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ABSTRACT

We review electromagnetic interferometry by multidimensional deconvolution
(MDD) and investigate its sensitivity to spatial sampling. Two Sea Bed Logging
datasets were modeled numerically. One represents a shallow sea situation with
a small vertical source-receiver distance and the other a deep sea situation with
a large vertical source-receiver distance. The reflection response from below the
receivers was retrieved by interferometry by MDD after decomposition of the
field into up- and downgoing fields. This reflection response is independent of
any effects of the water layer and the air above and consequently the same for
the shallow sea and the deep sea situation. We showed, that to decompose the
fields and apply MDD successfullyfor a shallow sea situation a denser sampling
is necessary than for a deep sea situation.
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1 INTRODUCTION

In seismics, interferometry is known as the process of
cross-correlating two traces at two receiver positions
to retrieve the Green’s function between these two re-
ceivers. The theory has been derived by various authors
for a lossless medium (Wapenaar (2004), Schuster et al.

(2004)) and for a dissipative medium (Snieder, 2006)
and it has been applied in passive (Draganov et al.,
2006) as well as in active seismics (Bakulin & Calvert,
2006). A more complete overview on seismic interferom-
etry can be found in Wapenaar et al. (2008c) or Schuster
(2009). Interferometry by crosscorrelation has also been
derived for electromagnetics (Slob et al., 2007).

It has been shown that the process of cross-
correlation can be replaced by a multi-dimensional
deconvolution (MDD) in the controlled-source case
(Wapenaar et al., 2008b) and in the passive case (Wape-
naar et al., 2008a). The advantages of MDD include
elimination of the source signature, improved radiation
characteristics of the retrieved source and relaxation of
the assumption of a lossless medium. On the other hand,
MDD is more expensive and the matrix inversion in-

volved may be unstable. Furthermore a decomposition
of the measured fields into up- and downgoing fields is
necessary. Interferometry by MDD also requires an ar-
ray or a network of sensors and can not be done with
two receivers only, as this is the case in interferometry
by cross-correlation.

In this paper Controlled Source Electromagnetic
(CSEM) data in a marine environment is considered.
This is often referred to as Sea Bed Logging (SBL),
where an electric-dipole source is towed behind a boat
emitting a low-frequency electric field, which propagates
through the subsurface and through the water. The re-
sulting EM-field is recorded at the ocean bottom by hor-
izontal multicomponent receivers as a function of offset.
At small source-receiver offsets the field is dominated
by the direct field and reflections from the sea surface.
At large offsets the refraction from the sea surface (air-
wave) is very strong (Amundsen et al., 2006). Conse-
quently the recorded signal depends on the thickness of
the water layer.

By applying interferometry by MDD the source is
redatumed to the receiver level, the direct field is elim-
inated and the water layer is replaced by a vertically
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homogeneous overburden (Wapenaar et al., 2008b). In
other words, all effects of the water layer, including the
dependence on its thickness, are removed. In this paper
the necessary receiver spacing for a successful decompo-
sition and subsequent MDD is investigated for a deep
and a shallow sea configuration and for a point source
using numerical examples.

2 THEORY

The multicomponent electromagnetic fields are decom-
posed into up- and downgoing fields P̂−(xR, xS) and
P̂+(xR, xS), respectively, using an algorithm derived by
Slob (2009). The receiver coordinates are represented
by xR and the source coordinates by xS. The decompo-
sition can be done at any depth level where no sources
are present. The implementation used here assumes
the material parameters to be laterally constant at the
depth level of decomposition. The decomposed fields are
related to each other through the reflection response
R̂+

0 (xR, x′
R):

P̂−(xR, xS) =

Z

∂DR

R̂+

0 (xR, x′
R)P̂+(x′

R, xS)dx′
R, (1)

where the integration is taken over all receivers and
the circumflex denotes space-frequency domain. The su-
perscript + in the reflection response indicates that its
origin is a downgoing field and the subscript 0 repre-
sents the absence of heterogeneities above the receiver
level. This equation can be rewritten in matrix notation
(Berkhout, 1982) as

P̂
−

= R̂
+

0 P̂
+. (2)

Interferometry by MDD solves equation 2 for R̂
+

0 in a
least-squares sense:

R̂
+

0 = P̂
−

“

P̂
+

”†
»

P̂
+

“

P̂
+

”†

+ ε2
I

–−1

. (3)

The superscript † denotes complex-conjugation and
transposition and I is the identity matrix. The stabi-
lization parameter ε prevents instabilities in the inver-
sion. The retrieved R̂

+

0 is the field with a source at the
receiver level, without a direct field and with the water
layer replaced with a halfspace consisting of the same
material as the first layer below the water.

