CWP-393P

Tutorial: The Fresnel volume and seismic imaging

Jesper Spetzler* & Roel Snieder!

*Dept. of Applied Earth Sciences, TU Delft, The Netherlands.
T Dept. of Geophysics and Center for Wave Phenomena, Colorado School of Mines.

ABSTRACT

Geometric ray theory is based on the principle that waves propagate along
lines in space that are called rays. This view of wave propagation is supported
by the observation that light seems to propagate along lines through space,
but in reality waves do not propogate along lines. Ray theory is a high
frequency approximation. The finite frequency of waves in combination with
the continuous character of the wavefield produces waves that propagate
from a source to a receiver through a finite volume of space that straddles
the geometric ray; this volume is called the Fresnel volume. In this tutorial,
we introduce the physics of the Fresnel volume as well as its mathematical
formulation. Sensitivity kernels give the dependence of the phase and amplitude
of band-limited transmitted waves on slowness variations in the Earth. This
leads to the counter-intuitive result that a point-like velocity perturbation
placed on the geometric ray in three dimensions does not cause a perturbation
of the phase of the wavefield. The linearized sensitivity kernels presented here
generalize the linearized relationship between the arrival time and slowness
perturbations formulated by Fermat’s theorem, in the context of geometric ray
theory, to the more complicated case wherein small-scale velocity anomalies
are present that violate the requirements of ray theory. Lastly, we address the
misconception that the width of the Fresnel volume limits the resolution in
imaging experiments is addressed.

1 INTRODUCTION, THE CONCEPT OF
THE FRESNEL VOLUME

Because of its visible character, the propagation of light
has played a major role in the development of our under-
standing of wave propagation. When light propagates
through a mildly scattering medium, such as air loaded
with tiny dust particles, a directional light bundle can
be seen to propagate along thin lines in space. These
lines are the rays associated with the propagation of
light. The view of light propagating along lines in space
is closely related to the view of wave propagation that is
used in ray theory. A comprehensive overview of seismic
ray theory is given by Cerveny (2001).

In ray theory, waves propagate along rays that form
a line, or a multitude of lines that join a source to a
receiver. This view of wave propagation is shown in
Fig. 1. Ray theory is a high-frequency approximation
and therefore gives an approximate description of the
physics of wave propagation. In reality the wave does
not strictly propagate along a line. A wave is a collec-

tive phenomenon in which the particle motion is orga-
nized over a finite region of space (Scales and Snieder,
1999). This is reflected in the wave equation that de-
scribes wave propagation. This equation is a second-
order partial differential equation. For waves with a fi-
nite frequency band, discontinuties in the wavefield tend
to be smoothed out as the waves propagate. The scale
over which the wavefield varies is given by the wave-
length, which decreases for increasing frequency. This is
the physical reason that ray theory is progressively more
accurate with increasing frequency. In fact, ray theory
can be formulated as a propagation of discontinuities
(e.g. appendix A of Burridge (1980)), a view that cor-
responds to the limit of infinite frequency in which the
wavelength vanishes.

In reality the frequency content of observed waves
is finite, so the wavelength is nonzero. The associated
continuity of the wavefield ensures that the waves prop-
agate not along lines from a source to a receiver, but
along more extended regions of space. For a finite fre-
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Figure 1. Wave propagation along a ray from a source at
rs to a receiver at location r,.

Figure 2. The wavefield at the receiver location r, expressed
as an integral over the surface S.

quency, the waves propagate along tube-like volumes
that straddle the rays running from a source to a re-
ceiver.

Ray theory will not tell us what the geometric shape
of these tube-like volumes is because in ray theory these
volumes are collapsed onto a line (the ray) by the em-
ployed infinite-frequency approximation. Here we follow
Kravtsov (1988) and use the Kirchhoff integral to derive
the region of space through which the waves travel for
a given source-receiver pair.

