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ABSTRACT The performance of underwater acoustic communication is significantly affected by multipath
propagation andDoppler spread. In this paper, we propose a new communication technique called overlapped
chirp spread carrier (OCSC) bymodifying the existing sweep spread carrier (SSC) technique, which is robust
in a multipath propagation environment. Our proposed OCSC technique uses a repeated carrier wave by
combining up-chirp and down-chirp signals and estimates and corrects the Doppler shift frequency of the
received signal by utilizing the characteristics of the correlation function of each up-chirp and down-chirp.
To demonstrate the performance of the proposed OCSC technique, we provide the results of a simulation
using an underwater channel simulator and sea trial conducted in the East Sea. As a result of the sea trial,
when demodulating using only the estimated Doppler shift frequency, the uncoded bit error rate reached
0.135. However, when our proposed correction method was applied to the estimated Doppler frequency, the
uncoded bit error rate decreased to 0.001.

INDEX TERMS Bit error rate, multipath propagation, Doppler spread, overlapped chirp spread carrier, sea
trial, underwater acoustic communication.

I. INTRODUCTION
Underwater acoustic communication is used in various appli-
cations, such as underwater navigation, underwater vehicles,
underwater sensor networks, marine environment monitor-
ing, and military purposes [1], [2], [3], [4], [5], [6], [7].
However, unlike radio frequency (RF) communication,
underwater acoustic communication has many obstacles,
such as high propagation loss, frequency selective fading,
narrow bandwidth, and fast time variability [8], [9], [10]. The
speed of the sound wave changes according to the depth,
salinity, and temperature of the water, and the movement path
of the sound wave changes due to refraction [11]. In addition,
as sound waves are transmitted, there are problems; these
include multipath propagation by the seafloor or sea level
and the Doppler shift effect caused by the movement of
wind, ocean currents, and transceivers [12], [13]. Especially
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in shallow water environments where the depth is not deep,
multipath propagation is the main problem and degrades the
performance because it causes ISI (Inter Symbol Interfer-
ence) due to its long delay time. Many studies have been
conducted on spread spectrum techniques with less affected
modulation methods in this type of multipath propagation
environment [14], [15], [16], [17].

Spread spectrum techniques are methods of spreading
and transmitting the bandwidth of the signal widely and
include frequency hopping spread spectrum (FHSS), direct
sequence spread spectrum (DSSS), and chirp spread spectrum
(CSS) [18]. FHSS is a technique that involves dividing
the entire bandwidth and transmitting information using a
hopping code, whereby the frequency is changed over time.
This method is particularly effective in environments where
a Doppler frequency is present, but it only uses a partial
amount of the energy in the transmitted signal, causing it
to be vulnerable in environments with a low signal-to-noise
ratio (SNR) [19]. DSSS assigns a pseudo-noise sequence to
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each symbol to spread the signal across the bandwidth. DSSS
is highly resilient in environments with low SNR, with advan-
tages of power and bandwidth efficiency for long-distance
communication when compared to FHSS. However, DSSS
is highly sensitive to Doppler frequency variability and
requires complex synchronization at the receiving end, which
can be a significant disadvantage [20]. CSS is a spread
spectrum technique that addresses the limitations of SNR
and Doppler frequency sensitivity found in the previously
mentioned spread spectrum techniques. In this technique,
symbols are composed of linear frequency modulation
(LFM) signals, where the frequency changes linearly with
time. CSS is designed to overcome the disadvantages of
FHSS and DSSS and is a more robust spread spectrum
technique [21].

Based on the study of these CSS signals, Lee et al. [22]
applied a differential coding method; the size of the matched
filter was doubled, and the performance was improved
by taking advantage of the fact that the time-bandwidth
product cost increases. Azim et al. [23] proposed dual-mode
chirp spread spectrum (DM-CSS) modulation for low-power
wide-area networks. DM-CSS achieved higher spectral
efficiency than other models, such as long-range modulation.
Zhu et al. [24] proposed an orthogonal chirp division
multiplexing (OCDM) method that used a chirp signal for
carrier modulation; under multipath propagation conditions
where the delay spread was longer than the guard interval,
the conventional orthogonal frequency out-performed the
orthogonal frequency division multiplexing (OFDM). Kebkal
and Bannasch [25] proposed an SSC (sweep spread carrier)
technique using a periodically repeated up-chirp signal as
a carrier. Unlike the conventional CSS technique, the SSC
technique transmitted a chirp signal as a carrier signal rather
than information. This technique separated multipath arrival
by converting it into frequency at the receiving end according
to the absolute value of the time delay according to multipath
propagation.

