414 IEEE GEOSCIENCE AND REMOTE SENSING LETTERS, VOL. 12, NO. 2, FEBRUARY 2015

Optimal Synthetic Aperture Method for Marine
Controlled-Source EM Surveys

Daeung Yoon and Michael S. Zhdanov

Abstract—This letter introduces a novel approach to the optimal
design of the synthetic aperture method for marine controlled-
source electromagnetic (MCSEM) surveys. We demonstrate that
the sensitivity of the MCSEM survey to a specific geological target
could be enhanced by selecting the appropriate amplitude and
phase coefficients of the corresponding synthetic aperture. We
have developed a general optimization technique to find the op-
timal parameters of the synthetic aperture method. This approach
makes it possible to increase the corresponding ratio between total
and background fields within the area of an expected reservoir
anomaly and, in this way, improve the resolution of the EM data
with respect to potential subsurface targets. We also demonstrate
that this optimal synthetic aperture method can be used for a
removal of the distorting airwave effect from the MCSEM data
collected in shallow water.

Index Terms—Electromagnetic, optimal, synthetic aperture.

I. INTRODUCTION

HE synthetic aperture method is based on designing
sources with specific radiation patterns, which would
“steer” a generated field in the direction of an area of interest
[1]-[4]. A similar approach was recently discussed in [5], [6],
where the authors applied a synthetic aperture method to the
marine controlled-source electromagnetic (MCSEM) survey,
formed by one line of transmitters and receivers. In [7], the
authors applied a synthetic aperture method to MCSEM surveys
with multiple lines of transmitters and receivers. The method
uses the interference of the fields radiated by different sources
to construct a virtual source with a specific radiation pattern,
according to which the field is steered toward the target. In
order to find the optimal parameters of the synthetic aperture
that increases the EM anomaly, associated with the target,
the authors of the cited papers searched for all the possible
combinations of the parameters within the given ranges.
Another approach to achieving this goal is based on introduc-
ing data weights in order to increase the integrated sensitivity
of a survey to a specific target area of subsurface formation. For
example, it was demonstrated in [8] that data weighting could
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dramatically affect the sensitivity distribution of a given survey.
In [9] and [10], the authors demonstrated how the sensitivity
of the MCSEM survey could be “controlled” by selecting the
appropriate data weights. The controlled sensitivity also results
in an increase in the anomalous EM response from the target.
The goal of this letter is to introduce a general optimiza-
tion technique to find the optimal parameters of the synthetic
aperture method. This approach makes it possible to increase
the corresponding ratio between total and background fields
within the area of expected target anomaly and, in this way,
improve the resolution of the EM data with respect to potential
subsurface targets. We also demonstrate that the optimal syn-
thetic aperture method can be used for removal of a distorting
airwave effect on MCSEM data collected in shallow water. As
an illustration, we apply this method to the model exampled
by [7] and to analysis of the synthetic MCSEM data computer
simulated for the Harding oil and gas field in the North Sea.

II. REPRESENTATION OF THE SYNTHETIC APERTURE
METHOD USING DATA WEIGHTS

Consider a typical MCSEM geophysical survey, formed by a
set of sea-bottom electric and magnetic field receivers, located
at points with the coordinates r;, [ = 1,2,..., L. The trans-
mitting horizontal electric bipole is towed behind the ship and
sends a low-frequency EM field from points with coordinates
r;,j=1,2,...,J. Receivers record the EM data, denoted by
vector column d®¥) = [d(ll),d(;), . ,d;l)]T, where the upper
index [ corresponds to the position of a receiver at point r;,
and the component dlg-l) describes the response recorded by a
receiver at point r; for a transmitter located at the point T;.

The synthetic aperture method is based on constructing a
synthetic aperture source G 4(r;w) as a superposition of the

spatially distributed sources ¢g(r, f'jw) located at the points r;,
7=12,...,J,1ie.,

J
Ga(ryw) = Zaj exp(ip;)g(r, Ijw) (1
j=1

where a; is an amplitude weighting, and ¢; is a phase shift

[5]. We denote by dg) the response recorded by receiver ry,
l=1,2,..., L, for a synthetic aperture source G 4. Due to the
superposition principle, this signal can be calculated as a linear
combination of the responses for the original transmitters, i.e.,

ds = Wyud @)

where d is a [J L x 1} vector column of the observed data,

T
d=[dM,d®,a®, .. .,d<L>] 3)
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d 4 is an [L x 1] vector column of the synthetic aperture data
T
da= [, dPa?, .. ] @)

and W 4 is an [L x JL] block-diagonal rectangular matrix of
the weights

w 0. 0--- 0---
W 0--- w® 0... 0--- )
Ao 0. 0. |
0--- 0--- 0--- w
In the last formula, w()is a [1 x .J] vector row of the

corresponding synthetic aperture weights wy, i.e.,
w) = {wgl), wél), e ,wy)} (6)
and
wj(-l) = ag-l) exp (i(py)) . 7

