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Abstract—Ensuring universal and stable underwater 

communication in shallow waters for various environmental 

conditions is a difficult scientific and engineering task. This applies 

in particular to underwater communication systems that use 

acoustic waves in very shallow underwater channels, where 

multipath propagation permanently occurs. The article provides 

assumptions for a system working with incoherent M-ary 

Frequency-Shift Keying (MFSK) modulation, along with 

guidelines for eliminating the impact of the multipath 

phenomenon. The results of experimental tests carried out in a lake 

for two seasons and, therefore, different sound velocity profiles are 

presented. For comparison purposes, three transducers placed at 

different depths, including at the bottom of the reservoir, were 

used to receive the transmitted signals. 

Keywords—underwater acoustic communications; multipath 

propagation; MFSK; very shallow waters 

I. INTRODUCTION

very shallow water channel using acoustic waves is an

extremely complex time-frequency varying channel. The

implementation of an underwater communication system 

requires taking into account the unfavourable factors that 

characterise the underwater channel and examining their impact 

on the transmitted signal. This will allow the development of an 

underwater communication system that provides stable and 

reliable data transmission with a low error rate. The most 

important of these factors is multipath propagation, which 

causes the transmitted signal to be reflected from the bottom and 

the water surface and from objects in the water column. The 

receiver receives the signal arriving via the direct path and a 

significant number of signals arriving via paths obtained due to 

reflections. As a result, inter-symbol interference (ISI) occurs in 

the receiving path. Another factor is the Doppler effect, which 

is caused by the movement of the transmitter or receiver relative 

to each other. Its importance increases significantly if the 

transmission participants are in motion. In turn, the low 

propagation speed of the acoustic wave, the small bandwidth 

and the narrow band of the transducers used affect the data 

transmission rate [1], [2]. It should also be taken into account 

that the indicated parameters are variable and characterised by 

seasonal variability [3], [4]. 

Therefore, the underwater acoustic channel is considered one 

of the most difficult communication channels. This is 
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particularly true for the horizontal channel occurring in shallow 

and very shallow coastal waters with a high range-to-depth 

ratio, in which a strong multipath phenomenon permanently 

occurs, which makes the channel frequency selective. The 

implementation of data transmission in such a channel still 

poses major problems. They make it difficult to ensure high 

reliability and universality of the solution under variable 

channel conditions. 

Existing and developing underwater acoustic communication 

systems make it possible to send data at high rate in vertical 

channels and much lower rate in horizontal channels. In order 

to implement data transmission, non-coherent and coherent 

modulations are traditionally used, with one or more carrier 

frequencies. Another group of such transmission systems use 

the most popular varieties of the spread spectrum technique, 

such as: chirp spread spectrum (CSS), direct sequence spread 

spectrum (DSSS), and frequency-hopping spread spectrum 

(FHSS) [5]-[8]. It is also worth mentioning the existence of 

efficient systems based on the orthogonal frequency division 

multiplexing (OFDM) technique [9], [10]. In order to improve 

the rate or quality of transmission, the multi-antenna (MIMO) 

technique is used [11]. 

Pilot signals in the form of sinusoidal signals at the edges of 

the data transmission system operating band have been used as 

preamble signals for the transmitted data frame for many years. 

In turn, in the shallow water channel, effective data frame 

synchronisation is achieved by using wideband signals in the 

preamble, mainly with linear frequency modulation (LFM) or 

with hyperbolic frequency modulation (HFM) [10], [12]. 

Commercial data transmission systems available on the 

market have rather limited transmission parameter 

configuration options. They provide the option to work in the 

presence of the Doppler effect with low values of the relative 

speed of the transmission participants, which are not acceptable 

in some applications. They are usually aimed at working in 

vertical underwater channels at high rates with the support of 

equalisers. 

However, for a horizontal underwater channel where the 

multipath phenomenon occurs, they offer quite low 

transmission rate values [5]. 

