 52Fasregco) hfaodd roler/igm laéiyd.i 9 &% of i ts uniqu
fo | ess than Whhirleeey¢ FhandlaelB 20 @damd s84% of its u
behawrotefs thanHbweeerrathemngoamhea.ts mme ur f or

significant perdodpofyoi nme f owi hhnsomels of sec

104

Altitude [ft]
I

QOOOOOO000O000
OOCOOo00 000

| | | | | | |
200 400 600 800 1000 1200 1400 1600 1800 2000
Time [sec from June 21, 2015 12:00am]

Figwodaal titude [ ft] VS. time [sec from June 2!
uni que behavior. Note the zoomed in view in
jumping between .two relative values
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65104

Altitude [ft]
w
I

®@O0

-
LBl T .- B
o ® ol | 1 | | |
0 1 2 3 4 7 8 9
Time [sec from June 21, 2015 12:00am] x10*

FigérAl titude [ft] vsl, tRPtme5[%2cO00Oaom. Dupko2
the same aircraft | D number. There were many
period, indicating that multiple planes had t

65104

Altitude [ft]
w
T

° o o o oo o0 o0 o0 o
o 0 o o ©o

o o 0 °

0 d | | | | |
7.14 7.15 7.16 717 7.18 7.19 7.2
Time [sec from June 21, 2015 12:00am] «10%

Fig6r.®l titude [ ft] VS. ti MeOPaemm. frpmoduséo@l
Note how the altitude readings jump from thei
value many ti mes.

67



bot h

Tab8 .eSummary of dropout statistics for
mi ni mum, andr aopaxutmutm mMe i s noted. The
intervals, showing the number of dropouts
Fargo Finley
Dropout Duration Dropout Duration
Average (sec) 2 3. Average (sec) 32.
Minimum (sec) 9.00 Minimum (sec) 2 3.
Maximum (sec) 265, Maximum (sec) 336 .
Categorized Data Categorized Data
Number ofDropous 132 Number ofDropous 352
Less than 10 sec 65 49% Less than 24 sec 146 41%
10-15 sec 24 18% 24 -36 sec 143 41%
15-20 sec 1 1% 36-48 sec 24 7%
20-25 sec 5 4% 48- 60 sec 9 3%
25-30 sec 5 4% 60-90 sec 19 5%
30-60 sec 26 20% 90-120 sec 9 3%
Greater than 60 sec 9 7% Greater than 120 seg 2 1%
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Tab8.eBummary of wunique behavior for the Fargo

mi ni mum, and maxi mum unique behavior time is
are also ranked by time intervals, showing th
that timd pe@ed the percentage.
Fargo Finley
Unigue Behavior Unigue Behavior
Average (sec) 5.31 Average (sec) 23.52
Minimum (sec) 4.66 Minimum (sec) 11.84
Maximum (sec) 19.24 Maximum (sec) 108.16
Categorized Data Categorized Data
Unigue Behavior 52 Unigue Behavior 25
Less than 10 sec 51 98% Less than 24 sec 19 76%
10-15 sec 0 0% 24-36 sec 2 8%
15-20 sec 1 2% 36-48 sec 1 4%
20-25 sec 0 0% 48- 60 sec 1 4%
25-30 sec 0 0% 60-90 sec 0 0%
30-60 sec 0 0% 90-120sec 2 8%
Greater than 60 sec 0 0% Greater than 120 sed 0 0%

Ti me and | ocation werdadce marsdst aitgefd] dudeonpcoeu tsoeneo i f
uni que ibre haws toem.Tpiemef odaiptperacetpl ay a | arge rol e,
|l ocation hadfhias | aa g eibgeufesasear.,.8owhiFch shows t he ¢
and unique behavior, wveéehl ahe enhfletopd aeln hddag
that a significant numberr ofccturea edr cep d thtesr a md
path to the airpornetthargbétfect GvandaBar ks pdou
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NORTH
DAKOTA NORTH
DAKOTA

MINNESOTA
MINNESOTA

SOUTH
DAKOTA

(@) S (b.)
Fig6r®he Finley Radar Map showing the effecti
|l ocation of each dropout or unique behavior (

(b.)

@ “(b.)
Figér®Bhe Fargo Radar Map showing the effective
(

|l ocation of each dropout or unique behavior

(b.)

An overlapping study was also donertwedet eacda
or transipnodhoeggadb.6s radar radius fits entirely i
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Fargods planes should be detected bgepFedl by (
Finleyds Frtadaas bfefau)fd thatldn( ¥Yy5%) pl anes fron
behavior on both radars, and 1 owtedofdrtolpe® ug 4
both Thiodadbstclmatesi n most cases of dropouts and
and nospanteHo wesvsewe. transponder i sstieemdbhet i

over |l appi hlge amuall tyisplse aircraft uniqgue behavi or

with either the wrong plane | D nluembecefr tbheed nsga nee
pl abb"d.nl concl usi on, many dropouts and unique b
basi s, wlsigthiummaersrtaingtat i on

ADS

Al titude data i sr taier annoasftt cvQuatirieednatld agtegpadicrdearnt ti uod
be found frompamehteonabbaegdarameat aiic calattit mefTdr

and most used device, ot herB saoruer cceosn sliidkeer erda dtao
pot endurades f or Bryel2i0a20l,e iBalwvtinmguadkddS i s mandat or
altitudewidtaaB f nensiagessednfbr véloweval, separ.
previousaiworalkhd(2Badsshyaweda ht hat di fferences are °
al tidamiersg fr omr deéniettbraincb vsso gedA meécect at epoud
Si mul yze avlasroi iadieitamaena tce da f t-B (f ledpeovriWése shgf ADSr eader

t hi s TrAgpmpaearmmdiixn

Al so, B ADé&ssage dropouts adyg a nedsrse2pEhtowhd c h
update and send its position status ewery sec
anal ysis is split into two phases. The first

explored through a claysurmnd axdmi matsitdry afo mpe\s
fleet collected from t e u@ridandtFdmrlkan dAiFrop krst A
90 datalink transceiver. Aircraft altitthude di
the data col bobpenhesof AOE Bedbdlsanwpiet 2 oMidcd)d d

coverage.

ADS rdopout rate investigation
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wer e
Al

i nterpretation.

ADS rdopout s
Grand For ks

parsed for

analyzedtwt Jah20R8) t heorat
rport. THe daatthah pwaesrgeh afrocrhmavte

Dropout dates w

ndi cat e one second

ng 534,736

not i
udi

a uweateapatiyaed A

i ncl data points/transmission

position
messages.
(35, 063)
1 second

5 minutes

Tab@5eDr opout

(latitude,
Dropout s
doesnot

during

i n 65.ebmenmaas g & S

statistics

occurred

transponding

| ongi tude),

repres8ntmetsisage
35,

Thkrilse

al titude,

I H,i 86 Hh utmbmeea s ,

Wwasot oms ¢t
063 ti

resul t s.

me s .

dur i hlg 270 1d5a)y.s [O(rJoupnoeu t1s5

categorized by duration interval [
Total data Dropout % Dropout
534736 35063 6. 6%
Categorized Dat a
Tot al 35063
Less Than 525066 71%5
Bet ween 512 1 .%b
5 sk ssecs
Bet ween 313 0 .99
10 f£dcsecs
Bet ween 92 0 .93
20 dédcsecs
Bet ween 163 0 .93
40 SHSdcsecs
Bet ween 3401 9 %7/
60 SBSHOs sec
Greater 54609 15%6
300 secs

ncl udi ocC

ng
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It was VaoaGfmddtbpbuts are |l ess than 5 secon
13% of total dropouts fall bet ween 5 and 3
15.6% of the total dropouts | asted greater
signi fi cernt .i tHomiegeht not be solely a transftg
UNDG6s training fleet, so there iIiso&k @mossib
flight path that w&é&ntrexcweti vefr.rdongehetkt héi.
dat Aasem JFunz20R28 was considered because it |
aircraft showing dropouts more than 300 se
information was scrutinized. We didifgnd t|
aroute that went out si e atnlde craareg & aacfk tal d ec
mi nutes and repeated that maneuver again.

hi gher dropout time in this initial study.

