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ABSTRACT Underwater wireless communication remains a challenging topic, particularly for applications
such as wreck penetration where multipath and Doppler effects are very intense. These effects are becoming
evenmore difficult to mitigate for fast data transmission systems that utilize wideband signals. Due to the low
propagation speed of acoustic wave in the water, there is a significant difference between the Doppler shift
for lower and upper frequencies of the utilized spectrum. To address these challenges, this paper describes
various methods for determining the Doppler frequency shift for MFSK signals, including cross-correlation,
double FFT, pilots, and additional Up-Down chirp signals. The reception quality of the transmitted data in a
real environment was used as an evaluation criterion for each method. The tests were carried out in motion
within the towing tank for different movement speeds of the transmitter relative to the receiver. The tank’s
limited dimensions created conditions for multipath signal propagation. Under very difficult multipath signal
propagation conditions, the pilots method was found to be the most effective. It gave over two times lower
BER than the well-known Up-Down chirp method.

INDEX TERMS Underwater communication, multipath channels, Doppler shift, Doppler measurement.

I. INTRODUCTION
With the continuous development of underwater technol-
ogy, the need to provide wireless underwater communication
is becoming more necessary. Despite the long history of
research in the field of wireless underwater communication,
the number of viable solutions remains limited. The most
common communication medium is elastic wave. Propaga-
tion conditions depend on the body of water, including the
presence of underwater obstacles, the type of bottom, the
depth of the body of water, meteorological conditions, water
stratification, physicochemical properties, etc. This leads to
a wide variety of propagation conditions which make it dif-
ficult to implement a universal communication underwater
system. Moreover, the relative motion between the receiver
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and the transmitter also has a significant effect on recep-
tion quality due to the low (1500 m/s) propagation speed.
The overall effect is that multipath and Doppler phenomena
become particularly important in difficult propagation con-
ditions. Examples include communication between a base
ship and a submersible operating in a harbor basin, or com-
munication between a submersible and a diver performing
underwater work inside a wreck. Multipath conditions result
from multiple reflections of the generated acoustic wave
from various underwater obstacles, walls of oceanographic
structures, etc. The Doppler phenomenon is caused primarily
by the movement of the receiver relative to the transmitter.
The simultaneous occurrence of these two phenomena leads
to a situation in which the receiver repeatedly registers a
transmitted signal arriving via different paths with a differ-
ent value of Doppler frequency shift in each path [1], [2].
This causes, not only a frequency shift of the transmitted
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signal, but also its blurring in the frequency domain. Overall,
it leads to a situation where underwater communication is
significantly hampered or even impossible. In such cases,
special modulation techniques and additional procedures are
required to reduce the impact of both phenomena.

An example of modulation relatively resistant to the
influence of multipath effect is Multiple Frequency Shift
Keying (MFSK) [3], which results from the fact that the
decision-making process is based on the amplitude spectrum
of the signal, so it does not matter which paths it takes to reach
the receiver. Unfortunately, this modulation is not immune
to the Doppler phenomenon, which causes a shift in the fre-
quency domain of the carriers on which data are transmitted.
In addition, multipath propagation causes a blurring of the
spectrum of these carriers which makes it difficult to identify
them correctly. To ensure reception, additional processing
must be applied, for which knowledge of the carrier position
correction factor in the frequency domain is essential. This
factor can be determined by various methods. The aim of
this paper was to evaluate different methods for determining
the Doppler factor under strong multipath conditions. The
study was carried out for MFSK modulation described in [4]
and the evaluation of the methods was based on the bit
error rate.

In general, topics related to the Doppler phenomenon in
wireless underwater communication using acoustic wave are
widely discussed in scientific publications. This is due to
the fact that when a link has to be established for moving
objects, it is required to take into account the signal offset in
the frequency domain at the receiver. Without this, at certain
speeds, it is practically impossible to receive the transmit-
ted data. The knowledge of the Doppler is also required in
underwater navigation and localization systems [5] as well as
in motion parameter estimation of autonomous underwater
vehicles [6]. In the vast majority of cases, chirp signals [7],
especially linear [8], [9], [10] or hyperbolic [11], [12], are
used to determine the Doppler shift. In such cases, the
difference in time of occurrence of two chirp signals trans-
mitted with a certain time interval is determined and from
this the Doppler factor is calculated, allowing the received
signal to be corrected [13]. The correction usually consists
of resampling the received signal [1], [14] although there
are other approaches, such as [15], where the use of RLS
filtering and PLL loops has been proposed. The paper [16]
uses Kalman filtering for Doppler estimation and correction.
On the other hand, in paper [13], based on test data, a cor-
rection of the Doppler phenomenon is selected so that the
minimum value of the bit error rate is obtained. The authors
of [18] propose a two-step approach to Doppler mitigation,
namely non-uniform Doppler compensation by resampling,
which transforms the broadband problem into a narrowband
problem, followed by high-resolution uniform compensation
of the remaining Doppler effect. In [19], [20], and [21],
it was proposed to use multi-channel correlation integrated
with different Doppler shifts to estimate approximateDoppler
shifts. Similarly, in [22] a method for estimating the Doppler