In underwater acoustic communication, due to the envi-
ronmental characteristics, Doppler shift frequency occurs
due to waves, wind, ocean current, and the mobility of the
transceiver. This causes the deterioration of communication
performance; thus, to improve communication performance,
it is essential to compensate for the distortion caused by the
Doppler shift effect. Techniques for estimating the Doppler
shift frequency of the received signal have been greatly
studied [26], [27]. In general, a communication packet
transmits a preamble signal at the beginning of a data section
that transmits information, and the preamble signal indicates
the exact starting point of a data frame. In addition to finding
the starting point, the approximate Doppler shift frequency
of the data frame can be determined using the Doppler
bank [28]. However, when the Doppler bank method is
applied, the number of matched filters is increased to increase
the accuracy of the Doppler shift frequency estimation
value; thus, there is a disadvantage in the large amount of
calculations needed at the receiving end.

In this paper, we propose an overlapping chirp spread
carrier (OCSC) technique that uses a signal in which a
periodically repeated up-chirp signal and a down-chirp signal
are combined as a carrier frequency bymodifying the existing
SSC technique. Compared to the existing SSC method, this
method increases the transmission rate because it can transmit
phase-modulated pulses to each of the up-chirp and down-
chirp signals, and it is also robust in a multipath transmission
environment. In addition, the Doppler shift frequency can be
estimated through the chirp signal and the cross-correlation
function. However, errors can be included in the estimated
Doppler shift frequencies, and a correction method for these
errors is presented. Moreover, the results of simulations
and sea trials using the proposed OCSC technique are
presented.

The remainder of this paper proceeds as follows: Section II
explains the existing SSC method; Section III elucidates the
proposed OCSC method and the concept of Doppler shift
frequency estimation and correction; Section IV describes
the simulation results based on the bellhop model using the
estimated Doppler shift frequency and presents the results in
terms of the bit error rate; SectionV examines the results from
sea experiments; and Section VI provides the conclusion.

II. TRADITIONAL SSC TECHNIQUE
The SSC technique is a communication method that uses
only continuous up-chirp signals as carrier waves to transmit
phase-modulated pulses. Since this technique has robust
characteristics in a multipath propagation environment, it has
an advantage of overcoming an ISI that arises in these
conditions.

The SSC signal utilizes a periodic up-chirp signal, which
sweeps from the minimum frequency fmin to the maximum
frequency fmax , as the carrier during the sweep time of Ts.
The SSC signal is described by the following equation:

cup (t) = Ac exp
[
j2π

(
fminτ (t) + kτ (t)2

)]
(1)

where Ac is the amplitude of the signal, k = (fmax− fmin)/2TS
and is a coefficient representing the rising frequency variation
rate, τ (t) = t − TS

⌊
t
TS

⌋
and is a continuous chirp-shaped

periodic sweep with cycle duration TS .
The term

⌊
t/
TS

⌋
is defined as the final integer not greater

than t
/
TS , whereN is the number of chirp pulses that compose

the carrier waveform, and TC = NTS is the overall carrier
time. Fig. 1 shows the concept of the SSCmethod in the time-
frequency domain.

A signal encoded by phase shift keying (PSK) is repre-
sented as follows:

sup (t) =

∞∑
n=−∞

Asexp [jDnp (t − nT )] (2)

where As represents the amplitude of the signal, and p(t) is
a pulse for phase modulation. Dn is the phase encoded data
symbol being communicated, and T is the signal interval.
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FIGURE 1. Concept of the SSC modulation [25].

FIGURE 2. Concept of the OCSC modulation.

