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SUMMARY

The retrieval of the Green's functions between receiver pairs by multi-dimensional
deconvolution can be extended to extract the impulse response between source pairs through
source-receiver reciprocity. However in general, the procedure requires the separation of the
outgoing and incoming wavefields at the sources, which reduces to the separation of the
direct waves and the reflected waves in the absence of free-surface and inter-layer multiples.
We show that in theory, for non-transient noise sources where the separation may not be
obvious in the data domain, the separation can be achieved by time-windowing in an
intermediate crosscorrelation step, which can be readily included in the MDD scheme. We
illustrate the method with a synthetic model.

76™ EAGE Conference & Exhibition 2014
Amsterdam RAI, The Netherlands, 16-19 June 2014



\

Amsterdam

I ntroduction

Seismic interferometry (SI) is usually applied étrieve the impulse response between receiver, pairs
turning one of the receivers into a virtual sourbie.the case of having actual receivers in the
subsurface, this method has been applied to sdottgsedatum the data to a deeper part of the
subsurface without an accurate velocity model @ dverburden. This type of interferometry is
referred as inter-receiver Sl. By invoking soureeeiver reciprocity, one can also retrieve the
impulse response between source pairs, turningbtiee sources into a virtual receiver (Curtislet a
2009). This type of interferometry is referred ager-source Sl. Similarly, with inter-source Sljst
possible to redatum the data into the subsurfati’owt deploying any receivers in the subsurface.
This can be of particular interest when one onlg haise sources in the subsurface. One such
example may be drill-bit noise.

There are different ways to implement seismic fetemetry. The typical approach is by
crosscorrelation (CC). Although straightforward anobust, it is theoretically only valid in a medium
without loss and may suffer from imperfect acqiesitgeometries. An alternative approach is multi-
dimensional deconvolution (MDD), which essentiaflyan inversion process and has the potential to
suppress artifacts due to irregular source diginhbuand intrinsic loss (Wapenaar et al, 2011).

In a recent abstract, we extend the theory of irgeeiver Sl to inter-source S| by MDD for trangien
subsurface sources (Liu et al., 2013). In a genstaltion, the method requires the separation of
incoming and outgoing waves at source locationschiyhn the case of demultipled data, reduces to
the separation of the direct and reflected wavesvéver, such a separation in the data domain may
be problematic for non-transient sources. Followtimg work by Wapenaar and Fokkema (2006) and
van der Neut et al. (2010), here we show thatrfmrisource Sl, the separation can also be made by
time-windowing in an intermediate crosscorrelatsep of the MDD inversion procedure, provided
that the noise sources are uncorrelated. This appropens possibilities for turning noise sources
into virtual receivers in the subsurface.

Theory

Starting from Rayleigh's reciprocity theorem of damvolution type (Wapenaar and Fokkema, 2006)
and defining two states A and B as shown in Figyre

- TN B I

Figure 1 Configurations of state A and B for inter-source S by MDD. The dotted line describes the
boundary enclosing the integral volume. The orange circle denotes the virtual receiver. The star
denotes a source and the triangle denotes a receiver.
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we derive the basic equation for inter-source SMBD with sources in the subsurface as (Liu et al,
2013):

P" (%, 1%,) =] P (¢, 1X)G) & Ix,, BX ®
The capital letters indicate the frequency domtiimeans that the convolution of the pressure field

P (X, |X) (outgoing from X to %) and the dipole Green's functi@j (x| x.) (incoming from X%

to X), summed over all source positions, givesghessure field®" (x_. |x,) (incoming from X to

Xg). The dipole Green's function is defined in ecuraf®). The bar denotes that the retrieved Green's
function is defined in state B where the mediunsini& the source surface is homogeneous.

