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n the last few years, an experimen-

tal study has been underway to an-
swer questions about why underwater
acoustic modem performance varies
significantly at different locations and
why this variability is so difficult to
predict. These questions are of current
interest because the need for reliable
underwater communications is in-
creasing as applications emerge for
autonomous underwater vehicles
(AUVs) and autonomous instrumenta-
tion.

Performance in the ocean’s shallow-
water environments is often the hard-
est to predict since these sites can be
highly reverberant and the channel
characteristics can change over time.
One of the reasons the ocean channel
is challenging for acoustic communi-
cations is the large number of multi-
path arrivals. Multipath is caused by
propagation paths that are reflected
and refracted between the source and
receiver and, therefore, arrive at dif-
ferent times, causing echoes of the
transmit signal. Unless compensated
for, these echoes can cause intersym-
bol interference (the reception of pre-
vious symbols that arrive at the same
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Results from the Kauai: Top panel shows the bit errors on a hydrophone at 92
meters depth, middle panel shows the corresponding sound speed profile, and the

lower panels are the ray traces for day 182 at 21:30 (three percent bit errors) and
day 183 at 02:30 (18 percent bit errors).

time as the current symbol making it
difficult to correctly detect what infor-
mation the current symbol was intend-
ed to convey, causing bit errors). In
some ocean channels, performance is
dominated simply by a signal-to-noise
ratio (SNR), while more often, it
depends on the multipath interference
and its time variability. In all cases,
source and receiver motion further
complicate the situation as each multi-
path arrival has a different Doppler
shift for which the decoding algorithm
may need to compensate.
Observations have shown drastic
differences in the performance of

underwater acoustic communications
at different locations. Even for deploy-
ments at the same location, perfor-
mance can show a large time variabil-
ity. The reasons for these performance
differences are often not well under-
stood. For example, do strong winds
lead to increased bit errors due to
rougher sea-surface conditions and
increased ambient noise level? Or, do
strong winds lead to decreased bit
errors because surface reflections have
high scattering losses and, therefore,
reduce the multipath arrivals? Or, for
example, what environmental factors
can cause bit errors to increase from
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Panel (a) shows the transmitted waveform and in (b) the reception
is shown for day 182 at 21:00 (three percent bit errors) and in (c)
for day 183 at 02:30 (18 percent bit errors). The middle panels (d)
and (e) show simulations using measured sound-speed profiles
for the same time periods. Lower panels (f), (g) and (h) are
zoomed-in views.

zero to 20 to 30 percent in just a few hours, while the winds
remain constant and the source and receiver are not mov-
ing? Answers to these types of questions are the motivation
for the SignalEx program started in 2000.

The purpose of Signal Ex is to measure a variety of under-
water communications signals in many locations and devel-
op an understanding of the mechanisms that impact perfor-
mance. While these measurements may have been per-
formed only in particular environments and times using a
limited set of possible configurations, the ultimate goal is to
be able to extrapolate these results to the full range of pos-
sible environmental conditions (e.g., as the weather and
season changes), for all possible source and receiver geo-
metries, and for the full suite of modulation schemes, such
as multi-frequency shift keying (MFSK), phase shift key-
ing, orthogonal frequency division multiplexing, etc. This
will enable reliable mission planning for acoustic commu-
nications.

To achieve this goal, we have developed sophisticated
modeling tools to synthesize realistic ocean channels and
the communications signals that would be observed by
receivers in any given geometry, with platform motion and
channel dynamics included. This modeling is based on the
current understanding of the physical phenomena that con-
tribute to the channel dynamics, such as surface waves, bot-
tom roughness and water column variability. We are in the
process of validating these models using data measured
during the SignalEx experiments. The key is to have simul-
taneous measurements of environmental parameters (e.g.,
wind speed, sound speed and bottom type) while acoustic
communications signals are being transmitted and recorded.

The first stage in the process is to verify that the channel
simulator precisely reproduces both the multipath structure
and the communications performance in the SignalEx tests.
Then, the channel simulator can serve as a basis for virtual
experiments for any desired environment or configuration.
For instance, suppose an AUV mission is planned for an
area that had previously shown good communications per-

formance for source and receivers moored near the
seabed. The AUV is, of course, a moving platform oper-
ating at different depths and possibly in a different sea-
son. The mission planning software must then extrapolate
the communications performance to consider those dif-
ferences. Demonstrating accurate predictions of acoustic
communications performance for the conditions when the
SignalEx data were recorded builds confidence in being
able to predict performance in new situations where
acoustic communications tests have not been done. The
environmental information needed for these simulations
can often be found in existing Navy databases, and if the
models are sufficiently reliable, these can be used to
anticipate and optimize performance.