Al titude discrepancy investigation

| n stehceond phasBe safudyhreeasAeDiSt ati ve sampl e of
12: 00 AM to 12: 14 AMNawsdn |0 @Atedwmeral 2®,f 2@B& a
found, of which oplbgiT4donai andabot hegeoimed
barbomec altitude. Thi ¢5 Bw8 asnase dal peparsot x oshoan ee | pyo
the position or altitude datbha.t hl b aandddnettiro rc
geometric al titthta@ @, ofvhat haad md eetassmhitsosheadd ef t h

measur.ements

Deviation i 9 afroured rb et amletalin agnedoensegt rrfircom 9 t o
in the AMSasageclodd)rirlaft showed dwivtilmti or
approxd@f edinrecrianbgar boaet nude il gher than gec
altitiides trend was r evecrosnepdr iisni ntgh ea prpernoaxiinn
52 wf aihredmafat6 . SGmmest heer esul t s.
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Tabd .eBircraft demonstrating different-Bcharacte
messaging

Behaviors No. of AiljPercentag

Report Both Altitude|1155 - -

No deviation found 10314 90 %
Di screpancy found 121 10%
OQut of 12 Consi stent 99 82 %
al tidtisadce ¢ Fl uctuating|2?2 18 %

Primary analysis revealed that the al6tirtude d
indicates that 28% of discrepancies fal/l abov
violation of the vertical separation threshol
produce the pos-aibitotlhiefdasoerpiaamcders dhe n
normally distributed above and below tlde actu

the ot her l ow can | ead to dramatic vertical S

Tabd eXi.rcraft altitude discrepancy ranges

Al titude ONumberofPercentage (Out 0
Range Aircraf|showed altitude d
1f e-%0f e et 32 2 80
51 fleOdt feet/23 1%
101 -1f5%0tf eetl6 1%
151 -ZX00etf eetl6 1%
201 -X50tf eefl? 1%
251 -3z@tfee|ll 9%
351 -4=@tfee|l04 3%
451 -50e efteet |02 2%
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't i s important to recogminzey time oc hdaerr@ bteoe rriesst
initial study revealed that approxi mately 82029
there areoftasgibrec r(aflt89 where the ddaidi aebanatis
Al spohas e @fppklaglganyit mp © antn rtdilee diilsecvreelp afnlciyght s
hi gher dewvi ascenditing/ de s cenrde pnrgeaspema ssa shhle& i g @ r

deviation in two different flight phases.
><‘104 4
2.2 ' ' o o 3.66 L0 ‘ ' -
(6] (6]
2t o o o)
— 3.64 1
= 18| O Baro Altitude | | E O Baro Altitude
% O Geo Altitude (O] O Geo Altitude
= 0 T 3.62 1
= 16 =
< <
14} 360 © 0 ©
1.2 - ' ‘ 3.58 : : : : :
400 500 600 700 800 500 550 600 650 700 750 800
Time [sec from October 20, 2016 12:00am] Time [sec from October 20, 2016 12:00am]

(a) (b.)
Fig69altitude [ft] vs time [sec from October
di screpancies in ascending and | evel flight:
phase, (b.) Discrepancy range is higher in |e
A unique anomdlhy iamafloyysnd fwthamh can be call ed

altitudenpdatear egegt . djhtheri sampmel ar to tihe cycl.i

the radar aodd@leypsies.enRisgurhee éal titude jumpbé an
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x10%

3.512
O Baro Altitude
3.511 O Geo Altitude | -
., 3511 o] le)
2
2 3.509 o o
<
3.508 |
o (o] (0]
3.507
(@] O o]

3.506 . . . . . . :
350 400 450 500 550 600 650 700 750

Time [sec from October 20, 2016 12:00am]

Figer@l titude [ft] vs Time [sec from October
change in both geometric and barometric altit
The anal ysiaamadd dcamepmaerdaoy e dsae aand comprehens
prowiode insight on the anomalies found in thi

overcome these behaviors.

6. £E0/ 1 R PRELI MUDNMRY ST
A very preliminary study was also done compar

t her mal canmer a mamge@®dda hs Fofgua eUND aircramg that
on the tadé mdRBowdFitghree different varieties of

camera of the same aircraft. 't can Ibte iseen t
expect aEO/tthtagr mal vision system could be a viz:
future studies. The team has perfor medtiams i ni

of these devices.
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Figerd@&dh optical ianage adft a UND
on the tarmac at GFK international

Figer&@hree different color schemes on the FLI
aircraft pictured in Figure KK. Note the brig
of the plane. By wusing false color repdesenta
with the ther mal I magery.
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7 Observations, Findings, and C

qgu
Mo
Lo
s u
An
s e
ac
ou
de

. JIOBSERVATI ONS

chose and developed five analysis tools to
estionsairegamnei agirtviedBHhleatngecneal geds Faol 8 Tneé
nte Carl o Simulations, Hazar d Anakliyhshies, Des
sp mul.®dti otdiAals céeablwieoes graphed through Faul
bseMaretng Car |sg usincuolfrartefidaoantl eudnTcree & Hha zna ri de s

aldsscfiabédr eri mpgatsyspemf orDmceat ed a

nsitivity analsy ginsefd awiggmuidn df eurnsct bahmbdnianegt t y ns i n
hi evi ng QOayalwviadzsatoinon scenari os alhhawgdigs t
tcoamesng the same component characterizati on

siVWensp.oresent some of our significant observa
Fault Tree DOE

Faul tpaTTraecstidn caVaktyawad using the DOE stat
owns hi piniGAId,er IMCASdeBan nadnDdS whet her each sys
operati onatlherprniomarwerset ati stical factors r
combinationsts Therk®Brreselpr d odDAtA tslyes t@grmo b
fai.Thee DOE resul tst i ndeBc dhtalS itf lyavde att lee |
influence on the | esvyeslb eonfii rstddferdaved etnchnsty sd reyns
Ownshi pinTCAS8.et hBCtASr acowhisamn po TICASudeBR, ADS
and the inter ancttriuvodneBro weliSEASEhandnl y ot her f
signi {iasaeeMoendt eviCaar | pThsei mwltaatli dn skwealsi hood
10%0relbowew -BD®daniW*when -BADWard nt erestingly,

tot al Il i kelriemao ch eaf tfleaitlduerme owmesmi p TCAS or
TCAS whtafned -BD®adhent ot al |l i keli hood of fail
system thmasamd, regardless of wwet kiengthe

avoi hdmgogas tlhhaonng as ones todanss Is&¢ i AANCAtShcetri v e
interesting r eoewnlsthsd pwrRlsGAIStheart ME@ASdgandDS
of f at ttimhedsame¢ result in the.hiComesetr stedtya
having saylslttetnhsne@ on di d not result in the |
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An explanation for thsystems| criefmdiielsatdidat

modes DAM tshasuteemm o i ncreased complexity of t
Hazard Anal ysi s

We perfor meaz amal ywoirousn surveillance criti
Sspacleasses. Thi s omaevxnwslihti @d ainnd OHMAAIryumies r @ac I ic ¢
for the combination of c¢class A, B, and C a
10, 000alfstelaonmd AnahgsGs in highly controll ed
were grouped together due tooc etdhueries,c haunidad A’
t wo eqaligsasgédsraesspsr 26 ahty aquwvppdwd TCABS, ADS

and radar whaAiDedh,s Md ches sS 1t rraadva mplohr deeer ,f aainldu r
scenari osahigdwslkt €ed aissi fi catiyont heseoweee o
transponder failure, transmission of hazar
ADSB intedgtietsye results underscore the criti
highly controlled airspaceve d§shi@anmgdriemnsponde

failure as it affects multiple other DAA s

Cl ass Di atr eagdald d@isind neaqdueirpaget s@tenareé osot av.
i A, B, Tored tWwosskelvi pitieopienalttudoea wirS huoet y
transpomdierg amamelgeti @l dt er ms of ownship an

interactions in class D airspace that were
airspace, the critical fahlsrffucomponeal i dv
critical role of the transpaosedmrirl am ed uicp aac
scenawnolsi,p radar failure in class D airspe:a

c
resul ted i4 i & kunTnpal areddlibag hoifn rtahi s stedenari o
transposiidregdianst af ai | ure negstfeor ®YME entire
communicati pnesvidesl|l assabdi ti oncaoluldde croendfulcie

t hi swhreirsek avail abl e

Equi page criti ccallastsy BEwvaasi rasspsaeeosestebdb biine 4 A mé C
equi page cAasags pascec|l algsaansponder failure wa
component as i n A, B, C, andt Danaspesyasadae.m H
and hori tanwaredé@mhR®%i fied as a third highest
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transpondetrr af nasi nhilisasei acandhdads eiardfi nrgmat i on

mal function) .

