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Abstract The implementation of reliable acoustic underwater communication in shallow waters is
a scientific and engineering challenge, mainly due to the permanent occurrence of the multipath
phenomenon. The article presents the concept of a transmission system using a broadband signal with
hyperbolically modulated frequency (HFM) to transmit data symbols and synchronize data frames.
The simulation tests were carried out in channels with Rician fading, reflecting the short- and medium-
range shallow water channels. The simulation also took into account the presence of additive Gaussian noise
in the channel on the functioning of the receiver. The obtained results prove the high reliability of the
underwater communication system based on broadband HFM signals.
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1. Introduction

The development and implementation of reliable underwater acoustic communication for shallow waters
are still a scientific and engineering challenge, mainly due to the unfavourable nature of the propagation
conditions in the channel. There are no underwater communication systems that realise error-free data
transmission in both horizontal and vertical channels using the same signals and algorithms. Compared to
terrestrial radio communication, the achievable transmission rates are usually low and the variability of the
propagation conditions in the channel contributes to transmission errors.

In a shallow water channel, 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. 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 the 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 [1]. 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 [2-4].

An efficiently operating underwater communication network must be based on a physical layer ensuring
an effective and reliable acoustic communication link. In such systems, a low-rate reliable communication
mode is used to initialize and re-establish a communication link, even if the transmission system is capable
of operating in a higher-rate communication mode. In the event of deterioration of the propagation
conditions or an increase in the noise level, the system reverts to the reliable communication mode with a
low transmission rate. In addition, a reliable acoustic communication link is used in significant underwater
systems that require the so-called emergency communication. For them, the transmission rate is not
important, and the absolute priority is error-free data transmission.
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In order to implement reliable underwater acoustic communication systems, incoherent modulations
are usually used in combination with strong channel coding. They enable data transmission at a rate of
hundreds of bits per second [5,6]. A significant expansion of the operating bandwidth of the system and the
use of multiple hydroacoustic transducers or antennas allow for a higher transmission rate for this
modulation method. The use of more transducers or antennas complicates both the hardware and the
software part of the system, and thus limits its field of application. To avoid the hardware complications
mentioned above, coherent modulation can be used [7-9]. However, such a modulation method requires a
complex receiver due to the requirement of having significant computing power to implement the channel
equalizer algorithm. Compared to non-coherent modulations, this method requires a signal with a higher
signal-to-noise ratio for proper operation. Currently available modern signal processors offer sufficient
computing power to implement such a system, but the problem is higher power consumption. For this
modulation method, the use of more antennas operating in the same frequency band also complicates both
the hardware and the software parts of the system, but allows improving the quality and transmission
rate [10]. Currently, systems are mainly developed based on the technique of spread spectrum. The most
popular representatives of this technique are the frequency-hopping spread spectrum (FHSS) and the
direct-sequence spread spectrum (DSSS), although there are also several variations [11-15].

This article presents the implementation of reliable underwater acoustic communication for shallow
waters in a configuration with one transmit and one receiving antenna (SISO). The concept of this system
was presented, which is based on frequency modulated signals. The frame of transmitted data was
discussed along with the preamble and postamble used. The method of data transmission assumes that
there are no guard gaps between consecutively transmitted symbols. The simulation tests were carried out
in channel of additive Gaussian noise and in channel with Rician fading, reflecting short and medium range
shallow water channels. The article is limited to proving the correctness of the system operation in shallow
waters using the selected signal, with only general consideration of the Doppler effect in a channel with
Rician fading. The tests carried out showed the benefits of using this signal for the movement of the
transmitter and receiver, and the results will be the subject of the next article.

2. Underwater communication system

The considered underwater communication system is designed for operation in the shallow water channel.
In such a channel the phenomenon of multipath propagation occurs permanently, which causes the sent
signal to reach the receiver in the form of many components of the same signal shifted in relation to each
other in time. These components arrive at least two or more propagation paths (usually of different
lengths). The time between the first and last components of a received multipath signal is called the
multipath delay spread, and typical values for a medium range underwater communication channel are
around tens of milliseconds. The mechanisms contributing to create multipath propagation depend on the
geometry of the channel, the configuration of the transmitter-receiver connection (transmission range,
water depth), the signal frequency, and the sound velocity profile (velocity, pressure, and salinity).