G (X|xg)= ,—

nd G" (x |xg) )

ap(x)

The Least Square inversion of equatign is equivalent of solving the normal equation (Menk
1989), with the integral written out explicitly as:

[P 0 1x9P" 6, xR | [P 6, 1 P & KR |Gk e, 0 ®

with (X', X) =JP°W (X, | X )P (x, [x)JR , where* denotes the complex conjugate dngk',X)is

called the point spread function (PSF) (van dertieal., 2010; Wapenaar et al., 2011). The smhuti

of the above system of equations, which is the ankndipole Green’s function between two source
positions, can be estimated with a standard Darhpadt Squares approach. The notation is switched
to the matrix form:

c_;;)ut — (PoutTPout +£2| )—1PoutTPin @

where T denotes the complex conjugate transpose. In ah tdse where the free-surface multiples

and the inter-layer multiples have been removed, reduces to the direct wave antl ® the
reflected wave. Therefore, the implementation afatipn (4) requires the separation of these two

wavefields, which poses limitation for non-transisaurces. However, writing obtP with the total
field P=P™ +P" gives:

PTP - PoutTPout + Pom‘rpin + PinTPom + Pin TPin @

For noise sources, if they are uncorrelated therirttegral in the PSF function in equati@) can be
replaced by a spatial ensemble ave(ggeg(Wapenaar and Fokkema, 2006), and using theiootat

where P stands for vectors, we can rewrite equ@tidar noise sources as:

G ={(pe) ) e .

Now in the total crosscorrelation par(ei*p>, one can still find the ter<rp°"‘*p““‘>to have its major
contribution around |t|=0 and the te(mw”p‘">will have its at t>t1, where t1 is the two-way teav
time of the first reflector. The last ter(m:mfp‘"> will also have some contribution around |t|=0, ibut

is much weaker, so it could be neglected. This melhat if the first reflector has a sufficientlyntp
distance from the noise sources, we can still satec needed components for use in the inversion

76" EAGE Conference & Exhibition 2014
Amsterdam RAI, The Netherlands, 16-19 June 2014



z(m)

Q
Amsterdam 14

scheme from the total crosscorrelation pénéﬂ>>. In other words, instead of picking out the events

explicitly in the data domain and then crosscotieathe corresponding components, the separation
can be made in the crosscorrelation panel of tta field for uncorrelated noise sources.

Example

To illustrate the workflow, we use a 2D model shownFigure 2. 51 subsurface sources are
distributed regularly along a synthetic drillingajectory with an average spacinig=30m. 80
receivers are evenly placed with a spacing\of=25m at the depth z=5m. The modelled acoustic
pressure fields are computed with an elastic FiDiféerence code without the free surface. In this
example, although for the moment a Ricker wavdiet central frequency of 15Hz is used, we expect
the total crosscorrelation pan\qiﬂp> to be similar for uncorrelated noise sourdégure 3a shows

an example o(p*p> for shot 25. We can see tt(ai°“'*p°m> and<p°“"p‘"> can be easily separated

by applying a time window for |t|<0.7 and t>1.5spectively. Figure 3b and 3c show the
corresponding slice of <P°“”P‘“> an <P°“”P'"> . For

U IAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV,

verification,<P‘"TP‘"> is computed separately and shown in

Figure 3d. We see that it is indeed weak and tbezetan
be neglected.
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Figure 2 The P wave velocity model. The yellow triangles represent the receivers at the surface and
the red stars represent the sources in the subsurface. All 51 sources and every fourth receiver of a
total of 80 are plotted. The model has a grid spacing of 5 meter.
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Figure 4 Comparison of the retrieved response and the reference response. a) Retrieved response by
CC (red) compared with the reference response (blue). Every fifth trace is plotted. b) Retrieved
response by MDD (red) compared with the reference response (blue).

Conclusions

By applying source and receiver reciprocity andofeing the method for non-transient uncorrelated
noise sources as shown by Wapenaar and Fokkem&)(20@ van der Neut (2010), we extend the
method of inter-source Sl (Curtis et al., 2009)atcommodate noise sources. We illustrate the
workflow to separate the necessary ingredientsus® in the inversion scheme, provided that the
noise sources are uncorrelated and the first tefid=low the noise sources is relatively deephWit
this separation in the intermediate crosscorreiagtep, in theory one can turn the noise sourdes in
virtual receivers in the subsurface. The resulb alsows that SI by MDD generates responses with
less spurious events and removes the effect frenowkrburden.
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