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ABSTRACT

An unmanned aerial system (UABdsed measurement system to supplement or replace groundiorspé¢lLS (LOC, GP)

and (D)VOR is described. This platform allows gustsitionary hovering not only in areas normally accessed with- mast
equipped vehicles for ILS ground inspections, but also in critical areas accessible only with a flying pldtéaratibrated and
operationally robust UAS is an ideal tool for setting up system and antennas of new installations, thus accelerating th
commissioning of ILS Localizers and Glideslopes prior to certification by flight inspeddeasurements are now alsossible

in locations where it is not practical or safe to measure with a conventional flight inspection system, e.g. to generateeneas

data for electromagnetic simulations.

A conventonal multicopteris used as a carrier UAS. Dedicated antennase designed to respond to both electromagnetic and
mechanical requirements for the respective wavelengths of 3m (LOR) and 1m (GP). The UA&aturesa lightweight
dedicated dual ILS LOGP (VOR, GBAS) receiver and recorder payload based on a minidyiFPGAcontrolled system
handing large bandwidth data streams in réaie. All components, i.e. antennas, RF and signal processingamatdirmware
were specially designed to meet the applicationbds requir

A particular challenge i® separate thdesiredILS/VOR signalin-space from near field effects generated by the UAS itself.
Effects that must be carefully removed from the incoming Ada@pled signal is e.g. propeller induced amplitude modulation
or the shorterm dynamics of 8lying UAS.

In contrast to conventional ILS receiver technology, the raw channel bandpassrsigpete covering the complete channel
bandwidthis samplecand directly recordedt a high data rat&ignal posprocessinghenextract all essentiaparameters of
interest. Responding to a main user requirement, essential ILS /VOR parameters aimladavin reajtime. Thiswas
implementeahroughcombinedchardware and software signal processigadio link is connected totablet PC on the ground
for sensorcontroland the display of relevant signal parameters.

The paper describes the experience gained with the system, and provides recent measurement results obtained from |
Localizer/Glidepath and VOR installations.



INTRODUCTION

The multicopter drone (UAS) developed within the frame of the German WERWIN:ct serves asgeneral carrier for various

RF instrumentation equipmernthe WERAN focus, i.e. to examine the effects of wind turbimesNAV and adar signal
popagati on, al most naturally |l ed to the extension of tF
measurements. This drone is ablecéanplement flight inspection in some areas to detect signal anonsiig®n the other

hand it can pdorm certain groundased measurements much more effectively gmatable eceiversconnected t@antennas

on telescopic mast3he dronecan very effectively replace the gap between coneaalt ground measurements and areas or
points in airspace th#teflight check aircraft annot reach

While thesenearground measurementsinnotreplace flight inspectioat large distanceor higher altitudesan extension of

their scope of operation &f courseconceivable. However, due to the substantially higloenplexity, cost,and the regulative
overhead of operating large and complex UAS in an airport environment it remains to be seen if a business case will ever cor
about

This paper therefore focusses on the new measurement capabilities $mnién-space of conventional Navaids and some
fundamental prerequisites for signal analysis on UAS platforms in egneand environmenFCS and PTB now have practical
experienceusing such UASince 204. The gplication shown heris the evaluationf ILS antenna patterns atite DDM flight
guidance parametdburing deployment phase of new ILS (LOC/PG), UAS measurementégdry useful toaccuratelyadjust
the antennas befothe start of the commissioning flight cheékmid-term goal is to reptzethelLS localizer runway checks
with mastsequippedvehiclesby a programmed drone with a sensor.

EQUIPMENT

At first glance assemblindJAS (drone)COTS components small ILS receiver and an antetmabtaina measurement system
appears simpleBut this soon changes whehe practcal results significanthdiffer from what is expecte@nd the reason is not
traceable.This paperpresents a different approachhel entire system consisting of the UAS as the caaiwl all other
componentsincluding the pyloadof adedicate set of receivers and antenimasegarded athe measurement device.

For testing purposeend comparisanwo different UAS platformsvith eightbrushless motorsachwere used as carriefsl m
diameter in the rotoplane)andequipped with dedicated antennas and receivers for ILS GR@hd VORIn Figurel a) an
octocopter is shown. With this UAS, most of the WERAN measurements for VOR were carried out. Subfigumerstrates
an X8type UAS adghe brand's evolving desigBoth pictures revédbow-tie antenna to be used for VHF signal reception.

Since the entire device is the antemather than justhe radiating elements, a thrdanensional full wave electromagnetic
simulation waperformed using a detailed CAD model of the UASfinite element method (FEMYyequency domaisolver

was used for fils task. Thissimulation ofthefiant e nna i nst al | e dhegffectivé far fialdaadiatierand is theo w s
necessary step before building the actual radiftocase of thectocopter Figure 2 showsthe sphericapattern of the VHF
bowtie antennaOnly afterobtaining satisfactory simulatiaesults it is worth building the antenn@echanically to prepare
validation efforts.The device wa®ptimized to reduce sensitivity for polarization lossesl its construction underwent an
iterative optimizationVarious test in anechoic chambers and underffede conditions finally confirmd acceptancd-orthe

ILS GP a short Yagi antenna is used. Its construction underwent the same process as foti¢haritemna.

