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Summary
The feasibility to perform B-scan imaging of buried objects in sediment by means of a parametric transmitter
is investigated. The theoretical bases upon which the system is modeled are described. Numerical simulations
are performed to estimate the expected lateral resolutions and the available acoustic levels. The influence of the
main parameters is analyzed: diameter and altitude of the projector, primary frequencies and frequency ratio
of primary-to-secondary fields. The optimal configurations are searched. A comparison with equivalent linear
systems is presented.

PACS no. 43.25.Lj, 43.30.Lz

1. Introduction

Several underwater activities require to detect and to track
buried pipes in sediments. Magnetometers are routinely
used for this task. In some instances, additional informa-
tion is also needed: What is the size of the pipe? At what
depth is it buried? The answer to these questions can be
searched by means of acoustical imaging [I, 2]. The sim-
plest method consists in using the B-scan type imagery
with a vertical beam: the image is built line by line, each
line being acquired with a single ping. The quality of the
resulting image depends mainly on the lateral resolution of
the transmitted beam, and on the available acoustic level.
The feasibility of using a parametric transmitter for this
type of application is investigated here. Such a technique
is known to produce high resolution, low frequency beams
with a small transducer. Many authors addressed the pen-
etration of parametric beams in sediments, for geological
applications or object detection [3,4, 5, 6, 7, 8, 9]. In the
present paper, the expected performances are de- lineated
by scanning several parameters of the parametric transmit-
ter within a numerical model that has been specifically tai-
lored to treat the problem in a particular geometry. The
targeted lateral resolution is about 20 cm in the first meter
under the interface water / sediment. Although the origi-
nal issue concerned imaging pipes, the presented study is
indeed also relevant for other types of buried objects at
similar depths.

The paper is organized as follow: The modeled system
is first described. The theoretical bases upon which the nu-
merical model is built are next recalled. Effects of the pro-
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jector parameters, and of the geometry of the system are
then studied by means of simulations. Finally, a compari-
son with a linear based system is presented in the conclu-
SIOn.

2. Modeled System

The modeled imaging system is based on the B-scan
technique, i.e. the images are built by concatenation of
adjacent lines. Each line corresponds to a vertical sec-
tor scanned by a single acoustic beam. The information
is derived from the temporal evolution of the backscat-
tered echoes, without any particular beamforming pro-
cess. Hence, an elementary transmitter consists of a single
projector located above the interface water/sediment (Fig-
ure 1). The receiving probe can be located either at the
same altitude as the projector, or closer to the interface.

The depth of interest in the sediment (denoted d) is
smaller than Im. The altitude of the transmitter above the
interface (denoted h) is between 1 m and 3 m. The altitude
restricts the maximal depth of exploration in the sediment.
Beyond this value (d > h), multiple bounces of the trans-
mitted wave between the antenna and the bottom in the
water column interfere with the returned echoes. The alti-
tude of the receiving probe is denoted hI.

One looks at the beamwidth and at the acoustical level
of the transmitted beam in the sediment layer. These val-
ues depend on many parameters: physical properties of the
media, geometry of the system, and characteristics of the
transmitted signals. However, the feasibility of the system
can be studied by imposing a few characteristic parame-
ters to represent the typical situations that occur in actual
pipe tracking.

The antenna is a disk whose diameter D is between 3 cm
and 15 cm.
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Table I. Modeled acoustic properties of the media.

