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The calibration and inspection of various antennas related to navigation, aviation and flight operations has been a big
challenge for agencies such as FAA &uaD. These antennas include both ground and airborne components. Antenna
systems at ground infrastructure include navigational aide systems such as VOR/LOC, TACANIDMEide

Slope, andinclude the grounebased surveillance radars. The antennas moumtethe aircraft include various

aviation probe antennas and airborne radars. The flight inspection mission requires precise measurement of signal
power at locations around any facility. Calibration of airborne radar antenna mounted on igiraisdt neeed for

precise radar functions. The difficulties, however, lie in the fact tti@tircraft body and the environment have
significant impacts on the signal measurement quality, which is usually difficult to characterize. This work focuses on

how the airfameaffect the typical aviation antenna measurements, aq@ssibleway t o fAnor mal i zed s
to gain the desired fief f eredyiorvcemputatiand elactromagnetico(@EM) teots mos . We
establish the physical scattering mbdé the aircraft with respect tddifferent simplified antennanodels,and then

validate the radiation patterns through actual flight test data collections. Initial comparisons between the simulations
and flight measurements reveal somtrestingbehavias of radiation patterns on the aircraft installations, further

issue of electromagnetic compatibility in the complex aircraft operations, and the potential ainmszngnedaerial

systems (UAS) to automate the measurement procedure in the future.

1. INTRODUCTION

Military and civilian aviation support require accurate calibration of navigational aide signals, as these navigational
supports requiregprecise calibrations. For example, ICAO required 3 dB accuracy of sitpealgth (SS)
measurements faaviaion flight inspectionsPrecisemeasurement of signal strengthinsportantto determine the
coverageThisincludes VOR/LOC, TACAN/DME, andGlide Slopg(GS)transceivers. Despite thatestdevelopment

of flight inspection instrumentations, teignificant challenges of such accurate calibrations still exist, such as

(1) Originally, the majority of the navigational antennas on the aircraft are designeddarhiedirectional. However,

the gattering and interaction between navigaticsighals (which are from VHF to L band) and aircraft badyse

radiation pattern distortion&uch distortions become more severe when the aiisriitger (which is the case of the

current flight inspectioraircraft). Also, such distortions have variations (sometimes more than 2@atB3$s a small

span of spatial angleswvhich is also aircraftiependentand testnvironmemtdependent Some instrumentation
vendors attempt e dvarationsiaspartrop calibrstipn édt s woah y provide fAgain
for very coarse angle intervals.

(2) Costof inspection and validatioras well agpersonnetraining to support the validation amaspectionis very
high. Currently, each igspection flight involves coordination among control towers, ground statiomkthe flight
crews. Theaircraft are large and expensive tiperate and even sothe quality and quantity of signal sample
collection are limitedsometimes The mutual coupling among different antennas also constitute electromagnetic
compatibility (EMC) problems.



(3) A similar situation exists for othesnboard sensor systentor the RF sensor systems that need precise radiation
patterns, such as airborne radars, the interatbetween the airframe and antennas affect many aspects of their
applications.The technologybeing investigatedn this work is also applicable to the radasnsor radiations and
calibrations.

To address these challenggzevious studieshave initided efforts to establish a combined modeling and
measurement approafdr aircraft antenna characterizatigds6]. Concepts of usingnmannederial system (UAS)

for navigational signal inspections are also mentioned in rditerdture[7,8]. These efforts mainly use chamber
measurement for validation, and thexee no sufficient validations to show the quality of the calibration data or
softwaredefined receivers (SDR)n term of matching theuality of existing flight inspection instruments used in
largeaircraft