3 MODELING AND PROCESSING

Two 2D Transverse Magnetic SBL-datasets are mod-
eled in the wavenumber-domain. Consequently there is
a Jx source generating a monochromatic signal at a fre-
quency of 0.5 Hz and Ex and Hy receivers recording
the resulting earth response. Here J stands for an elec-
tric source whose antenna orientation is given by the
subscript. The electric and magnetic field components
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Figure 1. Setup of numerical modeling: The black arrow in-
dicates the source, white triangles the receivers. Conductiv-
ity σ and relative permittivity εr are given in the according
layer.
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Figure 2. Processing flow: The dashed box labeled Realistic
Flow contains all the steps that would be applied to a real
dataset. The letters x and k on black ground indicate space
and wavenumber-domain, respectively.

are represented by E and H , respectively. Their receiver
component is indicated by the subscript. The source is
modeled as a point source. The datasets are obtained
in a configuration that consists from top to bottom of a
halfspace of air, a water layer and halfspace of ground.
The latter is intersected by a reservoir layer. The dif-
ference between the two datasets is the thickness of the
water layer h, which is 200 m in one case to simulate a
shallow sea environment and 1000 m in the other case,
standing for a deep sea situation. The source is located
175 m below the sea surface. Consequently the vertical
source-receiver distance zsr is 25 m for the shallow sea
situation and 825 m for the deep sea situation. All the
electrical and geometrical parameters are given in figure
1.

After modeling, the datasets are inverse-Fourier
transformed to the space-domain, where samples are
deleted to create more sparse datasets. Then the
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datasets are decomposed into up- and downgoing fields
in the wavenumber-domain. Since the medium is lat-
erally invariant, equation 3 can be solved efficient in
the wavenumber-domain, where MDD becomes a sim-
ple division. The inverse-Fourier transformed result is
equivalent with R̂

+

0 retrieved by MDD. The complete
processing flow is shown in figure 2.

4 RESULTS

The magnitude of the two electromagnetic field compo-
nents Hy and Ex are shown in figure 3 in a semi logarith-
mic plot. The shallow sea situation is plotted with a gray
line and the deep sea situation with a lighter gray line.
The slope of the curve representing the shallow sea case
is steeper at small offsets for both field components than
in the deep sea case, because in the deep sea situation
the source is vertically further away from the receivers
than in the shallow sea situation. Note that the horizon-
tal tails of the electric field between approximately 3500
m and 5000 m have not a physical origin, but stem from
the Fourier Transformation, which requires periodicity
of the signal.

As can be seen in figure 4, the steeper field gradi-
ents in space-domain for the shallow sea situation cor-
respond in the wavenumber-domain to energy at higher
wavenumbers compared to the deep sea situation. In
other words, if the source is vertically close to the re-
ceivers (shallow sea situation), the data has a higher
bandwidth than if the source is vertically further away
from the receivers (deep sea situation). In figure 4 it can
also be seen that the wavenumber spectra of the mag-
netic and the electric fields behave similarly. The inlets
magnify the fields near the zero wavenumber. The fields
differ clearly from each other in this area. These differ-
ences, combined with the high amplitude and different
phase behavior around small wavenumbers, lead to the
pronounced differences between the magnetic and the
electric fields in the space-domain.

The reflection response R̂
+

0 , which is retrieved after
decomposition into up- and downgoing fields and MDD,
is shown in figure 5 for the shallow sea (dark gray line)
and the deep sea situation (light gray line) as a function
of offset for different spacings dx. The total offset is kept
constant, therefore with increasing spacing dx the num-
ber of samples N decreases. Since MDD replaces the
water layer with a halfspace, the reflection responses
for the shallow sea and the deep sea situation should
be identical (in case of correct sampling). The retrieved
reflection responses are compared with a directly mod-
eled reflection response (black solid line), which is the
exact response when the water layer is replaced by a
halfspace.