Density Sound speed Attenuation

Sea water po = 1026 kg/m3 Co = 1500 rnls Fran<;ois-Garrison model
Sediment ps = 1860 kg/m3

Cs = 1700 rnls as = 0.4 dB/rnlkHz

-hi··················································· ~

Transducer

Figure 1. Geometry ofthe modeled system.
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The simulations are built with a constant acoustic veloc-
ity of the active face of the antenna. The chosen value is
equivalent to a pressure peak amplitude of 105 Pa for each
primary wave, i.e. Po = 217 dB ref. 1MPa rms. This level
is realistic in term of technology, and consistent in term
of generation of a significant parametric radiation. Note
that source levels are classically expressed at a nominal
distance of 1m. It relates to the surface pressure through
SL = Po + 20Iog(SjA), where S denotes the surface of
the active face, and A is the wavelength.
The acoustical properties of the modeled media are

given in Table I. The sediment is modeled as a fine sand
material that behaves like a homogeneous, absorbing liq-
uid. One assumes that the coefficient of absorption as
varies linearly with the frequency FBF in the sediment
[10] (as indB I m, as indB 1m 1kHz, and FBF in kHz):

(1)

the particular case presented here, the primary waves are
strongly attenuated in the sediment so that most of the ef-
fective interaction takes place in the water column. The
extent of the parametric source is therefore commensurate
to the altitude h.
The Westervelt model does not take into account the ac-

tual lateral geometry of the primary beams. Moffet and
Mellen [12] used a representation of the primary radiation
by means of plane waves in the nearfield, and spherical
waves in the farfield. The transition between the two zones
occurs at the Rayleigh distance R:

Note that the modeled interface water I sediment is per-
fectly plane. Roughness is not taken into account. The
micro-relief of actual interfaces may impede the resolu-
tion of an imaging system, e.g. because of the off-axis
backscatterred echoes. However, a vertical sounding sys-
tem affords a definite advantage compared to an imaging
system that insonifies the interface with a slanted angle.
The masking effect of the surface echo for targets located
in the vicinity of the interface is drastically reduces: Al-
though the level of the seabed echo may be stronger, the
thickness of the hidden layer is limited to the equivalent
half pulse length.

R = SjAHF' (2)

(3)

3. Theoretical Model

Parametric transmission is obtained by creating two over-
lapping primary beams at frequencies WI and W2. The in-
teraction of these beams generates waves at linear com-
binations of the primary frequencies. One focuses on the
so-called secondary, parametric wave that is created at the
difference frequency w_ = W2 - WI. The main interest
of the parametric transmission is the high directivity that
can be obtained with an antenna whose size is not very
large compared to the wavelength. The other benefits are
the large bandwidth potentially available and the low level
of the side-lobes in the directivity pattern.
The Westervelt model [11] draws a simple picture of the

parametric transmission principle. The primary waves are
modeled by collimated beams. They make a source line at
the difference frequency that behaves as an end fire array.
Such geometry creates a beam pattern whose directivity
is proportional to the square root of the array length. In

S is the surface of the antenna, and AHF is the mean
primary wavelength. The Rayleigh distance varies from
1.4 cm up to 12m in this study. It encompasses a large
range compared to the altitude h, so that no simplifying
assumption can be straightforwardly introduced to model
the primary beams.
The saturation phenomenon can impede the efficiency

of the parametric conversion. The characteristic length is
the shock formation distance:

3l _ PoCo
s - {3wHFPO'

where Po, Co, {3,WHF and Po are respectively the den-
sity, the sound speed, the nonlinear coefficient (3.5 in wa-
ter), the mean primary angular frequency and the pres-
sure at the surface of the antenna. The shock formation
distance varies between 1.6 m and 50 m with the parame-
ters selected in this study. The lower part of this range is
at the same order of magnitude as distance h so that us-
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ing a model that takes into account saturation is preferable
to derive correct estimations. However, saturation effects
are not likely to be prominent, so that the influence of the
source level is not studied.

The model used to perform the numerical simulations
presented here is based on the spatial Fourier formalism
in order to handle properly the diffraction phenomenon
[13]. Harmonic acoustic fields are broken into plane waves
whose distribution of the signature in an observation plane
is given by the corresponding spatial 2-D spectra. The ini-
tial conditions are given by the primary spectra computed
in the reference plane that the active face of the antenna
defines.

