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Summary:

We discuss seismic interferometry by multi-dimensional deconvolution for controlled-
source data as well as for passive data and compare both approaches with the
corresponding correlation-based interferometric methods. For the controlled-source
situation we derive the virtual source method as an approximation of the multi-
dimensional deconvolution method. For the passive data situation we show that the
deconvolution method and the cross-correlation method are essentially different, and we
discuss the merits and drawbacks of both approaches.
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Introduction

Seismic interferometry is a cross-correlation based process to generate new seismic responses from ex-
isting ones. It can be applied to passive data as well as to controlled-source data, see the supplement
of the 2006 July-August issue of Geophysics. Recently it has been recognized that in specific cases it
can be advantageous to replace the correlation process by deconvolution. One of the main advantages is
that deconvolution compensates for the properties of the source wavelet; another advantage is that is not
necessary to assume that the medium is lossless. Srieder(2006) deconvolve passive wave fields
observed at different depth levels and show that this changes the boundary conditions of a system. They
applied it to earthquake data recorded at different heights in the Millikan library in Pasadena and obtained
the impulse response of the building. Mebtal. (2007) used a somewhat similar approach to estimate

the near-surface properties of the Earth from passive recordings in a vertical borehole. Both approaches
employ a 1-D deconvolution process.

Various authors have shown that multi-dimensional deconvolution processes, applied to controlled-
source data with the receivers at a constant depth level (for example at the ocean bottom or in a hori-
zontal borehole), can also be used to change the boundary conditions of a system. Wapenaar and Ver-
schuur (1996), Amundsen (1999), Wapenetaal. (2000) and Holvik and Amundsen (2005) use multi-
dimensional deconvolution of down going and up going waves at the ocean bottom to suppress ocean-
bottom and surface-related multiples. Berkhout's data processing in the inverse data space (Berkhout,
2006) is another form of multi-dimensional deconvolution. Schuster and Zhou (2006) and Wapenaar
et al. (2008) discuss multi-dimensional deconvolution in the context of seismic interferometry. Slob
et al. (2007) apply interferometry-by-deconvolution to modelled CSEM data and demonstrate the insen-
sitivity to dissipation as well as the potential of changing the boundary conditions: the effect of the air
wave, a notorious problem in CSEM prospecting, is largely suppressed. In the following we review inter-
ferometry by multi-dimensional deconvolution of controlled-source data and we discuss a modification
for passive data. We compare both approaches with correlation-based interferometric methods.

Interferometry by multi-dimensional deconvolution of controlled-source data

Consider the situation depicted in Figure 1. StBteepresents a configuration with sourcesatat or

below the Earth’s surfac@D, and receivers at a constant depth level (the solid line just abbyg.

This receiver depth level can be for example the ocean bottom or a horizontal borehole. The wave field
at the receiver level is decomposed into down going and up going fieldend p—, respectively (the
circumflex denotes the frequency domain; the angular frequency will be denotgd RBL (x,x4,w)INn

stateA represents the reflection response of the medium bélowfor a source ak 4 and a receiver at

x. StateA is defined such that the half-space abeis reflection free, henceiizar (x,x4,w) does not
contain any multiple reflections related to the medium aliiie, including the ocean bottom and/or the
Earth’s free surface. The subscripin RJ (x,x4,w) denotes the absence of these multiples.
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Figure 1: Configuration for controlled-source data.

The fields in stategl and B are related according to

P (X4, Xg,w) = ]ég(xA,X,w)ﬁ+(x,xs,w)d2x. Q)
oDy

This is an integral equation of the first kind f&é* (x4, x,w) [due to source-receiver reciprocity we have
R (xa,%,w) = R (x,x4,w)]. Note thatR is the Fourier transform of an impulse response, whereas
pt andp~ are proportional to the source spectréiw) of the source ats. For laterally invariant media
equation (1) can easily be solved via a scalar division in the wavenumber-frequency domain. For 3-D
inhomogeneous media it can only be solved when the down going and up goingfi¢idsc s, w) and
P~ (xa,xg,w) are available for a sufficient range of source positirgs In matrix notation (Berkhout,
1982), equation (1) can be written as