In Fig. 2, a source at location r, excites the waves.
The representation theorem tells us that the wavefield
recorded at the receiver location r, can be represented
in an integral over a surface S that is placed between the
source and receiver. Using the geometry shown in Fig.
2 the wavefield at the receiver location can be written
as

p(r,) = /S L p@veEr,) -

p(r) G(I‘, rT)Vp(r)) -dS )

(1)

where p denotes the mass density, and G(r,r’) the
Green’s function. This expression holds for acoustic
waves; its derivation can be found in Morse and Fes-
hbach (1953) and in Snieder (2001). The surface S is
in fact an infinite surface that encloses r,, but one can
show that the dominant contribution to the integral (1)
comes from the region that straddles the geometric ray.
For elastic waves a similar expression is known under
the name of Betti’s theorem (Aki and Richards, 1980).
Since the mathematical clutter of the tensor character of
elastic waves obscures the underlying ideas, we proceed
with the representation theorem of Eq. (1) for acous-
tic waves. The wavefield in the integral (1) is the total
wavefield. However, when backscattering is weak, the
wavefield in the integral can be replaced by the incident
waves that travel directly from the source to the surface
S. This is called the Kirchhoff approzimation.

In the Kirchhoff approximation, the integral (1) can
be seen as a superposition of waves that have been scat-

Figure 3. Definition of the variables for a homogeneous ve-
locity model.

tered from different points on the surface S; the associ-
ated wave paths are indicated in Fig. 2 with thin solid
lines. The waves that propagate from points on S close
to the geometric ray arrive almost in phase with the
direct arrival that propagates along the geometric ray
from the source to the receiver, and the waves that have
been scattered at points far from the geometric ray ar-
rive much later than the direct arrival. For this reason,
one expects that the main contribution to the intergral
(1) comes from points on the surface S that are close to
the geometric ray. This argument, however, does not tell
us yet what close means. We make this more specific by
considering the special case of a homogeneous medium.

2 THE FRESNEL VOLUME FOR A
HOMOGENEOUS MEDIUM

For a homogeneous model, the geometry of the problem
is shown in Fig. 3. The point r lies on the integration
surface S of the expression in Eq. (1) at a distance z
from the source, measured along the geometric ray. The
distance from the integration point to the geometric ray
is denoted by ¢, while the source receiver distance is
given by L. We now consider the detour D of the wave
that traveled from the source at r, via the integration
point r to the receiver at r, compared to the length of
the geometric ray. This detour is given by

D=V@+P@ +V/I-2P+P@ L. ()
When the deflection ¢(z) is small compared to the path
length (g(x) < L), a first-order Taylor expansion in ¢>
gives the following expression for the detour

D= (%Jr%) (). 3)

— T

The wave that traveled through r interferes construc-
tively with the direct wave when this detour is small
compared to the wavelength A. The main contribution
from the scattering integral in Eq. (1) therefore comes
from points that satisfy

D< A/n, (4)

where the number n denotes the fraction of the wave-
length that is allowable for the detour to still provide
constructive interference. Spetzler and Snieder (2001)
show in a derivation based on the wave equation that



Figure 4. The Fresnel volume for a homogeneous velocity
model.

for two space dimensions the value n = 8/3 is appropri-
ate, while in 3-D n = 2. Using the value of n for wave
propagation in 2-D in criterion (4) gives, with Eq. (3),
the following condition for constructive interference:

3 Az(L — x)
i ®)
This condition defines the area in 2-D space outlined in
Fig. 4. We refer to this region as the first Fresnel zone,
or alternatively as the Fresnel volume (Cerneny and
Soares, 1992). Physically, the waves scattered within the
Fresnel volume interfere constructively with the direct
arriving wave. This means that a velocity perturbation
of the medium contributes to the direct arriving wave
when this perturbation is located in the Fresnel volume,
whereas it does not when it is located outside the Fres-
nel volume.

For a homogeneous medium, the Fresnel volume is
widest in the middle of the ray. For x = L/2 the half-
width of the Fresnel volume, given in Eq. (5), is

/3

Thus for a homogeneous medium, the maximum width
of the Fresnel volume is determined by the geometric
mean of the wavelength and the path length. Since the
path length is in general much larger than the wave-
length, this implies that the width of the Fresnel volume
is much larger than the wave length.