In principle, the receiver concept wasstighed in[3]. Specialized VHF/UHF RF frontends for usage on drones were developed
to feed a threghannel intermediate frequency (IF) raw bandpass signal recording system. The full ILS/VOR/GBASschannel
are continuouslysampledat high bandwidth (>2MHz)sing16Bit A/D converters. Their data streams are recorded on a small
1TB SSD Demodulation in redime andrepresentatiorof the measurands of interest ammputedby a FPGA and an
embedded process@n Android app usedby an operatoonthegroundis connected to the UAS via a separate radio Titks
permits full access to all parameters of Rie sensor.

1IntheWERANproject (German abbreviation for AiMeasuring the
navi gati on a niduppoeed byhe Federal Mmistry of Economic Affairs and Energy on the basis of a decision

by the German Bundestag [gta0325644A]), the potential interaction between wind turbines and terrestrial navigatidar/ ra
systems is investigated.



Forall applications covered by this measurement drone (ILS, VOR, GBASalways thgrimaryt as k t o anal yze
in-band componentsith respect to theeal signals when airbornleefore determiimg anyhardwired demodulation schema.
deepanalysis of signal componernisonly possible if fullbandpassignatin-spacedata is &ailable Any further processing in

time and frequency domain is then possiafeerwards.The availability of the recorded bandpass signahesefore a pre
requisiteto develop a welbdapted processing basedb@amdpass/basebasinaltheory describeth literature e.g.[2] .

Regarding GNSS navigation of the UASNavatel OEM615with INS, magnetic compass, baro altitualed optional RTK is
used. Other manufaurers also offer competitive devices with similar claimed accurd@@cm vertically

The overall systenis calibratedwith reference signalin free space. This allows for absoldield strength measurements
traceableo national standards and derivation of an uncert@ijityHowever, the focus of this paper is not to describe this process
in detail. As mentioned before, the entire platform representgrtbasurement systemherefore, in contrast to normal lab test
equipmentthereis no nedto provide a large table ajpecific RF parameterBor example, as RF input ports are not accessible,
the specification oRF receiver sensitivity levés irrelevant.

Figurel: UAS for Navaid inspectiona) Ty pe AOdtyp&Bo@it er O b)



Figure2: 3D far field patternsof octocopte’VHF bowtie antenna

A CHALLENGE: PROPELLER MODULATION

It is indeed important that a clear distinction is mdde t we en t he -nisgade ariccorapenenssithgtnnaght
unintentionally beadded ly the measurement systetsélf due to its high dynamics.

On a flight inspection aircrafg turboprope n g i n e 6 retationglgpeed mdy be 150pm or above four blades therefore
cause a 4*1500/60s = 100 Hz amplitude modulafi) dual sidebandspectrum relative tthe carrier.During landing, the
speed igeduced and so is thM sideband frequency. ThiaM can be observee.g.in the LocalizerspectrumIn Figure3
there is a sequence of the lower sideband (LSB) shown in the vicinity ¢i2.00heprop AM appearsas a crawling spectral
line that passes through the ILSK98tone.Generally, this problem is well knovamdalso describedn DOC 8071[1]{sec.3.7}.
When measuring the DDMhisprop AM causeé a large deflection thatxcee@d+/-20 pA in the depicted scenario.
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Figure3: Propeller Amplitude Modulatiom LOC spectrunof flight inspection aircraft during landing

On a typicalflight inspection aircraft, there is usually a distance of several meters between the ILS measurement antenna ar

the propellers. In most cases, the number of engines is one antlxihe differencen rotation speed is limitednll in all, this
keepsthenumber ofadditional spectral lines small.

Things look markedly different, howeyen case of a small UA®ith eightmotors To keep the drone stable in the aitarge
propeller rpm range will & passed througby eachmotor. The individualmotorsare neither synchronized nor adjustable from
outside theelectronic speedontroller, and it is not intended to modify the controlfes.shownin the pictures ofFigurel, the
drone propellers are very closethe radiation elements. A complex interaction can be expected.



ILS LOC/GP MEASUREME NTS
LOC Prop AM

As theRF bandpass signas availabé as a large set of tdinterrupted ADC samples, any operation in the time or frequency
domain can be performedll receiver and navigatiodata streamare synchronous in timén context with the preceding
section, some examplesmbp AM with real ILSsignals are given and discussed.