After being modulated onto the carrier, the signal transmitted
over the channel is expressed as follows:

x (t) = Re[sup (t) cup (t)] (3)

III. PROPOSED OCSC TECHNIQUE
A. OCSC SIGNAL
TheOCSC technique is an extension of the existing SSC tech-
nique. In contrast to the SSC technique, which uses only the
up-chirp signal as the carrier, the OCSC technique combines
and repeats both the up-chirp and down-chirp signals with a
constant symbol period, as shown in Fig. 2. Furthermore, the
OCSC technique transmits binary modulated pulses for each
up-chirp and down-chirp, leading to a doubled transmission
speed compared to the SSC technique. The OCSC technique
is described in (4).

x (t) = Re
[
sup(t) cup (t) + sdown (t) cdown (t)

]
(4)

where s(t) means up-chirp and down-chirp phase-modulated
pulses, and cdown(t) means down-chirp carrier. The expres-
sion describing cdown(t) is shown in (5).

cdown (t) = Acexp
[
j2π

(
fmaxτ (t) + wτ (t)2

)]
(5)

where,w = (fmin−fmax)/2TS and is a coefficient representing
the falling frequency variation rate.

B. DOPPLER SHIFT FREQUENCY ESTIMATION IN OCSC
MODULATION
To estimate the Doppler frequency, the cross-correlation
function is calculated between each symbol, and the peak
position is identified. The amount of change in the interval
between the identified peaks is then used to estimate the

Doppler frequency. The OCSC is a form in which up-chirp
and down-chirp signals are combined for each symbol.
Therefore, if the up-chirp matched filter and down-chirp
matched filter are applied alternately for each symbol,
the peak point for the up-chirp and the peak point for
the down-chirp appear for each symbol, and the Doppler
frequency can then be estimated by measuring the amount
of change between the peak points for the up-chirps and
down-chirps.

The variables Tup and Tdown represent the times at which
the matched filtering maximum appears in the up-chirp
and down-chirp, respectively. When the OCSC signal has a
Doppler shift frequency of 0 Hz, the time interval Ts can be
calculated as follows:

Ts = Tdown (i) − Tup (i) (6)

where i means the index of the up and down chirp peaks.
If there is a Doppler shift, the time interval Ts between Tup and
Tdown has a variation of 1 because the signal is compressed
or expanded. It is expressed as follows:

Tdown (i) − Tup (i) = Ts + 1 (i) (7)

The Doppler shift frequency (fd ) can be estimated by utilizing
the variation value 1. Specifically, when the up and down
peaks are paired, the Doppler shift frequency estimation can
be expressed as follows:

fd (i) =
(fmin − fmax) × 1(i)

2Ts
(8)

Since the number of Doppler shift frequencies estimated
from the received OCSC signal is N/2, the Doppler shift
frequency of the entire OCSC signal can be expressed as
follows via rearrangements with (7) and (8):

f̂d =
1

N/2

∑
[
(fmin − fmax) ×

(
Tdown(i) − Tup(i) − Ts

)
2Ts

]

(9)

Finally, to estimate the Doppler shift frequency of the OCSC
signal, the estimated Doppler shift frequencies are averaged.
Fig. 3 illustrates the process for estimating the Doppler shift
frequency of the OCSC signal.

C. DOPPLER SHIFT FREQUENCY CORRECTION
The estimation of the Doppler shift frequency using the
correlation function between the up-chirp and down-chirp
is prone to error due to decreased correlation characteristics
between the OCSC signal and the chirp signal during pulse
synthesis. When the OCSC signal experiences a Doppler
shift, the chirp-sweep time of the signal changes, leading to
a reduction in the correlation characteristics with the chirp
signal. Therefore, in this paper, the effect of the Doppler shift
frequency estimated using the OCSC signal and its correction
were verified through simulation.

Initially, while changing the amount of data in the OCSC
signal, that is, the number of symbols, to 500, 1000, 2000,
3000, 5000, and 10000, the relative error aspect of the
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FIGURE 3. Process of estimating the OCSC signal Doppler shift frequency.
(a) Application of matched filtering to the OCSC signal, (b) Doppler shift
effect on the positive Doppler and negative Doppler.

FIGURE 4. Relative error of the Doppler frequency using the OCSC
method.

Doppler shift frequency estimation value was confirmed
through simulation. As shown in Fig. 4, the relative error
patterns were similar. Therefore, it was confirmed that
our method proposed could be applied regardless of the
amount of information. Here, the error increased significantly

FIGURE 5. Polynomial equation plotting for error appearance using
nonlinear LS fitting.