phenomenon based on the analysis of transmitted two iden-
tical OFDM symbols together with a cyclic prefix, while the
receiver uses a bank of parallel autocorrelators, each matched
to a different Doppler scaling factor, was proposed. In [23] the
authors propose and investigate amultibranch autocorrelation
(MBA) Doppler estimation method, which can be used in
communication systems with periodically transmitted pilot
signals or repetitive data transmission. Another very popular
solution is the use of pilots as a mean of estimating the
Doppler effect [9], [24]. There are also propositions to use
only direct paths during signal receptions which is possible
in DSSS techniques [25].

However, it should be noted that most of the publications
deal with hydroacoustic signal propagation in conditions
where multipath effect does not occur or is negligible [8],
[16], [17], [18], [19], [21], [24]. Some research has been
carried out under simulation conditions [13], [26], [27], [28].
In this case, there are made assumptions that greatly simplify
the models used, but at the same time result in significant
deviations from conditions encountered in reality. There has
also been some research conducted under real conditions [8],
[18], [21], [24].

Despite the abundance of available literature, the authors of
this paper have not encountered publications in which studies
related to the Doppler effect under multipath propagation
conditions are presented, as occurs in the following research.
As the goal of our work is to develop an underwater wideband
communication system for moving objects which will work
in shallow water where the multipath effect is significant, the
implementation of a method for Doppler factor determination
is crucial. Therefore, in this paper we present comparison
of four selected methods with utilization of real signals
recorded in real multipath environment. Four methods were
investigated: Up-down chirp, pilots method, double FFT, and
correlation method. The last two are novel methods first time
proposed in this paper.

The main contribution of this paper is the introduction of
two new methods dedicated for MFSK modulation which
enable the determination of the Doppler factor, namely the
double FFT and the correlation method. The main advantage
of thosemethods is the usage of data transmitted in theMFSK
signal without the need for additional signals or data that
will lower the throughput. Another important contribution is
the assessment of those methods with utilization of signals
transmitted in the real, multipath environment. The measure-
ment campaign was conducted in such a way that enabled
comparison of the proposed methods with the well-known
up-down chirp method and one which utilizes pilot signals
as well.

In order to verify the proposed solutions, a series of mea-
surements were carried out in motion, in the towing tank,
using transmission based on MFSK modulation. The results
obtained make it possible to identify the potentially best,
in terms of bit error rate, methods for determining the cor-
rection factor that reduces the influence of the Doppler effect
on the received signal.
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FIGURE 1. Deployment of the measuring devices in the towing tank.

The rest of the article is organized as follows: Section II
of the article presents a description of the measurement sta-
tion and the method of signal formulation. The next section
discusses in detail the methods of estimating the Doppler
coefficient, i.e., based on pilots, chirp signals, using double
FFT, and correlation. This is followed by a presentation of
the results of the tests carried out under strong multipath and
reciprocal motion of the transmitter and receiver. There is
also an analysis of the complexity of all considered meth-
ods. Finally, the conclusions drawn from the analysis of the
obtained results are indicated.