A ShortTime Discrete Fourier Transformation (STDFT) is apptiethe ILS localizer signal ashownin Figure4 whenusing

the octocopter dron&he observation time is one second which allows for sufficient spectral resolatrthe UAS is on the
runway with the bowie antenna very close to tigeound some km in front of the LOC antenna. This explains the low signal
level. The spectrum is clean when the engines arg@f€aling 60 dB ratio to noise of the useful signalf t er t he UAS
off, the spectrunis substantiallicluttered as thepectrum in subfigure bjives impressive evidenck contrast tqorop AM of

a flight inspection aircraftvith single linesa wider part of the spectruimaffected.Since themotorsareextremelyclose to the
antennan terms of wavdengths prop AM is very strong This is a physical effect which can be mitigated to some extent by
careful selection of the propeller material (wooden propellers being supefitberglassones).
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Figure4: Octocopter: Differences in spectral purity of Localizer bandpass signal; a) clean: engibgslottered
by Prop AM



GP Prop AM: Octocopter

In the following someglide pathresults are showrn the frequencydomain,Figure5 showssome cases of different flight
conditionsof the octocopterOn ground withmotorsoff a), the GP spectrum is clean as it was in cdgbe preceding LOC
exampleThe flight profile, named #l pof 100 abdvegroundata cestairspoimvidh o f
severahoveringsteps then adescent back to ground, 500m in front of a GP mast.

During hoveringb) pars of the ProgAM affect the 90Hz ILS tone with very clod®y spectral componentd/ithin thefollowing

ascent, the engines increase their speed which pushes the interfering lines a few Hertz away frétn thiee90

The questiorof coursearisesto what extent this affecthe DDM measurementA time domain signal processipgrformed on

the bandpass signals and the subsequent baspbarides theresults. InFigure 6, an excerpbf the flight showing several
parameters against the flight time scale is depicted. In the first half of that period the octocopter was heyenéisgedby the
altitude and eleation angle curvedn the top subfigure the DDM reveals an increased roughness which is due to the interfering
spectral Prop AM lines within the 38z tone. In the second half, the octocopter ascandsthe DDM gets quite smooth. It
reaches DDM=0 whengssing 3° elevatiorlhe time stampsf thediagramsn Figure5 correspond to the flight time scale in

in Figure6. As aninterim conclusionthe flight maneuver dominates the roughness of DDM due to different spectral distribution
of the Prop AM.To obtain a smooth DDM, steep digital filsgFIR type, Finite Impulse Responseith high pole counfa few
hundred)must beémplementedn baseband signal processing

In an interative processhe propellers of the octocopter were optimized regarding length, material and number ofNddes.
all blade materials were found suitable. Some plastic propellerswyffeseducedp op AM heavi ly degr ad:eé
flight stability due to their lowrigidity. Fiberglass blades offer a better performance.
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Figure6: DDM roughness decreasesduringfi e o ct ocopt er 6 s ascent

GP Prop AM: X8

The X8type UAS reveals a different behavior. The flight stability of the X8 platform itself allows for other blade materials with
alower relative permittivity

In Figure? thespectrum gained from STDFT of the X8 glidepath measurements are shown. On ground a) with engines switche:
of f a clean spectrum is visible. FIl ying the dl propoAMi | e o
However, this spectrum neither broadens to an extent that haslizmed with the octocopterkiigure6 b), nordoes itreach

ahigh depth in modulation. Nearly the same applies to the descent ¢). The additional spectral lines do not harm thealiseful sig
in the closesvicinity of the ILS tones 90/15Biz.

In the corresponding DDMurve ofFigure 8 (top) a smooth course of the curve for both the ascent and the tescebe
observed across flight time and altitude/elevation angle.
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Figure8: StableglidepathDDM during ascent and desceritX8

ILS LOC ANTENNA PATTERN MEASUREMENTS

Apart from theDDM as the significant valyat may beof interestto measure the antenna diagrams of CSB (carrier and
sidebands) and SBO (sidebands osBparately, for courd€RS)clearanc€CLR) each.

On an airport with &S CAT lll installation some flight trials wereonducted. IfFigure9 two orbit flight paths at distances
200m and 1200n respectively fronthe LOC antenna are shown on the airgarface

In case of CSBheCRS/ CLR antenna pattern can be meSaigching efiCSB(sri n g
technically: switching it to a dummy logdhe SBO remainsThe SBOsignal strength cannot be determined in the time domain
usingconventionaAM demoduldion due to the missing carrién order to derive the SBO signal strength anyway, its frequency
spectrum is helpful.



Figure9: Flight profiles for LOC antenna measurements

Carrier residual

Figure10: LOC SBO spectrumvith residwal carrier

In a full ILS spectrum the overlay of CSB and SBO causes the characteristicaDibbt the angle deviatievhich results in

differentlevelsof the 90/150Hz tones(seeFigure4). With SBO alone there is no difference in tdeeels,no matter where the
signal is probed (the same applies for the tones in case cdAIPHBIn Figurel0, sucha SBO spectrum is showlhis noticeable

thatthere a carrieis still clearly discernible which is 58B below its regular strength when switchimgCSB. The reason for
theresidualcarrieris an unavoidable coupling between cables, since the transmitter is still generating CSB at fifk g oieer

the dummy load.

The total SBO signal strength is then gained from the addition of the four speetrdine magnitude® obtaina maximum
signatto-noise ratio Its resultvaries according to the deviation from centerlizned reflects the horizontal antenna diagram at a
certain height and distance.





