For an underwater communication system, the effect of such propagation is the occurrence of inter-
symbol interference (ISI), i.e. overlapping of information symbols sent successively. 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 [16-19]. Accordingly, in a channel with
selective fading, the amplitude and phase of the signal at the selected frequency will constantly fluctuate,
and the use of e.g. amplitude and phase modulation is exposed to strong interference, which usually makes
it difficult to achieve the assumed transmission quality.

To solve the above difficulties, a broadband signal with hyperbolically modulated frequency (HFM) was
used for data transmission. 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 [20-22]. In the considered 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 (1) and (2).

In (kt + l)

surm(t) = exp|—j2m — % I ) ()]
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where

P [l for HFM-UP,  k _Jv—h

foUTs foUTs
fiis low frequency, fu is high frequency, Tsis symbol signal duration.

The structure of the transmitted data frame consists of a preamble, a postamble, and a data block, as
shown in Fig. 1. The preamble consists of two HFM pulses, each followed by a pause, the so-called guard
time Tc. 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 f.. In the postamble, HFM signals are
used in reverse order than in the preamble. The transmitted data symbols are bits and are represented as
follows: a logical 1 using an HFM-UP signal and a logical 0 using an HFM-DOWN signal. Tsp is the duration
of preamble and postamble HFM signals which are equal to each other.

for HFM-DOWN, ()

Frame preamble Data block Frame postamble
HFM-UP HFM -DOWN Symbol1 | Symbol2 Symbol N HFM -DOWN HFM-UP
T T T T T T T T T T T T —>
: Tsp : Tg : : T : : Tg : Tsp :
— > «—> —r———>

Fig. 1. Data frame structure.
2.1. Implementation of receiving part

Due to the structure of the data frame, several reception steps are performed in the receiver. During the
initial reception stage, the receiver, operating in standby mode, performs real-time analysis of the incoming
useful signal based on the preamble signals of the data frame. The scheme of receiving preamble, postamble
and data symbol signals is shown in Fig. 2.
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Fig. 2. The scheme of receiving preamble, postamble and data symbols 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 a
received signal r(n) and an impulse response of the matched filter h(n) that is known in a system receiver
according to expression (3).

M-1

yi2() = ) homyr(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 Ts,=64 ms and Tc=64 ms, where the frame preamble, postamble and data 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. 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 equation (4). SNRy is the signal-to-noise ratio of the
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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.

SNR, = BT - SNR. (4)

In the initial reception step, in addition to detecting the signal arrival, synchronization of the transmitter
and receiver is also performed, and thus a time relationship is established between the individual signals in
the data frame. An additional use of the preamble is the estimation of the channel parameters based on the
obtained channel impulse responses (CIR), which will be used during the proper 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.
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Fig. 3. The frame preamble signal and the determined correlation functions for the received signal with
the pattern HFM-UP and HFM-DOWN signals (Tsp= 64 ms, Tc= 64 ms).

Almost analogously to the preamble, a packet of data transmitted over a communication channel is
received. As mentioned previously, the transmitted data symbols are encoded bits as follows: logic 1 as the
HFM-UP signal and logic 0 using the HFM-DOWN signal. After the data block has been synchronized with
the preamble of the frame, subsequent data symbols are received according to the data reception scheme
of Fig. 2.

The good tolerance of the strong Doppler effects on the HFM signal, mentioned at the beginning of the
chapter, 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 [21,22].

3. Simulation tests

To carry out the tests, it was assumed that the total operating band of the data transmission system was
B=5kHz. The bandwidth signal around the centre frequency f,=30 kHz is transmitted through the acoustic
underwater channel, then it is sampled at the receiver at 200 kHz and after conversion to the baseband its
sampling frequency is fs=10 kHz.

Fig. 4 presents the correlation functions obtained for the HFM-UP pulse transmitted by the
communication channel model with additive Gaussian noise in the case where the SNR is -10dB and 20dB.
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Each of the transmitted pulses comprises a single HFM-UP signal period, a duration Ts of 64 ms, and a band
B of 5 kHz, a Doppler shift of 0 Hz. There was no multipath propagation in the communication channel.

When receiving a signal in the presence of additive Gaussian noise, the signal-to-noise ratio is
proportional to the energy of the received signal and inversely proportional to the noise power spectral
density. The narrow main beam of the correlation function and the low level of side lobes are the advantages
of using a broadband signal. The correlation functions determined for various Gaussian noise values showed
compliance with dependence (4).