Application of the synthetic aperture weights, variable from
receiver to receiver, is physically equivalent to “steering” the
field generated from the transmitters in different directions
for different receivers. As a result, one would obtain better
“focusing” of the transmitting EM field on the geological target,
e.g., the hydrocarbon (HC) reservoir.

III. DEFINITION OF THE OPTIMAL SYNTHETIC
APERTURE FOR THE MCSEM SURVEY

For simplicity, we consider now the case of the weights,
independent of the receiver positions. We also assume that the
recorded data represent the inline component of electric field.
In this case, (2) can be simplified as follows:

BB . ED] rw
EY  EY EP | | w2

dy = =Ew (8
E§L) EéL) EgL) wy

where E is an [L x J] matrix of rearranged observed inline
components of electric fields E;l) recorded by a receiver at

point r; for a transmitter ¥;, and w is a [.J x 1] vector column
of the corresponding synthetic aperture weights w;, i.e.,
W= [wlwaa-"an]Ta Wi :a]exp(upj)

By analogy with (4), we denote by dg) the electric field
response recorded by receiverr;, [ = 1,2, ..., L, for a synthetic
aperture source computed for a geoelectrical model with the
known background conductivity. Similar to (8), the synthetic
aperture response for the background geoelectrical model dp
can be expressed as follows:

dp = E'w (€))

where E? is an [L x J] matrix of rearranged background elec-
tric fields, and d g is an [L x 1] vector column

T
dg = [d3,d2 a . 4P|

The vector column dg of the ratio between the observed
inline electric fields and the background fields of the synthetic
aperture can be expressed as follows:

T
FCORCO R
dr= |Gy - | =AW (10)
dp’ dg dj
where
J O]
o [Shs]
O J bl
d {Zj:l Ej()wj}

and A is a forward operator for the normalized synthetic
aperture data d i, which is a function of the synthetic aperture
weights w. The fundamental concept of the synthetic aperture
method is based on an assumption that one can design a
synthetic aperture source that will steer the EM energy toward
the target and, in this way, increase the ability to detect the
target by increasing the anomalous response from the target [5],
[6]. This effect can be automatically achieved by selecting the
synthetic aperture weights with the property that they magnify
the normalized synthetic aperture data dp in the anticipated
area of the location of the potential target. For example, let us
introduce a vector column P describing a designed normalized
synthetic aperture data, which have a maximum over a specific
area of the survey where we would like to steer the EM energy
from a synthetic aperture source. We will determine the optimal
synthetic aperture weights by solving a minimization problem
for the following objective functional:
P(w) =[P — A(W)||> + a||w, — Wap[|* =min  (11)

where « is a regularization parameter

We can solve the minimization problem (11) by using the
regularized conjugate gradient method as follows [11]:

r, =A(w,) — P,
1, = FZrn + a(w, — Wapr),

Y T T
ﬁn - ||l 1”27 ln - ln + Bnlnfla lO - 107
171,
f — ] (1n1n) N
(IFL)2 + oL 1?)
Wpt1 =Wy — knin

where F is the Fréchet derivative matrix of the operator A
at iteration n, which can be analytically found by calculating
the first variation of A, and w,, is some a priori estimate of
the data weights. We usually select the a priori data weights
as units, which correspond to the case of uniform synthetic
aperture. This ensures a stable solution of the inverse problem.

Once we find the synthetic aperture weights w = w1, wa,
...,wy]T, we can convert them into the synthetic aperture
parameters as follows:

O]

aj = |w;| ;= arg(w;).

This concludes the definition of the optimal synthetic aper-
ture for the MCSEM survey.
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Fig. 1. Deep water model. (a) Original plot of the normalized data by a single

source. (b) Normalized synthetic aperture data without steering. (c) Plot of the
designed normalized synthetic aperture in a form of boxcar function covering
the area of the expected reservoir anomaly. (d) Similar data produced by our
optimal synthetic aperture method.

