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ABSTRACT

We analyze the statistical channel properties of short to very short-
range shallow water communication environments based on real
channel measurements taken in a water-tank, a swimming pool,
very shallow and shallow lakes. More specifically, we estimate the
channel impulse response (CIR), the probability density function
(PDF) of channel fading and fit to Rayleigh, Nakagami, Weibull,
Rician and Beta distributions. We compare the ‘goodness-of-fit” of
these distributions based on the Kullback-Leibler (KL) divergence
criteria. From our experimental results, we confirm that the shallow
water acoustic channel is highly time-varying and does not neces-
sarily follow a Rayleigh distribution. Instead, we observe that in
very-shallow water lake environments the channel fading exhibits
close-to Weibull or Rician distribution. On the other hand, in shal-
low water lake the channel fading behavior is better captured by a
Beta distribution.

1. INTRODUCTION

Statistical modeling of radio frequency (RF) wireless communi-
cation in air has been well studied, and widely accepted channel
models are available. Because of the high complexity of the un-
derwater acoustic channel [1] it is very difficult to come up with a
single statistical channel model that can be used to capture different
underwater channel environments. Moreover, conducting under-
water experiments and collecting data is very costly [1]. Accord-
ingly, there are only a few joint venture underwater experiments
conducted to collect underwater data, which are not readily avail-
able. In addition to that, only very limited work has been done
to study the characteristics of the underwater acoustic channel in
shallow water environments.

Among these, in [2], the authors study the statistical character-
istics and evaluate the capacity of shallow water acoustic commu-
nication channels. Wideband single-carrier and multi-carrier probe
signals are used to measure the time-varying channel response and
estimate its statistical properties. From the experimental data col-
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lected in the Pacific Ocean, it is shown that Rician channel fading
provides a good match for the experimental data.

In [3], shallow water acoustic channel measurements are pre-
sented. The authors study the temporal variability of the multipath
arrival structure. In addition, they analyze the ambient noise char-
acteristics in warm shallow water channels.

In [4], channel characteristics in a very shallow estuary are stud-
ied. The authors study the multipath intensity profile, coherence
time, coherence bandwidth, the channel’s scattering function, and
Doppler power spectrum. Maximum likelihood estimation is used
to fit the fading channel model obtained from experimental data to
Rayleigh, Rice, and Nakagami-m distributions. Experimental re-
sults reveal that the channel fading may not necessarily follow a
Rayleigh distribution over increasing distances.

In [5], channel measurements were performed to characterize
shallow-water acoustic propagation channels in northern Europe,
including Norwegian fjords, a sheltered bay and the Baltic Sea.
Experiments were conducted using different frequency bands be-
tween 2 kHz and 32 kHz. The experiment results reveal that var-
ious channels behave differently and that it is difficult to define a
typical acoustic communication channel.

In [6], an experimental study is conducted to analyze the space-
time correlation and power-delay profile (PDP) properties of the
underwater acoustic channel near the Pianosa Island, off the north-
western coast of Italy. Measured channel impulse responses are
compared against the ones obtained from the Bellhop ray tracing
tool, which are shown to closely match.

In [7], collected data in shallow water sea is analyzed under dif-
ferent conditions to illustrate how the ocean environments (sea sur-
face waves and random ocean medium) affect the signal properties.
Among some of the properties analyzed in this work are the am-
plitude and phase variations, and temporal coherence of individual
paths as well as the temporal and spatial coherence of multipaths at
different time scales.

In [8], statistical characteristics including the PDF and second-
order statistics of underwater acoustic channels are estimated using
ocean experimental data. Kolmogorov-Smirnov test is used to mea-
sure how well the experimental PDF fits to the Gamma, Rayleigh,
and compound-K distributions. From the experimental results the
authors show that the underwater acoustic channel does not neces-
sarily follow a Rayleigh distribution.

In this work, we contributed to this growing body of work by
presenting and analyzing the experimental data that we have col-
lected during our underwater testbed deployments and analyze the
channel characteristics of several short-range shallow water com-
munication environments. Specifically, we study the channel char-
acteristics in a water-tank, a swimming pool, very shallow and
shallow lakes. The channel measurements were collected dur-
ing our underwater experiments at the University at Buffalo and



Lake Erie, Buffalo. We estimate the channel impulse response
(CIR), the probability density function (PDF) of channel fading
and fit to a Rayleigh, Nakagami, Weibull, Rician and Beta distribu-
tions. Kullback-Leibler (KL) divergence criteria is used to test the
‘goodness-of-fit’ of the measured channel PDF to the theoretical
PDFs.

