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Abstract

Recent studies highlight the potential of the drone platform foyund penetrating radar (GPR)
surveying Most guidancefor optimisingdrone flight-heights is based on maximising the image
quality of target responses, buab study yet considers the impact on diffraction tratieles. Strong
GPR velocity contrasts across thegtiound interface introduce significant refraction effects that
distort diffraction hyperbolae and introduce errors into diffractibased velocitanalysis. The

severity of these errors is explored with synthetic GPR responses, usi@mdiynite-difference

approaches, and a real GPR dataset acquired over a sequence of diffracting features buried up to 1

m in the ground. Throughout, GPR antenndi w000 MHz centrdrequency are raised from the
ground to heights < 0.9 m-{®times the wavelength in air). Velocity estimates are within +10% of
modelled values (spanning 00713 m/ns) if the antenna height is within ¥2 wavelength of the

ground surfae. Greater heights reduce diffraction curvature, damaging velocity precision and
masking diffractions against a background of subhorizontal reflectivity. Real GPR data highlight
further problems of the drondased platform, with data dominated by reverb&oms in the airgap

and reduced spatial resolution of wavelets at target depth. We suggest that a-thasesd platform

is unsuitable for diffractio#ibased velocity analysis, and any future drone surveys are benchmarked

against grounetoupled datasets.

Keywords GPR; drone; diffraction; velocity analysis



Nonpeerreviewed preprint submitted to EarthAiXiv

~N o o0~ WD

10
11
12
13
14
15
16
17
18

19
20
21
22
23

24
25
26
27
28
29

30
31
32

1. Introduction

Ground penetrating radailGPR)s one ofseveralgeophysical systents be considered for

deployment on a drondvased platformGPR is well established anearsurfacesurveytechnique,
usingradio-wave energy tomage a variety of geological, hydrological and anthropogenic targets in
the upper few metres of the subsurfaddost often,the antennas o GPR system remain in close
contact with the ground surfadeut the growing availallity and affordability of drone technology

has prompted experimentation witbrone-basedGPRieploymens.

Drones offellogisticaladvantagedor applications involvingugged dangerous and/or inaccessible
terraing e.g.over water courses (Lane Jr, 20E@lemsky et al., 2021at sitescontamirated with
unexploded ordnance (Cerquera, Montafio and Mondragén, 2GBfda-Fermandez et al., 2020
~A LR O I yR)d6vé krévisEed glatiar fielddgnkoff et al., 2020)Evenfor practical
terrains, an autonomous drone following a pyrogrammed flight path (Hammack et al., 2020)
improves efficiency bgllowing surveyors to deploy other equipme(g.g.,systemghat require
manual installatiorsuch aseismic and/or resistivitgnethods. Although drore-based GPR surveys
are subject taat least twosets oflegislaton, that regulae drone operations (e.g., Valentine, 2019)
and GPR emissions (e.g., Ofcom, 20d@)eral recent studielsavedemonstrated advantagest the
acquisition platform (Cerquera, Mtafio and Mondragén, 2017; Chandra and Tanzi, 2018; Garcia
Fernandez et al., 2020; Edemsky et al., 2021)

When benchmarking against conventional growgmipled deployments, assessments of drone
based GPR datgpicallyconsiderthe impact onrecordedwavekt amplitudes.For airlaunched
systens, the GPR energy entering the subsurface is diminished by reflectivity losses atdheuaid
interface (Garcidrernandez et al., 2020yt other factors vary as a function of the drone flight

height, and these inade:

i) increasedgeometric spreadingwith antennas positioned further from the target
(GarciaFernandezt al., 2020)

ii) interference betweemneflectionsfrom the airground interface, and those from within
the subsurfac€Diamanti and Annan, 201Edemsky et al., 20213nd

iii) poorer spatial resolution giveBPR beam spreaditigrough air (Diamanti and Annan,