II. MEASUREMENT METHOD
A. MEASUREMENT STAND
Measurements were conducted in the freshwater towing tank
of the Faculty of Mechanical Engineering and Ship Technol-
ogy at the Gdansk University of Technology, presented in
Fig. 1. The water column was 3 m deep, 4 m wide and 40 m
long. Near the end of the towing tank (before the mechanical
break for the moving platform), in line with the transmitter’s
movement, four receiving transducers (Rx) were placed on
a mast standing at the bottom of the tank (Fig. 2). Lower
transducers were 1.43 m above the bottom, upper ones were
2 m above the bottom. The distance between Rx transducers
on the same level was 0.33 m. The lower transducers were
rotated 90 degrees relative to the upper ones. The mast with
Rx transducers was placed 1.8 m from the right edge of the
tank. The transmitting transducer (Tx) was submerged at the
depth of 1 m and 2 m from the right edge of the tank and
placed on a moving platform. The speed of the platform could
be adjusted within the range from 0 up to 2 m/s with 0.01 m/s
precision. The Tx transducer was hidden inside the mast to
protect it from the water flow. The mounting was stiffened
with steel lashings as shown in Fig. 3. Thanks to this construc-
tion, the Tx transducer did not vibrate during movement. The

FIGURE 2. Receiving transducers on a mast at the bottom of the towing
tank.

distance between the position of Rx transducers in the tank
and the point where the movement of the platform became
uniformly rectilinear was 19.2 m. The tank in which the tests
were performed is characterized by a strong multipath effect,
which was proven in our previous publication [29]. Moving
the transmitter relative to the receivers causes a Doppler
effect.

In the transmitting part of the measurement stand, the
signal was digitally formed in a Matlab environment and sent
via an NI USB-6366 DAC to an ETEC PA1001 amplifier
and further to a Reson TC4013 transducer. The receiving
part consisted of four Reson TC4013 transducers, 5 channel
Etec A1105A transducer amplifier (during preliminary tri-
als a Reson EC6081 preamplifier was also used) and a NI
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FIGURE 3. Transmitting transducer hidden in the mast and stiffened with
steel lashings.

USB-6366 ADC converter. Signal samples from all 4 chan-
nels were recorded for post-processing. The advantage of this
solution, apart from ergodicity, was ensuring the same time
base for the sampled signals in all receiving channels.

The sound speed in the towing tank was measured using
a Valeport SWIFT CTD Plus probe. At a depth of 1.15 m
the sound speed was 1476.4 m/s, at a depth of 1.6 m it
was 1476 m/s, at a depth of 2.65 m it was 1475.4 m/s. For
reception, the propagation speed was set to 1476 m/s.

B. SIGNAL FORMULATION
For the data transmission an MFSK (Multiple Frequency
Shift Keying) modulation was used, which was already
described in [4]. In this modulation one bit is transmitted with
the utilization of two carriers. This modulation was chosen
because it has been proven to be resilient to multipath effect
in our previous research. This is modified type of MFSK
modulation according to the presented in [3]. The frequency
distance between the carriers in the presented measurement
results was 160 Hz. The spectrum occupied by theMFSK sig-
nal ranged from 65 kHz to 145 kHz. Simultaneously with the
MFSK signal, chirp signals were transmitted on frequencies
58 kHz and 152 kHz with a bandwidth of 10 kHz. On each
mentioned frequency, two chirp signals were transmitted: Up
and Down [30]. Fig. 4 presents a spectrum of one package
of signals consisting of MFSK (red rectangle) and chirp
(green rectangle) signals. Chirp signals are needed mainly
for symbol synchronization and impulse response estimation.
However, there is also a possibility to extract the Doppler shift
from those signals. The time duration of MFSK signal was
equal to 50 ms and the chirp signal duration was 30 ms. The
structure of the signal over time and frequency is presented in
Fig 5. After each signal package there was a 100 ms time of
silence (a kind of guard interval) as the channel memory was
very long. Fig. 6 presents the first two signal packages of the
recorded signal in the time domain. The dashed line indicates
the approximated signal level after the guard interval. It can

FIGURE 4. Spectrum of one transmitted signal package.

FIGURE 5. Signal structure along time and frequency.

be seen that the channel has not been entirely muted despite
the long guard interval.

In each MFSK symbol, a frame number and randomly
selected data were transmitted. The transmitted signals and
selected data for every symbol were stored for Bit Error Rate
(BER) calculations in the receiver. During the measurements,
three platform speeds were chosen: 0.5 m/s, 1 m/s, and
1.5 m/s. For each speed, a couple of measurements were per-
formed to achieve a better quality of BER estimation. Later in
the text a single moving platform pass will be called a ‘‘test’’.
As theDoppler frequency shift is different for different carrier
frequencies, the Doppler factor parameterµwas used defined
as:

µ =
c+ vr
c+ vs

, (1)

where c is the speed of the acoustic wave in water and vr is
the velocity of the receiver (positive if the receiver is moving
towards the source), and vs is the velocity of the source
(positive if the source is moving away from the receiver).
In the towing tank, the µ values for selected speeds were
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FIGURE 6. Two first received signal packages.