In the weak nonlinear assumption, one assumes that
most of the parametric radiation is created by the only in-
teraction of the primary waves. The primary beams are de-
scribed as in the linear model, i.e. spectra are derived in
any plane parallel to the reference plane through the appli-
cation of a linear propagation operator. These modes are
introduced in the source term of the non-linear second or-
der wave equation. The solution of this equation yields the
secondary spectrum.

Saturation is taken into account by altering the primary
spectra with a taper function appended to the linear attenu-
ation. The extra-attenuation factors are derived by solving
the exact, second order, 1-D non linear equation.

A detailed description of the modeling of the paramet-
ric transmission with the spatial Fourier formalism can be
found in [14]. The expressions that are implemented in the
numerical model are only recalled in the following.

The secondary spectrum is calculated at the water-
sediment interface with:
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where f denotes the spatial frequencies.
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Because of the large absorption encountered by the pri-
mary waves in the sediment, the secondary sources are ne-
glected beyond the interface. Hence, the spectrum given in
equation (4) is propagated from the interface to the plane
at depth d in the sediment with the linear operator H that
accounts for the transmission factor through the interface,
plus the loss and linear propagation of the secondary wave
in the sediment layer.
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The secondary pressure field in the sediment is finally
obtained with the Fourier-Bessel transform:
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4. Analysis of results

For each tested configuration, both the secondary spec-
trum and diagram are computed according to equations
(4) and (7). However for the sake of readability, the anal-
ysis is based on the evolution of two values: the � � dB
beamwidth ( � X

	 d B

), and the on-axis level.
Because waves undergo a strong attenuation in the sed-

iment, a more rigorous approach would take also into ac-
count the radial resolution 
 r – dictated by the duration of
the transmitted signal – as it alters the actual lateral resolu-
tion (Figure 2): A target located off-axis (point A) receives
the same acoustic level as another target located on-axis
deeper in the sediment (point B). The classical (half) lat-
eral resolution counted at � x dB is expressed through the
arc OC, because the acoustic level received at C is x dB
lower than at O. However, the attenuation in the sediment
over the distance 
 r is significant. Hence, the actual (half)
width of the resolution cell would be better estimated with
the arc OC’ such that the difference x dB of received levels
is estimated between points C’ and B.

Nevertheless, it is more convenient to handle classical
lateral resolution. Doing so, the � � dB lateral resolution
gives a more confident estimate than the �  dB width.
For example, an order of magnitude of the attenuation at
50 kHz is 1 dB when 
 r � � cm ( 
 t � � � � s). Even if
considering a large � � dB loss in the radial extent of the
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resolution cell, the � � dB lateral resolution still describes
a realistic effective beamwidth (i.e. at � � dB). In addition,
the slope of the beam pattern is steeper at � � dB than at
�  dB so that the relative effect of attenuation is weaker.

In order to compare various configurations, the dis-
played levels take into account the two-way interface-
target attenuation in the sediment layer:

P
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d .
The echo level received at altitude h

� is derived by
adding to the displayed level (8):
� The target strength I

T S

;
� The coefficient of transmission back through the in-

terface from the sediment to water. On-axis, there is
T
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� The effect of the spherical divergence. Because of the

refraction, the equivalent radius is equal to:

r � d � h

�

c

�

� c

s

� (9)

To summarize, an estimate of the pressure level received
by an hydrophone located at the altitude h

� above the in-
terface is:
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Figure 3 displays an example of secondary beam pattern
computed for a typical configuration ( D � � cm, L F �

� � kHz, H F � � � � kHz, h � � m, d � � � cm). The char-
acteristic profile of parametric beams can be noticed, i.e.
the quasi-linear flanks and the missing side-lobes.

4.1. Projector parameters (diameter, frequencies)

Figures 4 and 5 ( � X

	 d B

) gather all the results obtained
with the following fixed parameters:
Depth d � � � cm,
Altitude of the projector h � � m.
Other parameters are scanned according to:
Diameter D �  cm, � cm, � cm, � � cm and � � cm,
Difference frequency L F � � � kHz to � � � kHz, pitch
10 kHz,
Mean primary frequency H F �  � kHz up to � MHz (Ta-
ble II).