The presented solution is dedicated to work in the 

configuration of a ship and an underwater object, which is 
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placed on the bottom and is to provide robust transmission even 

in the case of being buried in bottom sediments. This entails the 

selection of an appropriate carrier frequency and transmission 

parameters that will effectively eliminate the impact of the 

multipath phenomenon and the Doppler effect. The requirement 

of robust, resistant and reliable transmission in very shallow 

waters was assumed, therefore MFSK modulation was used. 

Experimental measurements were performed using several 

receiving hydrophones placed at different depths, including the 

bottom, to compare the performance of the receiver algorithms. 

The presented results were obtained for different seasons and, 

therefore, for different sound velocity profiles. 

II. SYSTEM CONCEPT 

The presented data transmission system was developed to 

implement communication between a ship and an underwater 

object, as shown in Fig. 1. A hydroacoustic antenna is 

submerged from the ship to the required depth, and the 

underwater object is located on the bottom and can be buried in 

the bottom sediments. 

Each hydroacoustic signal sent by a transmitter using an 

underwater acoustic channel in which the multipath propagation 

phenomenon occurs reaches the receiver with many of its 

components shifted relative to each other in time. This channel 

can be presented as a linear filter whose complex low pass 

impulse response h(τ,t) is the sum of the impulse responses 

corresponding to all n propagation paths, in the form (1) [13], 

[14]. Each of these paths is described by the corresponding 

amplitude an(t), phase φn(t) and delay τn(t). 

 

ℎ(𝜏, 𝑡) = ∑ 𝑎𝑛

𝑁(𝑡)

𝑛=1

(𝑡)𝑒−𝑗𝑛(𝑡)(𝜏 − 𝜏𝑛(𝑡)),  (1) 

Delay τ applies only to paths obtained during reflections, and 

the value of these paths depends on their geometry. The number 

N(t) is the maximum number of propagation paths during 

transmission, depending on t, and the individual components of 

the incoming signal are mutually uncorrelated. 

The considered data transmission system transmits data based 

on a frame containing a preamble and data, as shown in Fig. 2. 

The frame preamble consists of a pair of pulses of the same 

duration, which are based on the Hyperbolic Frequency 

Modulation (HFM) signal with an increasing (HFM-UP) and 

decreasing (HFM-DOWN) frequency during their duration. It is 

designed to detect the data frame, determine the beginning of 

 

Fig. 1. Scheme of operation of the considered underwater communication 

system 

the transmitted data and determine the Doppler shift [12]. Such 

a single pair of pulses as well as the combination of several such 

pairs of pulses have been tested by the authors, and are shown 

to have high reliability and accuracy in such waters, where 

signal fading occurs due to the multipath phenomenon. TPS is 

the duration of the frame preamble pulse, TS is the symbol 

duration, and TPG is the unit guard interval for the frame 

preamble. The reliable functioning of this block has a significant 

impact on the accuracy of determining the occurrence of 

samples of consecutively received data symbols in the data 

frame. 

Signals subjected to non-coherent modulation, in relation to 

coherent modulation, are characterised by better resistance in a 

channel with permanent multipath phenomena, because an 

energy detector is used in the receiver. The receiver for this 

modulation is based on an energy detector and is simple to 

implement and effective in operation. Moreover, it does not 

require the use of channel estimation methods and subsequent 

equalisation to obtain correct information about the carrier 

frequency phase in the case of such fading environments. 

To effectively overcome the existing limitations of the 

shallow-water underwater acoustic channel, the M-ary 

Frequency-Shift Keying modulation was selected, which has 

been used for non-coherent communications for many years 

[13]. 

Spacecraft use FSK tones for communication in combination 

with non-coherent detection due to the very low receive signal 

power, severe signal distortion introduced by the channel, and 

high Doppler dynamics due to the significant relative motion 

between the transmitter and receiver [16], [17]. 
 

t
HFM-UP Symbol 1 Symbol 2 Symbol N

Data block

...HFM -DOWN

Frame preamble

TSTPS TPG

 

Fig. 2. Frame of transmitted data 
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For similar reasons, both the European Space Agency (ESA) 

and the National Aeronautics and Space Administration 

(NASA) are conducting research into the future use of 

orthogonal non-coherent MFSK for communications in deep 

space missions [18], [19]. For the effective use of this 

modulation in the shallow-water acoustic channel, appropriate 

parameters must also be selected. 