TABLE 1. Calculated values of the Doppler factor.

presented in Table 1. However, after the initial attempts to
receive recorded signals, it became apparent that these values
were not optimal. Hence, for each symbol, an appropriate
µ value was determined to enable reception with the lowest
possible error. This will later be referred to as an optimal µ in
the text. However, ranges of µ value were found, which gave
the same lowest BER values due to the good quality of the
received signal. Therefore, in the article the optimal µ and
BER achieved for this µ are presented in Fig. 10, 12, and 14
as a heat map, where the mentioned ranges of the same BER
can be seen.

For a wireless communication link, achieving the low-
est possible BER simultaneously with the highest possible
throughput is crucial. Therefore, in the following paper, for
every considered Doppler factor estimation, the BERwas cal-
culated and compared to the achieved one for the optimal µ.

III. DOPPLER FACTOR ESTIMATION METHODS
In the receiver, the frequency of the coming signal must be
known. However, due to the Doppler effect, it is usually
different from the frequency of the transmitted signal. In a
hydroacoustic channel, because of low propagation speed
(1476 m/s), the frequency shift might be significant. If the
receiver is approaching the transmitter emitting a signal on
145 kHz with a speed of 1.5 m/s, the change in frequency will
be 147 Hz. In the following paper, four different approaches
to estimate the Doppler factor are compared. The first one
utilizes chirp signals, the other three use the properties of

FIGURE 7. Estimated impulse response for chirp Up and Down signals
recorded when the carriage moved with 0.5 m/s speed.

MFSK signal. All of them are described in the following
subsections.

A. UP-DOWN CHIRP
Chirp signals are often used for impulse response estimation
because a chirp filtered by the matching filter produces a
single peak. If a chirp is transmitted through a channel with
multipath effects, the filtering operation gives the estimation
of the impulse response of the channel. Fig. 7 presents the
estimations of impulse responses achievedwith the utilization
of chirp signals, Up and Down, which were transmitted at the
same time. It is evident that those signals reached the receiver
at different times. This difference is the information that may
be utilized to calculate the Doppler factor. From [31], [32],
and [33] we know that Doppler frequency shift is

fd =
1t · B
2 · T

, (2)

where, according to Fig. 7, 1t = t2 – t1, B is the chirp
bandwidth, and T is the time of chirp duration. It is also
known that Doppler factor can be calculated as

µ =
FC + fd
FC

, (3)

where FC is the carrier frequency. Therefore, utilizing the 1t
Doppler factor can be calculated as

µ = 1 +
1tB

2 · FC · T
. (4)

Usually, it is not a trivial task to decide which peaks from
the estimated impulse responses should be compared. There-
fore, in the presented method, those local maxima are not
searched, but the cross-correlation of the estimated impulse
response is calculated. Then, the alignment of the correlation
maximum informs if the transmitter and receiver are moving
away or approaching each other. If the maximum is in the first
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FIGURE 8. Part of the MFSK spectrum.

part of the cross-correlation function, it means approaching.
If it is in the second part, it means moving apart. Then the
number of samples from the beginning (approaching) or end
(moving apart) determines the value of 1t .

B. DOUBLE FOURIER TRANSFORM ON MFSK
The Fourier transform is a very good tool to recover some
periodicity from the signal, which is seen in the spectrum as
a peak on particular frequency corresponding to the period.
The spectrum of an MFSK signal can be considered periodic,
if the distance (in frequency) between each spectrum peak
is equal to Fdb, 2·Fdb, or 3·Fdb, where Fdb is the frequency
separation between carriers in one bit (one bit is built by
two carriers – the value of the bit determines which carrier
will transmit the power). Fig. 8 presents a part of an MFSK
amplitude spectrumwith an explanation of the Fdb parameter,
where: f1 is equal to 65520Hz, f2 = 65680Hz, f3 = 66000Hz,
f4 = 66320Hz and, f5 = 66800Hz. TheFdb was set to 160Hz.
It is observed that the difference between the second and the
first marked frequencies is Fdb, third and second is 2·Fdb, and
fifth and fourth is 3·Fdb.