Critical $6yamalscylzaesds ke | 0w &0 &ocolgl gavwhirmi | ar

equi plageses!l assdDi mi rspace with intruder a
contrast to the f ourre puledvnilroyg sti heri esds @al agehe & h a
four t-hi ik gthai | ur e wiashenawvpsi p pled siurf tt rewddye rf r o |
radar failure | ealdheirgeritodchdaspiot eo amad s (MaACe

el ements were feswnmdht tgdh rspkatfeanitliiuarlel.y

Class G DAA criticality analgsiandoaisi deafft
scenarios as Class D and E below 10,000 ft
environment as it is the | east controll ed
requirements. As with dalrlandsdpioea@aacas mspacen,
hazar duwd eocardfinrgemaéeéi bhe most cfron ialall d&aquil pe
classes excepht amddntehpédoiop zeoddtaatla GRS elatms

i n ar ihsdgehnwairti Hoiars sc 1 oednssshilp oarndla i ntruder

Al t i met em fcdialswsa é&hiligehdkdirse vileatth wh é ue tuidoeersi nt r
i's ClBmlesr iltai cal i t y umfi gtuhee tel tcld mestsa 8Ge iad TrG& pias

not availabl.e as a mitigation
Li vemuBati on DOE

Live failure simulation data were used to

approach (CPA) between two approaching air.
used to guide the simulated f 1l i ghotnss. bTuhte p
with three DAA factors being switched on o

component combinations could be considered

D
—

transpond , barometric altimeterey aamrde GPS
used by aircrafB armhatT ®AS es yoottdmsADESn boar d.
was not only impacted by componenmatki hgncmnhiood
surprisingly. We believe that thédseamypes
interaction may provide a more meaningful

digital input. The sma3$ |lwasd CPAST urctuil @ rridn ¢

80



demonstrates the significance of this comp

result that was validated through a replic
Radar Live Data Anal ysi s

We sought to further explore DAA cri-ticali:
B that were made available from afwoNaratdhar
Dakota (UND). We examined hundreds of thou:

representing one day of observations at ea

behavior from the |ive data. We deter mi ned
occur, it is wusually radar that appeards to
t hat transponder functionality appeared to
cases. However, the results ouwgaestevteryt da
This is concerning as the unique behavior

hundreds of feet at successive scans and |
Further research shoul d expfloirleurhosw @Ppree va\se

periods that go beyond a single day, and a°
ADSB Live Data Analysis

We exami-BedrApPSut rates over one week of d

UND, involving 642 ai rramafni sasnd ns3 4 ,D/al G dva
times (6.6% of all transmissions) for a | e
cases, dropouts | asted over five minutes b
were | ess than five maetcoaldls. b d hatster idy wtpahult ¢
failure as some of these dropouts wdre | ik

the groBnandDISater returning.

To further -Beypaemifne mabh® e, we cowbBddedatdadas
of 1282 aircraft operating over a brief ti
reported position, geometric altitude, and
aircraft had both barometric and g@e@omethi c
altitudes, el evation differences were pres

as high as 500 feet when we compared barom
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Approximately 28% (34) of the aircr,afa had

|l evel which caut dcbdbleladsitona mid

These t-BvostAlDdBIi es r ai s eB croenlciea misl iatbyo ua n dA DfSu n
Further study should examine whether the t

ti me spans andsl.arger aircraft fl ee

7. 21 NDI NGS
OQur conclusions are drawn from the analigses a

document. We present an overview of our concl

objectives bel ow.

1. For a cooperlhdsecd dODRAAastootmat o dependent
br

t e

o

adca®8) @ADOor transponders, how should

(@]

hni cal perf or mancB Quetq ua nrde/noern ttsr a nosrp ArDdSe
changed (i f at all) for UAS DAA functions?

There areindiHdiBrmabhIesr ansponder technol ogi

air

(7]

pace within the NAS and equipage combi
i nh
sho
and TCAS systems are designed to a perform
n
e

D

rent performance shortcomings for this

-

tcomi ngsh rmrdprkedeaentl uhries i n all B&Birspace

—

co roll ed and regul ated airspaces (A, B,

w h ATC i suirpeadgiec ece.quBEg ement s and t he ATC

n
airspaces lead to this outcBmend OuCA S nfad iylt
e

reveal edB tfhaitl LAlD&s had t he greatest i mpact
analyzed livea andnfsomusdi-Bnmgeaadagiamd I|IADSs i |
technol ogi es. Our recommeBddesogs BAesurmaac
i mprovements are intended to elevate the |

Transponders needi bhumer ehabwAas eRAA 4 Wwsat am
order to be safely applied-Basgstemsgi hoUadS

applications demonstrated acceptable risk

8 2



C)ADB will als

onpdetdota phbeedfe@®@r gappluir@atcieo

| ower airspace c | acsosoepse rvahteirvee MFARa fafnidc nboenc o n

2 . Do current

surveillance equi pment techn

criteria to provide UAS DAA functions?

Thia cball engi

ng question as UAS DAA techn

i n assurance criteria explicitnessythuwtalar e

approaches and resulting evaluative produc

functions t hat

are described earl i esr in thi

when they become available. Our analytical

assurance crit
technesogOur f
DAA functional

eria from FAA TSO documents |
i ndings are mixed.

ity varies depending on airs

currently offer a solution that i sfisawdantabl
| oss of DAA performawomeenuinm cakl oaisr Epaces oV,
some failure scenarios when communications
current DAA equipages remain. The DAA eval
research should be apgny craeow eDA A rneogtu iorne nye n
changes to surveillance technology,i ghnut sh
assurance become required for UAS DAA use.
to addersegyn aesdsanteécohwomolkoPAdAst as they ar
into UAS.

3. What are the criteria for evaluating de

pil atiecraft f
We apepeésiegn as

or DAA functions?

surancai tevel si f e@immipadodalyyedi s

assesstwestheri teria providedcAAstilbs s ame
pilaiedhafptaligtcedft setdaunrd albAS enddoouwnt er s t

evaluated to t

hemasrmamed spiercafafcehnt@unma mame d &

wa | dwibteh one ee&xeippn owd sleRkIean s hi p -th@aisr an ai

radar in place of the pil otds spaer amaodumtyv oi

8 3



factor in | ow equipage and nmuantctoers & iorl shpeadc ea i
that has mini momaegui gene NnATC ud esar ati on ser
(UABNIL aircraft are operating ams CIFRs anAl t |
ai r shiarcer aft copaesrsatB,ngC,i nand E abbvbhaté, 0086
same requirememtshe¥®wRdilrdhedceparated by A
present a similar state betwaeheabl|l sabstnaa
ATC presenang abiunts nsutm |Isler vitc.e G@load s RE abeaglcavaf
feet MSL and class G airspace are not subj
dependent on t he eiqrue wafltemd eawd i dnatadnieddi t i e ¢
radarst althe $roermatihnes cur r e ndan sUWBtelmegro i wiaggwea lop t
acquisition technologies becamal gvachabl e
approaches and resuclatnapgl eedl| tari veeprodses

7. M TI GATREOQNOMMENDATI ONS

We
w e

rep

provide mitigati omelratceo mme nadlaad h omfs talse t hreiyr
considered. Our recommendations draw from
ort .

1. For a cooperative DAA solution based on
broadca®8) @ABdsponders, how should the cur
technical perf or mancB Quetq ua nrde/noern ttsr a nosrp ArDdSe
changed (i f at all) for UAS DAA functions?

Mitigation: WB fgeshdmshah ABS DAA applicat.

accepsé&bleveis in our analysis of highly <c
mi tigation is recommended for UAS operatio
airspace and when ATC is |l acking, we recomi

ADSB amdstpronder sashbet heelye vcautrerde-mao il yt afca.i lasr a
Redundant transponder s yS$ taemB AD@Wnicah osnesp a rc
al so reduce t hWe faalislourree clonknee nidh ofoudr.t her i nv

8 4



the soumgltApBerhegwatobserved when anal yzin

transmi ssion dat a.

.Do current surveillance equipment technol o
to provide UABSs DAA functi
Mi t i gatdiedrerr tmVente dwhi |l e current surveill ance

DAA functionality in cembiamnatsigpoomsdeat daad l dir
can halt DAA operations in all ainirtsericasbe’
considered for transponders such that fail
that as new surveillance technol ogi &@s beco
criteria-cuesnitnrgi ca alpApS oach. We vhiatvle @uro proessd

met hodsemomadtrated its appflimcditngsn. with our

. What are the criteria for evaluating fAequi

pioft@drcraft for DAA functions?