MFSK modulation assumes the use of M distinct symbols. 

Traditional MFSK modulation uses only one tone from the 

available characteristic frequencies for each symbol. Hence, the 

modulation requires N orthogonal tones, where N = M, and each 

symbol can transmit log2(M) bits. However, this causes an 

increase in the number of symbols M, which will require more 

bandwidth. Assuming data transmission using a single tone 

causes the transmitted signal to have a constant envelope, which 

is an obvious implementation advantage. The disadvantage of 

single-tone MFSK modulation is its low spectral efficiency, 

which for M = N = 2 is n = 0.5 bits/s/Hz, and for M = N = 8 is 

n = 0.3750 bits/s/Hz [13]. 

A. Multiple Frequency-Shift Keying (MFSK) modulation 

The considered variant of traditional MFSK modulation was 

adapted to be immune to the multipath phenomenon and the 

influence of the Doppler effect. 

1) Multipath phenomenon 

In order to increase the immunity of transmitted signals to the 

multipath phenomenon for MFSK modulation, gaps must be 

used between successively transmitted symbols to avoid the 

influence of inter-symbol interference (ISI). This inter-symbol 

interference is caused by the extension of transmitted pulses and 

consequently causes the preceding pulses to overlap with the 

subsequent ones. These gaps are called guard intervals, guard 

times or guard periods and are marked as TG. Their length 

should be at least equal to the maximum delay spread of the 

channel Tm, i.e. the condition Tm <= TG must be met [20]-[23]. 

The maximum delay spread Tm is the time between the first and 

the last component of the received multipath signal, therefore 

the condition Tm << TS must be met simultaneously. 

The transmitted low-pass FSK signal with characteristic 

frequency fm and symbol duration TS can be represented by the 

following formula (2) [13]: 

𝑠𝑚(𝑡)  = √
2𝐸𝑠

𝑇𝑠

 cos[2𝜋𝑓𝑚𝑡 + 𝜑𝑚]   , 

(𝑛 − 1) 𝑇𝑆  𝑡   𝑛𝑇𝑆 − 𝑇𝐺   , 

 1  𝑛  𝑁   ,      0   𝑚   𝑀 − 1    , 

(2) 

where Es/Ts is the transmitted signal power, Es is the energy per 

FSK symbol, fm is the m-th characteristic frequency, φm is the 

unknown random phase associated with the m-th pulse, and N is 

the number of total symbols to be transmitted.  

2) Doppler effect 

Doppler shift is a result of the Doppler effect and to take its 

occurrence into account, the bandwidth reserved for the FSK 

signal with a specific characteristic frequency fm must be 

determined. The bandwidth is determined for the maximum 

permissible Doppler velocity vdmax. Hence, the condition BD << 

BS must be met, where BD is the maximum Doppler spread and 

BS is the bandwidth of the transmitted symbol signal [14]. 

The considered data transmission system operates using the 

carrier frequency fc = 15 kHz, and the total operating bandwidth 

of the transducer is a maximum of BFSK = 5 kHz. It was assumed 

that the maximum permissible Doppler velocity is equal to 

vdmax = 5 m/s (~10 knots). This assumption leads to the 

following values of the maximum Doppler shift fdmax at the 

edges of the operating band for the assumed value of the 

acoustic wave velocity in water c = 1480 m/s: for the left edge 

of the band fL = fc-2.5 kHz = 12.5 kHz, the maximum Doppler 

shift is fdmax = 42.2 Hz, and for the right edge of the band 

fR = fc+2.5 kHz = 17.5 kHz, the maximum Doppler shift is 

fdmax = 59.1 Hz. Therefore, the bandwidth for the FSK signal 

with a specific characteristic frequency fm should be greater than 

about 2·60 Hz = 120 Hz. 

