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From Reflection to Transmission Data

J.W. Thorbecke* (Delft University of Technology) & C.P.A. Wapenaar (Delft
University of Technology)

SUMMARY

From the reciprocity theorem of the correlation type an implicit relation between
seismic reflection and transmission data has previously been derived. In this paper
this relation is used to estimate the transmission coda, at a certain depth, from
reflection data measured at the surface. The transmission response is represented by
a generalized propagator, consisting of a primary propagator and a coda operator.
Using this representation, 1D approximations, and an eigenvalue decomposition on
the correlation of the reflection response, it is possible, to solve the implicit relation
for the coda operator. The calculated coda response may be used in seismic reflection
imaging to obtain an image in which the internal multiple scattering effects are
suppressed. A simple example for the estimation of the transmission coda illustrates
the discussed procedure.
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Introduction

The one-way reciprocity relation of the correlation typéhia frequency domain,

{(P)* P — (Py)" Pg}d*xy = / {(P])*Pf — (Py)" Py }d*xp 1)

0Do 0D

is the starting point to derive a relation between reflecéind transmission data. The medium parameters
in both statesA and B are assumed to be identical, lossless and 3-D inhomogenaodishe domairD is
source free9D, and9dD,,, are two horizontal boundaries & o andxs ,,,, respectively, enclosing the do-
mainD (see figure (1))xz denotes the horizontal coordinates, z2) and* denotes complex conjugation.
Both states, and the related flux-normalized up- and dovimggfields P~ and P respectively, are chosen
as shown in the table in figure (1).

Substituting the two states of the table into equation (4)lte in (Wapenaar et al. (2004)):

d(XHA—XHB)— /

RS(w,x,xA)Ro(w,x,xB)dZXH:/ T (w, x,x4)To(w, X, xB)d*x5. (2)
0Dy

0D
Here Ry (x,x4) is the reflection response of the inhomogeneous mediu, imcluding all internal mul-
tiples, for a source aty = (xm,4,x3,0) and a receiver at € 9Dy. Ty(x,x4) is the transmission response
of the medium inD with receivers ak € 9D,,. The subscript in Ry andTy denotes that free surface
multiples are not included. There is no unique way to soledl transmission response from equation (2)
(Herman, 1992). However, by using a suitable approximaticthe transmission operator there is a way to
solve the transmission coda.
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Figure 1: At x4 (state A, state B not shown) just aba¥®, there is a source for downgoing waves. The
half-spaces abov@D, and belowdD,,, are homogeneous. The half-space betiily,, is source free. The
wave fields of both states are shown in the table in the text.

1 Forward mode of Transmission response

Rewriting equation (2) in matrix form, and leaving out theodedency ow, results in

T (23.m, 23.0)To(23.m, 230) = | — R (23,0)Ro(3,0)- (3)

A column of matrixRy(x3 ) contains the discretized version Bf(x, x 4, w) for a fixed source positior 4
and a range of receiver positiorsat z3 . | is the identity matrix. The superscrifit denotes transposition
and complex conjugation.

Equation (3) can also be interpreted as a generalized estpnefor conservation of energy. The 'energy’
which enters and leaves the two depth levels: the trangirdti¢a through the mediuity and the reflected
dataRy, is equal to the 'energy’ going into the medium:Note that equation (3) is a generalization, since
the conservation of energy is expressed by the diagonaktenty. This relation is illustrated in Figure
2 for a simple 1D medium, and a more complex medium containisgncline shaped layer. Each panel
represents a column of the considered matrix, inverse &ouensformed to the time domain.

To construct the correlation panel, for the syncline modhelan in Figure 3a, the middle shot record is
selected and correlated with all the other shot recordss €agh shot record contributes to one trace in the
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Figure 2:The generalized conservation of energy expressed in equgd) shown for a single, high contrast,
layer (left 6 pictures) and for a syncline shaped mediumhfrig pictures). The correlated transmission
response is equal to the direct contributidiprhinus the correlated reflection response.

correlation panels. The bottom pictures show again thétt tatrelated panels are similar to each other. The
panel IabelecR’gl Ry shows the correlation of the data with the first reflector drlly. This panel represents

| where the effect of the limited aperture is included. Théedi#nces at the edges of the correlated reflection
and transmission panels are caused by the differencesimitiition between transmission and reflection
data. The reflection data contains more angle informatioth@fsubsurface than the transmission data, if
the acquisition set-up is kept the same.