The rest of the paper is organized as follows. In Section 2, we
discuss the underwater channel characteristics. In Section 3, we
present the experimental results of channel characteristics in four
different environments, a water-tank, a swimming pool, very shal-
low and shallow lakes. Finally, in Section 4, we draw the main
conclusions.

2. CHANNEL CHARACTERISTICS

Shallow water' acoustic communications are characterized by
the long delay spread caused by the multipath effects due to reflec-
tions from the surface and the bottom of the medium. Moreover,
the dynamic channel environment caused by the motion of acous-
tic transducers, ocean floor, internal and surface waves results in
long time variations and as a consequence leads to a high Doppler
spread [1].

2.1 Multipath

Multipath arises from either wave reflections from the surface,
bottom and other objects, or wave refraction caused by sound speed
variations with depth (acoustic waves always bend towards regions
where the propagation speed is lower) [9, 10]. Multipath propa-
gation can severely deteriorate the acoustic signal, as it generates
inter-symbol interference (ISI) [11, 12]. The multipath geometry
depends on the link configuration. Vertical channels typically have
little time dispersion, while horizontal channels may show long
multipath spreads [1]. The extent of spreading is highly depen-
dent on depth and distance between transmitter and receiver. The
channel impulse response for a time-varying multipath underwater
acoustic channel can be expressed as [13, 14]

M
h(rt) = > am(t)d(T — mm(t), (1)
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where a.,(t) and 7, (t) denote time-varying path amplitude and
time-varying path delay respectively, for each resolvable multipath
m =1,2,..., M where M is the total number of multipath. In Sec.
3 we estimate the CIR and study the multipath in four different
environments.

2.2 Channel Fading Models

In wireless RF communication Rayleigh distribution is often
used to model the multipath propagation. It is well known that
when the PDF of the CIR follows a zero mean white Gaussian
distribution then the envelop of the channel response follows a
Rayleigh distribution [8].

The probability density function of the Rayleigh distribution is
expressed by [15]

x x>
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2

where 0° = E(z)/2 and o > 0, is the scale parameter of the
distribution.

In addition to Rayleigh distribution there are several other mod-
els often used to model channel fading. We will mainly focus on

"In oceanic literature shallow water environment is typically re-
ferred to a body of water with depth lower than 100 m, while deep
water is used for deeper oceans [1]. In this work very shallow water
is referred to a body of water with depth less than 10 m.

Nakagami, Weibull, Rician and Beta distributions. Although Beta
distribution is not very common for channel modeling, we will
show in Sec. 3.4.1 that it can be a better candidate to model certain
classes of shallow water channels.

The probability density function of the Nakagami distribution is
expressed by [15]
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where I'(m) = ff:; and Q2 = %, in which m is a shaping param-
eter and €2 controls the spread.

The probability density function of the Weibull distribution is
expressed by [15]
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where k£ > 0 is the shape parameter and A > 0 is the scale param-
eter of the distribution.

The probability density function of the Rician distribution is ex-
pressed by [15]
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where Io(z) is the modified Bessel function of the first kind with
order zero.
The probability density function of the Beta distribution is ex-

pressed by [15]
T'(a+p)
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normalization constant to ensure that the total probability integrates
to 1.

In Sec. 3 we study the experimental PDF of channel fading in
different environments and fit to Rayleigh, Nakagami, Weibull, Ri-
cian and Beta distributions. To test how well the existing statistical
models fit the experimental PDF we make use of Kullback-Leibler
divergence criteria, which is asymptotically unbiased [16].

2.3 Kullback-Leibler Divergence

Kullback-Leibler (KL) divergence is a non-symmetric measure
of the difference between two probability distributions. It measures
the lack of fit between a model and data relative to a perfect fit [16].
KL divergence or relative entropy between two probability mass
vectors p and g can be expressed as [17]

D(pllg) = ) p(x)log (M) : ®)

= q(z)

D(p||q) measures the “distance" between the probability mass
function p(z) and g(z) for a random variable X. Typically, p(x)
represents the “true" data distribution, while g(x) represents an ap-
proximation of p(z). The smaller the KL divergence is the closer
the two distributions are (i.e., KL= 0 means p(z) = ¢(z)).