The exact shape of the Fresnel zone in a homoge-
neous medium for a point source is an ellipse with the
source and receiver located at the two foci. For low-
frequency waves, the back-scattering field close to the
source and receiver may be rather large, thus the ex-
pressions (5) and (6) are inaccurate near these points.

As we argued before, the wavefield has a certain
continuity. Therefore, the sensitivity of the wavefield to
perturbations of the medium cannot vary discontinu-
ously with space either. The Fresnel volume therefore
needs to be supplemented with a sensitivity kernel that
is a continuous function in space. We return to this issue
in section 4.

q(z) <

3 EXAMPLES OF FRESNEL VOLUMES

As an example that is representative in exploration seis-
mology, let us consider the width of the Fresnel volume
for a wave with a frequency of 30 Hz in a homogeneous
medium with velocity 3000 m/s and a path length of
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-wave at its
degrees and a

Figure . The Fresnel volume shaded for a
bounce point for an epicentral distance of
period of  s.

2 km. The wave length is equal to A = 100 m and the
(maximum) half width of the Fresnel volume is equal to
Gmaz 200 m. The total width of the Fresnel volume
is thus 400 m; this is four times the wavelength and a
fifth of the path length. This example shows that the
width of the Fresnel volume can be large for realistic
wave experiments in exploration seismology. We show
more examples of Fresnel zones later in this paper.

For a homogeneous medium, by Eq. (5) the shape
of the Fresnel volume in the plane perpendicular to the
geometric ray is circular. In a heterogeneous medium,
the Fresnel volume can have a complicated shape de-
pending on the heterogeneous reference medium. For
instance in global seismology, the -wave arrival is
a minimax phase; when the bounce point of the wave
is moved away along the source-receiver line the travel
time c¢r a , whereas the travel time incr @  when
the bounce point is moved perpendicular to the source-
receiver line. The Fresnel zone of the -wave at the
surface of the Earth has a hyperbolic shape with thin
arms that extend far from the geometric ray as shown
in Fig. 5 (e.g. Kravtsov, 1988; eele and Snieder, 1992).

E cient methods for computing Fresnel volumes
have been formulated either using either expressions for
the wave front curvature (Cerveny and Soares, 1992) or
using a formulation based on paraxial rays (Pulliam and
Snieder, 1998).

SENSITIVIT ERNELS

In the previous sections, the concept of the Fresnel vol-
ume was introduced based on a criterion that the detour
of the scattered wave compared to the ray geometric
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arrival is less than a certain fraction of a wavelength.
This may suggest that the Fresnel volume has a sharp
cut-off, and the sensitivity of the wavefield for perturba-
tions of the medium is uniform within the Fresnel zone.
However, the continuity of the wavefield ensures that
the sensitivity of wavefields has a gradual rather than a
sharp cut-off. Furthermore, the sensitivity of the phase
and the amplitude of waves on the velocity has a sur-
prising dependence on the position within the Fresnel
volume.

The sensitivities of the phase and amplitude of
wavefields are extracted from the sensitivity kernel (also
known as the Fréchet kernel), which is a function of the
wavelength, the velocity, and the positions of the source
and receiver. The Fréchet kernel for phase and ampli-
tude variations can be derived from the first-order Ry-
tov approximation (e.g. Aki and Richards, 1980; Snieder
and omax, 1996; Spetzler and Snieder, 2001), which
accounts for the first-order perturbation of the phase
and amplitude of waves. In general, the perturbation
of phase and amplitude is written as a volume integral
of the sensitivity kernel (r) multiplied by the slow-
ness perturbation field (r) (or the velocity perturba-
tion field (r)). For instance, the traveltime variation

(proportional to the phase shift) due to scattering
and diffraction phenomena is generally written as:

-[ ® o ()

As an example, for the source and receiver geometry
shown in Fig. 3, the sensitivity kernel for a point source
in a two dimensional constant reference-velocity field

is given by

P, ) = — ()
L (8)
sih. — —— + —

z(L—z) 4 d
z(L — x)

where x measures the distance along the reference ray
and denotes frequency. The integration over the fre-
quency band — ; + indicates a band-limited
wavefield. The function ( ) is the normalized ampli-
tude spectrum of the recorded wavefield using the nor-
malization condition ( )d = 1. In three di-
mensions, the Fréchet kernel for a point source in a ho-
mogeneous background medium is given by

sin ——
(x,,>=£/ () ——= = 4. (9

z(L — )

Spetzler and Snieder (2001) give a detailed derivation
of the sensitivity kernels in Eq. (8) and (9).