MFSK Signals

Coherent and non-coherent signals are two general cat-
egories of communications. The non-coherent methods
exploit the energy of the signal, which makes them rela-
tively robust and simple to implement. The coherent
methods exploit the phase of the signal, which offers a
more efficient use of bandwidth, providing higher data
rates for a given spectral band. However, the increased
bandwidth efficiency requires a much more complicated
system since the phase is highly sensitive to the channel
characteristics and source and receiver motion. Currently,
most commercially available modems use non-coherent
methods, since many applications will readily trade-off
increased reliability for lower data rates.

During the SignalEx tests, a suite of both coherent and
non-coherent signals were transmitted, however, for the
analysis presented here, we focus on the non-coherent
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MFSK. In addition to being valuable in its own right. the
simple and robust nature of MFSK signaling makes its per-
formance a highly valuable yardstick for comparing differ-
ent environments and other signaling methods. Although
the MFSK signals were transmitted in different bands
between eight and 50 kilohertz, we will discuss results only
in the eight to 13.2-kilohertz band. These MFSK signals use
128 frequency components spaced 40 hertz apart. The
upper and lower four frequency bins in each band are
reserved for pilot tones to compensate for Doppler. The
information is passed using a subset of the 128 frequencies
that can be modified every 0.025 seconds.

One detail of the modulation scheme is the use of one of

four coding. This means four tones are used to encode two
bits of data. The advantage of this is that in decoding, only
a decision about which of the four tones is loudest is need-
ed to determine if the transmission is a zero,zero, zero,one,
one,zero or one,one. This method is less problematic than
having the decoder decide if a tone is a one (on) or zero
(off). Based on the frequency band used here, the maximum
data rate in each band is 60 bits in 25 milliseconds, or 2,400
bits per second. To transmit at lower data rates, the time
duration of the tones is increased (e.g., 1,200 bits per sec-
ond is achieved by holding the tones on for 50 millisec-
onds). Achieving higher data rates requires more band-
width. Preceding the MFSK transmissions is a marker pulse
used to determine the signal start. A spectrogram is then
taken of the MFSK portion of the time series using a non-
overlapping boxcar window of 25-millisecond duration.
The highest tone in each block of four tones is then deter-
mined. Practical systems inevitably use so-called “channel
coding,” which may be thought of as a sort of parity check
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code. Channel coding improves the communications per-
formance, but then requires many more transmissions to
collect the statistics required to interpret the environmental
effects. As such, results presented here are with the channel
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SignalEx Environments

The SignalEx experiments were chosen to measure com-
munications performance in a variety of typical environ-
ments. Many of the tests used moving platforms, while
some used fixed moorings to observe temporal variability.
Obviously, these tests cannot be exhaustive and include all
possible source/receiver geometries and platform speeds, as
well as environmental conditions. However, they provide
the needed ground-truth for comparisons with simulations,
which is the key to extrapolating performance to other con-
figurations. It is also somewhat difficult to compare be-
tween sites, as in some cases there are fewer statistics or the
source-receiver geometry differs. However, some key re-
sults are given, and a relative assessment of the perfor-
mance is presented for each of six tests—all used the same
transmitter equipment with a nearly flat spectrum in the
eight to 16-kilohertz band with a source level of 185 deci-
bels referenced to one micro Pascal at one meter.’

Ship Island

The Ship Island tests were in October 2001, off the coast
of Mississippi, in the Gulf of Mexico. This area is very shal-
low (four to five meters water depth) and has a seabed with
sediments that are lossy and not very reflective to acoustic
signals. The test was in the fall and the windy conditions
caused the water column to be fully mixed, leading to an
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iso-velocity sound speed. This environment is a fairly sim-
ple one to understand and predict. This is not a highly rever-
berant channel since most of the signal energy arrives with-
in a few milliseconds (for source-receiver ranges of about
one to seven kilometers). Longer reverberation requires
significant energy in propagation paths that bounce many
times in the channel (arriving later in time) while not losing
much energy on each bounce.