2017) andthe vulnerability to artefacts from alve-surface scatterers

The experience of vehiclaounted GPR surveys.g., Saarenketo and Scullion, 2000; Eriksen,
Gascoyne and Mluaimy, 2004; Zan et al., 20l&nprovideafoundation forheightconsiderations

but theseoften use horn antenna® maximiseradiation in thetargetdirection (usually
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downwards) For any given centrifrequency, horn antennas tend to be bulkier than btevsystens
(Pieraccini, Rohjani and Miccinesi, 20&@hce, with accompanying batteries and control unitsy
exceedthe payload of the drond~urthermore, most experiments with drofteased GPR aim to
mount an existing commercial system on the dr@mel most of thesdnave a bowtie design The
issues listed above malyerefore representwidespreaddesign considerationdut

recommendations for flighheight remain disparate, variously suggesting flying at any height
between0.5-1.5 times the dominant wavelength of the radar wavelet (e.g., Diamanti and Annan,
2017; Garcidernandez et al., 2018,2020A LI2 O I Yy R).Df SAOKXZ HAHN

Having noted these amplitudeffects and the research effort to understand thetinis paper
investigatesthe impact offlight-heighton travetime relationships expressed necordeddataand
how they impacdiffraction-basedvelocityanalysisA starting assumptigrwhencompaingto
groundbaseddata, may be thateflections in dronebased data are simply shiftdate according to
the additionaltravekime throughthe air gap Thismay be reasonable for specular reflisfty, but
refraction effectsat the airground interfacecan cause distortions to theppearance of diffraction
hyperbola (Causse, 20047 his is especially problematic f@.g.) engineering and archaeological
applicationswhere targes are oftendetected usingliffraction responseand, furthermore their
curvatureis used todeterminesubsurface velodis(e.g.,for migration and depth conversign
Velocities may also be converted to dielectric permittivity, to inform derivative quantities such as
water content (Badfordet al., 2009 St Clair and Holbrook, 20l The limitations of hyperbolic
velocity analysis, and thequivalent issues igeismic reflection processing (e.g., Alkhalifa®97),
will be familiar to many in the community but, to date, there has been no study to explore the
magnitude of velocity errors for a drodmsed GPR systetis therefore worth exploring the

feasibility of diffractiorbased velocity analysier this novel survey platform

Using raybasedand finite-difference synthetic analyses, we show the severity of these distortiens
the height ofdrone-mounted antennass changedanddemonstrate the impacon diffractionbased
velocity analysisOur synthdéicsare complemented with a realatarepresentation ofdrone
acquisition, with antennas mounted on a heigddjustable frameFinally, we advise on the
situationsinwhich® ¥t & f 2 6 Q 2 NlesWhybeipreféraieK Q | LILINE | OK
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2. Diffraction travektimes and velocity relationships

The traveltime, t, of a diffraction hyperbolérom a pointsource targeis
6 o — )

wherexisthe midpoint positiorbetweencommonoffset GPR antennax, is the surface position
vertically above the diffract, to is the twoway traveltime of diffraced arrivalsat Xo, andvrvsis
root-meansquare velocityAssuming that dronenounted antennas are flown at heightabove a
subsurface with constant velogitsu, Vrumsis the traveltime weighted average between,and the

velocity of the GPR wavelet through aig.( = 0.3 m/ns):

0 : )

wheret,; is the twoway traveltime (= 2/ vay) through the airgap atx =xo. For a grounebased
system tairis 0 andvruws= Vsun These equations arstrictly validfor monostatic systemswith zero

transmitter-receiveroffset, but nonethelessemainwidely appied forfinite-offset bistatic systems.