In Sec. 3 we use KL divergence to test how well the experimental
PDF fits to the statistical PDF models discussed in Sec. 2.2.

3. EXPERIMENTAL RESULTS

We consider four different underwater channel environments
namely a water tank, a swimming pool, a very shallow water lake
and a deeper lake. The experimental results are presented in the
following.



3.1 Underwater Lab Experiments

The first set of underwater experiments were conducted in a wa-
ter tank of dimensions 2.5 m x 0.7m X 0.6 m in the Underwater
Acoustic laboratory at the State University of New York at Buf-
falo, using three Telesonar SM-75 SMART modems by Teledyne
Benthos [18], as shown in Fig. 1. The omnidirectional transducer
operates in the 9—14kHz (LF) low frequency band. The waveform-
play feature of the modem enables transmissions of baseband com-
plex data with a bandwidth of 5,120 Hz sampled at 10, 240 Hz.
The data packets were generated using Matlab, converted into a
stereo WAV file in 16 bit format, and uploaded on the modems
through the RS-232 interface. Each data packet contains a pream-
ble, a chirp signals of duration 100 ms sweeping the bandwidth
from 10 Hz to 5.12 kHz. The chirp signal is appended to each
packet and is used for channel probing, symbol synchronization for
chip-matched filtering, and multipath delay spread estimation [19].
The chirp signals are in baseband and are modulated by multiplying
by the carrier f. before transmission. Data bits are modulated using
direct-sequence code-division multiple-access (DS-CDMA), which
is used for estimating the channel fading. The DS-CDMA chip
waveforms are selected from the columns of a Sylvester-Hadamard
matrix of order L = 32 with a chip rate R. = 2,048 chips/sec.
Pulse shaping was done using square-root raised-cosine with roll-
off factor = 0.5. A total of 1.25 kByte of data per packet was
transmitted using the lowest transmit power level (i.e., 1.78 W)
and each experiment was repeated 20 times with 5 min. intermis-
sion window. The packets were transmitted by the modem located
in the middle, and were received by the two modems on either side
separated by about one meter from the transmitter. Because of the
symmetric testbed setup, the two channels showed similar charac-
teristics. Thus, we only present the channel characteristics from the
transmitter to the left side receiver. Each modem is equipped with
a data recorder that has a storage capacity of 64 GBytes. The raw
data were recorded and analyzed offline. The ensemble average
statistics are presented in the plots.

3.1.1 Water Tank Channel Characteristics

Using the chirp signal we study the CIR in the water tank envi-
ronment, which is plotted in Fig. 2 by matched filtering the trans-
mitted chirp signal with the received preamble. We observe that the
channel is prone to strong multipath effect with a delay spread of
3 ms. What is interesting to note is that due to the confined walls
of the water tank several multipath components, located close to
each other, carry comparable amount of signal power, which can
generate ISI as well as inter-chip-interference (ICI), and thus may
require complex receiver design.

Next, we study the PDF of the DS-CDMA complex received sig-
nal magnitude, which is plotted in Fig. 3, using 100 bin values.
Since the transmitter and receiver are in very close proximity of
each other, the received signal power is relatively high compared
to the noise floor (i.e., high signal-to-noise (SNR)). Because of the
lack of noise component, the received signal amplitude does not ex-
perience randomness, accordingly, the experimental PDF does not
necessarily follow any of the PDF models discussed in Sec. 2.2.

Using the KL distance criteria, shown in Table 1, we can see that
the closest approximation is Weibull or Rician distribution, which
are shown in bold.

3.2 Swimming Pool Experiments

The next set of experiments were conducted in the diving pool of
the Alumni Arena at the University at Buffalo as shown in Fig. 4.
The dimensions of the diving pool are 22m x 16m x 4.9m (length,
width and depth). On one side of the pool an acoustic transducer,
connected to the surface station universal deck box (UDB-9000)

Table 1: KL divergence for five different distributions.

