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Abstract—Recently, the orthogonal frequency-division multi-
plexing (OFDM) technology is receiving increasing attention in
underwater acoustic (UA) communications. This paper presents
the design of a real-time UA OFDM communication system
with multiple transducers and hydrophones using the National
Instruments CompactDAQ device and LabVIEW software. The
purpose of this system is to provide academic researchers a flex-
ible and reconfigurable multiple-input multiple-output (MIMO)
UA communication transceiver with an open-architecture to
conveniently test and validate the performance of their MIMO
transceiver algorithms, which is missing in the literature. The
system design, including both the transmitter and receiver, is
discussed. The performance of this MIMO UA communication
system is verified through a UA communication experiment
conducted in the Canning River, Western Australia. Compared
with existing modems, the proposed implementation simplifies
the prototype design and supports MIMO functions.

Index Terms—Underwater acoustic communication, OFDM,
Multiple hydrophones, LabVIEW

I. INTRODUCTION

The underwater acoustic (UA) channel is one of the most
challenging channels for wireless communication, due to
its extremely limited bandwidth, strong multipath interfer-
ence, and significant Doppler shifts [1]. Recently, orthogonal
frequency-division multiplexing (OFDM) systems have been
proposed for UA communication because of their ability to
mitigate rapid frequency dispersion with a reasonable compu-
tational complexity [2]-[6].

In [5], an implementation of OFDM-based modems for
UA communication using the TMS320C6713 digital signal
processor (DSP) development board has been demonstrated.
A comprehensive literature survey of software-defined UA
modems is provided in [7]. It is worth noting that DSP-
based implementations can be time-consuming on system
hardware and software design and implementation, particularly
for UA communication systems with multiple transducers and
hydrophones.

In this paper, an National Instruments (NI) LabVIEW-based
implementation of a real-time UA OFDM transceiver proto-
type with multiple transducers and hydrophones is proposed.
It is important to note that our prototype is not aiming at
increasing the data rate and/or the range of UA communi-
cation, which is the goal of most commercial UA modems.
Indeed, the purpose of the proposed system is to provide
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academic researchers a flexible and reconfigurable multiple-
input multiple-output (MIMO) UA communication transceiver
with an open-architecture to conveniently test and validate the
performance of their MIMO transceiver algorithms.

There are many software-defined UA modems with very
good performance for their applications [7], for example, the
GNU radio based systems [8], [9] and LabVIEW-based UA
prototypes [10], [11]. However, based on our best knowledge,
our implementation is the first one which is based on Lab-
VIEW and supports MIMO OFDM functions.

Both the transmitter and receiver system designs are dis-
cussed in this paper. The performance of this system is
verified through a UA communication experiment conducted
in the Canning River, Western Australia. Experimental results
show that the system achieves a reliable bit-error-rate (BER)
performance. In particular, for a single transducer system,
the system BER can be significantly reduced by equipping
the receiver with two hydrophones compared with a single
hydrophone. Moreover, the system data rate can be greatly
increased by installing multiple transducers at the transmitter.
Compared with [11], which focuses on a UA communication
system with a single transducer and a single hydrophone, this
paper provides more details on the design and performance
analysis of UA OFDM communication systems with multiple
transducers and hydrophones.

The remainder of this paper is organized as follows. The
model of a UA OFDM system with multiple transducers and
hydrophones is presented in Section II. The system software
implementation is presented in Section III. The results of
the river experiments are demonstrated in Section IV. In
Section V, conclusions are drawn.

II. SYSTEM MODEL

In this paper, we use LabVIEW to implement a frame-based
coded MIMO UA OFDM communication system. The block
diagram of the proposed transmitter system is illustrated in
Fig. 1. In each frame, a binary source data stream of L; bits
is encoded to form a sequence of L. bits. The coded sequence
is mapped into data symbols drawn from the phase-shift
keying (PSK) or quadrature amplitude modulation (QAM)
constellations. Then every IV, data symbols together with NV,
quadrature PSK (QPSK) modulated pilot symbols are mapped
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Fig. 1. Block diagram of the transmitter in a UA OFDM communication

system.

into an N, x 1 OFDM symbol vector d, at the ¢-th transducer,
t =1,...,N;, where N, is the total number of subcarriers
and N, is the number of transducers. The pilot subcarriers
are uniformly spaced. Each OFDM symbol is converted to
the time domain by the inverse discrete Fourier transform
(IDFT), and a cyclic prefix (CP) with length T¢,, longer than
the channel delay spread is then prepended to the time domain
symbol.