P =RIPT. 2)
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For example, the columns of mati- containp™ (x,xg,w) for fixedxs and variablex atoD;, whereas
the rows of this matrix contaip™(x, xs,w) for fixed x and variablexg. Inversion of equation (2)
involves matrix inversion, according to

Ry =P~ (PT)™* 3)

(Wapenaar and Verschuur, 1996). The matrix inversion in equation (3) can be stabilized by least-squares
inversion, according to

Ry =P~ (PHI(PH)(PH)T + e, @)
where the superscrifjtdenotes transposition and complex conjugatias the identity matrix and is a
small constant. Berkhout and Verschuur (2003) used a similar inversion for transforming surface-related
multiples into primaries. Equations (3) and (4) describe 3-D interferometry-by-deconvolution. Note that
the medium need not be lossless. Moreover, this least-squares inversion compensates for irregularities
in the source distribution and for variations in the source spectra. Schuster and Zhou (2006) derived an
expression equivalent with equation (4) and called this least-squares redatuming. Wapahg2008)
generalize equations (1) (4) for general vector fields. Van der Neettal. (2008) discuss numerical
examples.

We conclude this section by comparing 3-D interferometry-by-deconvolution with the virtual source

method of Bakulin and Calvert (2006). To this end we ignore the inverse matrix in equation (4), according
toR ~ P —(I5+)T. If we rewrite this equation again in integral form we obtain

R (%, 0) ~ / (x5, @) BT (x, x5, )} dxcs, 5)
ODg

where the superscriptdenotes complex conjugation a5 represents the depth level of the sources.
Note thatR; is now proportional to the power spectruafw)|? of the sources atDs. Equation (5)
corresponds to the virtual source method of Bakulin and Calvert (2006).

Interferometry by multi-dimensional deconvolution of passive data

Since the underlying assumption of equation (1) is that the medium ki#ilgws source-free, it is not a

suited starting point for deriving interferometry for passive data with sources in the subsurface. In Wape-
naaret al. (2004) we derived several relations between reflection and transmission responses. Consider
equations (22) and (23) in that paper:

T(j_(fov XBaw) - TJF(X{;A,Xva) = / TJ—(XiM X, W)R+(X7 XB; w)d2x, (6)
J 8Dy

T3 () = T (hxm) = [ T (i) B G ) ™)
J oDy

Here Tgf(x;‘,xB,w) is the transmission response of a sourc&atat the Earth’s surfacéD,, ob-
served ak/, in the subsurface. The subscriptlenotes again that no free-surface multiples are included.
T+ (x4, xp,w) is the transmission response with free-surface multiples. Via source-receiver reciprocity
these responses are identical Witfi (x5, x/;,w) andT"~ (x 3, x4, w), respectively, each of which rep-
resents an up going response at the surédigg due to a source in the subsurfacégr(x, xp,w) and
R*(x, xp,w) represent the reflection responses observed at the sulbagevithout and with free sur-

face multiples, respectively. Given the transmission respdhsgx g, x'y,w), the aim is to find the
reflection response. In matrix notation, equations (6) and (7) become

TEoTto TR = RT 1o (T ®)
TEoTFoTHRE = RE = (TR, ©

with TS = {T;}* andT* = {T~}¢, where superscriptdenotes matrix transposition. Givai, the
aim is to findR* or R{". Note that we have two equations with three unknovitis, R} andT). A third
equation is Berkhout’s relation between the reflection responses with and without free surface multiples,
ie.,

RIF—RT=R{R" = RI=RT(I-R")™L (10)
Unfortunately equations (8) (10) are not independent, which is most easily seen by substituting the
right-hand side versions of equations (8) and (9) into the left-hand side version of equation (10). Hence,
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the system of equations is underdetermined, so we have to make an additional assumption if we want
to resolve the reflection response fram. In the following we assume that the subsurface consists of
an inhomogeneous target below a relatively weak inhomogeneous overburden. The buried sources are
located below the target. For this situation the transmission response without surface-related multiples,
i.e. TO , can be estimated from the transmission response with surface-related muitipléy, applying
a time window in the time domain. Now, givél, = {T¢}* andT~ = {T*}¢, the reflection response
RT or Rar can be resolved from equation (8) or (9), respectively. Since the invefse isfmore difficult
to determine than that of, we propose to resolvet from equation (8). Usin* = {R*}* and the
symmetries of the transmission matrices, we rewrite equation (B)as | — {T-S}{T;S} !, where
S is a diagonal matrix containing the spectra of the sources below the target zone. The stabilized version
reads