If another Fourier transform were performed on the ampli-
tude MFSK spectrum, then in the new spectrum there would
be peaks corresponding to Fdb and its harmonics, which are
shown in Fig. 9. The number of those spectrum components
may be calculated as follows:

KN =
N · Fs
Fdb

, (5)

where N is the harmonic number and Fs is the sampling
frequency. The sampling frequency for the presented signals
was set to 500 kHz. Therefore,K1 = 3125. In Fig. 9, the index
is equal to 3126, as Matlab starts indexing from 1.

If, during transmission, the Doppler effect occurs, then
the Fdb parameter will be changed by the Doppler factor µ.
Therefore, the value of indexes KN of peaks in the double
Fourier transform of the received MFSK signal will change
according to µ. So, observation of the value of KN of the
received signal should allow estimation of the Doppler factor.

FIGURE 9. Double Fourier transform on MFSK signal.

So, observation of the number of spectrum components KNR
in the received signal should allow estimation of the Doppler
factor as

µ =
KN
KNR

. (6)

C. PILOTS OF MFSK
In the MFSK symbol, 7 carriers are set at the lower end of the
allocated spectrum. Since the receiver knows the frequencies
at which those pilots were sent and frequencies at which
they were received, the Doppler shift can be estimated. The
Doppler shift strongly depends on the frequency, and the
received frequency f ’ can be calculated using the Doppler
factor:

f ′
= f · µ. (7)

D. CROSS-CORRELATION OF RECEIVED AND GENERATED
MFSK
The last method of recovering the frequency of the received
signal utilizes a cross-correlation function. There is a calcu-
lated cross-correlation of a spectrum of the received signal
with a spectrum of the generated signal. The generated signal
resembles the MFSK, with power set for each carrier rep-
resenting ‘‘0’’ and ‘‘1’’. Actually, a bank of such signals is
generated for different Doppler factors. By comparing the
maximum values of the spectrum, the most likely Doppler
factor can be found. It is the one with the highest value of
cross-correlation maximum. Then it is used to receive data
from the signal.

IV. MEASUREMENT RESULTS
The results presented below are based on the data obtained
from three experiments. For each of them, 6 measurement
tests were conducted, and signal recordings were carried out
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FIGURE 10. The value of the µ coefficient as a function of the distance
between the transmitter and receiver for different methods of
determining the Doppler factor for a transmitter moving at 0.5 m/s.

simultaneously with 4 receiving transducers while the trans-
mitting transducer was moving from a distance of 14 meters
to 4 meters at a constant velocity. Measurements for the three
consecutive experiments were conducted for the transmitter
moving at velocities of 0.5, 1 and, 1.5 [m/s] (with an accuracy
of±0.01 m/s), respectively. The results were averaged across
all receiving transducers and measurement tests. Due to the
limited number of measurements, the graphs presented in this
chapter were subjected to smoothing filtering as a weighted
average of the results in the vicinity of a given measurement
point. The weights of the individual values were determined
according to a Gaussian window. To evaluate the accuracy
of the determined values of the Doppler factor, the BER was
determined for each test and transducer, within the range of
µ from 0.9998 to 1.0015. This process identified the values
of µ that resulted in the least number of reception errors for
each symbol. The heat map of reception quality for matched
µ is the background for other methods for the Doppler factor
evaluation. Furthermore, for each µ estimation method, the
standard deviation for 3-meter sections was calculated and
marked with vertical dashed lines on the chart.

A. TEST RESULTS FOR TRANSMITTER MOVEMENT AT
0.5 M/S
The value of the µ coefficient as a function of the distance
between the transmitter and receiver for different methods
of determining the Doppler factor is shown in Fig. 10. The
correlation method, double FFT, and the method using chirp
signals return very similar values of this coefficient. The
double FFT has the smallest deviation of µ values at all
distances. On top of this, the µ coefficient values of these
methods are very close to the theoretical value, calculated
from the velocity of the transmitter, which was discussed in
the second chapter.

The quality of data transmission as a function of the
distance between the transmitter and receiver for different
methods of determining the Doppler factor is illustrated in
Fig. 11. Additionally, dots (in the color of the given curve)

FIGURE 11. Data transmission quality as a function of the distance
between the transmitter and receiver for different methods of
determining the Doppler factor for a transmitter moving at 0.5 m/s.

indicating values before applying the smoothing filter are
also plotted. The graph also features a curve representing the
minimum possible BER to be achieved assuming an optimal
selection of µ coefficient values. In this case, a linear scale
was used, since, as can be seen from the arrangement of the
dots on the graph, there are a few errors in the transmission
at particular distances. With such a low velocity of the trans-
mitter, the determination of the µ coefficient does not have
a critical role in the correct reception of the transmission.
It can be seen that double FFT and up-down chirp method
give similar results. Results given by the correlation method
are also similar, however slightly better, to the double FFT
and up-down chirp results as values of µ given by those
methods are similar. The pilots method provided the lowest
values of the BER, with the short rise observed around the
7 m range. The standard deviation of µ for the pilots method
is the highest, however most of the results fall in the relative
optimum µ coefficient range (the darker area on Fig. 10).