An example of a 2-D Fréchet kernel for the travel
time delay of a transmitted wave is given in Fig. 6.
The grey-scale color shows the sensitivity of the arrival
time of a band-limited wave to slowness perturbations

Sensitivity kernel for a transmitted wave
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Figure . Traveltime delay sensitivity ernel for a transmit-
ted wave that includes di raction and forward scattering.
The ray path between is source and receiver is shown with
the white line and the Fresnel one boundary is plotted with
the blac dashed-dotted line. The constant reference velocity
e uals m s the source-receiver distance is 3 m and the
fre uency range is between 3 and

throughout the medium. The source wavelet contains
frequencies ranging from 300 to 1000 Hz, which is rep-
resentative of borehole-to-borehole and vertical seismic
profiling ( SP) experiments. Because of the homoge-
neous background velocity, the geometric ray path (solid
line) is a straight line and the first Fresnel zone (dashed
line) has the form of an ellipse (except at the source
and receiver point where the first order approximation
for the approximate Fresnel zone equation in Eq. (5)
is not accurate). otice that the width of the Fresnel
zone is as large as 3 m, which is several times larger
than the central wavelength A\ = 6 m. The sidelobes of
the Fréchet kernel in Fig. 6 cancel out due to destruc-
tive interference of the sensitivity kernel at higher-order
Fresnel zones when integrating over a broad frequency-
band.
This cancellation is explicitly demonstrated in Fig.
A which presents cross-sections of the sensitivity ker-
nel in Fig. 6 for different frequencies. The values for
the reference velocity, frequency and distance from the
source to the receiver are the same as in Fig. 6. The
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Figure . Cross-sections of sensitivity ernels for -D and
3-D wave experiments. The physical parameters for the
Frechet ernels are those used in Fig. . The cross-sections
are obtained at the midpoint between the source and re-
ceiver where the width of the Fresnel one is largest.
Cross-sections single-fre uency thin solid line fre uency-
averaged thic solid line fora -D Frechet ernel. The max-
imum sensitivity to slowness perturbations is away from the
ray path. Cross-section for a 3-D sensitivity ernel. otice
the ero sensitivity to the slowness perturbation field on the
geometric ray.

curves with the thin solid line are computed for a single-
frequency component starting from 300 Hz and increas-
ing in steps of 100 Hz to 1000 Hz. Adding together the
single-frequency cross-sections gives the broadband sen-
sitivity kernel for the frequency-averaged Fréchet kernel
in Fig. 6 indicated with a thick solid line.

We show in Fig. B, the cross-section of a broad-
band sensitivity kernel for timeshifts of transmitted
waves propagating in three dimensions, using the same
values for the reference velocity, frequency and distance
from the source to the receiver as those applied in Fig.
6. ooking at the two plots in Fig. , it is clear that
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the sensitivity to slowness perturbation is greatest away
from the geometric ray. The 3-D Fréchet kernel actually
vanishes on the geometric ray because the frequency
band of the waves is finite. This means that in 3-D a
velocity perturbation placed on the geometric ray does
not alter the arrival time of a wave. Fermat’s theorem,
which is a corollary of ray theory, states that the pertur-
bation of the arrival time is given by the line integral
of the slowness perturbation along the geometric ray
(Aldridge, 1994). Ray theory thus predicts a nonzero
sensitivity to slowness perturbations on the geometric
ray.

