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Abstract 13 

Recent studies highlight the potential of the drone platform for ground penetrating radar (GPR) 14 

surveying. Most guidance for optimising drone flight-heights is based on maximising the image 15 

quality of target responses, but no study yet considers the impact on diffraction travel-times. Strong 16 

GPR velocity contrasts across the air-ground interface introduce significant refraction effects that 17 

distort diffraction hyperbolae and introduce errors into diffraction-based velocity analysis. The 18 

severity of these errors is explored with synthetic GPR responses, using ray- and finite-difference 19 

approaches, and a real GPR dataset acquired over a sequence of diffracting features buried up to 1 20 

m in the ground. Throughout, GPR antennas with 1000 MHz centre-frequency are raised from the 21 

ground to heights < 0.9 m (0-3 times the wavelength in air). Velocity estimates are within +10% of 22 

modelled values (spanning 0.07-0.13 m/ns) if the antenna height is within ½ wavelength of the 23 

ground surface. Greater heights reduce diffraction curvature, damaging velocity precision and 24 

masking diffractions against a background of subhorizontal reflectivity. Real GPR data highlight 25 

further problems of the drone-based platform, with data dominated by reverberations in the air-gap 26 

and reduced spatial resolution of wavelets at target depth. We suggest that a drone-based platform 27 

is unsuitable for diffraction-based velocity analysis, and any future drone surveys are benchmarked 28 

against ground-coupled datasets. 29 
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1. Introduction 1 

Ground penetrating radar (GPR) is one of several geophysical systems to be considered for 2 

deployment on a drone-based platform. GPR is well established as a near-surface survey technique, 3 

using radio-wave energy to image a variety of geological, hydrological and anthropogenic targets in 4 

the upper few metres of the subsurface. Most often, the antennas of a GPR system remain in close 5 

contact with the ground surface but the growing availability and affordability of drone technology 6 

has prompted experimentation with drone-based GPR deployments. 7 

Drones offer logistical advantages for applications involving rugged, dangerous and/or inaccessible 8 

terrains, e.g. over water courses (Lane Jr, 2019; Edemsky et al., 2021), at sites contaminated with 9 

unexploded ordnance (Cerquera, Montaño and Mondragón, 2017; García-Fernández et al., 2020; 10 

~ƛǇƻǑ ŀƴŘ DƭŜƛŎƘΣ нлнл) or over crevassed glacier fields (Mankoff et al., 2020). Even for practical 11 

terrains, an autonomous drone following a pre-programmed flight path (Hammack et al., 2020) 12 

improves efficiency by allowing surveyors to deploy other equipment (e.g., systems that require 13 

manual installation such as seismic and/or resistivity methods). Although drone-based GPR surveys 14 

are subject to at least two sets of legislation, that regulate drone operations (e.g., Valentine, 2019) 15 

and GPR emissions (e.g., Ofcom, 2019), several recent studies have demonstrated advantages of the 16 

acquisition platform (Cerquera, Montaño and Mondragón, 2017; Chandra and Tanzi, 2018; Garcia-17 

Fernandez et al., 2020; Edemsky et al., 2021). 18 

When benchmarking against conventional ground-coupled deployments, assessments of drone-19 

based GPR data typically consider the impact on recorded wavelet amplitudes. For air-launched 20 

systems, the GPR energy entering the subsurface is diminished by reflectivity losses at the air-ground 21 

interface (García-Fernández et al., 2020) but other factors vary as a function of the drone flight-22 

height, and these include: 23 

i) increased geometric spreading, with antennas positioned further from the target 24 

(García-Fernández et al., 2020); 25 

ii) interference between reflections from the air-ground interface, and those from within 26 

the subsurface (Diamanti and Annan, 2017; Edemsky et al., 2021), and  27 

iii) poorer spatial resolution given GPR beam spreading through air (Diamanti and Annan, 28 

2017), and the vulnerability to artefacts from above-surface scatterers. 29 

The experience of vehicle-mounted GPR surveys (e.g., Saarenketo and Scullion, 2000; Eriksen, 30 

Gascoyne and Al-Nuaimy, 2004; Zan et al., 2016) can provide a foundation for height considerations, 31 

but these often use horn antennas to maximise radiation in the target direction (usually 32 
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downwards). For any given centre-frequency, horn antennas tend to be bulkier than bow-tie systems 1 