The key results for Ship Island showed that the lossy
boundaries cause most late arrivals to be highly attenuated.
This lack of late arriving echoes (multipath) resulted in per-
formance that was mainly a function of SNR. Therefore,
performance for this site was a function of the source level,
source-receiver range and wind speed (surface roughness
and ambient noise level). Good performance (fewer than 10
percent bit errors at 2,400 bits per second) was observed at
ranges beyond five kilometers for a moored receiver and
drifting source (at about 0.5 knots) geometry.

La Jolla

The La Jolla experiment was conducted over a medium-
reflective seabed in 80-meter water off the coast of San
Diego, California, and took place in summer conditions in
May 2002. Using a string of thermistor sensors, the water
column temperature structure was monitored over the time
of the experiment (water temperature has the greatest
impact on sound speed) and showed a very shallow layer of
mixed water (i.e., iso-speed) and below, a thermocline that
changed the sound speed from about 1,507 meters per sec-
ond to 1,490 meters per second over 20 meters of water
depth. The oceanography was variable with the upper part
of the water column changing over the course of minutes.
However, the thermocline was contained in the upper 10 to
40 meters, and the source was towed at about 25 meters
depth and receiver was moored about five meters off the
bottom (both well below thermocline depth, which mini-
mized its impact). Sediment maps show the La Jolla site to
have a sand/silt surficial layer with sound speed of 1,527 to
1,555 meters per second, which is slightly higher than the
water column and leads to a seabed with medium reflectiv-
ity.

The key results for this experiment showed that the
seabed reflectivity gave rise to multipath arrivals that lasted
about 50 milliseconds (or about twice the MFSK symbol
duration). This led to significant bit errors, even when the
SNR was high. Bit-error rates varied from zero to 15 per-
cent (2,400 bits per second) and relatively high SNR was
observed for a moored receiver and drifting source (at about
0.5 knots) to about six kilometers.

Coronado

The Coronado experiment was conducted over a highly
reflective seabed in 150-meter water depth off the coast of
San Diego, California. This was also done in summer con-
ditions, within a few days of the La Jolla experiment in May
2002, and had approximately the same water column sound
speed structure. Source and receiver configuration was sim-
ilar to the La Jolla experiment. Sediment maps show a more
reflective seabed with sound speeds greater than 1,700
meters per second. The seabed reflectivity gave rise to even
more multipath arrivals than for the La Jolla site.

The key results for this experiment were similar to the La
Jolla test, but the bit errors were even greater as the dura-
tion of the multipath was about twice that for La Jolla
(around 100 milliseconds). There was good SNR out to
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Performance of MFSK Signals Analyzed at 2,400 Bits per Second at Six of the SignalEx Test Sites.
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view of the pilot tone that is Doppler shifted.

ranges of about six kilometers and bit-error rates varied
from zero to 20 percent (2,400 bits per second).

Kauai

The Kauai experiment was conducted off the coast of
Kauai, Hawaii, in the summer conditions of June and July
of 2003, over a medium-reflective seabed with a high
degree of ocean variability. Measurements were taken over
many days to observe the temporal variability on perfor-
mance. The site had a flat bathymetry of 100 meters depth.
Communications signals were transmitted between both
fixed and moving platforms. The water column sound speed
generally showed a mixed layer near the surface that was
caused by the often windy conditions. The mixed region
was iso-velocity and below that was a thermocline that pro-
duced sound speed that reduced from about 1,538 meters
per second to 1,530 meters per second. The depth where the
mixed layer ended and the thermocline began varied great-
ly with location and time. The seabed was sand and was.
therefore, of medium reflectivity. There was observed mul-
tipath of 50 to 100 milliseconds for ranges of one to seven
kilometers.

The key results for this experiment showed that oceanog-
raphy plays an important role at this location, causing the
bit-error rate to fluctuate over time. Performance improved
for source and receivers near the seabed, as this is below the
thermocline (most of the time) and this part of the water
column has many acoustic paths that do not interact with
the sea-surface and can, therefore, carry significant energy.

For one set of data with source and receiver near the
seabed and separated by three kilometers, the bit errors var-
ied from zero to 20 percent (2,400 bits per second) over
time, depending on the depth of the thermocline. The results
show increasing bit errors that coincide with the thermo-
cline disappearing and the water column mixing.