Mi tigation: We obsernvceed itnh aetv atlhuea tpirni gnalA/A de
of safety factors between UAS and piloted

radar rather than a pilotdés see and avoid

radar as a DAA tooltifganr edAS obbe iftwsr tl hew tianv
see and avoid, and the |l imitations involve
UASNamely, the MOPS for radar operations do
failure probabi IDAA etse cchommplao geide st.o Wet heexrp e c t
systems are fielded, more data on sheir re
framework can be rapidly upWwatedrtberirncl ud
recommend that ot hert hDeAA nsiegnhsto rb e encohrneo | aofgfi o
applicable to a broader range of UAS, incl
DAA sensors can provide sufficient surveil
considered, I T  faosn mtolA dari sniYs ted ns ec a nop csreerrvte r €
Potenti al €®n sloirbsAR,ncanudd et her ma l infrared.
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8 Foll ow on Wor k

Overview

The primary outcome of this project was the d
performance in UAS Thit €mp awtidben$csacpearbarliiasy t o u
or eliminate systems as the equipage requirem
technol ogy fadrv aanicretmoernntes .t rPaafsfsiicv es uDr AvPe islylsat necnes
oriDAR che@lidncorporated into both the failure
addition of those systems, a DOE would be don
interactions and sensitivities of awheDwsSrious
systems that wil. needhtesebpoasabytedfiansdi eacad
smal | UAS to determine therel atapd s ¢ardsttdiisi .oma d
Di mensional Trajectory dedb&@8y 8asmpdnOperwait bnas
Next Gen concept for PeD#orc mawep tpBaarsteidc uNaavril gya tv

operating within darvet natngetabeempacdes | yutadop

Radar aBd dAab&a

I n addi ti ofnurttohdrhestbDlOkEi,es shoul e8 Weatdane or
I nitially a | arger dataset covering the sp
Climate and environment al conditions may a
perfor mance oifed.heBy dbketcahinmilmogg data from di
correlating that data to different weather
of climate and environment al condi ttB ons <co
study focdegedaotnma.alFutuwue studies could exp
wel | . Foll owing a complete analysis of th
study could be perfor B dt coni deerttwiefeyn diasdcarre g
the respgstiems-B Abhsa, fADB a ground station
onboard GPS data to research whether there
| arge data sets £Br cam cbhatvhe sr.adlahri sandicADud e s
equi ppetthatr UN®f bwns and operates along wi

mai ntenance, and ncdaulsitbrrya tpiaornt nreercso radr€®. al s o
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report data for evalwuating reliability and
senari os. There is sighipgdrcfalmrtma mces rceaspah

BVLOS operations are explored for certain

The brief comparison of optical and forwar
i mages showeaed taheiort ealiiilailt DAA syst em. Pr el
FLIR wavelengths and their sensitivity to

identify aircraft with active engases or r

remote caprmdingty could potentially offer a
DAA technology. Future work could continue
cameras and how they could be incorporated
technol ogi eB, su€CAS,asorADiSadar . Il n &dARI ti on,

systems could be compared to opticaus camer

climate conditions, such as foggy, cloudy,

The results tfudyn cdoulsd fiunfulrueemce regul ati or

requirements for UAS. Understanding the se
systems is crucial for producing proper re
under standi ng eatnedc tb eainndg paobslsei btloy dcor rect i s

ADS8 and radar is aviwfeahct oonmagnDAANBERgt em.

Live UAS DAA Testing

One aspect of integrating UAS iinnttchet hmd rNAS

|l i kely toanbet hgaote actfermatnhned ai rcraft in the
airspace. The ability of UAS in uncontroll
avoiding conflict will be essential for sa
densi®@ye t he most popul ar small UAS pl atfor
and other remote sensing applications is t

boEfand sonarobetlscArsElA®@rd sonar sensors wo
combinati onamwd t@®GP% hebamdbdbmet er , and | MU t o =
the horizont al Oammh gwesr taircea Imamlagreels .onE boar d

processing unit (VPU) to discern approachi
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within a certthael naitrhcrreasfhto Ibda scoefd on processed

directs the Phantom 4 to divert away from

increase in the future prevalence of the P
NAS, |live DAAtdama bifl itthiees coul d be hel pful
expected increasing future integration. Th
Phantom 4 aircraft operating in proximity
r e ppebasteemsart hat would involve remote pilots
that i nvolves potential airspace conflict
(CPA) resulting from aircraft interactions
Theedited flight path vectors and their spa
be measured to quantify potenti al i mpact a
from piloted UAS simulations involving air
autoanmusly flown mission scenarios. Autonom
in conflict between multiple Phantoms 4s.
those from the remotely piloted sceinmari os

increased hazards or ri sks.

These same scenarios could be applied to a
obj eetthger onnd, such as vehttchpeesuod 6sestChQgr
scenarios would help exsseéer howhaheppuéhiia

operations occur in near proxi mate areas.

This proposed DAA research addresses two i
potenti al hazards between two or more comm
proximity. The seconggddioivadiieavepongaesegr tb
DAA solutions for UAS. Given that the vast
NAS are |i-ofsittee amd| vinek CIAIAI tsy stt lrermess hmalyd ¢ ,a

promi se emalNM®& itmt egr ati on.

4Di mensional Trajectory Based Operations
4Di mensional Trajectory Based Operations i ¢
technology pillar of the National Airspace

8 8



mo d
ATM
des
t he
one
The

4DT
t ec
adyv

can

A f
t he
air
Nav
UAS
t he
exc
rel
bei
i S
pro
mo v
al |l
sol

ar o

ernization program) requiring I mproveme
aat oon s yBitmenss.i Anal Trajectory (4DT) i
cription of an aircraft path in space a
automation (ground and/or flight deck)
point (position) to another in four di
4DT covers broneh cperfatgiad mah d( qga tred o

concepts have not yet been fully adopt
hresl eagi@ed UAS Air Traffic Control ( ATC) .
ancements in applying 4DT technol ogi es

be reused and adopted for UAS.

utueet wons ko hi prrogswaardc h eascd aurdeeh and adop
concepts of 4DT information communicat
craft wutilizing the Aeronautical Tel ecol
igation SyatéemnkFANS)gedyg o s atdpnmaanttdi canisr. au
traffic automation will need to be int
refore, the capab-bbhsedesavogatuppartangdef
hange areteassentiah. i Met hodsd offl iignhptl epraet
yi rocnr aaf t meeting a Required Navigation F
ng equipped with a monitoring anadmal ert
unabl e to meet the perf oarmeatnicen.s pMany i &Ll
cedure i mplementations require precise
ing reference such as another aircraft,
ow fl ows to shRNR-RNPHern st memptef®@gpdamir act
ution for UAS traffic management, enabl

und airports, no fly zones, aggregated
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100Appendi ces

10 .APPENDIDXATAA SOURCE ANWMMARYB
Regul ations for reporting systems

Il n the NAS (and airspace worl dwide), iJas i s i m
well as advise ground basedofaiarl ttirtaufdbee ca ncdo nptors
accur at e. Part 121 aircraft (air caerdetrai lasnd
and regularity of altitude and transponder in

Ai rcraft t haetd uocpeedr ateer tuncdadr SRRparati on Mini mun
altitude and position reporting equipment ins
106G vertical s elpeavreatsi oans ionp-ptohses df pltiogahtth e n2 0 O 8
| owecrr aafitr. Part 9 ic oamnrecrrca fatl )( smouasltl ,perdmr m r eg
transponder inspections every two years. The
addresses the certification of barmomedrwict al t

guaranteeing that the transponder system oper

Part 121 and Part 135 aircraft, inclulWe ng RVS
equi pped with a Traffic Coll i si othe Aove tagifa nrnied S\
collisions between aircraft. TCAS-0oiff wedquwihted

(MTOW) over 12,600 I b, or authorized to carry
monitors the nearby airmstpacfe dior tont dfeSiec i o axmntar
on secondary surveillance radar (SSR) transpo
grodbmded radar systems to advise theepilot on
event of-egwoppedEnanientering a conflict situat
aircraft will coordinate to det ererscad etthee tapp

conflict situati on.

TCAS operates via t heeaqauirpcpreadf ta itergcarnasépvoenidaetre t rTo
per second, via the 1030MHz transponder frequ
The vicinity -eagruoiupnpde dt haei rTfcCAS t I s speed, al tit
near by aircraft t hetnerrreqpd at itcons hoeen tIrBENG pMHizd.e r L
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returns, the TCAS constructs a map of all res
include

T range based -torni psipgrnoapl a graotuinodn t i me ,

T bearing based on the d1CRA&8, syrsd embs directi

T altitude as reported by the interrogated a

Using this information, the TCAS system can d
to thequGChAPed aircraft, wiuuildeanlyr e ddhogewwidpaden € r &
aircraft anticipated future values, amad Wwbat

avoid TCAS alerts and advi sori es-erqaug gorpckidng an

aircraftoés postitcanl,y bditf aer antdralmti veder(e. g.
below), the responding aircraftodos trarmsponder
operati on. Reported transpondatraatomputder j sen:
altimeter, or a blind encoder

As stated above, Part 121 and 135 aircraft ha
their approved maintenance pl ansequriuppehde ramod e
certified for R¥%®8 bpeatnt oonandaaldt htude i nsp

conducted often. These stringent requirements
altitude information due to the RVSM proxi mit
TCAS c oensfolliuctti orn. T-baepabl argercrmbteare al so n
met hods in the NAS as to ensure continued acc
Smaller aircraft under Part 91 artemeisr ans a
much | ower speeds. The equi pment performance

enumerated in FAR 91.411 and FAR 91.413. This
turn, and inspect theiandmpaot danceol |l ision d
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Transponders: Requi rieAkem t9sl .a4nld3 | nspecti ons
Modern aircrsaper araenspooderof three modes:
T Mode A. Sometimes referred to as mode 3/ A.