FIGURE 6. Comparison of the error with the estimated and corrected
Doppler frequency.

around the Doppler shift frequency 0 and was determined
by calculating the error shown on the axis in the form of
[(B-A)/B] × 100, where A is the estimated Doppler shift
frequency and B is the actual Doppler shift frequency. Since
the error is a number and the denominator is a small value
close to 0, the relative error value appeared large, but the
difference between the estimated Doppler shift frequency
and the actual Doppler shift frequency was a very low
value.

Next, to generalize the relative error patterns, each case
of positive Doppler and negative Doppler was represented in
polynomial form using nonlinear least square curve fitting
(Fig. 5). Finally, the estimated Doppler shift frequency
is corrected by substituting the estimated Doppler shift
frequency into the polynomial derived by fitting the nonlinear
least squares (LS) curve to compensate for the errors.

A simulation was conducted to validate the effectiveness
of the proposed Doppler shift frequency correction method.
The OCSC signal was set to have a data amount of 1,000 bits,
Ts was 10 ms, and SNR of −3 dB. Doppler shift frequencies
ranging from−40Hz to+40Hzwere used for the simulation.
The simulation results are shown in Fig. 6, where the x-axis
represents the virtually generated Doppler shift frequency,
and the y-axis represents the error between the virtually
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TABLE 1. Simulation parameters.

generated Doppler shift frequency and the estimated Doppler
shift frequency.

The blue value represents the estimated Doppler shift
frequency error, while the red value represents the corrected
Doppler shift frequency error. From the correction of the
Doppler shift frequency using the estimated Doppler shift
frequency, an error of less than approximately 1 Hz was
obtained

IV. SIMULATIONS AND RESULTS
The performance of the OCSC method under multipath
propagation and Doppler channel conditions was evaluated
using the bellhop model-based VirTEX simulator [29]. The
simulation was conducted using actual sound speed data
from the West Sea of South Korea, representing a shallow
sea environment, and from the East Sea of South Korea,
representing a deep water environment. No separate error
correction technique was applied to the generated commu-
nication signal. The parameters applied to the simulation are
shown in Table 1.

A. SHALLOW WATER CHANNEL
Shallow water environments are prone to multipath propa-
gation because the water depth is not deep. Fig. 7(a) shows
the sound speed distribution in the West Sea applied to
the simulation. In the simulation, it is assumed that the
transmission distance between the transmitter and receiver
is 100 m, the water depth is 20 m, and the depths of the
transmitter and receiver are approximately 5 m and 15 m,
respectively. Fig. 7(b) shows the ray tracing, and the channel
impulse response is shown in Fig. 7(c).
Fig. 8 shows the simulation results according to the SNR.

In the figure, red data represents the result at 0 dB, green at
−5 dB, and black at −10 dB. Fig. 8(a) shows the respective
errors according to the estimated Doppler shift frequency
and the corrected Doppler shift frequency. The error of the
estimated Doppler shift frequency indicated by ‘×’ increased
as the given Doppler shift frequency increased regardless of
the value of SNR, but the error of the corrected Doppler shift
frequency indicated by ‘⃝’ remarkably low.

Fig. 8(b) shows the result from the uncoded bit error rate
using the estimated Doppler shift frequency and the corrected
Doppler shift frequency at various SNR. In the figure,

FIGURE 7. Shallow water channel using the VirTEX simulator. (a) Sound
speed profile, (b) Ray tracing, (c) Channel impulse response.

‘□’ represents the bit error rate when the Doppler shift
frequency is not compensated.

When theDoppler value is small, the data are demodulated,
but when the Doppler value changes even slightly, the data
are not demodulated. ‘×’ represent the bit error rate when
compensated with the estimated Doppler shift frequency.

When the Doppler value is within ±10 Hz, the data
are demodulated, and when it is higher than 10 Hz, the
error rate increases. Finally, ‘⃝’ represent the bit error
rate when compensated with our corrected Doppler shift
frequency method. Most of the data demodulation is accurate
in all sections. Therefore, the performance is improved by
correcting the estimated Doppler shift frequency.
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FIGURE 8. Results from passing through the VirTEX West sea channel.
(a) Estimated Doppler frequency error and (b) Uncoded BER.