Recently,we worked together with FAA flight inspection (FI) and industry to investitiaéeasibility of developing
acombiration of computational electromagnetics (CEM) mddelthe navigational aide signal slighpectionsWe

also combine the CEM model with new RF sensing solutions, inclutingannedherial system (UAS) and software

defined radio (SDR)For the first tine, we use actual flight inspection instrumentation and tests to validate the EM
simulations. We also developed a simplified antenna modeling procedure, which showed promise toaachieve
compromisebetween model complexity and accuracy and demonstrateffétgiveness. The longgrm plan for the

future of flight inspectionis illustratedin Figurel.In this plan, the flight inspection probe will uassingle antenna

anda ufmi ver sal 6 radio receiver, i nst e adSinalérly, greupdastatiohse d an't
will also use unified transmitters. The inspection flight data &l combinedwith CEM data in thecalibration

process.
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Figure 1: The proposed new flight inspection scheme and solution based OAS and softwaredefined radio systems.

The benefits ofisingUAS platforms for the FI mission are clearcurrently, small to medium UAVs can reach most

of the ClassG airspace altitude and required airspace coverage from Fks@asyg from operatingatge inspection
aircraftand flights will be tremendougraining of flight crew will also be mucsimpler Anotherimportantbenefit is

that as the UAS size is much smaller than the wavelengths of navigational tlaglieect of multiple scattering wil

be less of a problem, which means we may expect the antenna patterns are more isotropic than those from larger
aircraft, which makes it easier for calibration using CEM pattern base.



Even though, therarestill obstacles to overconteefore the UASbasel Fl calibrationbecomes reality. First, the
payload instrumentation on the UAS will need to have much smaller size and weight thanlyceesifted
measuremergystems, while the requirements for precisiaresnot reducedSecond, as the UAS flying mostly in low
altitude, environment (such as ground multipath) will still have impacts on radiation pafieirds.due to battery life

limit, the data can be collesd and stored on the current UAS platforms are still limited. In this stage, our strategy is
still focusing onthe calibration of antennas on thenannedaircratft first, then the experience accumulated can be
applied to UAS platforms as wellh addition as we mentioned earlier, the same techniques and procedures can be
appliedto airborne radar antennas as well.

Figure 2 shows the current installations of FI antennas maraedaircraft (CL-605 jet). As can be seen, different
navigational antennas andianic antennasre locatedat different places on the badandsome of them are close to
each other. The DME antennas are the beibre subjective to scattering frothe aircraft body (such as landing
gear).
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Figure 2: lllustration of how the relevant navigationalantennasare installed on a CL-605flight inspection
aircraft.

2. ESTABLISHMENT OF PHY SICAL MODELS

2.1 Aircrafts

We used a combination of 3D laser scanning and manual edit of existing CAD moctelatéothe 3Damputational
models for thaircraft Figure 3(a) shows an STL modekatedrom a 3D laser scan of King Air inspection aircraft,
whichis importedinto the FEKO environment. Figure 3(b) shows the meshed Challenger Jet aircraft models which
importedinto a CST Studio environment. The k&ycreating the models is to balanfidelity and complexity. The

laser scanned models are masturatebut contain toomany unnecessary details, aintdcannot be used for EM
simulation environment directlyOn the othe hand, the general CAD models would mointainenoughdetails on

some parts. Therefore, we usadaserscan model as a basis, measured aircraft wing structure dimensions, and
combined these in modifying generic CAD models. At the radio frequencies, these radeéasonably represent

the key features of the aircraft structures.
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Figure 3: 3D aircraft structure modeling for the CEM. (a) 3D model of King-Air using 3D laser scanning, (b) Meshed
Challenger Jet model.

2.2 Antennas

Table 1 lists the main antennas that neeletonodeledind thefrequency bands they cover. Samples of each of these
antennas are obtained from FAA atebted for both radiation patterns anep&@ameters (shown in Figure 4).
Characterization of these antennas provides references
not available.

