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ABSTRACT

A 200 trace subset of a larger survey conducted in the "alagitbtunnel of the Inter-
Disciplinary Underground Science & Technology Laboratamy compared for image qual-
ity. These data are unique in that two distinct acquisitienrgetries are acquired simul-
taneously. The first, and we will call it "bistatic", is the cemiional georadar acquisition
where the transmitting and recording antennae are seddnateb cm. The second we will
call "'monostatic”. Monostatic acquisition is unique in tha transmitting and recording
antennae are exactly co-located - they are the same phgsitaina, and this is a recent
technical development. Monostatic acquisition reproduectly the geometry of the well
known "exploding reflector model" of seismic imaging and &fiere, zero-offset migration
(ZOM) of the data is not an approximation but a legitimategmg approach. In particu-
lar, the image of the near-surface (1 m or so) should be mlgdimaged (given an exact
velocity model) - bistatic data require prestack depth atign (PSDM) to achieve equal
precision. PSDM, of course, is much more expensive and tonsuming than ZOM and
SO monostatic acquisition is very desirable. Here we dematesa number of important
differences.

INTRODUCTION

Georadar data were acquired in March 2011 in the anti-blastal within the Inter-
Disciplinary Underground Science & Technology Laboratairthe Laboratoire Souterrain
& Bas Bruit (LSBB, http://Isbb.oca.eu), Rustrel, France (Yeelial., 2010). Georadar data
are acquired at LSBB in experiments on detecting water coiiemapping permittivity
over depths of several metres. One of the most interestaigieal aspects of the record-
ings is the use of both a conventional bistatic recordingmgtoy (the source / receiver
offset is about 65 cm) and what we will call a monostatic rdeuy geometry where the
emitting antenna is also the receiving antenna. The motoskata correspond precisely
to the exploding reflector model of seismic migration (Femuet al., 2010). This cor-
respondence means that zero-offset migration (ZOM) shaildn a very good image of
the subsurface for a low computational effort. In contrbstatic acquisition should be
migrated using a prestack or constant offset method (Fergesal., 2010) - in particular
for the shallow section.

In this paper, we compare migration images for ZOM of the nstewic data to ZOM
of the bistatic data and prestack depth migration (PSDMhefltistatic data. We proceed
first through a Gabor-domain deconvolution procedure tens/the amplitude and phase
effects of() attenuation (for details of the Gabor process please sgeis@n and Margrave
2012 this issue) to depth-variable velocity analysis usimgodified depth migration algo-
rithm. We find that there are a minimum of two distinct velga@bnes - one shallow (0 - 5
m depth) witha = 0.2 x ¢ m/s wherex is the measured georadar velocity and 3 x 108
m/s. Note, allo values quoted are "half velocities" as in ZOM applicationsr FSDM
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they are doubled. The second zone extends from 5 m downware-ai.27 x ¢ m/s.

The migrated images show that ZOM of the monostatic datars®@very clean image
of a number of shallow diffractors and layers that ZOM migmatof the bistatic data
images with less clarity. We find that PSDM of the bistaticadegturns a marginally
sharper image. Our findings are consistent in the deepapsegith the exception that
ZOM of the bistatic data is comparatively noisier that in shallow section.

Computationally, we find that PSDM is much more expensive tothan ZOM by a
factor that isx N log, N/log, M whereM is the number of traces and is the number
of traces that we pad around a single bistatic trace priolSiDN? (Ferguson et al., 2010).
For M = 256 and N = 128, we find that PSDM is- 100x as expensive as ZOM. Then,
given the quality of the ZOM of the monostatic data, we codelthat monostatic data
acquisition has compelling advantages in terms of costmuagié quality when compared
to bistatic acquisition.