3. Mode A r esipmotnagrsr d patainomTELi gnal with the
pil ot.

1 Mode C. Refers to aircraft equipped with a
ATC wi | | actually see the flight | egel al t i
operanhi hbe Mode C or "ALT" (altitude) Mode

T Mode S. Mode S is a possible platfoirem for

| nformati on Service (TIS), Graphic Weather
Sur veiBlrlomadaoce-B)Y . (AD&er edDsSickr aft periodicall
identification, position, and altitude. Ov
guality, discrete aircraft addressing func
required for general aviation aircraft.

Thepdication of 91.413 would therefore apply

transponder use is required, and (ii )deari ricsr af
|l i sted among the Amini mum equipment | isto (ME
According, t®e ¢tiHiQoAllM al | cases, while in cont

operating an aircraft equipped with an operab
14 CFR section 91.413 shal/l operate @ he trans
appropriate code or as assigned by ATCed Speci
out in FAR 91.215:

91. 215 ATC transponder and altitude reporting

(a) All aregpacered. Si.vi l ai rwctaedd .unFder oppaerrtaf
135 of this chapter, ATC transponder equi pmeni
environment al requi remenht(sMode ak)y oCl7adksasy od | arsSs
(Mode A with altitude reporthegapppapCiLhaRg)ch:;
(Mode S) .
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(b) All airspace. Unless otherwise authorized

aircraft in the airspace described in paragra
aircr afptedi swieteguiagn oper abl e coded radar beacon
4096 code capability, replying to Mode 3/ A in:
Mode S capability, replying to Modea3HdA inter|
intermode and Mode S interrogations in accord:.
TSO1C2, and that aircraft i s equipped with au
having a Mode C capabil ity itnhaetr raowgtad matnisc alyl w
pressure altitufdeot nif mec mameé mins.i NnTHIOHD requi reme
(1) All aircraft. I n Class A, Class B, and CI
(2) Al'l aircraft. I n all airspdcenwapphendBf® D

section 1 of this part from the surface upwar

(3) Notwithstanding paragraph (b)(2) of this

certificatedrwiveh aheenhginal systly beemwhc¢eht |
with such a system installed, balloon or glid
nauti cal miles of an airport I|isted in append

are conducted

(i) Outsi del any K] aess @GlLass C airspace area; :
(1i) Below the altitude of the ceiling of a C
airport or 10,000 feet MSL, whichever is | owe
(4) All aircraft in all airrsgplackko ambdarei ¢ hreo fc es

Class C airspace area designated for an airpo

(5) All aircraft except any aircrafdrwhkieah wa:
electrical system oreevimicdar thiafsi emdbtwistulb seqaule na
ball oon,- or glider

(r) I'n all airspace of the 48 contiguous stat
feet MSL, excluding the airspace at and bel ow

(ii1) dneopade fanom t he surfacenatuo-micbadO0 B0 Bdf aet oM

airport |Iisted in appendix D, section 2 of th
outside of the | ateral boundari dsfof thatsart
(c) Traospomeeati on. While in the airspace as
or in all controlled airspace, each person op

transponder mai nt ai9le.d4 1i3n oafc ctohridsa npcaer twi st hha | Al C
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including Mode C equipment if installed, and
by ATC.

(d) ATC authorized deviations. Requests for A
faicty having jurisdiction over the concerned :
foll ows:

(1) For operation of an aircraft with an oper
pressure altitude reporting,eg¢hiepmengquebavimayg
any ti me.

(2) For operation of an aircraft with an inop
destination, including any intermediate stops
be made or elsdt mayt thbee magwe at any ti me.

(3) For operation of an aircraft that is not
made at | east one hour before the proposed op:

(Approved by the Office of ManageOnePnst and Bud

[ Doc. No. 18334, 54 FR 34304,-2Rdg. 58 FR19%9,
1991; A2nPd7t,. 5961 FR 65660, -D2t¢t, 17FR13328, Aandit .3
91229, 57 FR 34618, -2KkuWg. 6%, FIR9 220;,08HmdtApr9l 27,

I n summary, the following areas require the o

T Operations within Class A, Class B, and CI

T Operations within 30 nautical mil es of the
the surf afceeett oOMSIO,(ON@TE: There are approxir
listed in the AIM with an associated fAMode

T Operations above the ceiling and within th

T Operations above 10, 000s tfateds MSdx d¢Inudihreg ctot
and below 2,500 feet AGL.

T The AI' M st atlels9 (ian (Bec ttihcant 4 or airborne ope
the transponder should be operating unl ess

Notice that FARe 9riet2iHdbd dhy dwehiadH sarn haircraft v
request permission and operate within airspac

operations.

95



Furthermore, FAR 99. 13 concerns security cont
when aircraft containing transponder se mSt us
airspace or operate in a specified Air Defens
surrounding mucinane Ny raihr sApteelvea chuir r @ed n8t atge s

Candda which the ready identificatiorm, | ocat.i
water is required in the interest of @atBonal
stat e

FARO9. 13 Tr eaoms preeqaient s .

(a) Aircrabnh obpanspopnder Each person operating

United States into, within, or across an ADI Z
i's equipped with an opeshédlle opeanmnat dbetaltont t & &:
altitude encoding equipment i1if installed, and
by ATC.

(b) ATC transponder equipment and use. Effect
aut horizedrbBynAmMay mepepa@ate a civil aircraft i
within, or across the contiguous U.S. ADI Z de
aircraft is equipped with a coded radar beaco

(c) ATC transepondportndgaéguit pohent and use. E 1

unl ess otherwise authorized by ATC, no person
United States into, within, or across the con
wi tchhoced radar beacon transponder and automat.
having altitude reporting capability that aut

pressure altitufdeot nif mec mamémmins.i n 100

(d) Paraogqudapfics (od) tehis section do not apply t
not originally cedrniiver adleac twiitdhalansyeantge meand
subsequently been certified with such a syste

[ Doc.249®3, 55 FR 8395, Mar. 7, 1990. Redesign

The required inspections for transponder perf
91.413. The transponder tests maytbesedonduct
Transponder systems transmit on a frequency o
that the transponder response frequency is wi
up 3 MHz, depending on thedtyproamd MhOA@ MHz Lt
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A key point tRo 9rledd®Bniize tihmtFAlI Il airccaétd usi
every two years. This inspection requirement

aircraft exempt from this requiremantr cwadltd b
which were not originadrliyvecneretliefcitcraitceadt wsiytsht ean

subsequently been certified with such a syste
Altitude Reporting Equipment: Requirements an

FAR 9br2»205des guidance for the instrument and

aircraft with standard category in the&RUS. I n
flight is an altimeter. (SpecVFiRcdlhlyyanEdARI @Y.
operations, and a fAsensitive altimetero for |
mai ntained in -tooiigginmaal ocomaeist ioomed maodtt ialet i me
altimeters.) Accurfave mepometerg 065 ampartaena
especially so for VFR night and I FR flights.

I n order that aircraft altimeters are accurat
operations, regulations r equitriec bainedn mil a@lh eient sepr
requirements are |isted in FAR 91.411:

91. 411 Al ti meter system and altitude reporti |

(a) No person may operate an airplane,--0r hel
(1Y tWin the preceding 24 calendar months, eac
instrument, and each automatic pressure altit
reporting system has been tested and inspecte

part 43 of this chapter;

(2B)xcept for the use of system drain and alter
and closing of the static pressure system, th
comply with paragraph (a)teappamdi x E, of par

(3) Following installation or maintenance o0on
the ATC transponder where data correspondence
system has been tested, i mape @atpdrd ( cadgnd afppemd i

43 of this chapter.

(b) The tests required by paragr-aph (a) of th
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(1) The manufacturer of the airplane, or hel.i
perfor med;

(2) A tceed triefpaciar station properly equi-pped to

(i) An i nstrument rating, Cl ass 1| ;
(ii) A l'imited instrument rating appropriate
(iri1) A |Iimited r athiengpearpfporronperdi;ate to the tes:

(itv) An airframe rating appropriate to the ai
(v) del eted

(3) A certificated mechanic with an airframe
onl y).

(c) Altimeter arud paretnitt wape rroevpedr tuindgeredqiechni c

considered to be tested and inspected as of t
(d) No person may operate an airplane, or hel
altitude above ahewmiach maim adlktiitwmeeer s and t h
system of that airplane, or helicopter, have |

Amdt-2981 Eff. 2/20/07

The ApgenhdPart 43 referenced in this FAR is gi

reader 68 ceonveni e

Testing and certification of the Altimeter i n
are performed with the altimeter barometric p
Static system pressureoiperianecmgasédi acpdtto of he
simulated rate of c¢climb is not to exceed 20,0
the required test points and all owable errors
|l evel eted 280 af scal e reading of 50,000 feet. A
system pressure is increased, simulating a ra
per minute down to within 3, 0a0ef aamtxiafum had tfi
and then within 3,000 feet per minute. After

increased in the same manner as before until
altitude) i s reaalked., Asfttadri ct hsey srteeand ipmrge sissu rte
unt il at mospheric pressure I s reached. Finall
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prescribed tolerance of the original algtei t ude

test round out the certification process.

