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Abstract—This paper presents a feasibility study of underwater
communications between buried sensor network nodes. To inves-
tigate this problem, two experiments have been conducted: where
some sensor nodes are buried in the sediment, and where all sensor
nodes are buried in the sediment. The orthogonal frequency-di-
vision multiplexing (OFDM) communications have been chosen
to test underwater communications because of its unique strength
in handling transmissions over long dispersive channels. Since
the existing OFDM schemes for underwater communications are
designed to achieve high data rate communications within the
water column and are not adequate for communications between
sensors placed on the ocean floor, a new low-complexity OFDM
receiver has been proposed. The proposed receiver performs
frame-by-frame channel estimation, residual phase tracking,
diversity combining, and data demodulation. This approach is
adopted because of its effectiveness in applications with very fast
varying channels and a large number of propagation paths. It is
demonstrated that the error-free performance can be achieved
between buried sensors using the proposed OFDM receiver.

Index Terms—Distributed sensor networks, orthogonal fre-
quency-division multiplexing (OFDM), underwater acoustic
communications.

I. INTRODUCTION

T HERE has been a growing interest in designing dis-
tributed underwater wireless sensor networks because of

their ability to bring computation and sensing into the physical
world. Underwater sensor networks have many potential appli-
cations, including seismic monitoring, scientific exploration of
the ocean, tactical surveillance, pollution monitoring, offshore
exploration, and support for underwater robots. For example,
underwater sensor networks can provide significant benefits
in seismic imaging of undersea oil fields. Today, most seismic
imaging tasks for offshore oil fields are carried out by a ship
that tows a large array of hydrophones on the surface [1]. The
cost of such technology is very high, and the seismic survey
can only be carried out rarely, for example, once every two to
three years. In comparison, sensor network nodes have very
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low cost, and can be permanently deployed on the ocean floor,
which allows frequent seismic imaging (e.g., once every three
months) [2]. Additionally, networks near the bottom are more
trawl resistant and covert.
However, achieving reliable underwater acoustic commu-

nications between sensors deployed on the ocean floor is not
an easy task. First, the underwater acoustic (UWA) channel
is one of the most challenging communication channels. It
suffers large delay spread, leading to strong frequency selec-
tivity and exhibits high temporal and spatial variations. Being
both frequency and time selective, UWA channel poses great
challenges for high performance and reliable underwater com-
munications. Furthermore, the underwater communications
near the ocean floor are even more challenging due to lower
signal strength. Finally, near-bottom sensor network nodes may
get buried or partially buried (due to movements in the ocean),
which introduces additional attenuation in the system and may
prevent communication between nodes.
To investigate the feasibility of UWA communications

between buried or bottom-mounted sensor network nodes,
we have conducted two experiments: the Naval Research
Laboratory (NRL) Acoustic Communications Measurement
System (ACOMMS09) experiment and the NRL sediment
experiment (SedEx09). During the ACOMMS09 experiment,
a portion of the sensors (i.e., hydrophones) were buried in the
soft sediment (i.e., mud). The experiment was held near the
New Jersey shore in May 2009. On the other hand, during the
SedEx09 experiment, the hydrophones were buried in the hard
sediment (i.e., sand). This experiment was held near Panama
City, FL, in August 2009. All signals analyzed in this paper
were transmitted at 17 kHz. Due to its unique strength in
handling transmissions over long dispersive channels, we have
chosen orthogonal frequency-division multiplexing (OFDM)
communications to test UWA communications between buried
network nodes.
Recently, there has been an increased interest in underwater

OFDM communications, e.g., the low-complexity adaptive
OFDM receiver in [3], the pilot-tone-based block-by-block
OFDM receivers in [4]–[7], and the noncoherent OFDM
receiver based on ON–OFF keying in [8]. However, all these
OFDM schemes are designed to achieve high data rate com-
munications in the water column and may not be suited for
communications between network nodes placed on the ocean
floor.
To address this issue, we have designed a new low-com-

plexity OFDM system. At the transmitter side, each packet is

0364-9059/$31.00 © 2012 IEEE



110 IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 38, NO. 1, JANUARY 2013

partitioned into frames that consist of several OFDM blocks.
The training sequence at the beginning of each frame is used
for channel estimation. Furthermore, the cyclic guard interval
is used to separate OFDM blocks, while the pilot tones are used
for the residual phase tracking. Finally, the convolutional coding
is applied to improve the reliability of communications. At the
receiver side, we focus on a frame-by-frame processing sim-
ilar to other methods [4], [5]. This approach is very effective
for applications with very fast varying channels (often experi-
enced at the bottom of the ocean) because it does not rely on
channel dependence across the frames. Using the training se-
quence and pilot tones, we perform the channel estimation and
residual phase tracking, followed by diversity processing, de-
modulation, and decoding.
The proposed single-input–single-output (SISO) OFDM