IV. NUMERICAL MODEL STUDY

Knaak er al. [7] presented an example of the application
of synthetic aperture method to a 3-D synthetic CSEM data
with a 2-D source distribution. We used the same model to
demonstrate the advantages of the developed optimal synthetic
aperture method. The model consisted of a 2-km-deep seawater
layer with a resistivity of 0.33 €2 - m and anisotropic layered
sea-bottom sediments (background model). A 4 km x 4 km x
50 m HC reservoir structure is located at 3.5 km depth with an
isotropic resistivity of 35 €2 - m. The receivers were located at
the sea bottom and spanned from —7 to 7 km in the inline (z)
direction and from —4 to 4 km in the cross-line (y) direction
spaced every 250 m. The source was a 300-m horizontal dipole
with a frequency of 0.2 Hz. The outlines of the reservoir and
source locations are shown by solid and dash-dotted lines,
respectively, in Fig. 1.

We have conducted the numerical experiments similar to
those presented in [7]. Fig. 1(a) presents the original plot
of the normalized data, computed as the ratio of the inline
electric field responses generated by a single source for the
model with the HC reservoir and the corresponding background
electric fields (without the HC reservoir). Fig. 1(b) shows the
normalized synthetic aperture data for a synthetic aperture
source without steering. Fig. 1(d) presents the normalized data
produced by our optimal synthetic aperture method. In the
latter case, we used designed normalized synthetic aperture
data P, which were introduced as a simple boxcar function
covering the area of the expected reservoir anomaly [dashed
line in Fig. 1(b)] detected by a single 100-m bipole source, as
shown in Fig. 1(c). Note that the area of the boxcar function
is larger than the area of the expected anomaly in [7] because
we assume that we do not know a priori the exact location and
size of the reservoir. One can see that our method successfully
found optimal synthetic aperture weights for this model that
significantly increased the ratio of the observed and background
fields. The computations are very fast. It took just a few seconds
for 100 iterations of inversion for this model on a computer with
a 3.2-GHz Core 2 processor and 4 GB memory available.

We have also examined the effect of the noise on the syn-
thetic aperture data. We contaminated the synthetic observed
data with random Gaussian noise, which linearly increased
from 1% at zero offset up to 7% at 10 000 m offset to simulate
the noise behavior typical in the field data. We show in Fig. 2
(left) the maps of the fields generated from the noisy data
for different synthetic aperture sources for the deep water
model with an HC reservoir. Fig. 2(a) presents the normal-
ized synthetic aperture data computed for a synthetic aperture
source without steering. Fig. 2(b) shows the same data for
the best steered 2-D synthetic aperture source, developed by
Knaak et al. [7]. Fig. 2(c) presents the same data for the optimal
synthetic aperture source. One can see that applying an optimal
synthetic aperture method helped to increase the anomaly due
to HC reservoir significantly for noisy data.

The question may arise if the developed algorithm could gen-
erate a false anomaly in the area, where there is no HC reservoir
present? In order to address this question, we consider the same
deep water model as above, except that there is no reservoir in
this model below the seawater layer. We also assume that the
background conductivity in the new model is slightly different
from the original background model, e.g., by 3%., and the
synthetic observed data in a new model without an HC reservoir
are contaminated with noise, as was done above. Fig. 2(d)
shows the synthetic aperture data without steering normalized
by new background field and noise added. Fig. 2(e) shows the
same data for the best steered 2-D synthetic aperture source,
developed by Knaak et al. [7]. Fig. 2(f) presents the same data
for the optimal synthetic aperture source. One can see that in the
case without an HC reservoir (see Fig. 2, right), the developed
algorithm does not produce any anomaly even if the selected
background model is different from the true background.

V. REDUCTION OF THE AIRWAVE EFFECT IN SHALLOW
WATER USING SYNTHETIC APERTURE DATA

One of the problems of interpretation of MCSEM data in
shallow water is the effect of the so-called air wave, which
represents the part of an EM signal from the transmitter
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Fig. 2. Deep water model (left) with the HC reservoir and (right) without the HC reservoir. Maps of the fields generated from noisy data for different synthetic
aperture sources. (a) and (d) Normalized synthetic aperture data computed for a synthetic aperture source without steering. (b) and (e) Same data for the best
steered 2-D synthetic aperture source, developed by Knaak et al. [7]. (c) and (f) Same data for the optimal synthetic aperture source.

propagating over the sea surface. Analysis and removal of the
airwave effect has been a subject of a number of publications
[13], [14]. In this letter, we develop a new method of solving
this problem based on the optimal synthetic aperture method.