Part 43 Appendix E also requires additional [
These include static port heater, vi svuearli fiynsp
that nmno oal toer @eformation of the airframe surf
airfl ow over the static sensor for awmrye flight
systems -p(idioltgt-haynodo satlandst at i ¢ sghstt ednesmémipd vtyreu
or that supply altitude data to an atdtheéewuvude r

I n the event the aircraft is certified for Re
di splayed flight ade ek eal ttiitglhd e rmu otl emeaesntce t ha
compliant. As this program is designedoto al/l

fly with only 1,000 feet vertical divties.ion, t
Al ti tudce tadl &&rL@® Ofte a-7s2 afhede t+/ at FL41O.

ADS

The Automated Dependent -BSurswyeasitlelmamrcoea sBrsd ad ods
"ADB Out " abndl n""ABDADEGlI d replace radar as the p
for contrraofltl iwogr |&i wiicd ean AIDiSt egr al component of
airspace strategy for wupgrading and en¥ancing
system can al-cDB$rawvddggeeenmeetd gr apbB)i cal we
i nf or matB oenn.haADcSes safety by making antraolrcr af
(ATC) and to other abBpaiompari afttel wi telgup ppietdi AW Ss
transmitted eBedyt aecadamdbe ADEdo f dfeldipgahstd amaviny g
AD®8 al so provides the data infrastructure for

di spat ch.

"ADB Out" periodically broadcasts information

current posi teiloonc,i tayl,t itthu doeu,g ha nadB vadOrult o grr b vti rdeerss

traffic contromel posi wibh redlormati on that i s,
the information avi@adead!| £y wti ¢ ihs .c uWirtel t mo rael aa c «
ATC wi | | be able to position and separate airoc
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"ADB I n" is the rec-BptanenTdbag aa iarnclh aoftth @erfs AHOIBS a
direct communication from near by saitrygriafatl.l yT o
made available inBtletpbesadcasoif ngnaA®Br aft,
purel¥ ADSdewBi aemsB THdSSa streams are avail abl e
over the 978 MHz chamaeteworf k oamc mogs otulmel UYn iatt e @
Gulf of MBxpgrcounADStation range dependdg airecr
bl ock I ine of sight between the aircnasftduaend

to trameswert teerd receiver sensitivity.

As of 2014, t heB FAA uwredc | satraetdi AArDSn et wor k depl oy
(throughB tnheet work contractor | TT) provides cov
aircraft altitude. Tehe skey croavckiratgieo magrrstl weea rer i
approxi matB .neltheorADScoverage +aepgd )f,orl 506 ALGEL
right), 30d0d& tAGL a(n do weeOr0gohét )AGadr | ohweewn bel ow.
nearly 100% ofU8hiescablt ¢ ghu oguracicreds ss tt etei A Bn et v
itselB anheBlriKbaS a streams. The onl-B csavgenridagec aantt
50000AGL are in the intermountain west (Ilikel
Al aask I't would be assumed tghatunidn sttlae i folni ghlotnt e
nearly wuniversally avail akBl e.0viavaewe ri,s harorleo v
approximately 2% pondsi#dobOtednopl=e=2GPe& cAGLYeadnyd 5
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FigafDeAIDB ground station networketoyeraggeOaf e!
(uppeéemght), 30D6ffeetabbdoweogbhtheet A(l oweti tude
The BDSystem in theawioor attdocap el ogghegv 8 ttyw&sP S
navigation sourcB amidt p. dabheal mnokt (A®Emon ones
essentially a modified Mode S transponder, ofr
(UATs) operating deavi9cre8-BMiHrs AdDSheyg WAT t i fied fo
NAS in the US, and would employed by small er,
AD®S out wunits operating at 1090 MHz are requi
operatikhlgl®d®lamd in the US NAS may use the 97¢

A proposed systebBh bgcdpriceom byprl a®@Searth orbit
i mprove the coRWematgwomk, tdepddiSally i n more r ¢
The priospotsoaldepl oyB 110&8d®e iIMHagr AD&n t he T ridium s
satellite network that was originallyereated

pl anet. The rationale for using Itihtey Itwasdiduure s
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T The lTridium satellites operatB dutomsiLdgmal |
more reliably as the -Bigyxgstadm weraen sgroinglien asl

ground reception.

T I'ridium satelliteseand yr @pleadeod trhaltatnicr elays
their | ower altitude, and thus | ower | ifes
l ridium constellation faster than other ex

T I'ridium provides worl|l dwisde coverage, inclu

By capt uB ipags iAtDiISon data from aircraft vdying

the following capabilities:

f Full air traffic control will be mdadgygible
cover .

T As is curremadar poswaerbdde dmeas, a posiositon
aircraft (think: Mal aysia Airlines flight
Ocean) .

The system onB yomnm exieri wreasf tADISr oadcasting on t he
' i mhed ssystem generally to airliners arfd busi ng¢
(typically gener al aviation flying bebeWw the
system. These | ower fl yi ng fatien rbaef tdBeamyird® di mAeD Sa
station coverage and are not detected by ATCRI
shadowing at | ow altitudes. Furthermore, even
aviation aircraft twheélpdoked egd nhitr ddeo mmdstwstde .
are often outfitte® wiyshemisngl ¢ hdiexet sisi yeADS
antennas. The aircraft itself wildl i obkely bl o
over head.
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Ri sk Analysis

The FAA Air Traffic Organization (ATO) wuses tF

approach to system safety. The Air Tr afoffi ¢ Or ¢
principles, policies, pusedsstsoesjidpnbocéedurasal
manage, and monitor safety risk in the provis
navigation, and surveillance services. The AT
hazards and nhiet iNgAaSt.i ng ri sk in t

Severity is the consequence or iIimpact sosf a ha
or harm. Severity is independent of | ilkelihoo
all effects when detenmi miomgi deverixt w.t ilntg ico n
determining severity. The two tables fsol |l owi n:

the severity of a hazard when performing safe
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Hazard Severity Classification

Note: Severities related fo

round-based effects apply fo movement areas only.

Minimal Minor Major Hazardous Catastrophic
5 4 3 2 1
CONDITIONS RESULTING IN ANY ONE OF THE FOLLOWING:

A minimal reduction
in ATC services

Low Risk Analysis
Event severity,* two

Medium Risk
Analysis Event

High Risk Analysis
Event severity, four

. .4
Ground collision
Mid-air collision

Minor injury to less
than or equal fo 10
percegt of persons on
hoard”

CAT D Runway or fewer indicators fail lsewfen'ty, thre_.e indicators fail
i Incursion’ CAT C Runway indicators fai CAT A Runway tionrg{r?lﬁdoglsgtgtc:gt;
= Proximily Event Incursion CAT E Runway Incursion
3 o . ' Incursion
perational
E Deviation, or
4 measure of
compliance greater
than or equal to 66
percen
Discomfort to those | LOW Risk Analysis Medium Risk High Risk Analysis A collision with a
on the ground Event severity, two or | Analysis Event Event severity, four manned aircraft
fewer indicators fail severity, three indicators fail
Loss of separation i . indicators fail o Fatality or fatal
leading to a Non-serious injury to o Incapacitation to injury to persons
Measure of three or fewer people | Non-serious injury to | Unmanned Aircraft ather than the
@ Compliance greater | o0 the ground more than three System crew Unmanned Aircraft
§ than or equal to 66 people on the ground Proximity of less than | System crew
@ | percent A reduced ability of 500 feet to a manned
:: the crew to cope with | aircraft
a adverse operating ) .
B conditions to the Serious injury to
< extent that there ![JhersSns other dthan
3 would be a significant A'e nmanns
€ reduction in safety ircrafi System crew
E margins
5 Manned aircraft
making an evasive
maneuver, but
proximity from
Unmanned Aircraft
remains greater than
500 feet
Minimal injury or Physical discomfort to | Physical distress to Serious injury to Fatal injuries to
discomfort to passenger(s) (e.q., passengers (e.g., Persons on board® pPeErsons on board”
persons on board extreme braking ahbrupt evasive action,
action, clear air severe turbulence
turbulence causing causing unexpected
= unexpected aircraft movements)
- movement of aircraft ) -
a resulting in injuries to Minor injury to greater
g one or two than 10 percent of
= passengers out of persons on board
5 their seats)