(Pieraccini, Rohjani and Miccinesi, 2017) hence, with accompanying batteries and control units, may 2 

exceed the payload of the drone. Furthermore, most experiments with drone-based GPR aim to 3 

mount an existing commercial system on the drone and most of these have a bow-tie design. The 4 

issues listed above may therefore represent widespread design considerations, but 5 

recommendations for flight-height remain disparate, variously suggesting flying at any height 6 

between 0.5-1.5 times the dominant wavelength of the radar wavelet (e.g., Diamanti and Annan, 7 

2017; García-Fernández et al., 2018, 2020; ~ƛǇƻǑ ŀƴŘ DƭŜƛŎƘΣ нлнл). 8 

Having noted these amplitude effects and the research effort to understand them, this paper 9 

investigates the impact of flight-height on travel-time relationships expressed in recorded data and 10 

how they impact diffraction-based velocity analysis. A starting assumption, when comparing to 11 

ground-based data, may be that reflections in drone-based data are simply shifted late according to 12 

the additional travel-time through the air gap. This may be reasonable for specular reflectivity, but 13 

refraction effects at the air-ground interface can cause distortions to the appearance of diffraction 14 

hyperbolae (Causse, 2004). This is especially problematic for (e.g.) engineering and archaeological 15 

applications where targets are often detected using diffraction responses and, furthermore, their 16 

curvature is used to determine subsurface velocities (e.g., for migration and depth conversion). 17 

Velocities may also be converted to dielectric permittivity, to inform derivative quantities such as 18 

water content (Bradford et al., 2009; St Clair and Holbrook, 2017). The limitations of hyperbolic 19 

velocity analysis, and the equivalent issues in seismic reflection processing (e.g., Alkhalifah, 1997), 20 

will be familiar to many in the community but, to date, there has been no study to explore the 21 

magnitude of velocity errors for a drone-based GPR system. It is therefore worth exploring the 22 

feasibility of diffraction-based velocity analysis for this novel survey platform.  23 

Using ray-based and finite-difference synthetic analyses, we show the severity of these distortions as 24 

the height of drone-mounted antennas is changed, and demonstrate the impact on diffraction-based 25 

velocity analysis. Our synthetics are complemented with a real-data representation of drone 26 

acquisition, with antennas mounted on a height-adjustable frame. Finally, we advise on the 27 

situations in which ΨŦƭȅ ƭƻǿΩ ƻǊ ΨŦƭȅ ƘƛƎƘΩ ŀǇǇǊƻŀŎƘes may be preferable. 28 

 29 

 30 

 31 

 32 



Non-peer reviewed preprint submitted to EarthArXiv 

4 
 

2. Diffraction travel-times and velocity relationships 1 

The travel-time, t, of a diffraction hyperbola from a point-source target is  2 

ὸ ὸ       (1) 3 

where x is the midpoint position between common-offset GPR antennas, x0 is the surface position 4 

vertically above the diffractor, t0 is the two-way travel-time of diffracted arrivals at x0, and vRMS is 5 

root-mean-square velocity. Assuming that drone-mounted antennas are flown at height h above a 6 

subsurface with constant velocity vsub, vRMS is the travel-time weighted average between vsub and the 7 

velocity of the GPR wavelet through air (vair, = 0.3 m/ns): 8 

ὺ ,    (2) 9 

where tair is the two-way travel-time (= 2h/vair) through the air-gap at x = x0. For a ground-based 10 

system, tair is 0 and vRMS = vsub. These equations are strictly valid for monostatic systems, with zero 11 

transmitter-receiver offset, but nonetheless remain widely applied for finite-offset bistatic systems. 12 

vRMS can be evaluated using several analytic methods, including curve-fitting approaches and 13 

semblance-based velocity analysis (Booth and Pringle, 2016). With pairs of vRMS and t0 available, vsub 14 

can be approximated ǳǎƛƴƎ 5ƛȄΩǎ 9ǉǳŀǘƛƻƴ ό5ƛȄΣ мфррύ: 15 

ὺ ,     (3) 16 

which can be used recursively to derive the vertical variation of vsub if vRMS:t0 pairs are available. 17 

