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Multifrequency Biplanar Interferometric Imaging

George R. Cutter Jr. and David A. Demer

Abstract—The resolution of 3-D imaging is greatly improved
using a new multifrequency biplanar interferometry (MBI) tech-
nique. Using data from a multifrequency-acoustic pulse-echo
system, ranges to coherent targets, estimated from propagation
delays, and the phase differences between echoes received with
four quadrants of a split-aperture array are converted to
Cartesian distances, and transformed into Earth coordinates. The
collective data set is interpolated to create a surface closely ap-
proximating the target’s image. The resolution of the resulting
image is improved orders of magnitude relative to those created
with measures based on echo-intensity or single-frequency uni-
planar interferometry. The effectiveness of MBI is demonstrated
using data from a multifrequency (18 to 200 kHz) split-aperture
echosounder system to produce composite high-resolution (sub-
meter precision) images of the seabed sensed at long ranges (tens
to hundreds of meters). MBI can be broadly applied to data
from split-aperture remote-sensing systems which use acoustic or
electromagnetic waves.

Index Terms—Acoustic imaging, echosounder, interferometry,
multiple frequency.

1. INTRODUCTION

ONTEMPORARY acoustic imaging systems are typi-

cally based on beamforming or interferometry, or a com-
bination of these differing technologies [1]-[3]. In both cases,
one estimate of range to a target is estimated per beam (beam-
forming) or per sample in one plane (interferometry) from
the two-way propagation delay between the pulse transmis-
sion and reception. The methods differ in the way that they
measure target bearing angles. To remotely image the seabed,
for example, multibeam echosounders electronically form, or
beamform, a swath of narrow, typically < 2°, transmit and
receive beams [4]. The third dimension is sampled by mov-
ing the sensor between transmissions. Generally, electronically
formed beams have decreased resolution in the plane of the
swath with increased target range and decreased grazing angle
(these limitations can be reduced by beam focusing in range and
bearing, and using nonplanar arrays, respectively). In contrast,
interferometric sidescan systems [5] sample the seabed echo
with multiple receivers stacked in one plane, measure one or
more phase differences, and use this information to infer the

angle of arrival
A¢
— ain— 1 1
a = sin ( k:d) (1)
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Fig. 1. For each sample p measured within the coherent seabed echo, the
angles of arrival o and (3 in two orthogonal planes (here, measurements are
illustrated in only one plane for simplicity), are estimated from the electrical
phase differences detected by subarrays of the transducer that are separated by
distance d; and the range r is estimated from the two-way propagation delay.
The samples are sequenced with increasing range (e.g., indexed 1-8). These
data are converted to horizontal  and y and vertical z Cartesian distances
and transformed to Earth coordinates for fine-scale (subbeam) imaging. Fine-
scale seabed slope 6, can be estimated between multiple x—y—z positions. In
addition, all P of the positions within the insonified area for one transmission
can be used to estimate the average slope of the seabed within the beam 6 p.

where A¢ is the electrical phase difference, k is the acoustic
wavenumber, and d is the effective separation between two
subarrays (Fig. 1). Interferometric systems have reduced mea-
surement accuracy in cases of echoes coincidentally arriving
from multiple sources, or multipath reverberation [6]. This
limitation is mitigated with multiple arrival angles measured
with a planar array of multiple receivers [7]. In addition, coinci-
dent echoes can be rejected, reducing measurement uncertainty,
using colocated multifrequency split-aperture transducers and
interferometry [8].

II. MBI METHOD AND RESULTS

We present a novel combination of  these
technologies—multifrequency biplanar interferometric
(MBI) imaging. The MBI can be very effective and efficient if
applied to data from multifrequency beamformed split-aperture
multibeam echosounders, which are now commercially
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available [9]. In addition, MBI can probably be more broadly
applied to data from split-aperture remote-sensing systems
which use either acoustic or electromagnetic waves.

Compared to beamformed multibeam sonars, interferometric
sidescan sonars are simpler, less expensive, and have wider
swaths, but have lower angular accuracy [4]. The advantages
of each technology can be exploited by applying interferometry
within the narrow electronically formed beams. For example,
multibeam data processing now commonly uses amplitude
detections of range for near-vertical beams, when the period
during which the pulse intersects the seabed is small, and phase
detections of range for smaller grazing angles, when the phase
differences approximate a linear function of time, with zero
phase differential indicating the echo from the beam-steering
direction [10]-[12]. Note, however, that acoustic interferometry
has only been applied in one plane, making the phase differ-
ences appear random and noisy during times away from the
zero phase differential [13]. This is due to the effects of noise
[8], water-column scatterers [14], coincident echoes [6], [8],
[15], and notably because the measured phases represent 3-D
bearing angles projected onto one plane.

