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In this paper we present a concept of an embedded acoustic modem dedicated to under-
water communication. The Raspberry Pi is used as a low cost hardware platform. The solution
of the physical layer consists in modulation, synchronisation, frames forming, symbol mapping,
etc. Specifically, modulation is based upon linear and hyperbolic chirp signal generation. Syn-
chronisation is based upon the correlation of received and transmitted signals. The performance
of the communication is tested by computer simulation. This simulation is performed by trans-
mitting signal between two USB sound cards connected by a cable. In the simulation, transmitted
signals are intentionally degraded by adding white gaussian noise.

INTRODUCTION
Providing a dedicated wireless communication algorithm is necessary in many modern

underwater systems. Acoustic communication is a rapidly developing engineering discipline.
This kind of communication is used, for example, in submarine [1], for building underwater
sensor networks [2–5], or for controlling remotely operated vehicles [6]. Application of con-
ventional methods of communication based upon radio solutions is impossible in the under-
water environment due to the high attenuation of radio waves. Optical wireless communica-
tion may be an appropriate solution in many cases but is limited by the water transparency [7].
An acoustic wireless modem may be a suitable solution in specific situations. Underwater com-
munication also allows for the creation of networks. The drawback of such acoustic communi-
cation is that the transmission rate is limited due to phenomena such as multipath propagation,
Doppler effect, fading, refraction or attenuation. This is the reason why underwater communi-
cation is considered as challenging task [8]. In this paper we present a concept of an acoustic
modem based upon chirp signal processing. This kind of communication is also called a Sweep-
Spread Carrier communication and is especially useful for application in shallow water channels
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[9]. The prototype of the proposed acoustic communication system is implemented on an em-
bedded platform equipped with a sound card. The software-defined architecture of the proposed
system is flexible, and permitting adjustments and upgrades of modem features [10].

The structure of this article is organized as follows: Section 1 contains the overview of the
modulation algorithm, bandwidth management and basic features of the software and hardware
employed. The details of the modulator and demodulator software are shown in Section 2 and
Section 3 respectively. Results of the simulation and tests of the modem’s performance in case
that transmission is carried out over the additive white gaussian noise (AWGN) channel is treated
in Section 4. Finally, Section 5 describes issues, problems, and future research expectations.

1. MODEM
In this paper we propose a solution based upon the Raspberry Pi (RPi) v. 2, Model B,

a single-board computer, and the LogiLink UA0053 USB sound card, which is the common
solution for providing audio output and input for the RPi. The operating system used is Raspbian
3.18. This version of RPi is equipped with a 900MHz quad-core ARM Cortex-A7 processor, 1
GB RAM, 4 USB ports, an Ethernet port and 40 GPIO pins. Only the audio output is available
without an external audio sound card. Therefore, a third party audio processing device is needed
for recording signals. Modems are controlled by a PC host which communicates with them by
Ethernet. Two third party libraries were used in order to implement the modem software:

• ALSA library – for recording and playing signals through the audio output/input in both
the modulator and the demodulator,

• FFTW – for correlator implementation based upon the overlap-add algorithm, which is
implemented in the demodulator to detect synchronisation and transmitted symbols.

The modem application is implemented in C++ programming language. The modem op-
erates on a 24 kHz bandwidth which is split into two 12 kHz subbands. The modulation depends
on four data symbols and one synchronisation symbol which is transmitted at the beginning of
the frame. Symbols are converted to chirp signals in the modulator. This kind of signal may
be used to design underwater acoustic modem modulation algorithms or their synchroniasation
mechanisms [5, 11]. For each of the two modulation channels, an upchirp and downchirp signal
are used. There are 101 bytes of data sent in a single transmission frame. The length of the syn-
chronisation symbol is 41.67 ms and a 96 kSa/s sampling rate is used. The transmission rate can
be adjusted by specifying the duration of the chirp associated with the information symbol. The
structure of the frame is depicted in the Figure 1. In order to use the modem in practice some
analogue peripherial hardware is crucial such as amplifiers, frequency step-up and step-down
converters, a preamplifier, and a transducer [4].
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Fig. 1. The structure of the frame.

Fig. 2. The hardware platform used for simulations and tests.