Equation (1) is exactly hyperbolic for ground-based systems and constant, isotropic, vsub,. In layered 18 

velocity models, non-hyperbolic travel-time terms are introduced because refraction across 19 

interfaces is neglected. Since travel-times deviate from those predicted by Equation (1), velocity 20 

estimates derived with it are inaccurate with respect to true vsub. This is exacerbated where |x-x0| is 21 

large with respect to the vertical distance between the antennas and the target (i.e., the sum of 22 

flight-height and target depth). These errors can be circumvented using higher-order terms in travel-23 

time approximations (e.g., Causse, 2004; Causse and Sénéchal, 2006) or through full waveform 24 

inversion (e.g., Jazayeri et al., 2018), but these are less widespread in practice than assuming 25 

hyperbolic travel-times and accepting some velocity error. However, strong refraction across the air-26 

ground likely increases the severity of these errors. 27 

Additionally, there are systematic velocity errors that should be considered for any practical velocity 28 

analysis. A diffracting target with a finite radius causes vsub to be biased fast (Shihab and Al-Nauimy, 29 
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2005; Ristic et al., 2009) and vsub is exaggerated further if the intersection between the long-axis of 1 

an elongate diffractor (e.g., a pipe) and the profile direction is not orthogonal. Conversely, many 2 

velocity analysis approaches (e.g., curve-matching and semblance) consider the travel-times of the 3 

highest amplitude cycles of the GPR wavelet and therefore cause vsub to be biased slow; velocity is 4 

expressed more accurately by first-breaks travel-times (Booth, Clark and Murray, 2010; Booth and 5 

Pringle, 2016). Although the impact of these is appreciated, the relative significance of velocity 6 

errors from a drone-based survey platform is currently unexplored. 7 

 8 

3. Data Simulation 9 

Two approaches were adopted to simulate drone-mounted GPR acquisitions, using different flight 10 

heights and a range of vsub. First, ray-tracing was used to illustrate the distortion of diffracted 11 

raypaths. Second, finite-difference models were implemented in gprMax, to capture the near-field 12 

behaviour of a finite-frequency wavefield and a more realistic antenna radiation pattern.  13 

 14 

3.1 Ray-based synthetics 15 

Travel-times were computed for a point diffractor at 0.2 m depth in a homogeneous isotropic half-16 

space. Bistatic transmitting and receiving antennas were offset at 0.02 m, and midpoint positions 17 

extended to ±0.5 m either side of the diffractor, sampling every 0.02 m. Responses were modelled 18 

with drone flight-height, h, ranging from 0 to 0.9 m (i.e., up to 3-times the wavelength in air, l, of 19 

the 1000 MHz wavelet used in later synthetics and field survey). vsub was increasing in 0.01 m/ns 20 

increments from 0.07-0.13 m/ns.  21 

Figure 1 shows modelled raypaths for all h and vsub = 0.09 m/ns. The ground-based model (Figure 1a) 22 

shows the straight-rays expected for constant vsub, but low drone flight-heights introduce significant 23 

ray-bending across the air-ground interface which gradually decreases with increasing h. The 24 

corresponding travel-time curves (Figure 2a) highlight the distortion from the diffraction hyperbola 25 

recorded by ground-based antennas. For models with h > 0, the ground-going leg of the raypaths 26 

shows little variation from the vertical, hence the corresponding diffractions are simply time-shifted 27 

variants of a hyperbola originating at the air-ground interface. In all cases, the shift is ~ 4.4 ns, 28 

corresponding to the vertical two-way travel time between the air-ground interface and the 29 

diffractor. This implies that refraction effects prevent vsub from significantly influencing the curvature 30 

of the diffraction response. 31 
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 1 

Figure 1. Raypaths modelled for a point diffractor, placed at 0.2 m depth in a subsurface with constant vsub = 2 
0.09 m/ns. Each panel shows antennas (red circles) raised to successively increased height, from 0 to 0.9 m, 3 
and the corresponding tair. The additional annotation in the lower-right panel shows the vertical travel-time, 4 
4.4 ns, between the diffractor and ground surface. 5 

  6 

 7 

Figure 2. Ray-based travel-time curves for models in Figure 1. a) Curves for ground-based (blue; h = 0) and 8 

airborne (red; h > 0) antennas. b) End-member curves from (a), compared to diffraction hyperbolae (black 9 

dashed lines) from a diffracting target placed at the ground surface. Each pair of curves is simply shifted by 10 