Demer et al. [16] introduced MBI to estimate seabed depth
and slope, and indices of seabed hardness and roughness, within
each beam. The method was demonstrated using split-aperture
single-beam echosounders. The variance-to-mean ratio (VMR)
of multifrequency echo amplitudes was used to apportion the
seabed echo to coherent and incoherent components [16].
Interferometry was used on the coherent signals to measure
the target bearing angles in two planes. In addition, a plane
was fit to the target locations estimated from these angles to
more robustly estimate A¢ = 0, giving the vertical range to the
seabed and its slope within the acoustic beam.

These estimates of range allow quantification of the volume
near the seabed where its echo can eclipse those from nearby
fish, the so-called acoustic dead zone, using a single mul-
tifrequency transmission [16]. The within-beam estimates of
slope (Fig. 2) and the corresponding measurements of surface
scattering spectra from each transmission can also be used to
invert a physics-based scattering model for fine-scale estimates
of hardness and roughness of the seabed [16]. Despite these
advances in estimating range and within-beam slope, still,
only single estimates of each parameter were derived for each
transmission for each beam.

Here, we advance MBI to allow numerous estimates per
transmission, which dramatically improves the resolution
achievable with high-frequency remote acoustic imaging. Each
of the samples within the echoes at each frequency provides
independent estimates of echo range and two orthogonal bear-
ings, which collectively allow imaging with unprecedented sub-
beam precision. With this advanced implementation of MBI,
the one range estimate per beam and the uniplanar sampling
of the interferometric sidescan are replaced with P equal to
tens to hundreds of position estimates times F' frequencies
which provide numerous independent yet highly correlated
samples [8], [16] (Figs. 1 and 3). For each transmission, the
P x F samples describe a 3-D surface within the overlapping
multifrequency beams. Moreover, the numerous samples from
each transmission typically overlap substantially with measures
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Fig. 2. (a) Within-beam seafloor slope angles estimated from MBI solutions
of echosounder data (Simrad EK60) for each of the five frequencies (measure-
ments at 18, 38, 70, 120, and 200 kHz are offset vertically) overlaid on an
image of seabed bathymetry derived from multibeam echosounder data (Simrad
SM20, 200 kHz) using amplitude detections. Note the high correlation between
the independent measures, with some frequency dependence of the within-
beam slopes. (b) Mean values of the five-frequency within-beam seafloor slopes
(MBI solution) overlaid on an image of seafloor slope derived from gradients
in the bathymetric surface (10 x 10 m grid cells). Note the apparent accuracy
of the MBI solutions, even for near-zero slopes.

from preceding and successive transmissions and allow further
improvement to the image precision.

We demonstrate the advanced MBI method using data
collected from five split-aperture single-beam echosounders
(Simrad EK60) to image the seabed at the 43-Fathom Bank,
located approximately 40 nmi west of San Diego, CA. The
18-, 38-, 70-, 120-, and 200-kHz transducers (Simrad ES18-11,
ES38B, ES70-7C, ES120-7C, and ES200-7C, respectively)
were spaced to maximize the overlap of insonified volumes and
minimize the vertical offsets. The transducer full beamwidths
are 11° (18 kHz) and 7° (all others). The survey was conducted
at a cruising speed of nominally 7 kn, and the track lines were
spaced 370 m apart. At each frequency, synchronized pulses
of length 7 =512 pus were transmitted at 1-s intervals and
propagated at the sound speed ¢ ~ 1515 m - s~ . Pulses c7 =
0.7757 m long were received with bandwidths of 1.749, 3.275,
4.687, 5.557, and 5.972 kHz, corresponding to the frequencies
listed above, and sampled every 128 us, corresponding to
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Fig. 3. (a) Coherent portion of the seabed echo (green circles) is identified by
alow-pass filtered (black line) VMR of the multiple-frequency echo amplitudes
at each sample exceeding an empirical threshold (e.g., —23 dB [16]; blue line).
The corresponding values of v and 3 < 2.5° and r are converted to Cartesian
distances and transformed to Earth coordinates. The depth profile of a ledge is
shown in the (b) north-south and (c) east-west planes, with 689 measurements
(compared to normally five) color coded by sampling frequency: (red) 18,
(green) 38, (blue) 70, (gray) 120, and (purple) 200 kHz. (d) Plan view of image
samples from a single transmission at five frequencies, and the locations of the
transducers for this transmission and the preceding ten transmissions (red plus).
These samples have a median resolution of ~0.6 m (compared to a standard
resolution of ~26.4 m) at an observational range of 216 m. (e) High-resolution
surface obtained by gridding the MBI data from a single transmission in
2 x 2 m cells.

four samples per pulse, providing range samples every 0.097 m.
Echo amplitude (e) versus range (r), and split-aperture phase
angles (« and [3) corresponding to ranges up to S00 m beneath
the transducers were recorded continuously for each frequency.
These data were indexed by time and geographic position using
data from a global positioning system receiver.