VrusCan be evaluated usirggveralanalyticmethods includingcurvefitting approaches and
semblancebased velocity analysis (Booth and Pringle, 20ah pairs ofvrmsand b available Vsus

can beapproximateddza Ay 3 5AEQ& 9:jdz2 GA2Yy O65AEZ mMdcbpp0
0 _ 3)

which carbe used recursively to derive the vertical variationvak if vrusto pairs are available

Equation (1) is exactly hyperbolar fgroundbased systemmand constantisotropic,Vsus. In layered
velocity modelsnon-hyperbolictravekime terms are introducedecause refractiomcross
interfacesis neglected Sincdravektimes deviate from those predicted by Equation (@locity
estimatesderived with itareinaccurate with respect to trueu, This is exacerbatedhere |x-Xo| is
large with respect to the vertical distance between the antennas and the targeftbie sum of
flight-heightand target depth). These errors can be circumvented using higiter terms in travel
time approximatiors (e.g., Causse, 2004; Causse and Séné&dit)or through full waveform
inversion(e.g., Jazayeri et al., 2018utthese are less widespread in practice than assuming
hyperbolic travetimesand accepting some velocity ertdfowever,strong refraction across the air

ground likely increases ¢hseverity of these errors

Additionally there are systematic velocity errors thsthouldbe considered for any practical velocity

analysis. A diffracting target with a finite radius cauggsto be biased fastShhab and AlNauimy,

4
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2005;Risticet al., 2009)and vsuis exaggeratedurther if the intersection between the longxis of
an elongate diffractor (e.g., a pipe) and the profile direction is not orthog@waiverselymany
velocityanalysis approaches (e.g., ciwatching and semblangeonsider the travetimes ofthe
highest amplitude cycles of the GPR wavalat therefore causes,nto be biased sha; velocity is
expressed more accurately fiyst-breakstravektimes (Booth Qark and Murray, 2010; Booth and
Pringle, 206). Although the impacbf these is appreciated, the relative significance of velocity

errors from a dronebased survey platform is currently unexplored.

3. Data Simulation

Two approachewere adoptedto simulatedrone-mounted GPR acquisitions, using different flight
heights and a range of.» Arst, ray-tracingwas usedo illustrate the distortion of diffraced
raypaths Secondfinite-difference moded wereimplemented in gprMax, to capture the nefield

behaviour of a fiite-frequency wavefieldnd a more realistic antenna radiation pattern

3.1 Raybased synthetics

Traveltimes were computed foa point diffractorat 0.2 m depthin a homogeneous isotropic half
space Bistatictransmitting and receiving antennagere offsetat 0.02 m, and midpoint positions
extendedto +0.5 m either side ofhe diffractor, sampling ever9).02 m Responsesere modelled
with droneflight-height, h, ranging from 0 td.9 m (i.e.,up to 3times the wavelengttin air, | , of
the 1000 MHz wavelet used in later synthetics and field surwgywasincreasing ird.01 m/ns

incrementsfrom 0.07-0.13 m/ns.

Figure 1 showmodeled raypathsfor all h andvsu, =0.09 m/ns The gound-basedmodel (Figure 1a)
shows the straightays expected for constant., but low droneflight-heights introduce significant
ray-bendingacrosshe airground interface which gradually decreaseish increasindgh. The
corresponding travelime curves (Figure 2a) highlight tdéestortion from the diffraction hyperbola
recorded by groundbased antennas. For models with h > 0, the gregnihg leg of the raypaths
shows little variation from the vertical, hence therrespondingdiffractionsare simply timeshifted
variants of a hgerbola originatingt the airground interfaceIn all cases, the shift is ~ 4.4 ns,
corresponding to the vertical twavay travel time between the aiground interface and the
diffractor. This implies that refraction effegiseventvsu, from signficantly influencinghe curvature

of the diffraction response.
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Figure 1. Raypaths modelled for a point diffracfdaced at0.2 mdepthin a subsurface witlkonstantvsun=
0.09 m/ns.Each panel shows antennas (red circlaijed to successively increased height, from 0 to 0.9 m
and the correspondintsir. Theadditionalannotation in the lowetright panel shows the vertical travéme,
4.4 ns pbetweenthe diffractorandground surface.
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Figure 2. Rahased travetime curves for models in Figure 1. a) Curves for grebased (blueh = 0) and

airborne (red;h > 0) antennas. b) Erdilember curves from (a), compared to diffraction hyperbolae (black

dashed lines) from a diffracting target placed at the ground surface. Each pair of curves is simply shifted by