B. DEEP WATER CHANNEL
In the deep water environment, even if multipath exists in the
received signal, there is a relatively long delay time due to
the deep water depth, unlike the shallow sea environment.
Fig. 9(a) shows the sound speed distribution in the East Sea
applied to the simulation. In the simulation, it is assumed
that the transmission distance between the transmitter and
receiver is 5 km, the water depth is 1,000 m, and the depths
of the transmitter and receiver are approximately 200 m
and 300 m, respectively. In Fig. 9(c), multipath propagation
appears after approximately 140 ms.

Fig. 10 represents the result of passing through the deep
water channel. Similar to Fig. 8, Fig. 10(a) confirms that
the error of the corrected Doppler frequency is significantly
lower than that of the estimated Doppler frequency. Fig. 10(b)
shows the uncoded bit error rate using the estimated and
corrected Doppler frequencies.

When compensated with the estimated Doppler frequency,
the data can be demodulated when the Doppler value is
within 10 Hz, but the error rate increases when the value
is higher than that. However, when the corrected Doppler
frequency is compensated, the data can be demodulated in
all sections.

Table 2 compares the calculation time and error between
the Doppler shift frequency estimation and correctionmethod
using the proposed OCSC technique and the Doppler shift
frequency estimation method, which is one of the existing

FIGURE 9. Deep water channel using the VirTEX simulator. (a) Sound
speed profile, (b) Ray tracing and (c) Channel impulse response.

Doppler shift frequency estimation methods. Here, the
error was obtained as the root mean square (RMS) of
the difference between the actual Doppler value and the
estimated Doppler value. Although the processing time varies
depending on the resolution of the Doppler bank, in this
simulation, the resolution of the Doppler bank was set
to 0.2 Hz.

When comparing Doppler bank method and the proposed
method, there is no difference in the error rate of the
compensated data when Doppler frequency correction is
performed. However, the Doppler bank method has a
disadvantage that the computation time greatly increases
according to the resolution, but the proposed method has the

VOLUME 11, 2023 61417



C.-H. Youn et al.: Robust Underwater Acoustic Communication Using the OCSC Technique

FIGURE 10. Result from passing through the VirTEX East sea channel.
(a) Estimated Doppler frequency error and (b) uncoded BER.

advantage of a smaller computation amount than the Doppler
bank method. The time calculated in the simulation was
measured using Matlab’s built-in functions ‘tic’ and ‘toc’,
and the specifications of the computer used were Intel Core
i7-7700K/4.20 GHz CPU/RAM: 32 GB.

V. SEA TRIAL AND RESULTS
A. EXPERIMENTAL ENVIRONMENT
An offshore sea trial was conducted near Pohang,
South Korea, in March 2023, to verify the performance
of our proposed method. However, due to poor weather
conditions at the time of the trial, a rather high wave height
of approximately 3 m was measured. Consequently, the
transmission distance was set to 100 m. The water depth at
the test point was approximately 20 m, with the transmitter
water depth and receiver water depth being 5 m and 15 m,
respectively, based on sea level. A schematic diagram of the
marine experiment is depicted in Fig. 11.

In the trial, the ITC-1007 model was used as the projector,
and the signal was designed to consider the transmission
characteristics of this projector. The OCSC signal had a
center frequency of 11 kHz, a bandwidth of 2 kHz, a sweep
time of 10 ms, and a transmission rate of 200 bps with a

TABLE 2. Program operation time and performance according to each
method.

FIGURE 11. Schematic of the sea trial.

FIGURE 12. Packet structure.

total of 1,000 bits transmitted. Virtual Doppler was inserted
into the transmission signal due to the inability to configure
the actual Doppler channel environment caused by weather
conditions. The virtual Doppler was transmitted at 10 Hz
intervals ranging from −40 Hz to 40 Hz.

The symbols of the OCSC signal were binary PSK
modulated, and pulse shaping was performed using a raised
cosine filter with a roll-off coefficient of 0.5. The packet of
the transmitted signal is shown in Fig. 12 andwas accordingly
configured.

To determine the starting point of the received signal,
a chirp signal with a duration of 1 secondwas transmitted, and
a guard interval of 0.5 secondswas inserted between the probe
signal and the preamble signal. The preamble signal was
transmitted before the data period to accurately synchronize
the data frame. For the preamble signal, a total of 510 bits
were transmitted by repeating an m-sequence of 255 bits
twice consecutively using binary PSK modulation. Thus, the
length of one packet of the OCSC signal was approximately
7.5 seconds.