In figure 5 a) the spacing dx is equal to 2.5 m. Both
retrieved reflection responses and the directly modeled
reflection response show exactly the same shape ver-
ifying that MDD was successful in removing the im-

print of the water layer for both cases. This is also true
for a spacing of dx = 5 m. A spacing of dx = 10 m
shows tiny artifacts around zero offset in the shallow
sea case, as can be seen in the inlet of figure 5 b). Due
to the small amplitude of these artifacts, they can be ne-
glected, but if the spacing is increased further to dx =
20 m (figure 5 c), these artifacts at small offsets become
more dominant in the shallow sea situation. As seen
in figure 3 and mentioned earlier, the electromagnetic
fields for the shallow sea case decay faster in the space-
domain and have therefore a higher bandwidth in the
wavenumber-domain. Increasing the spacing means in
the wavenumber-domain to limit the range of wavenum-
bers. Consequently, a larger spacing introduces aliasing
for the high wavenumbers and therefore affects the de-
composition algorithm. Improperly decomposed fields
lead to artifacts in the retrieved reflection response. A
sampling of dx = 20 m seems to be too large. For the
deep sea situation, the fields decay less strong and there-
fore this sampling is still sufficient. To detect reservoirs
in the subsurface, the small offsets are not of interest,
and therefore the artifacts in this region can be ignored.
If the spacing is further increased to dx = 40 m as shown
in figure 5 d), the reflection response for the shallow
sea situation is now also for intermediate offsets not re-
trieved correctly. On the other hand, for the deep sea
situation R̂

+

0 could be retrieved perfectly. Further in-
crease of the spacing decreases the quality of R̂

+

0 for
the shallow sea situation as expected even more while
the reflection response can be retrieved with good qual-
ity for the deep sea situation up to a spacing dx equal to
320 m. Artifacts are introduced in the deep sea situation
if a spacing of 640 m is reached.

Hunziker et al. (2009) show an empirical rule to de-
fine the sampling dx as a function of the vertical source-
receiver distance zsr. Since the stabilization parameter ε
is fixed in their study, but not in this one, their rule can
be relaxed. To be precise, the rule presented here is four
times less restrictive. Consequently, sampling should be
chosen such that dx ≤ zsr/2.5 to retrieve the reflection
response perfectly. If small artifacts around zero offset
on R̂

+

0 can be ignored, sampling is sufficient if dx ≤ zsr.
But it should be taken into account, that for bigger sam-
pling distances, the stabilization of the inversion is more
difficult. With real data it might not be possible to find
the best choice for the stabilization parameter ε and
stricter rules should be applied. Fan and Snieder (2009)
found a similar rule for electromagnetic fields emitted
by a source with a length of 100 m.

5 CONCLUSIONS

SBL data were modeled for a shallow sea and a deep sea
situation for a point source. The electromagnetic fields
were decomposed and the reflection response R̂

+

0 was
retrieved with interferometry by MDD. Different spac-
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Figure 3. Electromagnetic fields in the space-domain as a function of offset for the shallow sea (dark gray)
and the deep sea (lighter gray) situation on a semi logarithmic plot emitted by a point source. a) Hy b) Ex.
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Figure 4. The same electromagnetic fields as in figure 3 in the wavenumber-domain. The inlets magnify the
fields between -0.1 and 0.1 m−1 and amplitudes ranging from 10−6 to 100. a) Hy b) Ex.

ings were tested to investigated the required sampling
distance.

Although the original electromagnetic fields are
strongly affected by the thickness of the water layer, R̂+

0

is independent of it and consequently identical for the
shallow sea and the deep sea situation. In other words,
the retrieved reflection response is independent of the
source position within the water layer.

In contrast to the reflection response the original
electromagnetic fields depend on the vertical source-
receiver distance and the source length. The fields de-
cay faster if the vertical source-receiver distance is small
(shallow sea situation) compared to a large vertical
source-receiver distance (deep sea situation). In the
wavenumber-domain this results in a higher bandwidth
for the shallow sea data. A higher sampling is required

for the shallow sea case to prevent aliasing and problems
in the decomposition of the fields, which finally lead
to artifacts in the retrieved reflection response. Conse-
quently the necessary sampling depends on the vertical
source-receiver distance.

The necessary sampling distance presented here is,
especially for a shallow sea situation, too small for a
practical application. To overcome this issue is therefore
subject of current research.
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