DATA ACQUISITION

The georadar data from LSBB were acquired in March 2011 usirexponentially ta-
pered slot antenna (ETSA) of the Vivaldi type (Yedlin et2010). The ETSA is connected
to an agilent vector network analyzer and it operates betvi&® MHz to 2 GHz with a
noise floor of -120 dB. The monostatic (reflection) data anthbis(transmission) data are
recorded as + i b complex numbers and each recorded number is a stack of 17amaao
matic wave measurements. This system is reported to havenherwf outstanding at-
tributes including long depth of resolution due to it's wisendwidth. Compared to other
systems it has a greater dynamic range plus low distortiedI{iY et al., 2010), and this
is achieved with low-noise, low-loss cables and shieldiridp witra-wideband absorbers
(Yedlin et al., 2010). More details about the system and ampligition parameters are
found in Figure 1 and Table 1. Note, as a prototype, this gore quite large as can be

seen in Figure 1 (roughly 1 m 1 m) and it is quite heavy (about 1/2 a ton) (Yedlin et al.

2010).
| Parameter | Detail |
Format Text (real and imaginary parts)
Antennae orientation Perpendicular to
the acquisition direction
Frequency band 100-1500 MHz
At 1/3 ns
Maximum¢ 747 ns (2241 samples)
Offset monostatic: 0.0 m, bistatic: 0.65 m
Nominal Ax 0.1m
Actual average\z 0.926 m
Stack 17 pulses

Table 1. Table of acquisition parameters.
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01/03/2011

FIG. 1. ETSA antenna and acquisition apparatus in-situ (Yedlin et al., 2010). The width of the
central shielding is 25 cm and the distance between the antennae is 65 cm.
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DATA PROCESSING

The georadar data are stored as monochromatic signals xt éotmat as real and
imaginary parts. The data are read from this format and tbenested to the time domain
by IFFT.

Following conversion to time, the first stage of processmgleésigned to remove a
programmed time delay and a source-multiple pulse. Theydslased to avoid direct
arrival energy, and the multiple is internal to the sourcieana (Yedlin et al., 2010). The
time delay is estimated through cross-correlation withli@t piace (the mean-trace) where
we assign = 0 to the maximum amplitude lag and then time-shift the datatogly.
The multiple pulse is very high amplitude but it has the prop#hat it is present on all
georadargrams. This noise source can be estimated by adftatikraces. The signal
trace that results is then subtracted from each trace ohaly and we refer to this as
mean-trace subtraction (Yedlin et al., 2010). Mean-trace subtraction penalizeszbatal
reflections and so other noise reduction procedures canrternplated.

Data witht = 0 correction and mean-trace subtraction applied are showigimre 2,
where Figures 2(a) and 2(b) give the monostatic and bistaterespectively. (A bandpass
filter and a time-variable display gain (amplitude envelopetrol) are applied for display
only.) There is considerabtéenging apparent in the data below about 30 ns and this appears
to be related to five scatterers embedded in a linear evebbat 80 ns.

The next stage in processing is to remove the source pulseaarett for attenuation.
Georadar is attenuated much more strongly than seismid-gsgeison and Margrave, this
issue), so nonstationary deconvolution (we apply Gaboowedution (Margrave et al.,
2011)) is a critical procedure here. Data with Gabor declutvam applied in Figures 3,
3(a) (monostatic), and 3(b) (bistatic). It is clear thatewltompared to Figure 2, we have
improved the data significantly. A horizontal reflection manvisible at~ 75 ns, and a
steeply dipping reflector is now apparent between 75 and 08 summary of processing
parameters is given in Table(2).

VELOCITY ANALYSIS

Velocity analysis (VA) for imaging was done following dateopessing. A ZOM-based
approach was used where subsurface diffractions were gsedieators. To reduce noise,
a number of frequencies are excluded from the VA procedurey are found to have very
strong amplitudes and contributenging to the result. Rather than notch-filter the noisy
parts of the spectrum they are simply not used as part of théd il@aging-condition step
- they do not contribute to the migration output. A table efffuencies and VA parameters
is given in Table 3.

