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Abstract A reliable synchronization system of the transmitted data frame has a significant impact on the
efficiency of the underwater communication system. This applies in particular to communication systems
dedicated to work in shallow waters, where the phenomenon of multipath permanently occurs. To
overcome these difficulties, the concept of a synchronization system consisting of two broadband signals of
opposite monotonicity was presented. The method of receiving these signals has been described in detail.
The stochastic channel model with Rician fading and the Watermark simulator was used to test the
efficiency of the synchronization system in the underwater multipath channel.
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1. Introduction

Underwater communication systems typically require the use of frame synchronization for the transmitted
data at the receiver block when the preamble in the frame is used. The synchronization is performed by the
separate block, whose task is to detect the arrival of the signal preceding the data and precisely determine
the beginning of the data in the frame. In addition, there are underwater communication systems equipped
with a wake-up receiver in which the synchronization system block is the key element of the receiver.
Such a block requires the use of energy-saving solutions to ensure the autonomous operation of the
communication system, and operational reliability is also an important priority.

The existing energy-saving solutions are mainly based on solutions dedicated to radio communication,
which perform this task on the basis of an analysis of the occurrence of a signal with a specific single
frequency [1-2]. However, such signals are easily distorted due to the presence of frequency-selective fading
in a shallow water channel, which significantly reduces the efficiency of the frame synchronization system
and, consequently, excludes the use of such a method of synchronization due to too low reliability [3-5].

Generally, for shallow water channel the occurrence of multipath propagation is permanently. Multipath
propagation has an influence on the transmitted signal due to its reflections from the boundary surfaces of
the channel and objects present in the water. On the receiving side, the signals from a direct path and the
paths obtained during reflections are received. The transmitted signal suffers from refraction, which is
caused by significant changes in sound velocity as a function of depth. Multipath propagation and refraction
produce a time dispersion in the transmitted signal. Except that, the movement of the transmitter and
receiver of the communication system causes the Doppler effect, resulting in the time-domain scaling of an
original broadband communication signal. This phenomenon also has a significant impact on the
performance of each communication system. These unfavourable factors also occur in other communication
systems, which are implemented using a different transmission medium, but it is in the water environment
and with the use of acoustic waves that they are particularly enhanced. Additionally, the low speed
of propagation of acoustic waves and the limited available bandwidth directly result in limiting the
throughput of the hydroacoustic channel [6]. Seasonal variability in the conditions of these channels is also
observed, which is an additional difficulty in defining clearly the acoustic parameters of underwater
communication channels [7-9]. Generally, there are no underwater communication systems that realise
error-free data transmission in both horizontal and vertical channels using the same signals and algorithms.

The article presents the concept of a reliable synchronization system consisting of a pair of broadband
signals for underwater acoustic communication operating in shallow waters. The simulation tests were
used to test the efficiency of the synchronization system and the were carried out in the stochastic channel
model with Rician fading, reflecting short and medium range shallow water channels. Additionally, tests
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were carried out with the Watermark simulator, which uses measured channels impulse response in the
shallow waters. This concept of the synchronization system was developed for the implementation of
a communication system operating on the basis of a low-power single-chip processor.

2. The concept description
2.1. Signals and structure of data frame

The considered synchronization system is to ensure reliable operation in a shallow water channel in which
the phenomenon of multipath occurs permanently. This causes that the transmitted signal reaches the
receiver in the form of many shifted components of the same signal. These components reach at least two
or more propagation paths. The signal components of different amplitudes and phases are summed, and
consequently some of them cancel each other out or add up for the same phase.

The occurrence of this phenomenon is reflected in the frequency domain, where selective fading is
observed at some frequencies of the used band [10-13]. Thus, in a channel with selective fading, the
amplitude and phase of the signal at the selected frequency will constantly change, and the use of
a synchronisation system based on analysis of the occurrence of a signal with a particular single frequency
is very unreliable.

To solve the listed difficulties, a broadband signal with hyperbolically modulated frequency (HFM) was
used. Signals of this type are widely used in hydrolocation systems, e.g. due to the good tolerance of the
strong effects of the Doppler effect [14-16]. In the considered synchronization system, it is assumed that
pulses based on the HFM signal are used with increasing (HFM-UP) and decreasing (HFM-DOWN) frequency
during the pulse duration, which can be adequately written by general formulas:

In (kt + %)
surm(t) = exp|—j2m TL ) (1)
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fi—fu fu— 11
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fiis low frequency, fv is high frequency, Ts is symbol signal duration.
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Figure 1. Data frame structure.