system was tested during the ACOMMS09 and SedEx09 ex-
periments. The results show that the main obstacle in achieving
reliable communication with sensor nodes buried in the soft
sediment lies in providing sufficient signal-to-noise-ratio (SNR)
to the receiving system. If sufficient SNR is available (i.e.,
10 dB), the uncoded and coded bit error rate (BER) for SISO

quaternary phase-shift keying (QPSK) signals are about 10
and 10 , respectively, regardless of how close to the ocean
floor sensor nodes are placed. Intriguingly, use of a sensor mast
provided only some limited SNR improvement indicating that
a node immediately above the sediment will perform about as
well as one 2 m above the sediment.
Finally, we showed that the performance of the proposed

SISOOFDM system can be improved by superimposing signals
received at the receive hydrophone array. The SNR and BER
results for uncoded and coded QPSK signals received using the
first four elements of two different hydrophone arrays placed in
the water column and using the four elements placed near the
soft and hard sediments are presented. The results show that
the average combined input SNR in all experimental setups is
higher than 10 dB and that all four setups have uncoded BER
about 10 , while coded signals are received without errors.
All presented results show that to achieve underwater com-
munications between buried sensor nodes, we need to design
a system that has high SNR, can successfully handle large
number of propagation paths, and uses multiple hydrophones
as the receiving elements.
The remainder of this paper is organized as follows. Section II

describes the transmitter, receiver, and signal design for the pro-
posed OFDM system. This section also details the channel es-
timation, residual phase tracking, and diversity combining al-
gorithms used in the proposed OFDM system. Section III de-
scribes the experimental setup used for the ACOMM09 and
SedEx09 experiments. Section IV presents the SNR and BER
results for several experimental settings used in the ACOMM09
and SedEx09 experiments. Section V concludes the paper.

II. OFDM SYSTEM DESIGN

A. Transmitter

This paper considers an OFDM system with one transmit
and receive hydrophones. The proposed OFDM trans-
mitter partitions the information symbols into packets. The

Fig. 1. Partitioning of a packet with symbols. Each packet begins with a
probe signal of length . After the zero-padded guard interval , the infor-
mation is sent in length frames followed by -seconds-long zero-padded
guard to reduce intrapacket interference.

Fig. 2. Partitioning of a frame with symbols. The OFDM blocks are of
length , where is the bandwidth of the signal and denotes the
block duration.

packet structure is shown in Fig. 1. Each packet starts with
the -seconds-long probe signal. This signal is used for
coarse synchronization at the receiver. The -seconds-long
zero-padded guard interval is inserted between the probe signal
and the beginning of packet. Then, each packet is partitioned
into frames of length , where is the signal band-
width and is the frame duration. To reduce the intrapacket
interference, the -seconds-long zero-padded guard intervals
are inserted between the frames. For ease of reference, Fig. 2
depicts the frame structure. Each frame starts with the -sec-
onds-long preamble (i.e., training sequence), which is used for
frame synchronization and channel estimation at the receiver.
Furthermore, each frame is partitioned into OFDM blocks of
length , where denotes the block duration. The
-seconds-long cyclic prefix (CP) guard intervals are inserted

between the blocks to minimize intersymbol interference (ISI).
Finally, the block duration is , while the frame
duration is .
Fig. 3 details the OFDM block generator structure. The in-

formation bits are coded and then interleaved. Bit-to-symbol
mapping is performed using the QPSK modulation. Then,
pilot symbols are inserted into every OFDM block. These sym-
bols are used for the phase tracking and correction at the re-
ceiver. Furthermore, the OFDM symbols are converted from the
frequency to time domain using the inverse fast Fourier trans-
form (IFFT) and the CP guard intervals are inserted between the
blocks to reduce ISI. Finally, the packets are converted from the
baseband to passband and transmitted over transducers.