These apparently conflicting sensitivies of ray the-
ory and wave theory for slowness perturbations on the
geometric ray can be reconciled when the slowness per-
turbation has a geometric size greater than the width
of the Fresnel volume. Then ray theory is valid, and
Spetzler and Snieder (2001) showed that the sensitiv-
ity kernels in Eq. (8) and (9) gives the same travel-
time perturbations as predicted by ray theory. However,
for a point-like slowness perturbation with a size much
smaller than the width of the Fresnel volume, ray the-
ory is not valid and wave theory predicts that in 3-D
the slowness perturbation does not alter the arrival time
when the perturbation is located on the geometric ray.

The theory for finite-frequency waves is not limited
to homogeneous reference media. The theory has been
generalized by Snieder and omax (1996) to heteroge-
neous background models. The derivation in that case is
much more complex because of the non-trivial relation
between wavefront curvature and geometrical spread-
ing for curved rays. An example of three 2-D sensitivity
kernels for traveltime delays of transmitted waves in a
reference medium with a constant velocity gradient is
presented in Fig. 8A. otice that sensitivity kernels are
curved towards larger depths since the reference velocity
increases for increasing depth.

The phenomenon of maximum sensitivity to slow-
ness perturbations away from the geometrical ray and
the curvature of Fréchet kernels in heterogeneous back-
ground media is called among seismologist the anana

o hn t para oz (Marquering , 1999). Marquer-
ing . (1999) use a cross-correlation technique to
study the influence of a finite bandwidth of the em-
ployed waves in body wave traveltime tomography. This
result was re-derived by hou et al. (2000) using normal
mode theory.

The formalism for the sensitivity kernels of phase
and amplitude of wavefields can be extended to re-
flected waves. For instance, the sensitivity kernel for
the timeshift of a reflected wave is composed of the
Fréchet kernel for the downward propagating wavefield
from the source to the reflector and the Fréchet kernel
of the upward-propagating wavefield from the reflector
to the receiver. An example the sensitivity kernel for a
reflected wave is given in Fig. 8B.

We return to the sensitivity kernel for amplitude
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Sensitivity kernels for transmitted waves
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Figure . The -D traveltime delay sensitivity ernels.
ensitivity ernels for finite-fre uency transmitted wavefields
with di erent source-receiver positions in a heterogenous ref-
erence slowness field. The bac ground model is a constant
velocity gradient medium having the velocity 3 m s at ero
depthand m sat m depth. The fre uency of the wave-
field is in the range from 3 to . The white solid
line indicates the ray path between the source and receiver
and the white dashed line shows the Fresnel one boundary.
ensitivity ernel for a re ected wave. The source and
receiver are at ero depth while the hori ontal re ector is
located at m. The reference velocity is set to m sin
the layer between and m depth. The fre uency of the
re ected wavefield varies between 3 and .

variations of finite-frequency waves. The expression for
amplitude variations due to non-ray-geometrical effects
differs slightly from the traveltime formulation in Eq.
(). According to Aki and Richards (1980), the ratio

/ equals the right hand-side of Eq. ( ), and the sen-
sitivity kernel (r) contains a cosine-function instead of
a sine-function because the real part of the Rytov ap-
proximation is applied rather than the imaginary part.
Plots of sensitivity kernels for amplitude perturbations
can be found in Aki and Richards (1980) and Snieder
and omax (1996).

AN EXAMPLE OF THE BREA DO N
OF RA THEOR

As an example of the inadequacy of ray theory to de-
scribe wave propagation in the presence of small-scale
velocity variations, we present in Fig. 9 a comparison
of ray theory and scattering theory with the finite-
difference solution of the wave equation. In Fig. 9, a
horizontally propagating plane wave is incident from the
left and a vertical receiver line is placed at 100m offset.
The slowness perturbation field (grey-scale) has fluctu-
ations with a length scale that decreases with depth.
The strength of the velocity perturbation field is 2.5
in Fig. 9 relative to the constant reference-velocity field
of 4 km/s. The central frequency of the plane wavefield
is 200 Hz, representing a borehole or SP experiment;
thus the average width of the Fresnel zone for plane
waves is approximately 65 m at the position of the slab
of heterogeneity. The width of the Fresnel volume in
the slab is smaller in size than the characteristic length
scale of velocity anomalies above 250 m depth, while
below this depth the length scale of the slowness varia-
tions is less than the width of the Fresnel volume. This
implies that the conditions for the validity of ray the-
ory are satisfied only in the top part of Fig. 9 down to
250 m. For depths below 250 m, the length scale of the
slowness perturbation is so small that ray theory is not
valid. The jagged line at 250 m depth represents the
transition zone between the regimes of ray theory and
scattering theory.