However, to meet the orthogonality condition, a minimum 

separation between characteristic frequencies of Δf = 1/TS or its 

multiple should be used. In turn, so the Doppler effect does not 

affect the bands of adjacent characteristic frequencies, a 

minimum bandwidth for a single characteristic frequency of 

BS = ∆f should be used, as presented in Fig. 3. Therefore, in the 

case of a transmission system based on 16FSK modulation, 

which uses pulses of length TS = 4 ms, the bandwidth is 

BS = 250 Hz. It is then required to use a bandwidth of 

BFSK = 16∙∆f = 4000 Hz. 

 

Fig. 3. Characteristic frequency separation scheme taking into account the 

influence of the Doppler effect 

The operational diagram of the 16FSK data transmission 

system, including the use of guard intervals, is shown in Fig. 4. 

3) Receiver implementation 

The reception process is performed by a non-coherent 

receiver. Fig. 5 shows the block diagram of a receiver designed 

for MFSK modulation.  

Its input receives a signal that has previously undergone 

analogue signal preprocessing, i.e. amplification and bandpass 

filtering, and is converted to a baseband signal. Signal samples 

are used to perform windowing operations, and then the signal 

is processed by calculating the discrete Fourier transform using 

the FFT algorithm. As a result of the transformation, a discrete 

signal spectrum is obtained, which is used to determine the 

power density spectrum of the discrete signal for subsequent 

symbols.  
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Fig. 4. Diagram of system with 16FSK and guard intervals between transmitted symbols.  

 

The signal spectrum is obtained in the form of bands defined 

by Ym values, and each of these bands represents a narrow band 

corresponding to the expected characteristic frequency fm 

(m = 0, …, M-1). In the last step of the receiver operation, the 

decision system assigns the appropriate FSK symbol based on 

the criterion fm = max(Ym) while meeting an additional condition 

(3).  

 

r(n)

Direct Digital 
Converter

Windowing

Digital Fourier 
Transform

Power density 
spectrum

symbol

Analogue-to- 
Digital Converter

r(t)

Decision system

Y0

YM-1

Analogue Signal 
Processing

 

Fig. 5. The block diagram of the implemented MFSK receiver 

This condition requires that the value of the maximum Ym 

compared to each remaining expected Ym is greater than 25% of 

its value. Failure to meet this condition results in information 

about a symbol reception error being generated.  

0.25 ·  max(𝑌𝑚) >  𝑌𝑚   (3) 

In the case of BFSK modulation, one comparison must be 

performed, and for 4FSK modulation, three comparisons, i.e. 

M - 1 comparisons. 
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Fig. 6. Analysis window in the frame of transmitted symbols for extreme 

permissible window shifts λ, a) perfectly synchronised analysis window λ = 0, 

b) analysis window with analysis window shift λ = -TG 

The indirect advantage of using the guard interval TG after the 

symbol signal is transmitted is that the data frame 

synchronisation system in both the MFSK and MC-MFSK 

modulation techniques can result in significantly inaccurate 

synchronisation. This is shown in Fig. 6, where two extreme 

cases of the analysis window shift are shown. The analysis 

window includes the duration of a single symbol, which is the 

sum of the effective transmission time of the symbol signal (TS-

TG) and the TG gap time. The maximum permissible analysis 

window shift is equal to λ = -TG. Hence, the permissible 

synchronisation error takes large values and is a mild criterion 
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of synchronisation accuracy for the correct functioning of the 

symbol receiver. 

An effective method of increasing the spectral efficiency is to 

use multi-tone MFSK modulation. It uses several frequencies at 

once during symbol transmission instead of one frequency, as in 

the case of single-tone MFSK [24], [25]. This modulation 

method is analogous to multi-tone On Off Keying (OOK), and 

similarly to multi-tone MFSK, has a significant disadvantage, 

which consists in the difficulty of setting the threshold for 

correct symbol decision operation due to large amplitude 

fluctuations of the received signal. Both methods require a 

signal with a higher SNR compared to traditional MFSK 

modulation. 

Another disadvantage of this modulation method is the lack 

of a constant number of expected tones in the reception process. 

This increases the uncertainty of the method’s operation, which 

is especially undesirable for a channel with fading. 