B. Receiver

The signal at each receiver hydrophone is a superposition of
the transmitted signal affected by UWA channel (which causes
the amplitude fading, the multipath delay and spreading, as well
as the phase distortion) and the complex additive noise. Syn-
chronization is performed by correlating the received samples
with the known -seconds-long probing signal. After the syn-
chronization, the received signal is converted from the passband
to baseband and partitioned into frames, based on the transmis-
sion structure shown in Fig. 1.
Fig. 3 depicts frame-by-frame processing. We focus on

frame-by-frame demodulation without exploiting any channel
dependence across the frames. The CP is removed and then the
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Fig. 3. Frame-by-frame OFDM transmitter and receiver. Channel estimation
is done independently on each channel.

fast Fourier transform (FFT) is applied. The rest of the oper-
ations shown in Fig. 3 are described in Sections II-B1–II-B3.
In particular, the channel estimation, residual phase tracking,
diversity combining, demodulation, and decoding algorithms
used in the proposed OFDM system are detailed.
1) Preamble-Based Channel Estimation: The channel

estimation is performed using the -seconds-long preamble
and the least square (LS) estimation. As with prior work
[4], the channel response vector is estimated on the th re-
ceive hydrophone using the LS formulation shown in (1). The

band-limited additive noise is denoted as . The transmitted
preamble symbols can be combined into an matrix .

is a matrix consisting of the first columns of the
unitary matrix that represents a kernel of Fourier coefficients.

The time-domain channel impulse response is denoted as

...

...
. . .

...
. . .

...

... (1)

Note that the frequency-domain transfer function can be
described by

(2)

Since the preamble symbols are phase-shift keying (PSK) sig-
nals with unit amplitude and the pilots are equally spaced, the
LS solution of (1) simplifies to

(3)

This estimate of the time-domain channel impulse response
does not involve matrix inversion.
2) Residual Phase Tracking Algorithm: The residual phase

error occurs due to the residual carrier frequency offset and the
sampling frequency offset. These offsets produce equal phase
rotation in every subcarrier. Initially, the effect of the residual
phase error on the BERs is small, but as the number of de-
modulated symbols increases, the amount of the rotation in-
creases with every new symbol. Therefore, there is a need to
track the carrier phase and ensure that the demodulated sym-
bols never cross the decision boundaries. This is accomplished
by data-aided tracking of the carrier phase, using predefined
pilot subcarriers among the transmitted data.
After the FFT operation, the th OFDM received symbol of

the th pilot subcarrier at the th receive hydrophone, i.e., ,

can be written as the product of the transfer function and
the known pilot symbol rotated by the residual phase error,

, i.e.,

(4)

Using the estimated transfer function , the phase estimate
is given by

(5)

where denotes the phase of a complex number.
3) Diversity Combining, Demodulation, and Decoding:

The maximal ratio diversity combiner applied to each OFDM
symbol can be implemented as follows [9]:

(6)

where after diversity combining, the symbols are demodulated,
de-interleaved, and decoded using the Viterbi algorithm.
4) Signal Design: In both experiments, we coded the infor-

mation bits using the half-rate convolutional code with gener-
ator polynomial (91, 121). Modulation is performed using the
QPSK constellation, i.e., the constellation size was 4 and
one information symbol carried 2 b.
Each packet started with the 0.3 s long linear frequency

modulated (LFM) probe signal, followed by the 0.3 s
long zero-padded guard interval. The 19 200 input sym-
bols are partitioned into 40 frames. The frame had
800 subcarriers, followed by the 0.1 s long zero-padded
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TABLE I
INPUT DATA STRUCTURE FOR THE ACOMMS09 AND SEDEX09 EXPERIMENTS

frame guard interval. Each frame started with the 40 ms
long preamble, followed by 8 OFDM blocks. The OFDM
symbol duration was 16 ms and the CP guard interval
was 4 ms. The OFDM block length was 64, where

48 subcarriers were used for information data and
4 subcarriers were used for pilot symbols. The indexes of pilot
symbols were {12, 26, 40, 54}. Finally, the OFDM block dura-
tion was 20 ms, while the frame duration was

0.3 s. For ease of reference, these parameters
are summarized in Table I.
Accounting for the various transmission overhead due to

coding, CP, pilot subcarriers, preamble, and zero-padded guard
interval, the achieved data rate can be calculated as

[b/s] (7)

Furthermore, the bandwidth utilization factor of the system can
be obtained as

[b/s/Hz] (8)

The data rates for uncoded and coded SISO QPSK OFDM
signals are 2560 b/s and 1280 b/s, respectively.
For half coding rate, the bandwidth utilization factor is
0.32 b/s/Hz. Note that the data rate and the bandwidth utiliza-
tion factor can be improved by choosing shorter zero-padded
frame guard interval. Conservatively, the frame guard interval
was chosen to be 0.1 s, although it can be 0.05 s or
less, without the performance degradation. Here, the main goal
was to provide reliable communications between buried nodes.