At the receiver end, after downshifting, low-pass filtering,
and removing the CP, the baseband discrete time samples of
one OFDM symbol at the r-th hydrophone can be written as

Ny
yT:ZPT,tFHDthT,t+wr7 Til,...,Nr

t=1

where F' is an N. X N, DFT matrix with the (¢, k)-th entry
of 1/y/Nee 72m(=D(k=1)/Ne ' I =1, ... N, (-)7 denotes
the matrix Hermitian transpose, D; = diag(d;) is a diagonal
matrix taking d; as the main diagonal elements, h,; is the
channel frequency response between the ¢-th transducer and
the r-th hydrophone, w, is the additive noise vector, P,; =
diag(py¢), Prs = (Lefj%fr,t/B, . .7efj2fr(chl)fr,t/B)T is
the phase distortion caused by the Doppler shift, ()7 denotes
the vector transpose, B is the bandwidth of the transmitted
signal, and f; ; is the frequency offset of the channel between
the ¢-th transducer and the 7-th hydrophone. In this paper,
we assume that all channels experience a similar Doppler
frequency offset.

III. SYSTEM DESIGN

The key parameters of the UA OFDM system are summa-
rized in Table I. A list of system hardware and their functions
in the UA MIMO OFDM system is shown in Table II. The
software of our UA communication system is designed and
implemented using NI LabVIEW. In the following, we present
the system software design at the transmitter and the receiver.

j————— One frame
Preamble | Blockl | Block2 | Block3 | Block4 | Block5 | Preamble Blockl
Fig. 2. Frame structure of the transmitted signals.

TABLE I
UA OFDM SYSTEM PARAMETERS

Carrier frequency fe 12 kHz
Sampling rate Rs | 48 kHz
Bandwidth B 4 kHz
Number of subcarriers Nec 512
Subcarrier spacing fse | 7.8 Hz
Length of OFDM symbol T 128 ms
Length of CP Tep 25 ms

TABLE I
A LIST OF SYSTEM HARDWARE

Device Function
Transfer data between computer and I/O devices

Device Name
NI cDAQ-9174

NI-9232 Acquire signals from the hydrophones
NI-9260 Output signals to the transducers
CTGO0052 Transmitter transducers

HTI-96-Min Receiver hydrophones

1) Transmitter: The system we designed occupies the fre-
quency band from 10 kHz to 14 kHz with a bandwidth of
B = 4 kHz. The sampling rate is 48 kHz. Note that the
system software can be easily modified to cater for transducers
working at other frequency bands. Fig. 2 illustrates the data
frame structure of the transmitted signals. We can see from
Fig. 2 that each frame contains N, = 5 OFDM data blocks and
one preamble block. In each data block, there are N, = 512
subcarriers and T, = 25 ms. The preamble block, which
consists of a NV, = 127-pseudo noise sequence followed
by N, zeros, is used for synchronization and frame head
detection. Among the 512 subcarriers, there are 325 data
subcarriers, 128 uniformly spaced pilot subcarriers and 59 null
subcarriers for frequency offset estimation. The data symbols
are modulated by either QPSK or 16-QAM constellations
encoded by 1/3 rate turbo codes. In each data frame, the
number of information-carrying bits is L, = 1088N, for
the QPSK modulation and L, = 2176N; for the 16-QAM
modulation scheme. The system source data rate is

NiLy
(No/B+Top)Ny + 2N,/ B
(131N, kb/s, QPSK
=1 2.63N, kbls, 16-QAM °

Ry, =

It can be seen that the source data rate increases with the
number of transducers and the modulation size.

2) Receiver: The baseband signal processing at the re-
ceiver is shown in Fig. 3. It can be seen that for signals
received at each hydrophone, the receiver performs frequency
offset estimation and compensation for each OFDM symbol
using the null subcarriers, and then the baseband signals are
passed through channel estimation. The channel estimator uses
the least-squares method to estimate the frequency domain
channel response at the pilot subcarriers. Note that to avoid
interference, the pilot sequences from all [V, transducers are
orthogonal to each other. The linear interpolation algorithm is
then adopted by the estimator to estimate the data subcarrier
channel response based on pilot subcarrier channel responses.
Channel equalization is performed on the received signals
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Block diagram of the baseband signal processing at the receiver.
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using the estimated channel response. In particular, in the
single transducer mode, the maximum ratio combining tech-
nique is used to combine signals from multiple hydrophones.
In the MIMO mode, the zero-forcing algorithm is adopted to
equalize signals received from the hydrophones. Demodulation
is performed on the equalized data subcarriers leading to a raw
bit sequence. The raw bit sequence is finally passed through a
turbo decoder. Note that compared with systems with a single
transducer and hydrophone [9]-[11], the receiver design of a
MIMO UA communication system is more complicated. In
order to reduce the system computation time, the turbo encoder
and decoder are implemented in the C language and embedded
into the system via the dynamic-link library technology.