The transmission response is written as a generalized gabmaV,,, which consists of two parts
To(®3,m,73,0) = Wy (23,m,73,0) = Wp(23m,73,0)C(Az) (4)

with W, the primary propagato€ the coda operator amz = z3,, — x30. The coda operator is a causal
function describing the distortion oV, relative toW,,, and accounts for the effect of inhomogeneities
between two depth levels. These effects include multiplectons which can delay, shape and magnify
the transmitted pulse.

Substituting equation (4) into equation (3), leaving owt tlependencies on the parameters, and using
WII;I(QZ),’m,$3’0)Wp($3’m,$3’0) ~ |, results in

T To = (WpC)HW,C =Cc¥C =1-R{ Ry (5)

Equation (5) states that the auto-correlation of the trassion coda C/C), can be obtained from the
auto-correlation of the reflection matrix.

We have to resolv€ from C* C and make therefore the assumption that:
C=LA.L" (6)
where
e~ AlWPLAZ) 0 . 0
—A(w,p2,Az)
A, = exp {—A} = 0 e 2 0

0 0 . e AlwpnAZ)

(7)




whereA is a diagonal matrix depending am and parametep. The elementsA(w, p;, Az) being the
temporal Fourier transform of causal functions, where themeterp corresponds to the ray-parameter.
For horizontally layered media O’Doherty and Anstey (19ftlind that the coda operat6f(w) is related
to the power spectrum of the reflection coefficient

C(w,p, Az) = exp(—A(w, p, Az), (8)

and in that case the assumptions made in equation (6) ack \Edir plane waves in horizontally layered
mediaC is a circulant matrix, which has the property that its Fautiansform is equal to its eigenvalues:

A. = FCF (9)

Note that for this situatioh = F.
2 Construction of C from R .
Using the assumption on the coda oper&dhe correlation of coda matrix is given by

CHC=LAHEA LT where, (10)
ABA, = exp {—2R{A}} (11)

The A operator can be retrieved from its real paR§&A(w, p;)},because we assumed that the elements
A(w, p;) of A are the Fourier transforms of causal filters in the time domBor plane waves in 1D media
this is exact, and has been shown by Wapenaar et al. (2008 tind before the temporal Fourier transforms
){ields the causal filters, the diagonal elements must beddadm wavenumbek,, to ray-parametep with

2 (ky = pw).

éoirggxbaczll t)o the relation between the coda and the refledda, given by equation (5), we can now
lay-out the computational procedure. First the measuréa atssurfacé)D is used to calculate the cross
correlation of the reflection daf{’R, which relates to:

clic=1-LA,LH (12a)
LAZALE = L[l — A, JLE. (12b)

The eigenvalues of the cross correlation matrix have nowetenlapped from wavenumber (eigenvalue
number) to ray-parametet Then the following relation gives the real part of the cafitars:

exp {2R{A}} =1—- A, (13)
R{A} = —%m{l C A (14)

Using the Hilbert transform, the causal functions can bemstucted from their real part, this givésp;).
Inserting these computed functions into equation (6) give¥Vith an estimation of the primary propagator
the calculated coda can be used to calculate the transmissponsd expressed in equation (4).

3 Examples

The columns of the cross-correlation matR¥ R, can be interpreted as belonging to a horizontally layered
medium, and eigenvalues can be calculated using the Fararesform. The selected column is interpreted
as being the first column of a Toeplitz matrix. The eigenwalakthis Toeplitz matrix are then calculated
using the Fourier transform as shown in equation (9). Thainbtl results are mapped from wavenumber
to ray-parameter. This gives the results as shown in Figag&and f for different columns. Note that
these are the estimatet]. operators in the laterally variant medium of Figure 3a. As tmoment we
are investigating if these estimated operators can be useduation (4) to reconstruct the transmission
response.
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4 Conclusions

In this paper we have shown that correlated reflection pameitain information of the transmission coda.
One possible way to retrieve this information is using alldaral invariant medium assumption. In the
future we will investigate how to use these estimations énabnstruction of propagation operators.
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Figure 3: Eigenvalues inr — p for a 2D medium. The differences between the modelled codahen
calculated coda (obtained by eigenvalue decompositiantremtext) is caused by the differences in receiver
aperture. For the modelled transmission response the soisrpositioned atr3 o = 0 and the receivers

at z3,, = 1400 m. The modelled transmission coda has an effective recapenture which is different
from the receiver aperture of the coda derived from the réflacdata. Pictures c-f, show the computed
eigenvalues of the Codas in the— p domain, using a local FFT transform (1D assumption). Pietur
g-j show the modeled transmission response which has beerséaly extrapolated/(lf (3,m,x3,0)) to the
receiver level atr3 ,,, = 1400 m and mapped to the — p domain.