B. Multi-carrier Multiple Frequency-Shift Keying (MC-MFSK) 

modulation 

Another effective technique that eliminates the major 

disadvantages of multi-tone MFSK modulation is to divide the 

available operating bandwidth into multiple subbands using 

single-tone MFSK modulation in parallel. 
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Fig. 7. Diagram of system with MC-4-4FSK and guard interval between 

transmitted symbols 

This technique provides higher transmission rates than 

single-tone MFSK modulation and uniqueness of signal 

reception in the subband compared to the multi-tone MFSK 

modulation method due to the elimination of the basic detection 

criterion which is the threshold for the operation of the symbol 

decision system. For each of the subbands, a decision system is 

used which determines the symbol for each of them separately. 

For each transmitted symbol in the subband, we expect only one 

tone to assign a symbol from the available set of M symbols. 

This technique using 4FSK modulation is shown in Fig. 7. 

This figure shows a technique using 4FSK modulation in four 

subbands. In Subband I, pairs of bits 11 00 01 01 are transmitted 

successively, with the help of four successively transmitted 

symbols. In the BFSK band, which corresponds to the band 

allocated for 16FSK modulation, twice as much data is 

transmitted compared to this 16FSK modulation. 

This technique uses the same methods of taking into account 

multipath phenomena and the Doppler effect as for the 

previously described MFSK modulation. Furthermore, during 

difficult conditions in the underwater channel, it is possible to 

transmit the same symbol over several sub-bands and to repeat 

the same symbols multiple times. 

Figure 8 shows the envelope of signals for 4FSK modulation 

and the MC-4-4FSK technique. In this modulation, bits 11 are 

transmitted using the characteristic frequency f3. In turn, for the 

MC-4-4FSK technique, pairs of bits 00 00 11 11 were 

transmitted successively using the characteristic frequencies f0, 

f4, f11 and f15. The comparison shows the need to use a linear 

amplifier for the MC-MFSK technique. 

 

 
Fig. 8. Transmitted signals a) MFSK (f3) b) MC-4-4FSK (f0 f4 f11 f15) 

III. EXPERIMENTAL TESTS 

To determine the robustness of the presented two modulation 

techniques for the underwater acoustic communication system 

operating in very shallow waters, a series of experimental tests 

were performed. The tests were conducted during several 

measurement sessions at the Hydroacoustic Research Station of 

the Gdańsk University of Technology on Lake Wdzydze, 

Poland for different seasons and consequently for different 

sound velocity distribution profiles. 

On the transmitting side of the measurement system, signal 

samples were generated in the MATLAB computing 

environment on laptop computers and then converted to 

analogue form using an NI-USB 6363 from National 

Instruments. The signals prepared in this way were transmitted 

via a HTL-10 underwater telephone, whose basic task is to 

implement underwater communication with parameters 
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specified in the STANAG 1074 standard. In addition, as it is a 

Software-Defined Modems device, it is capable of working with 

any waveforms in the band from 1 kHz to 60 kHz. 

Three hydrophones were used on the receiving side, 

connected to a B2008 multi-channel hydrophone amplifier from 

Etec ApS (Denmark). The amplified signals were converted 

from analogue to digital using an NI-USB 6356 from National 

Instruments, with a sampling rate of 200 kHz. The transmitting 

part of the system was located on a motorboat, and the receiving 

part of the system was placed on a floating container moored at 

the quay. 

During the tests, signals were transmitted in the BFSK = 5 kHz 

band and for the carrier frequency fc = 15 kHz (12.5–17.5 kHz). 

The carrier frequency was set to achieve reception of the 

transmitted signals by a hydrophone buried in the bottom 

sediments. The selection was made based on papers related to 

the propagation of acoustic waves in bottom sediments, which 

have been published for 60 years [26]-[30]. The papers concern 

the results of measurements of the attenuation coefficients and 

the velocity of acoustic waves in various types of bottom 

sediments and the theoretical analysis of the propagation 

conditions in bottom sediments. 