B. TEST RESULTS FOR TRANSMITTER MOVEMENT
AT 1 M/S
The value of the µ coefficient as a function of the distance
between the transmitter and receiver for different methods of
determining the Doppler factor for a transmitter moving at a
velocity of v= 1m/s is shown in Fig. 12. Similar to the results
obtained for 0.5 m/s, the pilots method gave the lowest values
of µ coefficient. It is also worth mentioning that the values of
standard deviation for this method are similar for 1 m/s and
0.5 m/s, whereas this parameter increased for the remaining
methods for 1 m/s. The standard deviation is similar for the
double FFT and the correlation methods, and higher for the
up-down chirp method. However, still the highest values of
standard deviation are for the pilots method. But, due to the
µ coefficient values near the area where the BER was the
lowest, according to the background heat map representing
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FIGURE 12. The value of the µ coefficient as a function of the distance
between the transmitter and receiver for different methods of
determining the Doppler factor for a transmitter moving at 1 m/s.

FIGURE 13. Data transmission quality as a function of the distance
between the transmitter and receiver for different methods of
determining the Doppler factor for a transmitter moving at 1 m/s.

BER, the pilots method gave the best quality of data reception
among the considered methods.

The quality of data transmission as a function of the
distance between the transmitter and receiver for different
methods of determining the Doppler factor is shown in
Fig. 13. The graph shows line breaks and missing dots for
parts of the distance. These are due to zero errors and the
logarithmic scale. It can be seen that the larger the distance
the greater were values of the BER. The results for distances
greater than 7 m for the double FFT and the up-down chirp
method are almost the same. For shorter distances, themethod
utilizing chirp signals enables reception with fewer errors.
The lowest BER values, as assumed based on Fig. 12, are for
the pilots method. The fluctuations of the BER for the pilots
method along distance prove the occurrence of multipath
effect.

FIGURE 14. The value of the µ coefficient as a function of the distance
between the transmitter and receiver for different methods of
determining the Doppler factor for a transmitter moving at 1.5 m/s.

C. TEST RESULTS FOR TRANSMITTER MOVEMENT AT
1.5 M/S
The value of the µ coefficient as a function of the distance
between the transmitter and receiver for different methods
of determining the Doppler factor for the transmitter moving
velocity of v = 1.5 m/s is shown in Fig. 14. For the higher
movement speed, the standard deviation for up-down chirp,
double FFT, and correlation methods is significantly higher
than for 1 m/s. However, for the pilots method, the increase
in standard deviation value is smaller. For this measurement
scenario, the lowest values of µ coefficient were achieved
using the pilots method, which led to the lowest BER results.

The quality of data transmission as a function of the
distance between the transmitter and receiver for different
methods of determining the Doppler factor for 1.5 m/s trans-
mitter velocity is shown in Fig. 15. Also, for this speed, for
distances greater than 7 m, double FFT, up-down chirp, and
correlation methods gave similar values of BER. For small
distances, the worst method seemed to be double FFT. The
pilots method enabled to achieve the best reception quality
for all distances.

The comparison of the bit error rate averaged along the
entire transmitter path for different methods of determin-
ing the Doppler factor for different transmitter velocities is
depicted in Fig. 16. It can be seen that each of the methods
for determining theµ coefficient gives the BER several times
worse than the values determined with optimal µ. Up-down
chirp and double FFT methods gave BER values close to
each other, which implies that the methods are comparable
in quality. In each case, the best of the two was the method
using chirp signals. It is also noticeable that as the velocity
increases, the BER also increases, but this is most evident in
the jump from 0.5 to 1 m/s. The best reception quality was
achieved by utilizing the pilots method.
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FIGURE 15. Data transmission quality as a function of the distance
between the transmitter and receiver for different methods of
determining the Doppler factor for a transmitter moving at 1.5 m/s.

FIGURE 16. BER for the different Doppler factor determination methods
and for different transmitter velocities.