Table 1: The basic list of navigational flight inspection antennas

Antenna functions | Antenna Aircraft FreqRange Modeling Method
mounting
locations

VOR/LOC Tail BE-300PL | 108118 MHz, Simplified monopole




11 steps
VOR/LOC/GBAS |Tail and nos{ CL-604/5 | 108118 MHz Simplified monopole
11 steps
TACAN/DME Top and BE-300PL | 960-1215 MHz | BASIC: Simplified monopole at belly location
bottom 51 steps IMPROVED: full annular ring slot model
Glideslope(GS) Nose BE-300PL | 328336 MHz Simplified monopole at nose
antenna 7 steps
Glideslope(GS) Nose CL-604/5 | 328336 MHz, Simplified monopole at nose
7 steps
TACAN/DME Top and CL-604/5 | 960 1215 MHz, | BASIC: Simplified monopole at belly location
bottom 51 steps IMPROVED: Blade antenna model (on
development)
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Figure 4: Characterizing of actual aviation antennas. (a)chamber pattern measurement (DME antenna), (b) Lab
measurement of the antenna port return los¢DME antenna).

The measured antenna pattectesarly show identical patterns to ideal dipole or monopole. Therefore, using simple

dipole or monopole antennaeetents to model these antennas are justified. However, there are additional
complexities.The first issue is that the dipole elements usually do not support the wideband or multiband operations
(such as in Figure 4(b)yo,there will bestrongvariation d radiation field strength over frequencies if a single dipole

is used The second issue is spatial variatissometimes caused by destructive body scattering, while in other time

caused by numeric errors. Additional model elements are also needed &mtakintintothB une xpl ai nedod bl o
effect during actual flight measurements.

As a result, the procedure flow in Figurens developedor antenna modeling. First, we confirmed the required
frequency band cover age, r@sirisdch ashbasic monopaie) foadach freqaedcy,drém on p
initial lab tests. Second, we generate simple dipole/monopole models at different frequaddieg blockage

el ement models based on the observed fblNexkapgaeettmoneso
antenna models at the aircraft installation positions. Simulationanengerformedor all the frequencies. The results

are examined based drequency domain gain requirement mogtesed on antenna specification sheet) spatial

smoothness assumptions (whichbasedn empirical experience).he optional step next is to do data smoothing
frequencyand spatial domain to match to actual antenna gain and VSWRregaenciesand specific spatial angles.



The pattern data, after these procedures, are stored in CSV data files that allows access and usage from flight
inspection software.
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Figure 5: Procedures of pattern simulations anctalibration dataset generation.

The abovalata product generation procedure still has limitatiémsexample, it cannot incorporate the effects of RF
signal paths to instruments. Complex RF channels and networks throughout the aieagftected andsometimes

they cause strong variations. Alsihhe actual navigational signals are AM/PM modulated waveforms while CEM can
only assume CW waveformsnronmentalmultipathsand scatteringre not consideredNevertheless, the model
canprovide the Afirst she&egrtion.t oward the final goal s in

3. SIMULATION PROCESS

The simulation environmens describedn Table 2.MLFMM solver from CST Studio was selected for the solver
solution due to the numeric stability and beirsgr friemlly. Each run of the simulation covers one frequency point
and one aircraft configuration (determined by the state of landing gear andaftaph takes 410 hours of run time
depending on theonfigurationof the solver (such as precision requirementyogy requirement).

Table2: Basic simulation configurations

CEM tool CST Studio Suite

EM solver Multi-level Fast Multipole (MLFMM)

Aircraft materials | Assumed to be PEC (perfect electric conductor)

Antennas Modeled using the procedure in Section 2.2

Workstation Intel I-7 6950X@3GHz, 64 GB RAM

Runtime 1-10 hours for each frequency point and each aircraft configuration

Figure 6 showgxamples of 3D pattern outputs for the King Air system. Such 3D patieentrther processdad
MATLAB following the procedures in Figure 5. The MATLAB programs soré hattern results belonging to



different antennas, perform coordinate transformations, and storinghmtalibrationdatabaseThe database then
contains3D radiation strength values in dith onedegree spatial resolution.

@ (b)
Figure 6: Example of 3D pattern simulations (for King Air system model), (a) VORLOC, (b) DME -bottom.