Based on Fig. 4 it can be clearly assessed that the narrow main beam of the correlation function was
obtained. The width of this beam corresponds to the beam of the main autocorrelation function established
between its first zeros equal to 2/B, therefore for B=5 kHz it is At = 0.4 ms. Thus, an improvement in the
temporal resolution of the correlation function was achieved along with the broadening of the signal band
B. The maximum value of the correlation function is proportional to the signal duration and more precisely
to the number of samples per time. The repeatability of the obtained maximum values of the correlation
function is greater, the higher the SNR of the analysed signal. The differences also result from the applied
bandwidth of the B signal: when the band is wider, the smaller the differences. Extending the signal duration
allows one to reduce the noise influence on the obtained value of the correlation function.

SNR=-10dB SNR=20dB

800 800
2600 3 600
= =
) ]
= 400 = 400
o) o)
g g
<< 200 < 200

0 A Mi M 0 L_
0 0.02 0.04 0.06 0.08 0.1 0.12  0.14 0 0.02 0.04 006 0.08 0.1 0.12  0.14
Time [s] Time [s]

Fig. 4. The correlation functions of the received signal and the transmitted pattern HFM-UP signal, for
the case of transmission in a channel with different levels of additive Gaussian noise of a signal with
a duration of Ts=64ms.

For SNR = -10dB, the maximum values of the correlation function take the following values: 40.8
for Ts=4 ms, 157.2 for Ts=16 ms and 603.4 for Ts=64 ms. In turn, for SNR = 20 dB these values are: 39.2
for Ts=4 ms, 152.4 for Ts=16 ms and 606.9 for Ts=64 ms. Despite the large differences between the SNRs, the
obtained values of the correlation function for the same durations are comparable.

The considered underwater acoustic communication system is designed to work in a shallow water channel,
i.e. a channel in which multipath propagation permanently occurs, and the transmitted signal is subject to
fading. This channel can be presented as a linear filter whose complex lowpass impulse response h(z,t) is
the sum of the impulse responses corresponding to all propagation paths of n, where each of these paths is
described by the corresponding amplitude ax(t), phase @x(t) and delay z»(t). Delay T concerns only paths
obtained during reflections and the value of these paths depends on their geometry. The number N(¢) is
the maximum number of propagation paths during transmission, depending on t. This filter is described as
(5) and relates to a nonstationary underwater channel, in which the received signal parameters (amplitude,
phase, and delay) are functions of time t. In this approach, it is assumed that the individual components of
the incoming signal are mutually uncorrelated.

N(b)

HCOEDWNOERLLE (FENG) 5)
n=1
where ¢n(t)=27 f.w(t) and f; is the nominal carrier frequency.

For simulation tests, the configuration of the communication channel assumes the occurrence of a direct
propagation path (LOS, line-of-sight). Therefore, the Rician fading channel model has been used, which is
used when the direct and the reflected signals are received. The dominant direct component is usually
associated with the direct propagation path with the highest power. The channel model with Rician fading
is suitable for the simulation of a short- and medium-range transmission channel [23].
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When the envelope of the impulse response R=|h(5t)| has a real component R and imaginary component
Ri, which are independent random variables with Gaussian distributions N(u,c?) and N(u;,0?) with

respective mean values grand 4, and variance o?, where R = /RZ + Rl-z, the envelope of the received signal
has the Rician distribution with the probability density function described as (6):
r —(r%+s?)

rs
Price () =;e 202 | (g) for r = 0, (6)

hence, the amplitude of the direct path signal has the form (7):

s = /,uﬁ+,ul.2. (7

Iois the modified Bessel function of the first kind and of zero order. An important parameter of the Rician
model is the K factor, which determines the ratio of the direct path component (dominant component) to
the power in all the other components. It can be expressed as (8):

K=—. (8)

The phase @n(t) of received signal is uniformly distributed in the interval [0,2m].