The true delay time of the waves was determined
by creating synthetic seismograms using finite-difference
(FD) modeling for a homogeneous model and for a
model that includes the slowness perturbation. The dif-
ference in the arrival time of these modeled waveforms
in these models gives an estimate of the true pertur-
bation in the arrival time. This delay time is indicated
with a red line. The delay time predicted by ray the-
ory is shown with a yellow line, while the delay time
computed from Eq. ( ), based on scattering theory, is
shown with a blue line. From the figure, both ray the-
ory and scattering theory do well in predicting the de-
lay time from the finite-difference modelling for depths
less than 250m, where ray theory is valid. For greater
depths, only scattering theory is capable of estimating
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finite di erence computation are indicated with the red line
and the residual times computed with ray theory and scat-
tering theory are shown in yellow and blue respectively. The
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the correct value of the timeshift. At these depths, the
delay times computed with ray theory are too large in
magnitude compared with the time shifts determined
from the finite difference synthetics. At several depths
the ray-theoretical traveltime delays are anti-correlated
with the observed ones. If these delay times were to
be inverted with a ray-geometrical tomographic algo-
rithm, the inferred slowness perturbations would have
the wrong sign.

otice that the strength (2.5 ) of the velocity per-
turbations in the synthetic transmission experiment in
Fig. 9 is smaller than the values of the velocity pertur-
bation strength observed in typical seismic transmission
experiments (e.g., the strength of observed velocity per-
turbations can be as large as 10-15 ). However, if the
breakdown of ray theory for finite-frequency of waves is
significant in a weakly perturbed velocity field, this com-
plication will certainly be important in heterogeneous
media, with larger strength of velocity perturbations.
Examples of finite-frequency transmission experiments
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Figure 1 . migration experiment using ero-o set data.
The re ectors are shown with solid lines at ~ m depth. The
length of the re ectors decreases from m to m. The

width of the Fresnel one at m depth is approximately
3 m. The semi-ellipses represent the Fresnel one for ero-
o set waves at di erent source-receiver positions. The re ec-
tor with the length of m is still visible in the estimated
migration model which is much smaller than the width of the
Fresnel one.

using a more complex velocity perturbation field with a
strength of 10 compared to the reference medium are
shown in Spetzler . (2001).

HIGH RESOLUTION SEISMIC
EXPERIMENTS

Seismic migration provides high-resolution images of the
subsurface of the Earth. It is one of the most widely
applied methods in seismic exploration industry, which
presently pushes forward towards 3-D prestacked migra-
tion schemes in order to improve the resolution obtained
in images of hydrocarbon reservoirs. By using low-order
ray theoretical techniques on fast parallel computers,
the costs in terms of computation time of 3-D migration
have been reduced to a reasonable level(e.g., Schleicher

., 199 ).