~4.4 ns. c) Expression of curves in (a) on t2-x2 axes, and best-fit straight-lines (black dashed lines) for each. 11 
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vRMS is estimated for each model using a linear regression to diffraction travel-times, expressed in 1 

Figure 2c on t2-x2 axes. The reciprocal gradient of the best-fit straight-line (black dashed lines) 2 

defines ½vRMS
2, and its intercept t0

2. Being exactly hyperbolic, travel-times for ground-based 3 

antennas are fit perfectly, however non-hyperbolic terms for h > 0 introduce curved t2-x2 responses 4 

which are most evident for h Җ 0.3 m. vsub was estimated for each case by substituting vRMS:t0 into 5 

5ƛȄΩǎ 9ǉǳŀǘƛƻƴΣ ǘƻƎŜǘƘŜǊ ǿƛǘƘ tair (annotated in Figure 1) and vair = 0.3 m/ns. Figure 3a shows vRMS and 6 

the resulting vsub, the latter expressed as a percentage error in Figure 3b. 7 

All vsub estimates are biased fast but the largest errors are shown for the lowest h (e.g., 70% 8 

overestimate for h = 0.075 m, 14% for h = 0.9 m). Equivalent overestimates for all modelled vsub 9 

(Figure 3c) suggest that velocity mismatch decreases with both increasing h and vsub. For the fastest 10 

velocity case, overestimates are always < 40%, and are ~7% for the highest flight-heights. However, 11 

overestimates can approach 100% for cases of vsub Җ 0.08 m/ns and low flight-heights. 12 

The analysis was repeated for diffractors placed at 0.6 m and 1.0 m depth (Figures 3d and e, 13 

respectively). For the 0.6 m case, vsub overestimates are typically < 20%, improving to < 10% with 14 

faster vsub and/or greater flight-height. The overestimate seldom exceeds 10% for the 1 m-deep case, 15 

but targets at this depth would not widely be considered suitable for imaging with 1000 MHz 16 

antennas. The errors in Figure 3b are therefore more illustrative of a typical best-case scenario. 17 

 18 

3.2 Finite-difference synthetics 19 

Ray-based modelling illustrates the challenges for diffraction-based velocity analysis but neglects 20 

realistic aspects of GPR propagation. As ray-based synthetics are infinite-frequency models, they 21 

impose far-field conditions and thus plane-wave arrivals, yet shallow targets could be present in the 22 

near-field (e.g., within a small number of wavelengths; Warren and Giannopoulos, 2012) where 23 

wavefront curvature is significant. Furthermore, ray-based arrivals were weighted equally in the 24 

linear regression, whereas amplitudes in real data are affected by changes in ray length due to 25 

geometrical spreading, attenuation losses and, in particular, the anisotropic radiation pattern of GPR 26 

antennas. The lattermost is likely to be particularly significant given the obliquity of the far-offset 27 

raypaths implied for low-h in Figure 1.  28 

 29 
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 1 

Figure 3. Measured velocities and errors with changing flight-height. a) vRMS measured from t2-x2 analysis 2 
(solid, blue), and the estimated vsub (dashed, green) ŀŦǘŜǊ ǎǳōǎǘƛǘǳǘƛƻƴ ƛƴǘƻ 5ƛȄΩǎ 9ǉǳŀǘƛƻƴΦ ōύ Percentage 3 
overestimate of vsub, with respect to model value of 0.09 m/ns. c-e) Overestimates of a range of vsub values for 4 
point diffractors at 0.2 m, 0.6 m and 1.0 m depth respectively. Contours are filled at 10% intervals, with white 5 
contours appearing at intervals of 2% within the 0-10% range. The pink dashed line in (c) corresponds to the 6 
data in (b). 7 

 8 

Finite-difference synthetics were undertaken using gprMax (Warren, Giannapoulos and Giannakis, 9 

2016). A 3-D domain of dimension [x, y, z] = [1.0 x 1.0 x 1.2] m was established and discretised into 10 

cells of dimension [Dx, Dy, Dz] = 0.005 m. The modelled structure is 2.5D, continuous in the y-11 

dimension and represents a horizontal pipe installed in a trench (Figure 4). The pipe is a cylindrical 12 

perfect electrical conductor (pec), with diameter 0.1 m and centred at [x, z] = [0.5, 0.2] m. The 13 