2. MODULATOR
The main element of the modulator is a numerically controlled oscillator (NCO) [12]. The

inputs of the NCO are two data substreams formed from the input data stream and the instanta-
neous frequency value from the instantaneous frequency value generator (IFVG), which is run
for each output frame. A pair of bits obtained from the data substreams is associated with a single
chirp generated by the NCO. The generated chirp can be an up- or down- chirp transmitted in the
high or low frequency channel. The IFVG determines a kind of the generated chirp frequency
modulation. This solution permits switching between various types of the chirp frequency mod-
ulation. A generated chirp can be a linear frequency modulation chirp (LFMC) or a hyperbolic
frequency modulation chirp (HFMC). Examples of transmission based upon LFMC and HFMC
are shown in Figures 3. and 4, respectively. A synchronisation symbol is sent at the beginning
of each frame and is also represented by a chirp. The synchronisation signal has double the
bandwidth of the data signal. The length of the symbol influences the system resistance to syn-
chronisation loss. The level ofEb/N0, causing 50% of incorrect frame beginning time detections
in the modem, was measured. Results for various synchronisation symbol lengths are presented
in the Table 1.
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Tab. 1. Lengths of the synchronisation symbol and corresponding levels of Eb/N0 which cause 50% of
incorrect frame beginning time detections

the length of the
synchronization symbol [ms] Eb/N0 [dB]

62.5 10
31.3 11
15.6 12.43
7.8 16.15

Fig. 3. LFMC signals generated by the modem.

Fig. 4. HFMC signals generated by the modem.
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A complex oscillator is used to implement the NCO. The complex oscillator algorithm is
based upon the rotating phasor concept [13]. The frequency of an output signal can be controlled
by changing the incrementation step. These changes are made by the IFVG module in order
to obtain LFMC or HFMC signals. The incrementing of the oscillator phase is obtained by
multiplying the oscillator state by a step factor. The state of the oscillator is not reset between
consecutive symbols.

The complex oscillator has the advantage that the amplitude of the output signal is unitary.
Therefore, the amplitude of the NCO output signal can be controlled by a multiplication of the
complex oscillator output signal by a desired value.

output signalinput data stream

DEMUX
data substream

data substream

NCO

linear hyperbolic

symbol type

Fig. 5. A block diagram of the modulator algorithm.

3. DEMODULATOR
Decisions taken in the demodulator are based upon the demodulation metric. The metric

is used both for synchronisation symbol detection and for information symbol detection. The
equation used to compute the metric is given by the following formula:

M(s[n]) =
max{s[n]}
E{s[n]}

· 1
N

N∑
i=0

(s[n])2. (1)

If the maximum value of the signal is high and the arithmetic mean is low, then the first
factor of Equation 1 also has a large value and therefore can be used to detect impulse-like signals
in the output of the matched filter in the demodulator. Second factor:

∑N
i=1(s[n])

2/N , is equal
to the received signal power. If the shape of the signal is impulse-like and the power is high,
the value of the metric is also high. Synchronisation symbols can be detected by computing the
metric for consecutive parts of received signal. Detection of the rest of symbols is implemented
in a similar manner. The demodulation process is divided into two parts:
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Fig. 6. The complex oscillator DSP algorithm.

• step 1 – the preamble seek procedure. This step is based upon the signal obtained from
the correlator. If the output signal has sufficently high power and has a proper impulse-
like shape, it is concluded that a data frame was received. The decision is based upon the
detection metric calculated from the output of the matched filter. The arrival time of the
received frame is computed after detection of the synchronisation symbol.

• step 2 – detection of symbols in the received frame depending on the preamble position
computed in the previous step. Information symbols are extracted from the transmitted
frame. Next, a detection metric is calculated for each symbol and a pair of bits associated
with the highest value is chosen.