There is a widespread misconception in parts of the
geophysical community that the width of the Fresnel
volume imposes a limit to the resolution that can be
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obtained in imaging experiments. However, the highest
possible resolution in imaging experiments is not limited
by the width of the Fresnel zone. Rather, as shown in the
next synthetic experiment, it is possible to obtain a clear
picture of structures with a length-scale that is much
smaller than the width of the Fresnel zone. We show in
Fig. 10 the result of a synthetic migration experiment of
zero-offset data using an input-model with six reflectors
with decreasing horizontal extent (indicated with closed
solid lines) at 1 km depth. The horizontal extent of the
reflectors are 400 m, 250 m, 5 m, 25 m, 15 m and 5
m. The central frequency of the wavefield equals 50 Hz,
and the reference velocity field is 4 km/s everywhere;
hence, the corresponding width of Fresnel zones at the
reflectors is approximately 350 m. The Fresnel volumes
for three different source positions are shown with three
semi-ellipses. To take into account the finite frequency
of waves in the migration experiment, we used a 45-
degree finite difference migration scheme for zero-offset
data to compute the wave propagation operator (Claer-
bout, 1984; Stockwell, 199 ). The grey-scale in Fig. 10
shows the migrated model. Reflectors with the horizon-
tal extent as small as 25 m are clearly seen, while the
two smallest reflectors are nearly or completely invis-
ible. otice that the horizontal resolution in this syn-
thetic migration experiment is much smaller than the
width of the Fresnel zone.

The issue of resolution in migration experiments
has been studied both analytically and numerically.
Berkhout (1984) and Chen and Schuster (1999) formu-
late criteria for the horizontal resolution limit, which de-
pends on parameters such as aperture, diffractor depth
and wavenumber. Berkhout (1984) and ilmaz (198 )
show synthetic examples of high-resolution migration
experiments using reflection models with significant
small-scale structure.

A close connection exists between migration theory
and Synthetic Aperture Radar (SAR) techniques (e.g.
Bamler and Hartl, 1998; Massonnet and Feigl, 1998).
SAR is usually used from satellites that circle around
the Earth, but this technique has also been employed
using radar systems mounted in aircraft. These satel-
lites emit radar waves that are reflected at the Earth’s
surface and are recorded by the satellite. Thus, SAR
has a close analogy to reflection seismic experiments.
Within the Earth sciences SAR is mostly used to create
high-resolution images of the topography.

In SAR applications from space, the footprint of
the radar beam is approximately 2.5 km, this distance
corresponds to the width of the Fresnel volume. How-
ever, with SAR a resolution in the orders of 100m can
be obtained in the final images. The redundant data
set acquired with SAR means physically that the re-
flected radar waves are collected for many overlapping
footprints of the radar beam. Processing of these data
makes it then possible to retrieve the structure of re-
flecting surface within each footprint. This explains the

name of this technique; by synthesizing data one effec-
tively obtains an antenna with a larger aperture.

Seismic migration relies on a similar principle. The
Fresnel zone for each individual shot is usually so large
that many small-scale features cannot be resolved with
such a single shot. However, by combining the infor-
mation acquired in many different shots recorded at a
multitude of receivers, one effectively unscrambles the
averaging that has occurred in the reflection of a wave
for a single shot recorded at a single receiver. The ex-
ample shown in Fig. 10 shows that seismic migration
indeed carries out this process, and that the resolution
of the final image is not limited by the width of the
Fresnel zone.

DISCUSSION

The concept of the Fresnel volume and the sensitivity
kernels that account for the influence of small-scale ve-
locity perturbations on the travel time of waves serves
not only to provide a better understanding of wave prop-
agation. This theory can also be used in a number of
ways in seismic imaging. The integral ( ) provides a
simple expression for the leading order perturbation in
the arrival time of waves caused by small-scale pertur-
bations of the velocity. It also can be used to compute
the effective velocity of waves propagating through me-
dia with small-scale velocity perturbations.

In migration, one needs to compute the propagators
that specify how waves propagate from the source to re-
flection points in the subsurface and from there to the
receivers. In applications where one wants to alter prop-
agators by means of small-scale velocity perturbation in
these propagators, one can use Eq. ( ) for computing
the imprint of these small-scale velocity perturbations
on the phase of the wavefield propagators.

An important application of the theory presented
here is transmission tomography, which is relevant in
cross-borehole tomography and SP-experiments. In
many applications, transmission tomography is based
on geometric ray theory. In that context Fermat’s theo-
rem states that the traveltime perturbation is given by
the slowness perturbation along the reference ray:

where the integral is evaluated along the reference ray
in the unperturbed medium (Aldridge, 1994). As shown
in section 5, this approach is unjustified when t