~4.4 ns. c) Expression of curves in (a)%ed &xes, ad bestfit straightlines (black dashed lines) for each.
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VrusiS estimated for each model usiaginear regression to diffraction travéimes, expresseth
Figure 2on t2-x? axes Thereciprocal gradient of the bedit straightline (black dashed lirs}
defineslarmé, and its interceptq?®. Being exactly hyperbolic, traviines for groundbased
antennas are fit perfectly, however néryperbolic termdor h > Ointroducecurved t>-x? responses
which aremost evident forh X0.3 m vsuswas estimated for each case by substitutipgsto into
5AEQa 91l dzl (A giyabnotatedInSiguse $§)Mhdé & @i3km/ns Figure 3a showsrusand

the resultingvsun, the latter expressed as a percentage erroFigure 3b.

All vsypestimates are biased fast bthie largest errors are shown for the lowdse.g.,70%
overestimatefor h= 0.075 m14% forh = 0.9 m) Equivalent overestimates for all modelleg,
(Figure 3c) suggest that velocity mismatch decreases with both incrdasimdysu, For the fastest
velocity case, overestimates are always < 40%, and are ~7% for the Hiigihes$teights. However,

overestimates can approach 100% for case&®D.08 m/ns and lowilight-heights.

The analysisvasrepeatedfor diffractorsplaced at 0.6 m and 1.0 m depth (Figures 3d and e,
respectively). For the 0.6 m casgy,overestimates are typically < 20%, improving to < 10% with
fastervsy,and/or greaterflight-height The overestimate seldom exceeds 10% for the-tlerp case,
but targets at this depth wouldot widelybe considered suitable for imaging with 2000 MHz

antennas The errors in Figur8b aretherefore more illustrative of a typical bestase scenario.

3.2 Finitedifference synthetics

Raybased modelling illustrates the challenges for diffractimsed velocity analysis but neglects
realistic aspects of GPR propagation. Ashrased synthetics are infinilsequency modelsthey
impose farfield conditions and thus plareave arrivas, yet shallow targets could be present in the
nearfield (e.g., within a small number of wavelengths; Warren and Giannopoulos, 2012) where
wavefront curvature is significant. Furthermore, #lagsed arrivals were weighted equally in the

linear regressionyhereas amplitudes in real data are affecteddivanges in ray length due to

geometrical spreading, attenuation losses and, in particular, the anisotropic radiation pattern of GPR

antennas. The lattermost is likely to be particularly significant gikierobliquity of the fatoffset

raypaths implied for lowh in Figure 1.
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Figure 3Measured velocitieand errorswith changindlight-height a) veusmeasured front?-x? analysis
(solid,blue), and the estimatedsu (dashedgreen): F 1 SNJ & dzo & G A G dzdl A 2Pgrcehtsigé 2
overestimateof vsup, With respect to model value of 0.09 m/ise) Overestimates of a range &fivalues for
point diffractors at 0.2 m, 0.6 m and 1.0 m depth respectiv€lntours are filled at 10% intervals, with white

contours appearing at intervalof 2% within the €L0% range. Thpink dashed line ind) corresponds to the
data in(b).

5AEQa 91

Finite-difference synthetics were undertaken using gprMax (War€@annapoulos and Gannakis,

2016). A 2D domain of dimensiorx[y, zZ] = [1.0 x 1.0 x 1.2] m was established and discretised into
cells of dimensiondix, Dy, Dz] = 0.005 m. The modelled structure is 2.5D, continuous irythe
dimension and represents a horizontal pipe installed in a trench (Figure 4). The pipe is a clylindrica
perfect electrical conductor (pec), with diameter 0.1 m and centred,& [ [0.5, 0.2] m. The

horizontal floor of the trench is 0.5 m wide, 0.3 m deep, and rises to 0.2 m at the edges of the
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domain. The overlying agap extends 0.7 m above the gralisurface, allowing antennas (red
circles, Figure 4) to be placed at a rangé &tbm 0 to 0.6 m. This is up tol 2 for the 1000 MHz

source wavelet we assumed.