RT = 1P~ (Py)"[(Py)(Py)T + €7, (11)
whereP~ = T7-§ andlf’g = To_é represent the observed up going transmission responses at the surface,
with and without surface-related multiples. The process described by equation (11) can be followed by
surface-related multiple elimination (equation 10) to obl%jn The generalization for vector fields is
similar to that described by Wapenagral. (2008) for controlled source data. Although equation (11)
is primarily meant for multi-dimensional deconvolution, we illustrate it for a 1-D medium. The medium
consists of a homogeneous overburden with a propagation velocity of 2000 m/s, and a horizontally lay-
ered target between= 1600 m andz = 2300 m. Figure 2a shows the transmission response observed
at the free surface of a sourceat = 2400 m. Figure 2b is a time-windowed version, without the
surface-related multiples (this separation is possible due to the homogeneous overburden). Applying the
1-D version of equation (11) gives the reflection response at the free surface, including the surface-related
multiples, see Figure 2c. Figure 2d shows the difference with the directly modelled reflection response.
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Figure 2: 1-D example of interferometry by deconvolution of passive data (see text for details).

We conclude this section by comparing equation (11) with interferometry by cross-correlation of
passive data. To this end we ignore the inverse matrix on the right-hand side of equation (11) and we
correct the remaining part for the source spectra, h&fce: | — 'T"('i'g)T. If we rewrite this equation
again in integral form we obtain

R+<XB,XA7UJ) ~O(xp —Xa) — / T_(XB,xs,w){Tof(xA,xS,w)}*d2xs. (12)
oD,

Compare this with our expression for interferometry by cross-correlation (Wapenalay 2004),

2?}%[R+(XB,XA,w)} =d(xp —x4) — /aD T_(XB,Xs,w){T_(XA,Xs,LU)}*dZXS. (13)
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Although there is resemblance, there are some important differences. Apart from the difference in the
left-hand sidesig in equation (13) denotes the real part), in the right-hand sides weziga@eA, Xg,w)

in equation (12) versu?—(xA,x&w) in equation (13). Hence, interferometry by cross-correlation

of passive data (equation 13)rista special case of interferometry by multi-dimensional deconvolution
(equation 11). Both approaches have their own merits and drawbacks. Interferometry by cross-correlation
(equation 13) has the advantage that it is applied to the full transmission responses (no need for time-
windowing), and that all multiple reflections (internal and surface-related) are properly included in the
reconstructed reflection response, no matter the complexity of the overburden. Moreover, for the situation
of uncorrelated noise sources, the integral collapses to a single cross-correlation of observations at
andxp, according to

2R[RY (xp,x4,w)] = 0(xp — xa) — T (x5, w){ Ty, (x4, W)} (14)

A drawback is that the medium is assumed to be lossless and that the transmission responses in equation
(13) are assumed to be regularly sampled impulse responses, although this assumption can be relaxed.
Draganowet al. (2007) obtained good results by applying equation (14) to real data. The main advantage

of equation (11) is that it accounts more accurately for irregular sampling and variations in the source
spectrum. Moreover, equation (11) is valid for dissipative media. A drawback is that it requires the
transmission response without surface-related multiples, which should be estimated in one way or another
from the full transmission response. Another drawback is the more complex processing (large matrix
inversion) and the fact that it can not be applied in the situation of simultaneously acting uncorrelated
noise sources (the sources should be transients and their responses should be measured sequentially in
time, similar as in equation (13), but opposed to equation (14)).

Conclusions

We discussed seismic interferometry by multi-dimensional deconvolution for controlled-source data as
well as for passive data and compared both approaches with correlation-based interferometric methods.
For the controlled-source situation the virtual source method was derived as an approximation of the
deconvolution method. For the passive data situation it was shown that the deconvolution method and the
correlation method are essentially different, each of them having their own merits and drawbacks.
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