For the near-surface, ZOM of the monostatic data was domg umsimerous test values
for velocity 0.15 x ¢ < o < 0.25 x ¢ m/s wherec = 3 x 108 m/s (half velocity) For the
deeper section (below 5 m) ZOM was parameterized Withx ¢ < o < 0.3 x ¢ m/s. This

*Gazdag ZOM (Gazdag, 1978) is used where constant lateityels assumed.
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| Process \ Detail |
Read spectra from text format
Convert(z,w) — (x,t)
Determinet = 0 Maximum lag

of mean-trace auto-correlation

Mean-trace subtraction
Gabor deconvolution twin=12.5ns
tinc=4/3 ns
tsmo=50 ns
fsmo=650 MHz
hsmo: hyperbolic
stab=0
phase: minimum
gdb=60
Bandpass filter (display only)  120-150-900-1500 MHz
(minimum phase)
AEC (display only) window width: 110 ns

Table 2. Table of processing parameters. The bandpass filter and AEC scaling are applied for
display only.

larger range of values fer was necessary as there are fewer obvious diffractors betaw 5
when compared with the near surface. A summary of velociyasis parameters is given
in Table 3.

VA in the near surface

ZOM for the monostatic data are shown in Figure 4. Four potatiterers at 1 m
depth are somewhatnder-focused for o = 17.5% ¢ (Figure 4(a)). Fora = 22.5%¢c
the diffractors are somewhatser-focused (Figure 4(c)). Optimal focusing happens for
a = 20% c as can be seen in Figure 4(b) and this value is assigned iiothe upper 5
m. Note that there is good noise cancellation in the upper Sdhiteresting detail is
apparent.

As a comparison, the ZOM-based VA is performed using thatistiata. The bistatic
data do not conform to the ZOM model so, as might be expedteddiffractors are less-
well focused and this can be seen in Figure 5. Overall, treeless noise cancellation and
shallow detail that is apparent on the monostatic testsi(Eig).

VA in the deeper section

For VA below 5 m, ZOM of the monostatic data is done using thenogl velocity
of = 0.2 x ¢ and a time-section of data is outputzat= 5mf. That is, we downward

fThis time-section is not to be confused witime migration.
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FIG. 2. Georadar data with mean-trace subtraction applied. a) Monostatic antenna. b) Bistatic
antenna.

continue the recorded data to 5 m using ZOM and then outpulldkee in coordinates of
x,t,andz = 5 m. This time section is then migrated from= 5 m onward using a range
0.1 x ¢ < a < 0.3 x ¢cml/s. Some examples of VA for the deeper section using the
monostatic data are given in Figure 6. The horizontal reflebetween 6 and 8 metres
and the dipping reflector (between 6 and 16 metres) are faglifocused fora = 27% ¢

m/s (Figure 6(b)) and they are less well focused for the bmgndalues20% ¢ and29% ¢
(Figures 6(a) and 6(c)). Again for comparison, an identafor the bistatic data is given

in Figure 7. The images are much noisier and the shallow teflélsetween 6 and 8 m) is
almost completely obscured.

IMAGING

ZOM is applied to the monostatic and the bistatic data, aogdhmages are compared
to PSDM of the bistatic data in Figure 8 (for the shallow sattiand Figure 9 (for the
deeper section) and the corresponding parameters formgage given in Table 4. Note,
PSDM is done using twice the half velocities. The shallowgesfor monostatic ZOM
and bistatic ZOM are given in Figures 8(a) and 8(b) respelsti{they are Figures 4(b) and
5(b) repeated), plus bistatic PSDM in Figure 8(c). Not that bistatic PSDM appears to
have slightly better focusing and more event definition thatmonostatic ZOM, and it is
much better than the bistatic ZOM.
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FIG. 3. Georadar data with mean-trace subtraction plus Gabor deconvolution applied. a) Monos-
tatic antenna. b) Bistatic antenna.