In Figures 4 and 5, points linked by a solid line corre-
spond to the ordered, tested primary frequencies, given the
diameter and the parametric frequency. In the general case,
the rightmost point of a group corresponds to the low-
est mean primary frequency. It can be noticed that most
groups exhibit an optimal configuration, i.e. a configura-
tion that gives a minimal aperture of the created beam (the
level does not vary significantly).

Δr
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Figure 2. Resolution cell.
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Figure 3. Simulated secondary beam pattern ( D � 	 cm, L F �

� � kHz, H F � � � � kHz, h � � m, d � � � cm).

Table II. Tested combinations of mean primary ( H F , kHz) and
secondary frequencies ( L F , kHz).

L F

H F 10 20 30 40 50 60 70 80 90 100

30 X
60 X X
90 X X X

120 X X X X
150 X X X X X
200 X X X X X X X
300 X X X X X X X X X X
400 X X X X X X X X X X
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1000 X X X X X X X X X X

Let us focus now on optimal configurations. The follow-
ing points can be observed:
� The level increases with the diameter of the projector

(approximately according to � � l o g D ). This is a nor-
mal behavior because the acoustic velocity of the ac-
tive face is a constant in all the computed simulations.
By the way, it indicates that saturation effects are not
yet significant.

� Given the diameter, the efficiency of the parametric
conversion increases with the difference frequency.
However, the absorption in the sediment increases also
with the parametric frequency so that it counterbal-
ances the previous effect. As a consequence, there is
a range of parametric frequency that maximizes the
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Figure 4. On-axis level P
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� d � � � and � � dB beamwidth at depth d � � � cm (altitude of the transmitter h � � m).

level. At the tested depth, this range lies between
30 kHz and 60 kHz. This range is shifted toward low
frequencies when the depth of the buried target in-
creases.

� The lateral resolution is improved when the parametric
frequency is increased.

� Given the parametric frequency, the maximal resolu-
tion that can be reached (at the tested depth) is slightly
improved when the diameter of the projector increases.

� The primary frequency that enables to reach this best
resolution depends on the diameter: The larger the di-
ameter, the lower the optimal primary frequency. Be-
yond a certain value of the diameter, the theoretical
optimal configuration cannot be physical reached. The
best resolution is then simply obtained with the low-
est primary frequency that the bandwidth of the trans-
ducer allows. The minimal frequency ratio of primary-
to-secondary fields is then around 3 or 4.

The simulations computed at d � � � cm show finally
that the chosen parametric frequency dictates the other pa-
rameters leading to an optimal performance, i.e.:
� Minimal frequency ratio (3 or 4);
� Maximal projector diameter. This parameter depends

on the primary frequencies and is dictated by techno-
logical constraints (accuracy, bulkiness). For example,
a reasonable value could be D � � � �

H F

.

4.2. Observation in the sediment layer

The previous simulations are performed at a constant
depth ( d � � � cm). The variations of the beamwidth and of

the on-axis acoustic level in the sediment layer are studied
here. Frequencies are set to the constant values that corre-
spond to a commercial projector system ( L F � � � kHz,
H F � � � � kHz). It can be noticed that the choice of the
secondary frequency at 50 kHz is consistent with respect
to the results obtained in the previous section.

4.2.1. Diameter and lateral resolution

The altitude of the projector is still a constant, equal to h �

� m. The following diameters are tested: D �  cm, 5 cm,
7 cm, 10 cm and 15 cm. Figure 6 displays the evolution of
the beamwidth in the layer, from the interface down to 1 m.

The apertures obtained with the smallest diameter ( D �

 cm) depart significantly from the otherwise observed
patterns, especially close to the interface. In that case,
there is a strong diffraction of the primary waves, so that
primary as well as secondary beams spread widely.