The structure of the transmitted data frame consists of a frame preamble and a data block, as shown in
Fig. 1. As standard, the preamble consists of two HFM pulses, each followed by a pause, the so-called guard
time Tc (Fig. 1a). The first pulse (HFM-UP) increases the frequency during its duration from the lower
frequency f. to the upper frequency fy, while the second pulse in the form of the HFM-DOWN signal
decreases the frequency in time from the upper frequency fv to the lower frequency fi. The transmission of
the data symbol signals follows after a T¢ time from the end of transmission of the HFM-DOWN signal. Trs is
the duration of preamble HFM signals which are equal for each pair of signals.

The concept also contemplates using several HFM-UP and HFM-DOWN signal pairs as preamble, but to
enable detection of the order of a specific pair, it is assumed to use different T times for each pair (Fig. 1b),
i.e. Te1 # Tez. This solution, although extending the preamble duration, increases the probability of detecting
the transmitted data frame.
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2.2. Detection of synchronization signals

In the receiver is performed real-time analysis of the incoming useful signal based on the preamble signals
of the data frame. The scheme of receiving preamble signals is shown in Fig. 2.
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Figure 2. The scheme of receiving preamble signals.

As a result of the analogue processing, the analysed signal is filtered, amplified, and transformed from
the band around the centre frequency to the baseband. Detection of the received HFM signals is performed
by matched filtering. It is performed by determining a correlation function y(n) obtained by correlating
areceived signal r(n) and an impulse response of the matched filter h(n) that is known in a system receiver
according to the expression:

M-1
yi2() = Y hemyr(n—m) | 3)
m=0

The correlation functions performed in the time domain are interpreted as signal compression and are
performed in parallel for both the HFM-UP and HFM-DOWN transmitted pattern signals. For example, for
the established times Trs = 64 ms and T¢ = 64 ms, where the frame preamble signal r(t) described by
formulas (1) and (2) and the determined correlation functions for the received signal and the pattern signals
of HFM-UP and HFM-DOWN, are presented in Fig. 3.
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Figure 3. The frame preamble signal and the determined correlation functions for the received signal
with the pattern HFM-UP and HFM-DOWN signals (Tps = 64 ms, T = 64 ms).

The advantage of using matched filtering is to improve the input signal-to-noise ratio of the receiver
(SNR), BT times at its output, where B is the signal bandwidth and T is its duration, according to the
equation:

SNR, = BT -SNR. (4)
SNRy is the signal-to-noise ratio of the output signal. For the applied broadband signal, this improvement is
achieved by increasing the value of B or T. Increasing the bandwidth of the signal increases the resolution

of the correlation functions obtained. During reception, the incoming signal is detected and the
synchronization process of the transmitter and receiver is performed, a time relationship is established
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between the individual signals in the data frame. The preamble signals are used to estimate of the channel
parameters based on the obtained channel impulse responses (CIR), which will be used during reception of
the data block.

In the preamble of the data frame, two pulses with a hyperbolically modulated frequency are used, but
with different monotonicity of the varying frequency of the signal over time. This allows for unambiguous
determination of the delay assumed in the transmitter between them and determination of the Doppler
shift. The property that concerns the influence of the Doppler effect on the obtained correlation functions
for the applied signals is helpful here. The correlation functions for the HFM-UP and HFM-DOWN signals
are time-shifted against the reference function for the same deviation, that is, the autocorrelation function,
for cases where the transmitter approaches the receiver or moves away.

The good tolerance of the strong Doppler effects on the HFM signal, consists in much smaller changes in
the maximum value of the correlation function than for the widely used linear frequency modulation (LFM)
signal. Therefore, the conditions for detecting signals with hyperbolic frequency modulation are almost
independent of the speed of the observed targets [15, 16].

The value of Doppler shift f; can be determined from the formula:

-~ _ -1
fi = ((ACUPDOZWN) TG) [Hz], (5)
where Atuvrpown denotes the time difference between the maximum of the correlation function determined
for the received signal with the pattern of the transmitted HFM-UP signal and the maximum of the
correlation function for the received signal with the pattern of the HFM-DOWN signal. T¢ is the pause time
between transmitted HFM signals in the preamble.

3. Simulation tests

3.1. Channel model with Rician fading

To investigate the influence of multipath propagation on the quality of preamble signal transmission in the
underwater channel, simulation tests were carried out.