III. DESCRIPTION OF ACOMMS09 AND SEDEX09
EXPERIMENTS

This section describes several measurement settings used
during the ACOMMS09 and SedEx09 experiments.

A. ACOMMS09 Experiment

The experimental data were collected near the New Jersey
shore in May 2009. The water depth was about 80 m and the
sediment was a silty clay. The details about the experimental
site can be found in [10].

To test the proposed OFDM system, we have first performed
an experiment using three stationary vertical arrays placed near
the water column. The stationary vertical source receiver array
(ASRA) was about 45.57 m below the surface float and it had
eight transducers with the aperture 0.8 m. We have only used
the first transducer for transmission. On the receiver side, we
have used two stationary receive arrays. The first receive array
(ACDS2) was 19.66 m below the surface float, while the second
receive array (ACDS3) was 41.96 m below the surface float.
Both receive arrays had eight hydrophones with the aperture
2.06 m, where we have only used the first four hydrophones
for reception. The ACDS2 receiver was on the right-hand side
of the transmitter, 2000 m away, while the ACDS3 receiver was
on the left-hand side of the transmitter, 1500 m away. The center
frequency was 17 kHz, and the signal bandwidth was
4 kHz. Finally, the sampling rate was 93.75 kHz.
To test the underwater communications between the buried

and near-bottom hydrophones, we deployed a stationary
three-element vertical array anchored with three hydrophones
mounted on a sediment penetrating frame. This array was col-
located with ACDS2 array. The three buried hydrophones were
attached below a heavy metal triangular grid that was dropped
on the ocean floor. The hydrophones were driven (about 15 cm)
into the soft sediment (i.e., mud). In our signal processing, we
have used only the first one because it was the most buried
hydrophone. The first hydrophone in the vertical array was
attached to the metal grid about 60 cm above the ocean floor.
The second and third hydrophones were 120 and 217 cm above
the ocean floor, respectively. All signals were transmitted from
the first hydrophone in ASRA array. The center frequency
was 17 kHz, and the signal bandwidth was 4 kHz.
Finally, the sampling rate was 93.75 kHz.

B. SedEx09 Experiment

The second experimental data set was collected near Panama
City, FL, in August 2009. The range-independent environment
was about 10 m deep with a hard sandy bottom. The fixed trans-
mitter consisted of four transducers. The first was buried about
10 cm deep, while the rest were, respectively, placed at 0.5, 1,
and 2 m from the bottom. The receive system consisted of four
hydrophones with the first buried 10 cm below the bottom and
the rest, respectively, placed 0.5, 1, and 2 m from the bottom.
Divers deployed both systems and moved the receive system
in range from 200 to 600 m. The center frequency was
17 kHz, and the signal bandwidth was 4 kHz. Finally, the
sampling rate was 100 kHz. Unlike the previous geom-
etry where a midwater column transducer was communicating
with receive systems located at shallow and deep positions in
the waveguide, this geometry is reciprocal in depth between
transmit and receive systems.

IV. EXPERIMENTAL RESULTS

This section presents measured channel impulse response
(CIR), SNR, and BER for experimental settings described in
Section III and evaluates the feasibility of underwater commu-
nications between buried sensor nodes.
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TABLE II
SNR AND BER RESULTS FOR UNCODED AND CODED SISO QPSK SIGNALS RECEIVED BY ACDS2 AND ACDS3 IN NEW JERSEY

Fig. 4. The typical channel impulse responses measured at the first element
of ACDS2 array and at the buried hydrophone. In New Jersey, the buried hy-
drophonemeasured a large number of propagation paths from the source at 45-m
depth compared to a receiver at about 20-m depth.

A. The Results From the ACOMMS09 Experiment

To test the proposed OFDM system, we have first performed
an experiment using three arrays (ASRA, ACDS2, and ACDS3)
placed near the water column. The SNR and BER results for
SISO uncoded and coded QPSK signals received by ACDS2
and ACDS3 are summarized in Table II, which exemplifies in-
trapacket variability. The results show that the ACDS3 receiver
has slightly higher SNR than ACDS2 receiver. This is an ex-
pected result because the ACDS3 receiver is closer to the trans-
mitter ( 1500 m) than the ACDS2 receiver ( 2000
m). The uncoded BER for SISO QPSK signals is about 10 ,
while the coded BER for SISO QPSK signals is about 10 .
The similar BERs are observed at both receivers. Compared to
the ACDS2 receiver, the ACDS3 receiver has slightly smaller
BER due to higher SNR. Table II also shows that it is possible to
receive SISO QPSK packets without errors. These results have