Distribution: Rayleigh | Nakagami | Weibull | Rician | Beta
Water tank 1.7 1.5 0.92 0.94 1.3

Swimming pool 0.86 0.68 0.47 0.52 0.64
Lake LaSalle 0.36 0.21 0.07 0.04 0.62
Lake Erie 0.24 0.21 0.20 024 | 0.02

and controlled by a laptop through the RS-232 interface, was sub-
merged to a depth of 2 m from the water surface. On the far end
of the pool an SM-75 modem with a data recorder was immersed
again to a depth of 2 m from the surface of the pool. The distance
between the transmitter and the receiver was about 20 m. The same
data packets discussed in Sec. 3.1 were transmitted by the UDB-
9000 and each experiment was repeated 20 times with 5 min. inter-
mission window. The experiments were conducted at 3 W transmit
power level. The raw data were recorded and analyzed offline. The
ensemble average statistics are presented in the plots.

3.2.1 Swimming Pool Channel Characteristics

The channel impulse response is shown in Fig. 5. We may ob-
serve that the channel is prone to high multipath effects with a delay
spread of 7.5 ms. A large number of multipath components with
fairly high magnitude are observed near the line-of-sight (LOS)
component, because of the reflections from the wall of the swim-
ming pool, which again will generate high ISI and ICI.

The PDF of the complex received signal magnitude is plotted in
Fig. 6. Interestingly, the Rayleigh distribution is not the best can-
didate to represent the channel fading. Instead, we can see that the
closest approximation are Weibull and Rician distributions, which
is also confirmed using the KL distance criteria, shown in Table 1.

3.3 Lake LaSalle Experiments

The next set of experiments were conducted in Lake LaSalle
at the University at Buffalo using two Telesonar SM-75 modems,
which were deployed 2 m below the surface separated by about
110 m from each other. The average depth of the lake was about
4.5 m. The actual deployment of the modems is shown in Fig. 7,
with two orange buoys floating on the surface of the lake, each at-
tached to the Telesonar SM-75 modem along with an anchor. Alice
transmitted the same data packets discussed in Sec. 3.1 to Bob at
7.1 W transmit power level and each experiment was repeated 20
times with 5 min. intermission window. A laptop, on an inflat-
able boat, was used to coordinate the transmissions of the packets
through a serial port interface. The raw data were recorded and an-
alyzed offline. The ensemble average statistics are presented in the
plots.

3.3.1 Lake LaSalle Channel Characteristics

Figure 8 shows the normalized CIR amplitude obtained by chirp-
matched filtering the received acoustic signal at Bob. We observe
that the channel is prone to high multipath effects with a multipath
delay spread of about 14 ms. In addition, we observe that some
of the multipath components are within the chip period (0.5 ms),
which may cause ICI as well as ISI. Compared to the water tank
and the swimming pool channels the delay spread is much longer,
due to the very shallow water and longer communication range.

The PDF of the complex received signal magnitude is plotted in
Fig. 9, in which again we can see that the Rayleigh distribution
may not be the best candidate to represent the channel fading. In-
stead, we observe that the closest approximations are Weibull and
Rician distributions, which is also confirmed using the KL distance
criteria, shown in Table 1.
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3.4 Lake Erie Experiments 4. CONCLUSIONS
The last set of experiments were conducted in Lake Erie a few We presented and analyzed the statistical channel characteristics
miles south of downtown Buffalo, New York. The actual deploy- of short to very short-range shallow water communication environ-
ment is shown in Fig. 10, with two Telesonar SM-75 modems de- ments, including, a water-tank, a swimming pool, very shallow and
ployed 2 m below the surface separated by about 200 m from each shallow lakes. Our experimental results confirm that the shallow
other. The average depth of the lake at the experiment location water acoustic channel is highly time-varying and does not neces-
was about 15 m. A laptop on a boat was used to coordinate the sarily follow a Rayleigh distribution. Instead, we observe that in
transmissions of the packets through a serial port interface. Alice very-shallow water lake environments the channel fading exhibits
transmitted the same data packets discussed in Sec. 3.1 to Bob at close-to Weibull or Rician distribution. On the other hand, in shal-
14.2 W transmit power level and each experiment was repeated low water lake the channel fading behavior is better captured by a

20 times with 5 min. intermission window. The ensemble average Beta distribution.
statistics are presented in the plots.
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