A. Autumn measurement session 

The transmitting transducer was immersed to a depth of 5 m, 

and the depth of the water at the boat mooring points was 

approx. 10 m. The hydrophones were placed in a location where 

the lake depth was 4 m. The first one was placed on the bottom 

(depth of approx. 4 metres) and was buried in the bottom 

sediments. The second one was immersed to a depth of 3 m, and 

the third to a depth of 2 m.  

Before taking the series of measurements, the sound velocity 

profile was measured. The results are presented in Fig. 9. 

 

 
Fig. 9. Sound velocity profile in Lake Wdzydze measured in the autumn 

session 

Hence, for this profile, the acoustic wave propagation paths 

determined for the transmitter placed at a depth of 5 metres 

provide a maximum range of about 600 m. Figure 10 shows the 

impulse responses with normalised amplitude obtained for each 

of the hydrophones, with a distance between the measurement 

stations of 250 m, and Fig. 11 for a distance of 500 m. 

 

 
(a) 

 
(b) 

 
(c) 
 

Fig. 10. Impulse response of the shallow-water channel for a transmitter-

receiver distance of 250 m (a) hydrophone at the bottom (depth h = 4)  

(b) hydrophone at depth h = 3 (c) hydrophone at depth h = 2 

 

 

Based on the obtained impulse response, the maximum delay 

spread of the channel Tm was determined for each of the 

hydrophones at a threshold of 0.2. For the distance between the 

measuring stations of 250 m, the following Tm values were 

obtained: (a) Tm = 11 ms – hydrophone at the bottom (depth 

h = 4); (b) Tm = 7 ms – hydrophone at depth h = 3; 

(c) Tm = 17 ms – hydrophone at depth h = 2. In turn, for the 

distance of 500 m, the following Tm values were obtained: 

(a) Tm = 17 ms – hydrophone at the bottom (depth h = 4); 

(b) Tm = 16 ms – hydrophone at depth h = 3; (c) Tm = 33 ms – 

hydrophone at depth h = 2. 
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(a) 

 
(b) 

 
(c) 

 

Fig. 11. Impulse response of the shallow-water channel for transmitter-

receiver distance 500 m (a) hydrophone at the bottom (depth h = 4)  

(b) hydrophone at depth h = 3 (c) hydrophone at depth h = 2 

Table I lists the determined bit error rates (BER) obtained for 

the distance between measurement stations of 250 m 

(TS = 64 ms, TG = 64 ms, SNR = 10 dB). 

TABLE I 

BIT ERROR RATES FOR 250 M 

Modulation 
Hydrophone depth 

[m] 
Tm [ms] BER 

BFSK 

4 (bottom) 11 0.001 

3 7 <0.001 

2 17 0.006 

16FSK 

4 (bottom) 11 0.009 

3 7 0.006 

2 17 0.009 

MC-8-BFSK 

4 (bottom) 11 0.004 

3 7 0.003 

2 17 0.011 

MC-4-4FSK 

4 (bottom) 11 0.008 

3 7 0.005 

2 17 0.013 

Table II contains the bit error rates (BER) determined for the 

distance between measurement stations of 500 m (TS = 64 ms, 

TG = 64 ms, SNR = 10 dB). 

TABLE II 

BIT ERROR RATES FOR 500 M 

Modulation 
Hydrophone 

depth [m] 
Tm [ms] BER 

BFSK 

4 (bottom) 17 <0.001 

3 16 0.016 

2 33 0.002 

16FSK 

4 (bottom) 17 0.003 

3 16 0.001 

2 33 0.005 

MC-8-BFSK 

4 (bottom) 17 0.005 

3 16 0.003 

2 33 0.011 

MC-4-4FSK 

4 (bottom) 17 0.007 

3 16 0.004 

2 33 0.028 

The results obtained for both distances between the 

measurement stations indicate that the signals with the centre 

frequency fc = 15 kHz and the band BFSK = 5 kHz reach the 

hydrophone placed at the bottom and the one buried in the 

bottom sediments (depth h = 4). For this hydrophone, the 

received impulse responses contain a similar character of 

multipath components for both distances. This is confirmed by 

the obtained values of the error rate for these channels. The 

greatest deterioration of the reception quality occurs for the 

hydrophone closest to the water surface. 