Images for the deeper section are given in Figure 9, whedd®¥{lae monostatic ZOM
and 9(b) is the bistatic ZOM, with the bistatic PSDM given igle 9(c). Though perhaps
the dipping event is not as well resolved by bistatic PSDMrathe monostatic ZOM,
PSDM may actually have reduced off line noise that might lelmgentaminating effect on
the monostatic ZOM. Both the monostatic ZOM and bistatic PS@® superior in image
resolution and noise reduction compare to bistatic ZOM.

Computational cost

Our ZOM is based on Gazdag (1978) and so we estimate it's sest® log, M for
each migrated frequency and whérkis the number of traces. Here, the number of traces
is 223 and we zero-pad this fid = 256 for ZOM and so cost isc 2048 per frequency. We
estimate cost for our PSDM by similar reasoning. For PSDM sifgle bistatic trace, we
first insert the trace as a column within a zero matrix wheeezééro columns around the
trace act a padding. We then PSDM migrated each of the padaissstand then sum them
all into an image. We found thal{ = 128 was a sufficient number for PSDM of each trace
for a cost per trace oV log N for each frequency. The process is then repeated for each
of M traces. If we assume that helé = 223 ~ 256 then the relative cost of PSDM over
ZOMis « N log, N/ log, M or a factor of about 100.
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FIG. 4. Velocity analysis of the near surface by zero-offset migration (ZOM). a) ZOM velocity
a=0.175 x ¢, where c =3 x 103 m/s. b) « = 0.2 x ¢. ¢) & = 0.225 x c.
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FIG. 5. Shallow images from ZOM of the bi-static data for comparison with ZOM of the monostatic
data (Figure 4). a) Velocity a = 0.175 x ¢. b) a = 0.2 X ¢. €) a = 0.225 X c.
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FIG. 6. VA of the deeper section by zero-offset migration (ZOM). a) Velocity « for ZOM is 0.25
times c. b) a =0.27 x ¢. ¢) @ = 0.29 x c.
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FIG. 7. VA of the bistatic data for comparison with ZOM of the monostatic data (Figure 6). a)
Velocity a = 0.25 x ¢. b) @ = 0.27 x ¢. €) a = 0.29 x c.
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FIG. 8. Images of the near surface. a) ZOM of monostatic. b) ZOM of bistatic. c) PSDM of bistatic.
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FIG. 9. Images of a dipping structure. a) ZOM of monostatic. b) ZOM of bistatic. ¢) PSDM of
bistatic.
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| Process \ Detail |
Excluded frequencies Frequency (MHz)
270 MHz
284 MHz
415 MHz
432 MHz
535 MHz
555 MHz
ZOM (monostatic) Depth range (m), Velocity (%)
Gazdag (z) 0-5, 15-25
5-15, 1-30
Bandpass filter (display only)  120-150-900-1500 MHz
(minimum phase)
AEC (display only) window width: 110 ns

Table 3. Table of velocity analysis parameters used with monostatic data. The excluded frequencies
are not included in the imaging condition of ZOM. Test velocities are in %c where ¢ = 3 x 108 m/s.
Note, all « values quoted are "half velocities" as in ZOM applications. For PSDM they are doubled.

CONCLUSIONS

We present a comparison of true zero-offset migration (Z@NY prestack depth mi-
gration (PSDM) for georadar data. The true ZOM process ibledaby the acquisition
of monostatic georadar data within a single source / reca@mgenna and these data are
compared to imaging results from conventional bistati@dhat are acquired simultane-
ously. The monostatic and bistatic data are first processeartove source multiple effects
that are internal to the acquisition system and testtenuation compensation is achieve
using Gabor deconvolution. In imaging, we find that ZOM of thenostatic (true coinci-
dent source-receiver) data results in comparable imadgs/eeto PSDM of conventional
bistatic data. We find also that for our small dataset, PSDabaut 100x more expensive
that ZOM but that the image quality is probably not that eglantly better. Geologically,
we find that a shallow zone between 0 and 5 m depth focusses asialf velocity of 20
% of ¢ (20 % the speed of light in a vacuum) or a true velocity of 4@.%n the deeper
section, we find that the half velocity is 27 &or a true velocity of 54 %.
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