The tested communication channel assumes the presence of a direct propagation path. Therefore, the
Rician fading channel model has been used, which takes into account the reception of the direct and
reflected signals. The dominant direct component is usually associated with the direct propagation path
with the highest power. This channel model is suitable for the simulation of a short and medium range
transmission channel [17-20]. The path parameters for a specific transmitter-receiver configuration have
been pre-determined, i.e. delays of multipath components and their average path gain, where average path
gain is normalized to 0 dB. The first third dominant rays were taken into account. The parameters are
supposed to reflect the transmission between the transmitter and the receiver, which are 300 m away, in
a 20 m deep water reservoir, with the same transmitter and receiver depth of 10m. The parameters of multi-
path paths were determined for the acoustic wave propagation speed ¢ = 1460 m/s and are as follows - for
1st path (direct): delay Oms, average path gain 0 dB; 2r path: 4.5 ms, -3 dB; 3 path: 7.5 ms,
-4.6 dB. Hence, the multipath delay spread Tm, which specifies the time between the first received signal
component and the last component of the received multipath signal, is 7.5 ms.

Table 1. The determined Preamble Error Rate (PER) values for different values of Tps and SNR (K = 3 dB).

SNR
-10 dB -3dB 0dB 10 dB 20 dB
1ms (BT=5) 0.49 <106 <106 <10 <106
¢ |4ms (BT=20) 0.15 <10 <106 <10 <106
=~ |16ms (BT=80) <10 <10 <106 <10 <106
64ms (BT =320) <106 <106 <106 <10 <106

Based on the determined channel parameters, a series of preamble signal transmission tests were
carried out, where the preamble was a pair of HFM-UP and HFM-DOWN signals. The generated signals of
different duration Trs (1 ms, 4 ms, 16 ms and 64 ms) were sent by channel model with the Rician fading and
in the presence of additive Gaussian noise at different SNR values (-10 dB, -3 dB, 0 dB, 10 dB and 20 dB).
The obtained Preamble Error Rate (PER) results are shown in Tab. 1. The T value for all Trs values was set
at 16 ms and 64 ms.
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The obtained results indicate that the reception of the preamble signals is error-free for a SNR greater
than -3 dB and all analysed preamble signal lengths Trs. For SNR =-10dB the errors occurred for Tes = 1 ms
and 4 ms, and this is related to the small BT product rather than the multipath propagation conditions. For
Trs = 16 and 64 ms, the reception was error-free.

The selection of the T value resulted from the requirements for taking into account the Doppler shift,
but it had a positive effect on the fulfilment of the condition (Trs + T¢) > Tm, and thus prevented the
occurrence of frequency-selective fading.

3.2. Use Watermark simulator

The Watermark simulator was also used for the tests, which is freely available benchmark for physical-layer
schemes for underwater acoustic communications [21-23]. It is a shell around the validated channel
simulator Mime, which is driven by at-sea measurements of the time-varying impulse response. The
simulator convolves user waveforms with measured channels impulse response.

During the tests, the communication channel available at Watermark was used, represented by impulse
responses measured in Norway-Oslofjord (NOF1). NOF1 impulse responses were recorded between
a stationary source and a stationary single-hydrophone receiver, placed at the bottom. The NOF1 channel
is shallow stretch of Oslofjorden and it is characterized by a relatively stable arrivals. The channel multipath
parameter in the form of the multipath delay spread T for this channel amounts to approximately 12 ms.

Table 2. The determined Preamble Error Rate (PER) values for different values of Trs and SNR,

channel NOF1.
SNR
-10dB -3dB 0dB 10dB 20dB
1ms (BT=5) 0.11 <106 <106 <10° <106
% 4ms (BT=20) <106 <106 <106 <10° <106
& l16ms (BT=80) <106 <106 <106 <106 <106
64 ms (BT=320) <106 <106 <106 <106 <106

The determined PER values are summarized in Tab. 2. In the NOF1 channel, the considered
synchronization system confirmed its high reliability for all preamble signal durations Tps and SNR with
values -3 dB, 0 dB and 10 dB - similar to the tests with the channel model with Rician fading. For
SNR =-10 dB, only reception with the preamble signal duration Trs = 1 ms had errors, the other cases were
error-free, which is consistent with formula (4). It follows that the low BT product for Tps equal to 1ms did
not allow for sufficient improvement of the input signal SNR in the detection process.

In summary, the PER results prove the high reliability of the synchronization system based on pair of
broadband HFM signals.

4., Conclusions

Simulation tests were carried out for the concept of a frame synchronization system based on two
broadband HFM signals presented in the article. The obtained results prove the high reliability of the
proposed synchronization system. The applied reception algorithms of preamble signals meet the
requirements necessary for the implementation of an energy-saving system.
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