B. CHANNEL CHARACTERISTICS
To assess the transmission characteristics of the channel,
the LFM signal was repeatedly transmitted. The carrier
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FIGURE 13. Underwater channel characteristics in sea trial. (a) Channel
impulse response, (b) Delay-Doppler spread function, and (c) Power delay
profile.

frequency of the LFM signal was 11 kHz, the bandwidth
was 2 kHz, the ping interval was 1 s, and the ping length
was 50 ms. The channel characteristics were measured
and are shown in Fig. 13. Although the experiment was
conducted in a stationary trial, it was estimated that the
transceiver terminal’s movement due to the influence of
the ocean current caused a Doppler frequency shift of
approximately −1.2 Hz.
The power delay profile of the channel is shown in

Fig. 13(c). Multipaths were observed with a time difference
of approximately 2 ms based on the direct path, multipaths

FIGURE 14. Block diagram of OCSC transmission.

FIGURE 15. Results of a sea trial. (a) Estimated Doppler frequency error
and (b) uncoded BER.

after approximately 90 ms were observed, and the magnitude
difference was more than 17 dB compared to the direct path.
The impact was determined to be insignificant.

C. SEA TRIAL RESULTS
The OCSC signal was subjected to data modulation and
demodulation in the order shown in Figure 14. In the
transmitter, odd and even bits were separated from the
transmission bit string, and a raised cosine filter was applied
to shape the pulse train. The pulse train was then transmitted
via OCSC modulation using up-chirp and down-chirp.
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The received signal, after passing through the channel,
first underwent bandpass filtering to remove unnecessary
frequency components, and then frame synchronization was
performed. The Doppler shift frequency was estimated
using the previously proposed technique, corrected again,
and the received signal’s Doppler shift frequency was
compensated. The OCSC signal was then demodulated, and
phase correction was performed using a phase-locked loop
(PLL). Finally, the data were demodulated.

The results of the communication test are presented in
Fig. 15. Fig. 15(a) shows the errors of virtual Doppler,
estimated Doppler, and corrected Doppler. In Fig. 15(b), the
red line represents the estimated Doppler shift frequency,
while the black line represents the uncoded bit error rate with
corrected Doppler shift frequency compensation. Although
the virtual Doppler shift frequency used in the trial ranged
from −40 Hz to 40 Hz, the actual Doppler shift was affected
by ocean currents, resulting in an error between the virtual
Doppler shift frequency and the relatively estimated and
corrected Doppler shift frequencies. As a result, the BER of
the Doppler estimation method was asymmetric at positive
and negative Doppler values. However, in the proposed
Doppler correction method, most of the BER values were
zero.

VI. CONCLUSION
Underwater acoustic communication has the heavy time
spread by multipath and Doppler spreads. In this paper,
an OCSC method of underwater acoustic communication is
proposed to improve the performance of the SSC method
using a chirp signal as a carrier. In our proposed method,
carriers combined with up-chirp and down-chirp signals
are used to double the transmission rate compared to the
conventional SSC method. The Doppler shift frequency
is estimated through the cross-correlation function of the
up-chirps and down-chirps, and then it is corrected. To con-
firm the performance of our proposed method, simulations
and sea trials were performed, and the results were provided.
In the simulation, the proposed Doppler transition frequency
estimation and correction were compared in terms of
performance and calculation time with the existing Doppler
transition frequency estimation method, and the proposed
OCSC technique performed better in terms of calculation
time than the existing Doppler bank method. In the trial,
the virtual Doppler shift frequency was included in the
transmission signal and transmitted to assess the performance
of our Doppler shift frequency estimation and our proposed
correction method. As a result of the sea trial, when the
estimated Doppler shift frequency was compensated, the
uncoded bit error rate ranged from a minimum of 0 to a
maximum of 0.135; however, when the estimated Doppler
shift frequency was corrected and compensated, the majority
of the results were 0. In the future, research on the change
in the transmission method according to the change in the
channel environment is needed that includes sea trials in the
actual Doppler shift environment.
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