Whenever the size of the projector is not very small,
the conclusion that is drawn at d � � � cm in the previ-
ous section is still valid in the complete layer: The lateral
resolution is improved when the diameter increases, but
the sensitivity of this parameter is weak. Hence, Figures
4 and 5 are representative of the performances that can be
expected in the whole sediment layer.

4.2.2. Altitude and lateral resolution

The altitude of the projector varies between 1 m and 3 m
in a single configuration: D � � cm, L F � � � kHz,
H F � � � � kHz. Beamwidths in the sediment layer (0 m–
1 m) are displayed Figure 7. The size of the insonified area
at the interface decreases when the projector is closer to
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Figure 7. � � dB resolution versus the altitude of the projector
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the bottom. Consequently, the secondary beam diverges
in the sediment as much as the size of the initial spot is
smaller. However, because the thickness of interest under
the interface is small, best resolutions are still achieved
with the smallest altitude of the projector. Let us recall

that whatever is the B-scan imaging system – i.e. linear
or parametric – the altitude h of the transmitter must be
larger than the maximal depth to be probed in the sediment
layer, because of the multiple specular bouncing from the
interface.

4.2.3. Acoustic level and maximal detection depth

Because saturation effect is not significant, the generated
secondary pressure level varies with the active face acous-
tic pressure P

�

and the surface S according to � � l o g P

�

�

� � l o g S . On the other hand, the influence of the altitude
of the projector, h , cannot be foreseen straightforwardly
from theoretical considerations. Figure 8 displays the lev-
els computed with equation (10), but without taking into
account the target strength, i.e. P

e c h o

� I

T S

. The receiv-
ing hydrophone is assumed to be located at the constant
altitude h

�

� � m above the interface. The salient result is
that the simulated echo level does not depend significantly
on the altitude of the transmitter. Let us recall that at the
chosen secondary frequency (50 kHz), the two-ways loss
caused by linear absorption account for � � � dB when the
target is 1 m deep.

Let us define a threshold level Pt that corresponds to the
minimal pressure level that can be detected with the acqui-
sition system, i.e. P

e c h o

must be larger than P

t

. Given the
difference in dB P

t

� I

T S

, Figure 8 allows to find at once
the maximal detection depth that can be achieved with
the settings of the model. For example with P

t

� I

T S

�

�  � dB ref 1 � Pa rms, the maximal depth is about 70 cm
and does not depend on the altitude of the projector.

Note that the threshold level P

t

can be considered as the
sum

P

t

� � N L � D I 	 � D T � (11)

where N L , D I and D T are respectively the background
isotropic noise level, the directivity index of the receiving
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Figure 8. Simulated echo level received at 1 m above the inter-
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Table III. Parameters of the comparison.

LF HF Diameter D

Parametric p �  50 kHz 150 kHz 20 cm � � �

Linear 50 kHz 30 cm � � �

probe, and a detection threshold (e.g. 10 dB). The noise
level can be estimated with the Wenz model [15]: Con-
sidering for example a parametric signal centered around
50 kHz with a bandwidth of 20 kHz, there is N L  � � dB
ref 1 � Pa rms. Because D I � � , one obtains here the order
of magnitude P

t

 � � � dB ref 1 � Pa rms. Within such a
noise limited model, an object buried at 1 m depth whose
I

T S

is larger than � � � dB can be detected.
The depth limit (or the minimal target strength) can be

improved by increasing the source level. The presented
simulations are computed with a surface pressure equal to
P

�

� � �

� Pa. With another setting of P

�

, the value that
must be used to exploit Figure 8 should be corrected ac-
cording to P

t

� I

T S

� � � l o g � P

�

� � �

� Pa).
The reverberation caused by the structure of the sedi-

ment is not addressed in this paper. Let us just mention that
this phenomenon reduces the contrast of the target echoes.
The reverberation level is proportional to the acoustical
level and to the 3-D resolution cell. Consequently, an or-
der of magnitude of the expected contrast can be estimated
by comparing the reverberation index I

R

with the target
strength I

T S

:

I

R

� I

V

� � � l o g

�

� 
 x 	

�


 z

�

� (12)

where I

V

is the reverberation index per unit of volume.