All physical quantities are fixed, excdpt the relativedielectric permittivity &, of the trench fill

which isfirst set to 18.3 and then to 5,3jivingvsu, 0f 0.07 and 0.13 m/n&he extremevelocitycases
consideredn Section 3.1 The velocity through the lowermost layes fixedat 0.010 m/nssuch that

the velocity contrasat the base of the trencis + 0.03 m/ns.Output radargramsvere made aty =

0.5 m,with antenna midpointspaming0.050.95 m,in 0.02 m intervalsThe time step in these was
downsampled, from 0.0096 ns, to 0.1 ns via linear interpolation. The radargrams were contaminated
with noise traces from a 1000 MHz field dataset (Section 4), scaled to give 15 dBcsigpiak ratio

at the diffraction apex.

oo h=0.45m (1.5%)

0.7m
eeh=03m (1)
e h=0.225m (0.75 %)
ee h=0.15m (0.5%)
ee h=0.775m (0.25 1)
v h=0m (0 7‘.)
* v,, =0.07, 0.13 m/ns
02 0.15m ¢, =18.3,5.3
<M 6 =1mS/m

0.3 m|
0.1 mI

0.1 mI

Figured. [x,z] cosssectionthrough thegprMaxmodel. A cylindrical perfect electric conductor (pec) is placed
at 0.15 m depth in a subsurface with fixed electrical conductigity L mS/m) but variablesu,. Antennas (red
circles) span a range rfrom 0.05 to 0.95 m, andre positioned ah up to 0.6 m (€21 ).
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Velocity analysisvas undertaken for each modesing semblancée.g.,Stucchi et al., 2020
configuredusing thetravektime expression in Equation ((Booth and Pringle, 2016y he

calculation spannedn aperture of 0.4 m either sidof the apex andised ananalysis windowvith

0.1 ns durationFigure 5 showsuiput radargrams and their semblance responses; colu@@hand

(b) relate tovsypof 0.07 m/ns and 0.13 m/ns, respectively, with rofygo (vii) showindlight-heights
increased from 0 to 0.6 m. The hyperbola on each radargram is the semialarized

approximation to firstoreak traveltimes (ornamentA). These are based on semblance picks made
at the strongest semblance response, corresponding to thanggest halfcycle of the GPR wavelet
(ornamentU ) butcorrectedfor the ~0.53 ns lag from first breaRdoth, Aark and Murray, 2010).

The precision inrms and invsypthereatfter, is based on the width of tH#% semblance contour

(Booth, ark and Murray, 2011).

Diffraction responses in Figure 5 flatten progressively with incredsibgcoming indistinct from the
response from the trench floor. Furthermore, consistent with observations in Figure 2b, they
become timeshifted replicas of each other: the traviéine moweout of the diffractions differs by
just 0.8 ns between panels aviii and bviii, despite the difference in the velocity models. Figure 6
shows thatvrustends towards 0.3 m/ns dsincreases (Figure 6a,c), with botkusand Vsus

becoming increasingly impcese. For expressinguas a fractional error (Figure 6b,d), reference
values are increased respectively to 0.079 m/ns and 0.134 m/ns to incorporate theréidites

effect of our pipe geometry: with a radite-centre-depth ratio of 0.25, these increas are
consistent with those shown yhihab and ANuaimy (2005). For comparison, Figures 6b and d also

include the relative errors iy, from the raybased models in Figure 3a.

10
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Figureb. Syntheticradargrams and semblance responsesvigsof a) 0.07 m/ns and b) 0.13 m/ns, ahd
increased (i to viifrom 0to 0.6 m. The hyperbola in each radargram approximatesiimsak traveltimes
using semblance picks corrected (ornaméntfrom peak responseg®rnamentU ). Orange dashed line in
models with h > 0.15 m shows the reflection from thegiound interface. All radargram and semblance
panels share the same colour scale and amplitude range
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