Figaoedazar d

Severity

Cl

aFsAsAI

fAIT ©a tSIM&n

(part
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Hazard Severity Classification
Note. Sevenilies related fo ground-based effects apply fo movement areas only.
Minimal Minor Major Hazardous Catastrophic
5 4 3 2 1
CONDITIONS RESULTING IN ANY ONE OF THE FOLLOWING:
« _ | Flight crew Increase in flight crew | Large increase in Large reduction in Caollision between
E 3 inconvenience workload ATC workload safety margin aircraft and
-n'f Slight increase in Significant increase in | Significant reduction obstacles or terrain
IE- 8 | ATC workload ATC workload in safety margin
g % Slight reduction in
== safety margin
Pilot is aware of Aircraft is in close Aircraft is in close MNear mid-air collision | Ground collision
traffic (identified by enough proximity to enough proximity to results due to a o .
Traffic Collision another aircraft another aircraft proximity of less than | Mid-air collision
Avoidance System (identified by Traffic (identified by Traffic 500 feet from another | Controlled flight into
traffic alert, issued Collision Avoidance Collision Aveidance aircraft, or a report is terrain or obstacles
by ATC, or Sysfem resolution System resolution filed by pilot or flight . i
observed by flight advisory, issued by advisory, issuedasa | crew memberthata | Failure conditions
crew) in close ATC, or observed by | safety alert by ATC, | collision hazard that would prevent
enough proximity to | flight crew) to require | or observed by flight | existed between two | Confinued safe flight
require focused specific pilot action to | crew) on a course or more aircraft and landing
attention, but no alter or maintain that requires ) L
action is required current course/ comective action to I'Z_' 'éostgfea"'i'r:&c’r::here
Pilot deviation® altitude, but intentions | avoid potential separation falls within
of other aircraft are collision; intentions of P
'.v.fhere loss of ) known and a potential | other aircraft are not the same p:;rameters
airbomne separation | oo icion risk does not | known of a High Risk
falls within the same exist Analysis Event
parameters of a Pilot deviation where severity
Proximity Event or Pilot deviation where loss of airbome .
measure of loss of airbormne separation falls within Reduction in safety
compliance greater separation falls within | the same parameters margin _and functional
than or equal to 66 | the same parameters | of a Medium Risk C?p?;_'tlw of the
g percent of a Low Risk Analysis Event aircrait requinng crew
(%] ) Analysis Event severty to follow emergency
& C|rcqmstanc_es severity o procedures as per
o requiring a flight Reduction in safety Airplane Flight
c crew to initiate a Reduction of margin or functional Manuals
go-around functional capability of | capability of the
aircraft, but overall aircraft, requiring
safety not affected crew to follow
(e.g., normal abnormal procedures
procedures as per as per Airplane Flight
Airplane Flight Manuals
Manuals) Circumstances
Circumstances requiring a flight crew
requiring a flight crew | to reject landing (i.e.,
to abort takeoff balked landing) at or
(rejected takeoff); near the runway
however, the act of threshold
aborting takeoff does )
not degrade the Clrcgr_nstanc_es
aircraft performance requinng a ﬂlght_crew
capability tﬂ.abon takeoff (ie.,
rejected takeoff); the
act of aboriing takeoff
degrades the aircraft
performance
capahility
FigafeHarzard Severity Classification (part 2)
Likelihood is defined as the estimated probahb
ter ms, of a hazardbés effect orkeluithcaoanke .c avtorhkee
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separated

i nto t wo component s:

l i kel i hood/ pro

Fr

be used

ng

Wi

opel

ope

o

n

r

e

often a given effect is expected to occur.
Frequency is a known viatueonwhThe ATGeIM*I oman c
frequency of occurrence (known value)
|l i keli hood (predicted value) when assessi
Li kelihood is specifiucnablelry odfe ftiinneeds atshceu hcer eedxipb
(i e., the number of times that the hazsar)d
Divided by the value by the number of ATO
which tihe eXgesxdad (i .e., the number of ATO
hours affected by the proposed NAS change
ranges presented in table below to deter mi
Operations: Expected Occurrence Rate
(per operation [ flight hour / operational hourB]
Quantitative (ATC | Flight Procedures /| Systems Engineering)
F"“:'e“t (Probability) = 1 per 1000
Frobable 1 per 1000 > (Probability) = 1 per 100,000
RE“&"“’ 1 per 100,000 > (Probability) = 1 per 10,000,000
ol 1 per 10,000,000 > (Probability) 2 1 per 1,000,000,000
E"“E'“E""I'E“‘Pmba"'e 1 per 1,000,000,000 > (Probability) = 1 per 10"

Figand#“dkel i hood of Effects Standard (Operatio

The

fi

gur e

bel ow shows event |l i kel i hood as

FAA ATO SMS defines an event as ANAcredi

14

hDeo
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Extremely Extremely

Improbable Remote Remote Probable Frequent
(E) (D) (C) (B) (A)
< | | | | -
I | I I I
Beyond 107 Greater than Greater than Greater than Greater than

“Not Credible” or equal to or equal to or equal to or equal to
1 per 1,000,000,000 1 per 10,000,000 1 per 100,000 1 per 1000

(0.000000001) (0.0000001) (0.00001) (0.001)

FigabfDelbi.kel i hood of Effects: Continuum

For some NAS changes, it is possible that dat
enough change/ procedure/ situation in the NAS
rate of lorccairtrieatcieons where modeling EBsiBot f ¢
the only input available, providing a qualita
approach is only recommended when aldr awleerues
the change proponent i s attempting to i mpl eme

table below pasedntappc alkewmddaer cenfsf eccft MAS Urrenc

Operations: Expected Occurrence Rate
(Calendar-based)
(Domain-wide: NAS-wide, Terminal, or En Route)

Frﬂrem Equal to or more than once per week

Probable Less than once per week and equal to or more than once per
B three months

Remote Less than once per three months and equal to or more than once
C per three years

Extremely Remote Less than once per three years and equal to or more than once
D per 30 years
Sl IIEmprohabIe Less than once per 30 years

Figadel6i.kel i hood of Effects Standards (Domain

Once hazard severity and | i kel illlipbsduaed dtet er
determine risk | evels. The risk matrix hel ps
the matrix reflect the | i ketl ithhoeo ds ecvaetreigtoyr iceast, €
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hazar d-lsevedriithtood pair is plotted red, the ris
hazar d-lsevedriithtoyod pair is plotted yell ow, the
and i f t he -lhiakzedridh osoedv epraiitry i s plotted green, t

| ow.

A preliminary hazard event tree analysis by t
determine whether any mal functions/ i ncatc ctuhrea c i
safety of a flight involving UAS. Their work
UAS and the manned aircraft are | arge, well e
work wultimately deter mi newl ¢ hradt arlad ulutd ei m eg os
increase in the hazard | evel of the flight sc
rely on vertical separation alone to separate
MI TRE CorporatientbBaemsnaocumndi eaal ti meters wi
increase in risk, it is important tppeate tha
that | ower altitudes, specifically Class E an
aviation) aircraft has not been analyzed.

I n this study, eight scenarios, most ewli tohn f ou
possible static system and transpondeweé-lreport
equi pped omedairgne UAS wutilizing proposed DAA me
and -BD8ata processing. The intruders take on
T TCAS equipped | arge aircraft (Hazard 0, 1,
T ADSBut equipped aircraft (Hazards 3 & 4)
T Mod& equi pped aircraft (Hazards 5 & 6)

T No transponder equipped aircraft (Hazard 7

The hazard event tree uses preliminary succes
refinement wil. be necessary to otbhai mebhallgher
can be used in a comparative analysis to prio

Hazard O examines theegoinppedtaibetwaen it wot i€
examined by mul tipl e d nhveerset ifgoart orresf earnedn cies. iTnhce
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con

al t

T

I n
and
91.

Ha z
air
air

air

sidered the case of a UAS (Citation Jet cl

i meltiemrk lhoasztar d. The observations from t hat

Event tree analnynseids (sChiotwast itohnait Juentma does ha

resi dual ri sk in Class A, but not to the p
Detect and avoid in Class A for both ownshj
marginally effeamsvancescertain ci

Lost link scena&nrieads bdensinderecdumaornt ATC p
not rely solely on vertical separation

Al | information normally provided to manne
avail able over ia opwAS oG2 allitoilkgetkee.rg.crp s s
Some UAS have operational profiles requiri
A airspace or underlying airspace. These o
t hat encoder reportckgpidl tiintdidceat eglr emd & i wiutdre
requires a | evel flight segment

There is a possible benefit from GPS altit
ATC procedures, crew procedures, and al ti mi
provi deeesdfeety controls for flight in CIl a:
To effectively mitigate risk in Class A, p
airworthiness standards should resembl e th
the scenarios cofveradebiyedaizmaed ©Oopdnésl ome r .
i n constant communication with ATC. Furthi
411 and 91.413 current, and transponder an

ar/d e xlami net thet weoent la cDBA éqadpped HABSS an

craft i n various equipage states in the al
craft altitude and distanceB fgormrourmnd MaCRBIS
cmaftdt ose proximity in this hazard can take