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 14 
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domain. The overlying air-gap extends 0.7 m above the ground surface, allowing antennas (red 1 

circles, Figure 4) to be placed at a range of h from 0 to 0.6 m. This is up to 2 l, for the 1000 MHz 2 

source wavelet we assumed. 3 

All physical quantities are fixed, except for the relative dielectric permittivity, er, of the trench fill 4 

which is first set to 18.3 and then to 5.3, giving vsub of 0.07 and 0.13 m/ns (the extreme velocity cases 5 

considered in Section 3.1). The velocity through the lowermost layer is fixed at 0.010 m/ns, such that 6 

the velocity contrast at the base of the trench is ± 0.03 m/ns. Output radargrams were made at y = 7 

0.5 m, with antenna midpoints spanning 0.05-0.95 m, in 0.02 m intervals. The time step in these was 8 

downsampled, from 0.0096 ns, to 0.1 ns via linear interpolation. The radargrams were contaminated 9 

with noise traces from a 1000 MHz field dataset (Section 4), scaled to give 15 dB signal-to-noise ratio 10 

at the diffraction apex. 11 

 12 

 13 

Figure 4. [x,z] cross-section through the gprMax model. A cylindrical perfect electric conductor (pec) is placed 14 
at 0.15 m depth in a subsurface with fixed electrical conductivity (s = 1 mS/m) but variable vsub. Antennas (red 15 
circles) span a range of x from 0.05 to 0.95 m, and are positioned at h up to 0.6 m (0-2l).  16 
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Velocity analysis was undertaken for each model using semblance (e.g., Stucchi et al., 2020), 1 

configured using the travel-time expression in Equation (1) (Booth and Pringle, 2016). The 2 

calculation spanned an aperture of 0.4 m either side of the apex and used an analysis window with 3 

0.1 ns duration. Figure 5 shows output radargrams and their semblance responses; columns (a) and 4 

(b) relate to vsub of 0.07 m/ns and 0.13 m/ns, respectively, with rows (i) to (vii) showing flight-heights 5 

increased from 0 to 0.6 m. The hyperbola on each radargram is the semblance-derived 6 

approximation to first-break travel-times (ornament Ä). These are based on semblance picks made 7 

at the strongest semblance response, corresponding to the strongest half-cycle of the GPR wavelet 8 

(ornament U) but corrected for the ~0.53 ns lag from first break (Booth, Clark and Murray, 2010). 9 

The precision in vRMS, and in vsub thereafter, is based on the width of the 90% semblance contour 10 

(Booth, Clark and Murray, 2011).  11 

Diffraction responses in Figure 5 flatten progressively with increasing h, becoming indistinct from the 12 

response from the trench floor. Furthermore, consistent with observations in Figure 2b, they 13 

become time-shifted replicas of each other: the travel-time moveout of the diffractions differs by 14 

just 0.8 ns between panels aviii and bviii, despite the difference in the velocity models. Figure 6 15 

shows that vRMS tends towards 0.3 m/ns as h increases (Figure 6a,c), with both vRMS and vsub 16 

becoming increasingly imprecise. For expressing vsub as a fractional error (Figure 6b,d), reference 17 

values are increased respectively to 0.079 m/ns and 0.134 m/ns to incorporate the finite-radius 18 

effect of our pipe geometry: with a radius-to-centre-depth ratio of 0.25, these increases are 19 

consistent with those shown by Shihab and Al-Nuaimy (2005). For comparison, Figures 6b and d also 20 

include the relative errors in vsub from the ray-based models in Figure 3a. 21 

 22 
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 1 
Figure 5. Synthetic radargrams and semblance responses for vsub of a) 0.07 m/ns and b) 0.13 m/ns, and h 2 
increased (i to vii) from 0 to 0.6 m. The hyperbola in each radargram approximates first-break travel-times 3 
using semblance picks corrected (ornament Ä) from peak responses (ornament U). Orange dashed line in 4 
models with h > 0.15 m shows the reflection from the air-ground interface. All radargram and semblance 5 
panels share the same colour scale and amplitude range. 6 