To estimate the performance of the underwater communication system with the HFM signal, simulation
tests were carried out in a channel with frequency-selective fading, in which there is a multipath effect
[23,24]. In the frequency-selective fading case, the received signal consists of multiple copies of transmitted
signal, attenuated and delayed in time. The path parameters for a specific transmitter-receiver
configuration have been predetermined, i.e. delays of multipath components and their average path gain,
where average path gain is normalized to 0 dB. The first forth dominant rays were taken into account. The
parameters are supposed to reflect the transmission between the transmitter and the receiver, which are
300m away, in a 20m deep water reservoir, with the same transmitter and receiver depth of 10 m. The
parameters of multi-path paths were determined for the acoustic wave propagation speed c = 1475 m/s
and are as follows - for 1st path (direct): delay 0 ms, average path gain 0 dB; 2n path: 4.74 ms, -3 dB; 3rd
path: 7.45 ms, -4.6 dB; 4t path: 11.5 ms, -6 dB. Therefore, the multipath delay spread Twm, which specifies
the time between the first component of the received signal and the last component of the received
multipath signal, is 11.5 ms. This is a typical value for a short- and medium-range underwater
communication channel.

The determined parameters were used to carry out a series of transmission tests of the symbol sequence
of binary data 1 and 0 encoded with HFM-UP and HFM-DOWN signals, respectively. There were no guard gaps
between the transmitted symbols. Signals with different Ts durations were sent by channel model with Rician
fading and in the presence of additive Gaussian noise, and the obtained results are presented in the Tab. 1.

Tab. 1. The determined Bit Error Rate (BER) values for different values of Ts and SNR (K=3 dB).

SNR
-20dB -10dB 0dB 10dB 20 dB
4ms (BT=20) 0.43 0.14 0.12 0.11 0.12
g 8ms (BT=40) 0.32 0.027 0.021 0.021 0.021
16 ms (BT=80) 0.12 <10-¢ <106 <10 <106
64ms (BT=320) 0.00014 <10+ <106 <10-¢ <106

The obtained results indicate that the transmission is error-free or takes place with single errors when
the condition Ts > T is met. Cases where this condition is not met can be clearly seen for Ts=4 ms and
Ts= 8ms, for which the obtained BER is high and does not depend on the SNR.

In turn, properly selected signal duration of symbol Ts, and hence the product BT, determines the
possibility of working with low SNR. And so, for Ts= 64 ms, which gives a high product of BT= 320, almost
error-free data transmission is possible at SNR=-20 dB. The remaining signal durations of symbol Ts= 4 ms,
8ms and 16ms yield values of product BT that are too small for this SNR value. In summary, the BER results
prove the high reliability of the underwater communication system based on broadband HFM signals.
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In Fig. 5 and Fig. 6, the determined correlation functions for the received signal of the transmitted
sequence of binary symbols 111001100 in the channel with Rician fading are shown, for symbol signal
duration Ts= 16ms, Doppler shift fz of 0 Hz at SNR = -10 dB and SNR = 20 dB. For this type of channel, it is
possible to distinguish the direct path component and successively arriving multipath components even
when the Doppler shift fz has a relatively large value, e.g. 100 Hz. No significant influence of the Doppler
effect on the deterioration of the efficiency of the communication system was observed.

% 150
& = 100 i
S = . o | |
z5 ¥ |
EE o b AL A
T < 0 20 40 60 80 100 120 140 160 180
Time [ms]
zZ 9
150
N
o £ 100
23 5 L, i .
2 E 7 L sl bisds o LN e
= 0 20 40 60 80 100 120 140 160 180
Time [ms]

Fig. 5. The correlation functions of the received signal and the transmitted patterns HFM-UP and HFM-
DOWN signal, for transmission of binary symbol sequences 1110011100 over the channel with Rician
fading at SNR = -10 dB (Ts= 16 ms, fa= 0 Hz).
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Fig. 6. The correlation functions of the received signal and the transmitted patterns HFM-UP and HFM-
DOWN signal, for transmission of binary symbol sequences 1110011100 over the channel with Rician
fading at SNR = 20 dB (Ts= 16 ms, fa= 0 Hz).

The transmission rates of the symbols are low and depend on the duration of the symbols Ts.
For Ts= 16 ms it is 62.5 bps and for Ts= 64 ms it is about 15.6 bps. In the considered system, reliable data
transmission without the need for adaptive reception techniques is the priority, not the transmission rate.

4. Conclusions

Simulation tests were carried out for the concept of an underwater communication system based on
broadband HFM signals presented in the article. The obtained results prove the high reliability of the
system. The system shows high resistance to additive Gaussian noise and the influence of the Doppler effect.
Properly selected durations of the HFM signals that represent logical 1 and 0 data symbols ensure reliable
data transmission and allow the system to operate in covert communication mode. The concept of the
underwater acoustic communication system presented here was created to be used to implement a low-
power transceiver operating on the basis of a single-chip processor.
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