Fig. 5. The typical CIR estimated between the buried hydrophone and the hy-
drophone placed 2 m from the ocean floor in Panama City Beach, FL.

encouraged us to use the proposed OFDM system to test under-
water communications between buried hydrophones.
The typical CIRs estimated at the first element of ACDS2

array and at the buried hydrophone are presented in Fig. 4. Re-
call that the buried hydrophones are collocated with ACDS2 and
that the source is at about midwater column depth. The results
show that the CIR estimated at the buried hydrophone has much
larger number of propagation paths compared to CIR estimated
at ACDS2. Furthermore, the results show that the first arriving
ray is the most dominant component of the CIR estimated at
ACDS2, while the second and third rays are the most dominant
components of the CIR estimated at the buried hydrophone. All
these results illustrate the differences between underwater prop-
agation near the water column and near the ocean floor and show
the challenges needed to overcome when placing sensor net-
work nodes near the ocean floor.
The measured SNR collected at the buried hydrophone

and the hydrophones placed 60, 120, and 217 cm above the
ocean floor, respectively, are summarized in Fig. 6(a). The
results show that the buried hydrophone and the hydrophone
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Fig. 6. SNR and BER as a function of depth between a transmitter at a depth of 46 m to receivers 1500 m away in approximate ocean depth of 80 m.

placed 60 cm above the ocean floor have an average SNR
that is less than 10 dB. As expected, this low SNR is not
sufficient to achieve reliable communications because it leads
to unacceptable BERs. On the other hand, the hydrophones
placed 120 and 217 cm above the ocean floor have an average
SNR that is higher than 10 dB, which is sufficient to achieve
acceptable BERs for all packets (i.e., 10 ). Intriguingly, the
SNR difference between the buried hydrophone and the lowest
waterborne hydrophone (60 cm above the ocean floor) was
about 1.5 dB on average.
Using only the packets with SNR higher than 8 dB, we

have calculated BER using the proposed OFDM system. The
BER results obtained for the buried hydrophone and the hy-
drophones placed 60, 120, and 217 cm above the ocean floor,
respectively, are summarized in Fig. 6(b). The averaged un-
coded and coded BERs for SISO QPSK signals collected at the
buried hydrophone are 7 10 and 2 10 , respectively.
The similar results are obtained for the hydrophone placed
60 cm above the ocean floor. On the other hand, the averaged
uncoded and coded BERs for SISO QPSK signals collected at
the hydrophones placed 120 and 217 cm above the ocean floor
are about 10 and 10 , respectively.
The results presented in Fig. 5 imply that if sufficient SNR is

available, the uncoded and coded BERs for SISO QPSK signals
are about 10 and 10 , respectively, regardless of how close
to the ocean floor sensor nodes are placed. Note that the similar
BERs are obtained with ACDS2 hydrophone array which was
placed in the upper water column. These results suggest that the
main obstacle in achieving reliable communications with sensor
nodes buried in the soft sediment lies in providing sufficient
SNR to the receiving system. Furthermore, the communication
systemwas robust to changes in the CIR and variability between
buried and near-bottom configurations.

B. The Results From the SedEx09 Experiment

The typical CIR estimated between the buried source and the
hydrophone placed 2 m from the ocean floor is presented in

Fig. 6. Similar to the CIR estimated at the hydrophones buried in
the soft sediment, the CIR estimated at the hydrophones buried
in the hard sediment has a large number of propagation paths,
where the later rays are more dominant than the first arriving
ray. Note that no acoustic energy passes directly through the
sediment due to strong attenuation.
Fig. 7 plots SNR and BER measured during the SedEx09 ex-

periment as a function of the distance between the transmitter
and the receiver. Fig. 7(a) and (b) plots SNR and BER, which
were obtained by the following scenario: the signal was trans-
mitted from the transducer placed 2 m from the ocean floor
and received at the buried hydrophone and the hydrophones
placed 0.5, 1, and 2 m from the ocean floor, respectively. The
results in Fig. 7(a) show that the link between hydrophones
placed 2 m from the ocean floor has the strongest signal, while
the link between the buried hydrophone and the hydrophone
placed 2 m from the ocean floor has the weakest signal. The
results also show that we had sufficient SNR to achieve reli-
able communications for all ranges and depths. The results in
Fig. 7(b) show that for this experimental setup, coded BER for
SISO QPSK signals was zero regardless of the receiving hy-
drophone depth. On the other hand, the uncoded BERs for SISO
QPSK signals collected at the buried hydrophone and the hy-
drophone placed 0.5 m above the ocean floor are about 10 ,
while the uncoded BERs for SISO QPSK signals collected at
the hydrophones placed 1 and 2 m above the ocean floor are
about 10 . Note that the BER increases with the distance be-
tween the transmitter and the receiver, which corresponds to the
decrease in the available SNR. Fig. 7 implies a change in the
channel characteristics between sensors above and below ap-
proximately 1 m.
Fig. 7(c) and (d) shows SNR and BER obtained when the