In order to keep conservative figures, one consider a
maximal beamwidth equal to 
 x � � � cm in the layer of
interest ( d � � m). Assuming that the bandwidth is B �

� � kHz, the range resolution is 
 z � c � � B �  � � cm.
Hence the resulting volume of the resolution cell is about
� �

� � m � . On the other hand, the order of magnitude of I

V

is �  � dB/m � [16, 17]. According to equation (12), the re-
verberation index – about � � � dB – is low compared to
the target strength of many objects of interest.

5. Conclusion

Although the parametric conversion exhibits a poor ef-
ficiency, the previous simulations show that sufficient
acoustic levels can be expected. The main concern is the
lateral resolution that can be achieved. Parametric trans-
mission was initially proposed because of the potential
high resolution at low frequency. However, optimal solu-
tions are found to be obtained with secondary frequencies
around 50 kHz, using as small as possible frequency ratio
p � �

H F

� �

L F

. This latter parameter is dictated by the
available relative frequency bandwidth of the transducer
( � � p is required) so that p �  is a reasonable minimal
setting. Note also that the size of the antenna must be as
large as possible.

Given these constraints, one may wonder whether a
classical, linear system driven directly at the useful fre-
quencies would not produce better performances, still
keeping a practical size of the projector. With a linear
imaging system, an efficient solution consists in using
the same transducer at transmit and at receive: The echo-
graphic response is given by the squared transducer direc-
tivity pattern. A theoretical drawback of the linear system
versus the parametric transmitter is the existence of side
lobes. However, their relative level is quite small in the
echographic mode: It amounts less than �  � dB with a
disk. In addition, the linear system is indeed much more
efficient in terms of available acoustic level than the para-
metric based system.

Table III summarizes the parameters used to perform a
comparison between non-linear and linear systems. The
useful frequency is equal to 50 kHz. According to the
conclusions derived for the parametric projector, the fre-
quency ratio is small ( p �  ) and the relative diameter
of the projector is rather large ( � � H F wavelengths). The
modeled linear projector works directly at 50 kHz. One
takes advantage of the benefit afforded by the echographic
mode in order to limit the absolute size of the transducer.
The comparison is done with half the relative diameter
of the parametric projector, i.e. 10 wavelengths. In both
cases, the transmitted pressure at the surface of the trans-
ducers is P

�

� � �

� Pa. Two locations of the antenna are
considered, i.e. h � � m and 2 m above the interface.

Figure 9 displays the simulated resolutions. They are
given with the � � dB beamwidths for the parametric sys-
tem. In the linear case, the �  dB one-way beamwidths
are displayed because they are almost equivalent to the
� � dB echographic resolution. The aimed � � dB aper-
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Figure 9. Comparison between resolutions obtained with the
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Figure 10. Comparison between levels obtained with the non-
linear and linear systems.

ture of 20 cm at 50 cm depth seems out of reach with the
parametric system. The echographic response of the linear
transducer achieves this requirement up to 1 m depth when
located at h � � m (Note that the �  dB beamwidth in the
nearfield of a transducer can be smaller than the diameter
of the active face).

Acoustic levels estimated with equation (10) are dis-
played in Figure 10. They correspond to the on-axis levels
that are received at the altitude of the projector (h

�

� h ),
taking into account the return attenuation, interface trans-
mission, and spherical spreading losses, and considering a
null target strength ( I

T S

� � dB). The linear solution is
much more efficient, with a difference of about 30 dB.

Hence, for imaging properly buried objects such as
pipes, the best solution appears to be a classical, linear
setup located close to the interface (about 1 m). The an-
gular performance of the parametric system begins barely
to compete with the linear system when the altitude in-
creases. But it never fits with the original requirement, i.e.
20 cm lateral resolution. The theoretical benefit afforded

by the parametric transmission technique is canceled in
this particular application by the very short distance avail-
able to build the secondary field.
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