In the original model of Knaak et al. [7], the authors con-
sidered deep water model (depth of the sea bottom was 2 km),
in order to weaken the air wave effect at the acquisition level
(sea bottom). We have designed a new model, which is similar
to that of Knaak et al. [7] with the only difference being that in
our model the water depth is just 200 m. In this case, one should
expect a strong air wave effect in the observed data.

We have plotted in Fig. 3(a) the original normalized data for
shallow water model, computed as the ratio of the inline electric
field responses generated by synthetic aperture source for the
model with the HC reservoir and corresponding background
electric fields (without the HC reservoir).

Comparison of this plot with a similar plot of the data
recorded in the original deep water model with the 2-km water
depth [see Fig. 1(b)] shows that, in shallow water, the response
from the target, i.e., the HC reservoir, is dramatically distorted
by the effect of the air wave. In order to remove this distorting
effect, we have designed a synthetic aperture data in a form of
a boxcar function covering the area of the expected reservoir
anomaly [see Fig. 3(b)]. Finally, Fig. 3(c) presents the nor-
malized synthetic aperture data produced by our optimal syn-
thetic aperture method based on the designed boxcar function
response. We can see that the plot of the normalized synthetic
aperture data in Fig. 3(c) has a regular-shaped oval structure,
similar to the one shown in Fig. 1(d) for a deep-water anomaly.

VI. APPLICATION OF THE OPTIMAL SYNTHETIC APERTURE
METHOD TO THE HARDING FIELD MCSEM DATA

We have applied the developed optimal synthetic aperture
method to synthetic MCSEM data computer-simulated for a

4
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Fig. 3. Shallow water model. (a) Plot of the original normalized data. (b) Plot
of the designed normalized synthetic aperture in a form of a boxcar function
covering the area of the expected reservoir anomaly. (c¢) Normalized synthetic
aperture data produced by our optimal synthetic aperture method.

Harding oil and gas field located in the U.K. sector of the North
Sea, about 320 km northeast of Aberdeen.

The Harding field porosity and fluid saturation models
were obtained from history-matched reservoir simulations con-
structed from production data, well logs, and 3-D seismic
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Fig. 4. Harding field model. (a) Plot of the original normalized data.
(b) Plot of the designed normalized synthetic aperture in a form of a boxcar
function covering the area of the expected reservoir anomaly. (c) Normalized
synthetic aperture data produced by our optimal synthetic aperture method.
Three MCSEM survey lines are shown by the red horizontal lines.

interpretations [15], [16]. The corresponding 3-D resistivity
model consists of a 110-m 0.3-Q2 - m water column overlying
an otherwise homogeneous half-space of 1.0 €2 - m, in which
the Harding reservoir model is embedded.

The MCSEM data were then simulated for these models and
then subjected to multiple synthetic aperture scenarios. We have
plotted in Fig. 4(a) the original normalized data for the Harding
field model. The effect of the HC reservoir is very weak in this
image due to the effect of the air wave. In order to remove this
distorting effect, we used a designed synthetic aperture data in
the form of a boxcar function covering the area of the expected
electric field anomaly [see Fig. 4(b)]. The result of application
of the optimal synthetic aperture method based on the designed
boxcar function response is shown in Fig. 4(c). The electric
field anomaly due to the HC reservoir clearly manifests itself
in the last image.

VII. CONCLUSION

The synthetic aperture method that was introduced for the
MCSEM method in [5] and [6] uses an integrated source as a
combination of multiple individual sources, in order to increase
the detectability of HC reservoirs. We have demonstrated in
this letter that this method can be mathematically described
as the data weighting with a special way of selecting the data
weights in order to construct the synthetic aperture source. The
main advantage of our approach is that we apply the synthetic
aperture weights, variable from receiver to receiver, which is
physically equivalent to “steering” the field generated from
the transmitters in different directions for different receivers.
As a result, we obtain better “focusing” of the transmitting
EM field on the geological target, e.g., the HC reservoir. We
have developed a general optimization technique to find the
optimal parameters (data weights) of the synthetic aperture
method. This approach makes it possible to increase the cor-
responding ratio between total and background fields within
the area of an expected reservoir anomaly and, in this way,
improve the resolution of the EM data with respect to potential
subsurface targets.
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