4. VALIDATION PROCESS

4.1 Coordinates and Test Data Collection

Flight measurement is an expensive procedamnly limited validationsare doneat this stage. Most of the light data

coll ections -farieg hftroo nt otnhfei gfuirrmt i ons, which cont alhens no |
il &w s ol walidationrm@asurement dataavailablefrom Spring 2018, which include data collected from both

King Air and CL-605 flight, in the same horizontal pland @eg elevation angle), and measurement resolution is 30
degreesThe hi gh @ hi g htiorrneeasarément datanisbavailahlé sindeaNov 2018, which only includes
data from King Air, and the angular resolution is betw
multiple elevation angles.

Figure 7: Air craft coordinate system



The 3D pattern data was first converted to the aircraft coordinate system as shown in Figure 7. Note the elevation
angleis definedas growing positive when going fAupd from the nos
areconvertel o fiama@inati on paeebasadn thesadtenmakritecet coordinates.

4.2 Lowresolution measurement data

Figure 8 shows examples of the comparisons between simulated and measured navigational radiatidorpiuterns
fi | e@esolution measurement datalrhe measurements show reasonable agreements. Because the measurement
resolution is low, we do not calculate dB accuracy comparisons.nbtedthat at some angles the model output
pattern has deep nulls while the measurements do not hasebdlieval that these nulls are reasonable due to the

dipole blockage by the aircraft tails, whdetualRF measur ement instruments may have
ways. Further Aismoot hingo of t hese patterngtoaghe dat a
measurements.
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Figure 8: Comparing the unsmoothed EM simulation output with flight test measurement for the low
resolution measurement data, at specific measurement frequencies and in the aircraft coordinatésf o r
flight?” ¢ oTofsavg spacetheifigumes only show some example results. (a) &Santenna for King
Air. (2) GS-1 antenna for CL-605. (c) TACAN-DOWN for King Air, (d) TACAN -bottom for CL-605. (e)
TACAN -TOP for King Air, (f) TACAN -TOP for CL-605. (g) VOR1 atthe tail of King AIR, (h) VOR -Forward
at the noseof CL-605.

4.3 High-resolution measurement data

F o rhighfiesolution measuremends,we compare the simulation and measurement patterns at each sampling
directions,and then obtairmore accurate error statistids. Figure 9, we use the red color labels to tell the exact
elevation angle from each measurement point. For the four exarhplea sere, three of them can achieve the error
standarddeviationof less than 3 dBThe DMEUP case haa higher standardieviation,but the overall trend still
matchesach other
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Figure 9: Comparing the unsmoothed EM simulation output with flight test measurement for thehigh-
resolution measurement data, at specific measurement frequencies and in the aircraft coordinates o r

flight?”

¢ o bafaiavgilabileast far Kimg)Air only. (a) VOR2 pattern at 108 MHz, (b) LOC1 pattern at

108 MHz, (c) GS1 pattern at 334.7 MHz, (d) DMBUpper pattern at 1155 MHz.

5. FURTHER WORK

This study is the initial investigation of combining CEAith flight data collection for the validation of navigatidna
flight inspection. The technology and procedure loamppliedo transponder and radar antenna systemslifiedent

flight platforms. Much more work is needed to achigwefinal goal of precise validation of 3 dB SS accuracy in the

field, while the initial validation shows some promiest.



The simulation procedures, for example, will be applied to a platform based on small UABe tilesignshown in
Figure 10. The hardwarenill be extremely low SWaRas the payload of the UAS), with better supporting of
omnidirectionalprobe antenna designs. The calibration datebednadednto the onboard embedded computer so the
flight inspection carbe donadn much faster speed thanreent solutions. More investigations ayeing on regarding
the stability and accuracy of the SDR receivers that enable such capabilities.
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Figure 10: Concept design othe new UASbased probing platform with SDR.LEFT: the UAS payload with
antenna, RIGHT: the SDR systerron-chip architecture.
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