Within each beam, the number of samples from the coherent
seabed echo is controlled by the acoustic frequency, pulse
duration, sample rate, incidence angle, and the seabed range
and morphology. The a and 3, describing angles of arrival
within two orthogonal planes intersecting along the beam axis,
are each derived from electrical phase differences measured
between transducer halves, and a conversion factor denoted
angle sensitivity that is equal to the product kd in (1) (see [8]

for details). Angle sensitivity is sensor specific due to its depen-
dence on the acoustic frequency and transducer characteristics.
The angular measurement precision is 0.10° for the 18-kHz
system and 0.06° for the other frequencies. Each sample of «
and [ represents the bearing to the facet with the dominant
scattering amplitude (a function of the acoustic impedance
contrast and incidence angle) at that sample range. Coincident
echoes will therefore cause errors in the detected amplitudes
and phases [8], [15].

Noise in the echo amplitude data at 18 and 38 kHz was
generally negligible. Background noise in the 70-, 120-, and
200-kHz data was removed by incoherent subtraction. Next,
the VMR values from the noise-suppressed five-frequency echo
amplitude data were calculated as

& ., F
F-1 El(ep,f — &) 2}1 €p.f
VMR = 10log = , 7):7f_F
e

p

2

where p indexes the samples and f indexes the frequencies for
each transmission [16]. A low-pass filtered VMR > —23 dB
(estimated empirically as in [16]) were used to identify min-
imum and maximum ranges of the coherent seabed echoes
(Fig. 3). P sets of samples within the coherent seabed echoes
(ovp, . Bp,s, and 1y, r) were converted to P sets of Cartesian
distances (zp, r, Yp, r» and z, ) following [17]:

Tp, f , sin oy, r cos By, ¢
Yp.f 2.f cosay rsinfyr | (3)
Zp.f \/1 — sin® oy, psin® By ¢ | cosay, fcos By

and transformed into Earth coordinates. These independent
multifrequency estimates of 3-D target positions are highly
correlated so their combination enhances the resolution of
image features. Noisy estimates with low correlations were
rejected if their VMR did not exceed a threshold of —17 dB.
The collective data set was then interpolated to create a high-
resolution (submeter precision) 3-D surface of the seabed
sensed at ranges of 80 to 500 m (Fig. 4). The seabed image
depicts shapes of bathymetric features which are larger than a
wavelength, and indicates the within-beam seabed roughness.

III. DISCUSSION

These results can be further improved with account for sound
refraction, transducer displacements [8], and transducer pitch,
roll, yaw [17], and heave. In addition, the echo intensity of
each multifrequency sample can be normalized for the acoustic
incidence angle, estimated from the gradient between adjacent
samples, and used to estimate sub-beam seabed hardness and
roughness, as in [16] but with orders of magnitude higher
resolution. MBI can even be applied to archived split-aperture
data to extract much more information about target shapes
and morphologies. When validating these interpretations, it is

Authorized licensed use limited to: Univ of Calif San Diego. Downloaded on January 21, 2010 at 19:41 from IEEE Xplore. Restrictions apply.


https://www.researchgate.net/publication/252463093_A_multiple-frequency_method_for_improved_accuracy_and_precision_of_in_situ_target_strength_measurements?el=1_x_8&enrichId=rgreq-8fde9d6224808fb909dd69994c6f759a-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYwNDY2OTtBUzoxODMzODU0MjcyOTIxNjVAMTQyMDczMzkwMTg2Mw==
https://www.researchgate.net/publication/252463093_A_multiple-frequency_method_for_improved_accuracy_and_precision_of_in_situ_target_strength_measurements?el=1_x_8&enrichId=rgreq-8fde9d6224808fb909dd69994c6f759a-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYwNDY2OTtBUzoxODMzODU0MjcyOTIxNjVAMTQyMDczMzkwMTg2Mw==
https://www.researchgate.net/publication/252463093_A_multiple-frequency_method_for_improved_accuracy_and_precision_of_in_situ_target_strength_measurements?el=1_x_8&enrichId=rgreq-8fde9d6224808fb909dd69994c6f759a-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYwNDY2OTtBUzoxODMzODU0MjcyOTIxNjVAMTQyMDczMzkwMTg2Mw==
https://www.researchgate.net/publication/241446166_An_improved_multiple-frequency_method_for_measuring_target_strengths?el=1_x_8&enrichId=rgreq-8fde9d6224808fb909dd69994c6f759a-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYwNDY2OTtBUzoxODMzODU0MjcyOTIxNjVAMTQyMDczMzkwMTg2Mw==
https://www.researchgate.net/publication/239645588_Coincidence_echo_statistics?el=1_x_8&enrichId=rgreq-8fde9d6224808fb909dd69994c6f759a-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYwNDY2OTtBUzoxODMzODU0MjcyOTIxNjVAMTQyMDczMzkwMTg2Mw==
https://www.researchgate.net/publication/30952117_A_statistical-spectral_method_for_echo_classification?el=1_x_8&enrichId=rgreq-8fde9d6224808fb909dd69994c6f759a-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYwNDY2OTtBUzoxODMzODU0MjcyOTIxNjVAMTQyMDczMzkwMTg2Mw==
https://www.researchgate.net/publication/30952117_A_statistical-spectral_method_for_echo_classification?el=1_x_8&enrichId=rgreq-8fde9d6224808fb909dd69994c6f759a-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYwNDY2OTtBUzoxODMzODU0MjcyOTIxNjVAMTQyMDczMzkwMTg2Mw==
https://www.researchgate.net/publication/30952117_A_statistical-spectral_method_for_echo_classification?el=1_x_8&enrichId=rgreq-8fde9d6224808fb909dd69994c6f759a-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYwNDY2OTtBUzoxODMzODU0MjcyOTIxNjVAMTQyMDczMzkwMTg2Mw==