B. Summer measurement session 

In this measurement session, the lake depth at the boat 

moorings was about 8 m and the transmitting transducer was 

submerged to a depth of 4 m. On the receiving side, the lake 

depth was 6 m. On the receiving side, the first hydrophone was 

placed at the bottom (approx. 6 m depth) and buried in the 

bottom sediments. The second was immersed at a depth of 4 m, 

and the third at a depth of 2 m. 

The measured sound velocity profile is presented in Fig. 12. 

The acoustic wave propagation paths determined on its basis for 

the transmitting transducer placed at a depth of 4 metres 

predicted a maximum range of 120 m. 

 
Fig. 12. Sound velocity profile in Lake Wdzydze measured in the summer 

session 

Figure 13 shows the impulse responses obtained for each of 

the hydrophones at a distance of 100 m. 
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(a) 

 
(b) 

 
(c) 
 

Fig. 13. Impulse response of the shallow-water channel for transmitter-

receiver distance 100 m (a) hydrophone at the bottom (depth h = 6)  

(b) hydrophone at depth h = 4 (c) hydrophone at depth h = 2. 

For this distance, the following Tm values were determined at 

a threshold of 0.2: (a) Tm = 3 ms – hydrophone at the bottom 

(depth h = 6); (b) Tm = 4 ms – hydrophone at depth h = 4; 

(c) Tm = 16 ms – hydrophone at depth h = 2. 

TABLE III 

BIT ERROR RATE FOR 100 M 

Modulation 
Hydrophone depth 

[m] 
Tm [ms] BER 

BFSK 

6 (bottom) 3 0.002 

4 4 0.003 

2 16 0.012 

16FSK 

6 (bottom) 3 0.004 

4 4 0.009 

2 16 0.015 

MC-8-BFSK 

6 (bottom) 3 0.003 

4 4 0.005 

2 16 0.022 

MC-4-4FSK 

6 (bottom) 3 0.008 

4 4 0.006 

2 16 0.019 

Table III presents the bit error rates obtained for a distance 

between measurement stations of 100 m (TS = 64 ms, 

TG = 64 ms, SNR = 10 dB). 

It follows from them that the results of the reception quality 

determined for the distance between measuring stations of 

100 m are consistent with the results that were obtained for the 

distances of 250 m and 500 m. The best BER results are for the 

hydrophone placed on the bottom and buried in the bottom 

sediments, while with decreasing depth, the value of the 

reception quality deteriorates. The obtained results lead to the 

conclusion that MFSK modulation provides better reception 

quality in relation to the MC-MFSK technique for the same 

SNR value. 

Based on the measured sound velocity profiles, the predicted 

acoustic wave propagation ranges for both seasons were 

determined. For the autumn, higher ranges were obtained 

compared to the summer. They were confirmed by the results of 

experimental measurements. For both MFSK modulation and 

the MC-MFSK technique, the BER values are lower for the 

summer, because the maximum delay spread value of the 

channel Tm and the nature of the multipath components in the 

channel impulse response have a decisive influence here. 

CONCLUSION 

Providing data transmission in shallow waters is a demanding 

task. One key aspect of implementing robust transmission is the 

method of taking into account the most unfavourable factors 

occurring in the underwater channel. The presented research 

results concern the considered data transmission system 

operating in the configuration of a ship and an underwater 

object, where the underwater object is placed on the bottom and 

can be buried in the bottom sediments. Experimental studies 

were conducted during two different seasons in the lake and 

made it possible to compare the underwater channel parameters 

obtained on the basis of measured channel impulse responses. 

The results were used in the evaluation of the functioning of the 

receiving algorithms for the two selected modulation techniques 

considered. The test results, presented in the form of graphs and 

tables, and especially the BER values, prescribe these 

techniques for operation in such a difficult underwater channel 

with strong multipath propagation. 

The target data transmission system assumes the use of the 

modulation techniques indicated here using channel coding 

capable of eliminating single erroneous symbols.  
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