TABLE 2. Averaged methods time execution.

D. COMPUTATIONAL COMPLEXITY
There was also made a comparison of the computational
burden of all analyzed Doppler estimation methods. It has
been realized by measuring the time of methods execution.
Averaged results are presented in Table 2. Each method
was executed 1780 times with utilization of Intel Core i9-
13980HX 5.6 GHz, 64 GB RAM 5200 MHz.

The pilots method appears to need the least time for
execution. The next least time-consuming method is double

TABLE 3. Advantages and disadvantages of each method.

FFT, which needs about 4.5 times more time than pilots
method. The third least consuming method is correlation,
which needs 7.7 times more time than pilots method for
execution. Nevertheless, the time consumption for all those
three methods is less than 1 ms. The most complex is the
up-down chirp method, which needs over 15 ms. It must also
be explained that the up-down chirp method was optimized.
The matched filter generation is done only once at the begin-
ning of receiver execution as the chirp transmission is always
on the same frequencies. The more efficient FFT-based FIR
filtering function, using the overlap-add method, is used for
matched filtration. However, the long execution time is due to
the need for four filtrations – one for each chirp, requiring a
matched and lowpass filtration. The correlation method has
also been optimized. As the generated benchmark MFSK
signal consists of ones on used frequencies and zeros on
unused frequencies, the correlation is performed by summing
the appropriate spectrum components in the received signal’s
spectrum. Naturally, the sliding procedure, as with a real
correlation, was taken into account, so there is no need for
a multiplication operation.

E. METHODS COMPARISON
In this section, the comparison between analyzed methods
is done. It is presented in Table 3 where advantages and
disadvantages of each method are discussed.

The best results, according to Fig. 16, were achieved by the
pilots method. It is also worth mentioning that this method
has the lowest execution time. However, there is a need
for additional bandwidth to allocate a couple of pilots to
overcome problems caused by fading. The worst results were
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obtained with up-down chirp and double FFT methods. Both
methods gave very similar results for each considered speed
and they were around 1.46 times worse than the pilots method
for 0.5 m/s, 1.85 times worse for 1 m/s and 2.03 for 1.5 m/s.
Themethod utilizing chirp signals is themost complex among
the analyzed and gave slightly better results than double FFT.
The results achieved for the correlation method are 1.36 times
worse than the pilots method for 0.5 m/s, 1.43 times for 1 m/s
and 1.54 times for 1.5 m/s.

In the up-down chirp method, the main influence on its
performance has the multipath effect. Generally, due to the
different frequency directions sweeping in these signals,
in the estimated impulse response maximum values may
correspond to different paths, leading to high errors. The other
considered methods work in the frequency domain, where the
multipath effect with the Doppler effect only cause spectrum
spread of analyzed carriers.

V. CONCLUSION
Providing reliable wireless underwater communication is a
contemporary problem and new solutions are still being
sought in this area. In most cases, they are based on the
solutions used in radio communication, whereby attempts are
being made to adapt them for communication using elastic
wave. The water environment is difficult when it comes to
the propagation of hydroacoustic waves, which is strongly
evident in water bodies with dense hydrotechnical buildings.
In those conditions there exists the phenomenon of multi-
path propagation, which significantly limits the possibility of
data transmission. The mutual motion of the transmitter and
receiver also has a significant impact, which in turn becomes
apparent in the form of theDoppler effect. This article focuses
on the evaluation of various methods of determining the
Doppler factor in a highly multipath environment. The study
was carried out for MFSK modulation and the methods were
evaluated on the basis of bit error rate. This problem is very
important from the point of view of ensuring a low bit error
rate for received data. In this paper, based on laboratory
tests on real signals under difficult propagation conditions,
four methods for determining the Doppler factor have been
compared. Analysis of the results shows that the method
using pilots achieves the lowest BER values in reception.
The second best method was that using the correlation. The
advantage of the correlation method is that, as opposed to the
method using pilots, it does not require the allocation of an
additional bandwidth. The advantage of the pilot method is
that it is less computationally complex than the correlation
method. The errors in the determination of the Doppler factor
in the chirp-based method are due to the obtained different
forms of the impulse response estimates, determined for the
Up and Down signals, which did not allow the correct deter-
mination of the mutual offset.

In further studies, the authors plan to conduct experiments
at higher reciprocal velocities of the receiver and transmitter,
as well as using other modulation techniques, e.g. BPSK,
LoRa or OFDM.
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