If an LFMC or an HFMC associated with the synchronisation symbol is present in the received
signal, the matched filter generates a spike-shaped cross-correlation function in the output. The
signal from the matched filter is split into frames and a signal detection metric is computed
for each frame. If the value of the metric is sufficently high, the algorithm performs further
operations in order to determine the time of reception of the synchronisation symbol. These
operations are:

• envelope detection – used to estimate the received signal power,

• normalization of outputs of envelope detectors – permitting the use of the normalized
threshold in the next step of the processing,

• thresholding – each sample below the normalized threshold of 0.5 generates 0 on the out-
put, each sample greater than the threshold generates 1,

• preamble position estimation – calculated by the detection of the first rising edge of the
pulse-shaped result of the thresholding operation.
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The same metric is used in the symbol detection process. The block diagram of this process
is depicted in Figure 7. The synchronisation symbol position is known after the first step and
the rest of the frame can be split into a set of information symbols. Each information symbol is
processed by four matched filters at the same time. Matched filters are associated with symbols
of the modulation. The metric is computed for the output of each filter. Then a pair of bits
assigned to the matched filter with a greatest metric value is chosen. A mapping relationship
between pairs of bits and parameters of a chirp are shown in the Table 2. This process is repeated
for each symbol signal in the processed frame.

matched �lter
(correlator)

signal metric
computation

maximum
value

detection

matched �lter
(correlator)

signal metric
computation

matched �lter
(correlator)

signal metric
computation

matched �lter
(correlator)

signal metric
computation

received signal
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Fig. 7. A block diagram of the symbol detection process signal flow.

Tab. 2. Symbol mapping relation. Chirp rate depends on the current transmission rate. The start and the
end frequency of the chirp connected with a pair of bits is fixed.

a pair of bits start frequency [kHz] end frequency [kHz]
00 10 1
01 1 10
11 11 22
10 22 11

4. PERFORMANCE OF THE DESIGNED SYSTEM
The system performs off-line processing of transmitted signals. The simulation of the

transmission over the AWGN channel is carried out in order to evaluate the performance of
the modem. The computation is made for three transmission rates and for both implemented
types of chirp frequency modulation. The results of the simulation are depicted in Figure 8.
For all tested transmission rates the LFMC performed better than the HFMC. The bit error rate
(BER) obtained for the LFMC was smaller than for HFMC. This arises from the fact that the
autocorrelation function of an LFMC has a smoother shape. Therefore, an LFMC provides better
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reception conditions in the receiver if no Doppler effects are present in the transmission channel.
On the other hand, an HFMC is more resistant to the Doppler effect [14, 15]. Therefore, it is
important to take this tradeoff into consideration in designing acoustic communication systems
based upon chirp signal processing.

The second measurement scenario is the test of the influence of a sound card on system per-
formance. The audio output and the audio input were connected by the wire. Modem transmitted
signals through this connection and a BER were estimated. Results of measurements pertaining
to the simulation are shown in the Figure 9. The transmission rate is equal to 96 b/s. In order
to obtain desired values of Eb/N0, the signal is degraded by the AWGN. The main influence on
the performance of the modem is the frequency response of the sound card converters. Audio
devices introduce the dumping of high frequencies. The frequency response of the sound card
was measured using the AWGN and is depicted in the Figure 10. The lower subband of modula-
tion is almost unaffected but the dumping of the highest frequencies of the upper subband (close
to 20 kHz) is about 6 dB. This can cause problems with reception of signals transmitted in the
high frequency subband.

Fig. 8. Results of simulation performed for various transmission rates and chirp types.

5. CONCLUSIONS
Development of a modem software for cost-efficient embedded platforms is possible and

single-board computers are a technical solution for algorithm development and testing. Even
with the current state of software development it is nevertheless important to consider the prop-
erties of converters. It is necessary to provide custom or high-end hardware solutions in order to
obtain high quality generated signals and to improve reception conditions. Therefore, the audio
sound card is not a good choice if development of the acoustic communication system is con-
sidered. Third party analogue hardware is a crucial element of a digital communication system
and is equally determinative of the quality of the designed technical solution as a modulation
algorithm [4].
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Fig. 9. Results of simulated transmission over AWGN channel compared to the wired channel
simulation, which takes into account the frequency response of the sound card.

Fig. 10. The frequency response of the USB sound card.

The processing presented in this work is performed off-line. The next step is to modify
modem algorithms to run online, preferably incorporated in the real-time operating system. Tests
with other hardware platforms like Banana Pi and Beaglebone are also planned. We would like
to evaluate possibility of compensating for the frequency response of the sound card.

Decisions in the symbol detection step in the demodulator algorithm are based upon the
correlation function computed by matched filters. This correlation function contains a short
spike and the long part of a noise-like signal. We would like to test if it is possible to improve
system performance using only the part of the signal close to the spike for the metric computa-
tion.
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