Capraia Island

The Capraia experiment was conducted over a medi-
um-reflective seabed in winter conditions in October
2003, just south of Capraia Island and north of Elba
Island, off the coast of Italy in the Mediterranean Sea.
The water column was typical for early winter conditions
with a deep mixed layer at about 70 meters and a slight
thermocline reducing the sound speed from about 1,520
to 1,510 meters per second over about 10 meters. The
oceanography was fairly benign, as the water column
sound speed did not appear to change much during the
24-hour measurement period. The experiment was in
100-meter water depth and the seabed was rock and
sand, which has medium reflectivity and the estimated
seabed sound speed is 1,560 meters per second. These
conditions gave rise to multipath that lasted about 100
milliseconds from about one to seven-kilometer source-
receiver separation. The key results for this experiment
showed this site had a multipath duration of a length sim-
ilar to the Kauai site (around 100 milliseconds) and a
similar water column sound speed profile, but the bit
errors were significantly reduced (from zero to two per-
cent at 2,400 bits per second). The significantly lower bit
errors observed when comparing a similar geometry and
source-receiver range with Kauai are attributed to much
less variability in the oceanography.

Elba Island

The Elba experiment was just a few days after the
Capraia experiment in October 2003, and was conducted
over a high-loss seabed in winter conditions. This took
place south of Elba Island in slightly deeper water (120
meters) with the ocean sound speed conditions identical to
those at Capraia. The seabed, however, was very different
from Capraia, consisting of a sediment layer of clay and silt
which is highly lossy to acoustic signals. This led to very
few multipath arrivals (as was the case for Ship Island, but
for much deeper water). The key results for this experiment
showed that this site was dominated by the direct acoustic
path (weak multipath arrivals). Performance was even bet-
ter than for the Capraia site. This site had the lowest bit
errors when comparing similar geometries against the
Capraia and Kauai sites.

The results show trends that can be useful for determin-
ing how acoustic communications systems will perform in
different areas. However, this does not tell the whole story
and it is difficult to draw too many conclusions. Many fac-
tors other than SNR come into play, such as weather, time
of year and source-receiver geometry. However, there are
some general observations that can be drawn.

The La Jolla and Coronado experiments occurred in the
same oceanographic conditions, but with different seabed
types and that shows up in the errors. This, again, is shown
for the data collected at the Capraia and Elba sites. Another
observation is the higher errors at Kauai, La Jolla and
Coronado compared with Ship Island, Capraia and Elba. At
Ship Island. the low errors are mainly attributed to the lack
of multipath. The low bit errors at Capraia are due to the
very siable oceanographic conditions. The Elba site had
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both benign oceanography and low
multipath arrivals.

Communications Simulator

Conclusions about experimental re-
sults carry more meaning if they can
be duplicated in simulation. In recent
years, advances have been made in
using physics-based propagation mod-
eling to simulate the channel impulse
response and communications perfor-
mance. However, there have been very
few experiments with simultaneous
acoustic and environmental measure-
ments similar to those taken during the
SignalEx program. The simulation
tool used for comparing with Signal Ex
data is based on the Gaussian beam
tracing code bellhop, with modifica-
tions to allow for moving platforms
(i.e., Doppler effects).* This model can
be used to simulate any type of com-
munications signal in environments
that vary both in range and depth. That
is, variable bathymetry and depth-
dependent water column sound speed
and seabed properties can be included
for both coherent and non-coherent
simulated transmissions.

As an example, consider the envi-
ronment for the Kauai experiment.
The source is located at 95 meters

depth and the receiver three kilometers
away at a depth of 92 meters (i.e., a
fixed source and fixed receiver geom-
etry). A perfect reception would have a
spectrogram similar to the transmit
signal, but late arriving multipath
tends to “smear” the picture. More
smearing is apparent in the measure-
ments on day 183 at 02:30, and this
has high bit errors. Much less smear-
ing occurs at day 182 at 21:30 and
there are correspondingly lower bit
errors. The simulation results and the
spectrograms (and bit errors) repro-
duce the measured data well. Even for
this fixed geometry, the bit errors vary
significantly due to time changing
channel characteristics, and this is pre-
dicted by the simulations.

In a final example, we can easily
consider the signals two AUVs might
receive while moving in the same
Kauai environment. In this example,
the AUVs are each moving at four
knots towards each other. The trans-
mitted and received spectra illustrate
both the fading and the Doppler ef-
fects. In this example, the Doppler
shift of around 36 hertz is clear. While
the main Doppler shift can be correct-
ed before decoding, the simulation
mimics reality with each arrival
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Doppler shifted by a different amount.
This leads to a Doppler spread that is
more difficult for the decoding algo-
rithms to compensate for.
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