IV. EXPERIMENT RESULTS

In this section, we study the performance of our LabVIEW-
based real-time MIMO UA OFDM system. The experimental
system setup is shown in Fig. 4. In particular, the NI cDAQ-
9174 chassis is connected to a desktop computer through a
USB cable where the NI LabVIEW software is installed for
signal generation and processing. The NI-9232 and NI-9260
modules are plugged into slot 1 and slot 2 of the cDAQ-
9174 chassis, respectively. Two CTGO0052 transducers each
with a power amplifier and matching network are connected
to channel O and channel 1, respectively, of the NI-9260
module for transmitting acoustic signals. Channel 1 and 2
of NI-9232 are connected to two HTI-96-Min hydrophones
through preamplifiers for the acquisition of the real-time
acoustic signals. During the experiment, the amplitude of the
transmitted signals is controlled through a parameter «, which
in turn determines the signal-to-noise ratio at the receiver.

A. Single Transducer Multi-hydrophone Experiment

A UA communication experiment using the system we
developed was conducted in the Canning River, Western Aus-
tralia. Canning River has brackish water with varying salinity.
In this experiment, only one transducer was used for trans-
mitting signals, and was attached through a cable and located
about half a meter above the river bed. Two hydrophones at the
receiver were also located around half a meter above the river
bed. The distance between the hydrophones and the transducer
was around 10 m and the water depth was approximately
1.5 m.

Fig. 4. Experimental system setup.
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Fig. 5. Channel impulse response estimated by the pilot subcarriers.

A typical channel impulse response between one transducer
and one hydrophone during the experiment estimated by the
pilot subcarriers is shown in Fig. 5. It can be seen that the
maximal channel delay spread is around 10 ms which is
shorter than the length of the CP. This verifies that the system
parameters are correctly chosen.

During the experiment, we set « to 6.3 X 1074, 7.1 x 1074,
7.9%1074,8.9%x 1074, 1x 1073, and 1.4 x 10~3, respectively.
This is approximately equal to a change in the transmission
power of 1 dB between two adjacent transmissions except for
the last one which is around a 3 dB change. Fig. 6 illustrates
the BER performance of the proposed system with the 16-
QAM modulation scheme. It can be seen that the system
BER performance is significantly improved by combining the
signals received from two hydrophones. In particular, using
two hydrophones brings about 2 dB and 4 dB power gain
over the first channel and the second channel, respectively. It
can also be observed from Fig. 6 that the BER performance
of the second channel is worse than that of the first channel.
The reason for this is that during the experiment, we observed
that the second hydrophone suffers from a higher background
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Fig. 6. BER of the system with one transducer and two hydrophones.
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Fig. 7. BER of the system with two transducers and two hydrophones.

noise level than the first hydrophone.

B. Multi-Transducer Multi-hydrophone Experiment

Another UA communication experiment using the system
shown in Fig. 4 was conducted in the Canning River, Western
Australia. Two hydrophones and two transducers were used
in this experiment to verify the performance of a MIMO
system. The two transducers were located about 0.2 m above
the river bed and the distance between them was 0.75 m.
The two hydrophones were located around 0.5 m above the
river bed and were attached to a steel bar with a distance of
0.5 m between them. The distance between the transducers
and hydrophones was around 10 m.

To evaluate the BER performance of the MIMO system,
we varied the transmission power through adjusting the am-
plification factor « for the two transducers. Note that the two
transducers always use the same «. We set a to 5 X 1073,
5.6x1073,6.3x1073,7.9x1073, and 8.9x 1073, respectively.
This is approximately equivalent to changing the transmission

power by 1 dB or 2 dB between two adjacent transmissions.
The system BER with the 16-QAM modulation scheme versus
« is shown in Fig. 7. By comparing Fig. 7 with Fig. 6, it can be
seen that the MIMO system has a higher BER. The reasons are
twofold. Firstly, two data streams are transmitted concurrently
in the MIMO system, while only a single data stream is
transmitted in the single transducer multi-hydrophone system.
Thus, the latter system has a higher order of spatial diversity,
leading to a lower BER. However, the MIMO system has
doubled the data rate of the latter system. Such rate-BER
tradeoff needs to be considered in the design of practical
UA OFDM systems. Secondly, we observed that during the
MIMO experiment, there was much more impulsive noise at
the receiver hydrophones from waves breaking at the jetty piers
due to strong wind.

V. CONCLUSIONS

In this paper, an NI CompactDAQ and LabVIEW-based
implementation of real-time UA OFDM system with mul-
tiple hydrophones and transducers has been presented. This
system provides academic researchers a flexible and reconfig-
urable MIMO UA communication transceiver with an open-
architecture to conveniently test and validate the performance
of their MIMO algorithms. River tests have been conducted
to verify the performance of the system developed.
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