174 IEEE GEOSCIENCE AND REMOTE SENSING LETTERS, VOL. 7, NO. 1, JANUARY 2010

Freq. (kHz)

Depth (m)
M 210

Fig. 4. MBI images of the seabed estimated using data from multifrequency
split-aperture echosounders. (a) Using standard methods, each transmission
from a single beam would produce a single estimate of range to the surface
providing a series of point estimates as the device moved through space.
(b) Using the MBI method, each transmission and beam results in tens to
hundreds of range estimates (beamwidth and bandwidth dependent) and their
corresponding directions that multiply with subsequent transmissions. The
5865 MBI solutions (colored by frequency) from 21 transmissions from the
moving sensor (possible also by a single transmission and fan of multiple
beams) produces (c) a detailed 3-D image of the seabed (0.5 x 0.5 m grid cell
surface interpolated from median depth values) depicting two subbeam ledges;
standard methods would have depicted this surface as a linear profile.

notable that the greatly increased resolution of MBI images,
even at large ranges, allows fine-scale (ca. 1 m?) comparisons or
validations of acoustic target classifications (e.g., seabed types)
made with photographs (e.g., from cameras on a remotely
operated vehicle [16]) or physical samples (e.g., grab, cores,
or dredges).

The empirical VMR threshold is probably dependent on
the chosen set of frequencies and beamwidths and may need
to be re-estimated for MBI processing of data from other
systems. However, for a particular echosounder system, the
echoes from various target types (e.g., seabed, fish) and even
differing compositions of types (e.g., homogenous versus het-
erogeneous seabed or animal aggregation morphologies) may
have characteristic VMR values that can be used for objective
recognition and classification [16]. Consequently, there are

numerous possibilities for designing sensors and processing
algorithms to optimize MBI imaging of various targets.

Contrary to single-frequency multibeam systems which
achieve high resolution through narrow beamwidths and short
pulse durations, MBI is most efficient with wide beamwidths
because they decrease the probability of near-normal incidence
angles and increase the spatial sampling. The probability of
near-normal incidence angles is also lowered with increased
beam-steering, seabed roughness, and transducer motion. In
addition, contrary to conventional processing schemes, longer
pulse durations further increase the spatial sampling and the
signal-to-noise ratio when using MBI. Therefore, MBI process-
ing of data from wide-beamwidth broad-bandwidth systems
with long pulses should provide even higher image resolution
and precision than demonstrated here.

IV. CONCLUSION

The greatly increased resolution of the enhanced MBI
method provides more information about target shape and mor-
phology. This remote fine-scale imaging and classification can
be achieved efficiently over large areas by applying MBI to data
from broad-bandwidth split-aperture multibeam echosounders
such as the Simrad ME70 [9], enabling seafloor mapping, for
example, with much higher resolution and efficiency using the
same vessels and sensors.

If global ocean bathymetric mapping is to be done from
ocean vessels [18], then MBI offers the potential to increase
the resolution of products from these expensive and time-
consuming efforts. Fortunately, MBI processing can also be
used to extract much more information from the large world-
wide archive of multifrequency split-aperture data. MBI images
have resolutions which approach those of conventional pho-
tographic and direct sampling validation methods. Moreover,
MBI is applicable to data from a variety of remote-sensing
systems using either acoustic (e.g., multibeam echosounders,
acoustic cameras, and medical ultrasound imaging systems) or
electromagnetic waves.
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