signal was transmitted from the buried source and received at
the buried hydrophone and the hydrophones placed 0.5, 1, and
2 m from the ocean floor, respectively. The results show suf-
ficient SNR at all four hydrophones to achieve reliable com-
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Fig. 7. (a) and (b) SNR and BER as a function of distance between a transmitter at 8 m and multiple receivers in Panama City Beach, FL. In a geometry where
bottom-mounted systems communicate with each other, the mast height had little effect on SNR as shown in (a). The difference between buried and waterborne
sensors was only 2 dB at 600 m. (b) BER as a function of range and depth. Although there was enough SNR to achieve reliable communications at all depths,
SNR does not tell the whole story; moving the mast away from the bottom improves the reception. The performance of a 1-m mast was comparable to that of a
2-m mast. (c) and (d) SNR and BER for a buried source. Due to the different propagation, the received SNR is counterintuitively best for the 0.5-m mast and the
buried receiver has improved signal strength. The uncoded BER is superior for the 1-m mast. However, buried-to-buried communication has consistent BER of
about 10 .

munications. The averaged uncoded and coded BERs for SISO
QPSK signals collected at the buried hydrophone are 10 and
10 , respectively. On the other hand, the averaged uncoded
and coded BERs for SISO QPSK signals collected at the hy-
drophones placed 0.5, 1, and 2 m above the ocean floor are about
10 and 0, respectively. Quite significantly, these results show
that the proposed OFDM scheme can handle a large number
of strong propagation paths if sufficient SNR is available (i.e.,
10 dB). Furthermore, it is possible for completely buried sys-

tems to communicate with one another at short ranges or high
SNR.
The performance of the proposed SISO OFDM system can

be improved by superimposing the signals received by all of the

elements of the receive hydrophone array. Compared with the
results of Table II, the ACDS2 SNR, BER, and coded BER im-
proved to 15.57, 0.0074, and 0, respectively, and the ACDS3
SNR, BER, and coded BER improved to 15.12, 0.005, and 0,
respectively. By combining the buried and unburied array mea-
surements in New Jersey, the SNR, BER, and coded BER im-
proved to 12.58, 0.003, and 0, respectively, as compared with
Fig. 5. Last, the signals, measured on the four elements of the
hydrophone array in Panama City, combined yield an SNR,
BER, and coded BER improvement of 24.65, 0.0045, and 0, re-
spectively, at 600 m from the buried source, as compared with
Fig. 7. The results show that the average input SNR of the com-
bined arrays in all experimental setups is higher than 10 dB,



116 IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 38, NO. 1, JANUARY 2013

which is sufficient to receive signal with a small number of er-
rors. Furthermore, the results show that all four setups have the
uncoded BER about 10 , while the coded signals are received
without errors.

V. CONCLUSION

This paper presented the feasibility study of underwater com-
munications between buried sensor network nodes. To investi-
gate this problem, two experiments were conducted: one where
sensor network nodes are buried in the soft sediment, and the
second one where the sensor network nodes were buried in the
hard sediment. The new, low-complexity OFDM receiver was
designed to combat a large number of strong propagation paths
that are distorting signal near the ocean floor. The proposed
receiver performs frame-by-frame channel estimation, residual
phase tracking, diversity combining, and data demodulation.
The presented results show that communication among

buried distributed sensors is possible. They also show that
using the proposed OFDM receiver, error-free communications
can be achieved among buried distributed sensors. Further-
more, the results indicate that the performance of sensor nodes
at about 1 and 2 m above the ocean floor have similar both
SNR and BER. Finally, the results show that SNR is degraded
by about 2 dB by being buried just below the sediment. All
presented results indicate that to achieve reliable underwater
communications between buried distributed sensors, we need
to design a system that has high SNR, can successfully handle
the large number of propagation paths, and uses multiple
hydrophones as receiving elements.
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