1. Bot h aircraft haBvellAST CcRoBvSe raangde ADS
2. Both aircraft have ATERB8vébagepho ADS
3. Both aircrBfTl avlkeutADBo ATCRBS coverage)
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4. Bot h aircraft arehoperaiingr-BAT@RRR agmwd A

Subcase (a) corresponds rougBlyetwotkhecbveghag:
and | ocations in the NAS near ATC surveill anc:
ofsi ght modeat, aann ablfiteicttruadidd oovfe an assumed spher
vi sual | y -bbays ead giwswenrdviedal mil es away. This sim
correct within 1%. For radar, wave diffractio
earthdés atmosphere due to atmospheric density
altitude. Amait mmolise Ilgahpiernooxd el accounting for be
atmospheric density c¢halmfgeeest, aabnovae racrr aafsts uame da

can be see-habydargdaunlﬂpoa d hyeitsa ntchee tof@di us of

earth, %kbm &ndxttB®e aircraft height i n-blam.edSi mp]|
radar thd eett damgeatl tp& b@eautsi ¢ @lugmillyes. The tab

| i-a®8i ght di stance, botphH eviasvualt iasomd arlad aru,d efso.r

Tabl®GYr ovlmalsed Line of Sight Ranges to Airborn

Altitude (feEVisuaI Line cRADAR Line of
( nm) di stance (nm)

500 22 .4 27.5

1500 38. 7 47 .7

3,000 54. 8 67.5

5,000 70. 7 87.1

10,000 100 123

15,000 123 151

18,000 (~ FL1134 165

30,000 (~ FL3173 213

40,000 (~ FL42O00O0 246

50,000 (~ FLY§224 275
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Referring to the tabl e ablodvye cgoinvse sd eirfiesdi g hnt ttho
aircraft a300 0o eAGLt,i ntgheaste aircraft wouledss need
of the surveillance radar site to be seen by
account for terrain and radar/ ground station
obstacl es. | n -oplgiaghti creandédesmayy ilme mucld Bmall e
the table above. I-B teranbmi assamedft bmt aADBo

c

participating aircraft woAD®S lyawa na sitritliam ra
are typically | ocated on cellular phonat ¢ ower
data for participatory ai#Bcmaftftwowikt It osiadmiv diel lo
operational NAS dat a.

The amaz subcase (a) would be the situayi on whe
high altitude and within sufficiently close r
approxi mat-8l gré600dABSati ons. Thisi wouafdt chdrear
operating at high altitudes, and/or iinhheason
Uus.

Subcase (b) would correspond to both aircraft
within ranBegodumed eND&SthBtngABINnd stations are
numerous and geographically distributed in th
This subcase scenario would occur at |l ow alti
near by B AD® umd ss.t &Stubcase (c) could al soe occur
ATCRBS was vVvi sBbheoand sthtAD&s were blocked
bet ween the ai-B cgradun dangdt athieo mMD&nt enna.

Subcase (c) woulidrcoaffresppeBatooahpoddataaADBN ai
at |l ocations and altitudes where the aBrcraft

ground stations are far more numerous and geo

woul drke cmonmon t han subcase (b). During weekd
radar approach contr ol ( TRACON) facilities wo
weekends, holidays, or during nighttimeeopera
radar responsibilities def auwetatthoe rARITER .f |ILyeesrss
not to fly at night, but would Iikely fly mor

112



TRACON facilities, ffiltyiinsgamarrez plaiflie i yn gt tbaety olnaw
and not detected by ABCRBSipapeéedr aiHowaveéer woAD:
t he -BhDiSet wor k, but and vi8i beewbokATGSitmhid @augh
subcase (c) coul danal sad tactcuuwdre si nwhledBcegttibaeama ne o
stations are visible to the aircraft, but the

are blocked (shadowed) by terrai.n in between

Subcase (d) wooulbdtchorariescpoafd operating out of
sites -BndrADSBSd stations. OneBe gagaunnd rsetfaetri eoenisn

map, this situation is most | ikely foad aircra
ADGB ground stations and at | oBegraltndtsasdati oM
antenna network, this scenario i s not greatly
holidays, and -BBtc oivi@rhdge sii snctey AiID®ael Irye mohtee | i mi
regions of the intermountain western U8, |ine
ground stations may be blocked (shadowed) by
sites

The speci al cases wher esiemr vaaels JIATCRPISt amav @ r

available to them, or are operating in differ
scenarios would have | ower | ikelihood due to
occur. A full ertiamaloyfsitshiandswarmpftiiooan whi ch i
preliminary study, would need to be made goi n:
tree analysis, the percentage of time that ea
and epobnder) spend in each ATC services regif

n
average 2h f lcoguhntt rwi & hmias siicamo stso reasonabl y hi
ATC services (flight followindg/IchRratcd)er, sand
aircraft class. TheBeatenhaseod B8novehagkElydfMAP:
and assume that aircraft are equally I|likely t
i s overly pessimissimoc eamdrpatrantliy Wwause ode I
centers. A better estimat-B odveragenwawled ol e t |
tiwei ghted average of real NAS data. However,

becausenot woabdnt for aircraft operating out
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estimates here is that time spent outside of
much higher for mode C and no tranepbhgeli kat

to be | ocal pl easuceurtiny hftlsi gratdher t han c¢cros

Tabl1®T2 me spent in ATC services alicrosupnatcreys by
mi ssi on

ATCRBS + |[ATCRBYADSB |[None

TCA&qui pped mann0. 966 0.014|10.1800. 0014
ADSBqui pped manif0. 855 0.055|0.6380. 02£¢4
Modeeqgui pped man 0. 6638 0.120|0.1320. 08¢
no transponder 0. 357 0.229|10.2540. 15¢

Hazard 1 examines t heeq uciopnpfeldi cl A eatingg e€leCrAaSt DA A n

the altitudes below the flight | evels. Depend
ATCRBS site andBthgreoumdtmaéd war ADSt wo aircraft
hazard can take on the four subcases detail ed

Hazard 1: Static system error (TCAS-equipped intruder)

a) ATCRBS + ADS-B TIS coverage
b) ATCRBS coverage

c) ADS-BTIS coverage

d) No ATCRBS or ADS-B TIS
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Hazard 2 examines t heeq uciopnpfeldi cl A eatinue elnC Az5i DA A a
the altitudes below the flight | evels. Depend
ATCRBS site andBthreoumdtmaéd wiadmr ReDSd sveo pari axcir mif tty
hazard can take on the four subcases detail ed

Hazard 2: Transponder reporting error (TCAS-equipped intruder)
a) ATCRBS + ADS-B TIS coverage
b) ATCRBS coverage
c) ADS-BTIS coverage
d) No ATCRBS or ADS-BTIS
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Hazard 3 examines t heeq uciopnpfeldi cltA B eat myde iegnp @AdDIBAML |
where the intruderiblmad dlstghtitd aspPptoeand ee s a@m d
altitude are in agreement but differ afftom t he
altitude and distance for m-Bang rAdICRB Sn esti wer la,n dt

in close proximieyonnthbi §ohazaubdcaaprstdktail

Hazard 3: Static system error (ADSB-out equipped intruder)

a) ATCRBS + ADS-B TIS coverage
b) ATCRBS coverage

c) ADS-BTIS coverage

d) No ATCRBS or ADS-B TIS
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Hazard 4 examines t heeq uciopnpfeldi cUA doaentqwpesdaS Bai rDcArAa f

altitudes below the flight | evels. Depending
ATCRBS si tet alnld8d g/eD& md net wor k, two aircraft
hazard can take on the four subcases detailed

Hazard 4: Transponder reporting error (ADSB-out equipped intruder)
a) ATCRBS + ADS-B TIS coverage
b) ATCRBS coverage
c) ADS-BTIS coverage
d) No ATCRBS or ADS-BTIS
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Hazard 5 examines t heeq uciopnpfeldi ctA-8 eat nwdeneanp wan dDeArA
equi pped intrudleaswhes tatihbeo tshy sfrlieingehetr riommrst r u me
transponder reported altitude are i n agreemen
Depending on the aircraft altitude an®8 distan
ground nwowairke¢raft in close proximity in thi:

detailed above.

Hazard 5: Static system error (mode C-equipped intruder)

a) ATCRBS + ADS-B TIS coverage
b) ATCRBS coverage

c) ADS-B TIS coverage

d) No ATCRBS or ADS-B TIS
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Hazard 6 examines t heeq uciopnpfeldi clt ACSh eat nada-shvpoodaed B A A
equi pped aircraft in t hkepdnditnugd ecsn btedldo wa itrhcer &
di stance form an ATCRBB grnaendanmet wer K nsttwo | &i
proximity in this hazard can take on the four

Hazard 6: Transponder reporting error (mode C-equipped intruder)

a) ATCRBS + ADS-B TIS coverage
b) ATCRBS coverage

c) ADS-BTIS coverage

d) No ATCRBS or ADS-B TIS
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