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Abstract: In underwater communications for 6G, Doppler effects cause the coherent time to become
similar to or shorter than the orthogonal frequency division multiplexing (OFDM) symbol length.
Conventional time and frequency synchronization methods require additional training symbols for
synchronization, which reduces the traffic data rate. This paper proposes the Zadoff-Chu sequence
(ZCS) pilot-based OFDM for time and frequency synchronization. The proposed method transmits
ZCS as a pilot for OFDM symbols and simultaneously transmits traffic data to increase the traffic
data rate while estimating the CFO at each coherence time. For time—frequency synchronization, the
correlation of the ZCS pilot is used to perform coarse and fine time and frequency synchronization in
two stages. Since the traffic data cause interference with the correlation of ZCS pilots, we theoretically
analyzed the relationship between the amount of traffic data and interference and verified it through
computer simulations. The synchronization and BER performance of the proposed ZCS pilot-based
OFDM were evaluated by conduction computer simulations and a practical ocean experiment.
Compared to the methods of Ren, Yang, and Avrashi, the proposed method demonstrated a 6.3% to
14.3% increase in traffic data rate with similar BER performance and a 2 dB to 3.8 dB SNR gain for a
14.3% to 23.8% decrease in traffic data rate.

Keywords: underwater acoustic channel; underwater acoustic communication; 6G; multicarrier
communication; orthogonal frequency division multiplexing; time synchronization; frequency syn-
chronization; carrier frequency offset estimation; Zadoff-Chu sequence; mean square error; mean
absolute error

1. Introduction

One goal of 6G is to provide underwater wireless communications to global coverage [1].
Sound waves are considered the best carrier for underwater wireless communication [2—4].
Underwater acoustic (UWA) channels for 6G are characterized by frequency-selective fading
due to the limited channel bandwidth, long transmission delay, and multipath [5]. Orthogonal
frequency division multiplexing (OFDM) is robust to frequency-selective fading by dividing
the available frequency band into multiple subcarriers with long symbol durations, ensuring
that each subcarrier undergoes frequency-flat fading. Additionally, the OFDM achieves high
spectral efficiency by allowing each subcarrier to transmit symbols independently, resulting
in a higher transmission rate than single-carrier systems [6].

In a communication channel, the Doppler shift induces carrier frequency offset (CFO)
in OFDM, which leads to inter-carrier interference (ICI), which breaks the orthogonality
between subcarriers and degrades the bit error rate (BER) performance. In radio frequency
(RF) channels, frequency synchronization is estimated within one received OFDM frame
because the change in CFO is small [7-12]. However, in UWA channels, the acoustic
signal has a slow propagation speed (1500 m/s) [13], and the bandwidth of the signal
is large compared to the carrier frequency. Even in a low Doppler frequency shift, the
OFDM symbol length is similar to or shorter than the coherent time, making it difficult to
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apply the frequency synchronization estimation algorithm developed for RF. Since OFDM
symbols are modulated by inverse fast Fourier transform (IFFT), time synchronization
is also required to locate the FFT window at the receiver. Therefore, time and frequency
synchronizations are required for UWA OFDM systems.

Conventional time and frequency synchronization methods are mainly estimated by
using training symbols [7-12]. The training symbol-based method synchronizes using
training symbols with a repeated property. In [7], the training symbol was designed with a
repetitive structure based on PN sequences, but the estimation error was large due to the
plateau effect. The slicing process on the timing metric of [7] was proposed in [8], but it still
suffered from poor frequency accuracy. To achieve the impulse characteristics of the timing
metric, [7,9] redesigned the training symbol. However, [9] still had a large variance in
timing estimation. In addition, other studies have used the Zadoff-Chu sequence (ZCS) [14]
as training symbols [11,12]. Joint signal detection, timing synchronization, and the CFO
estimation method were proposed in [11], which simplified the synchronization structure
and improved the synchronization performance. In [12], the new training symbol was
designed to improve the accuracy of CFO estimation. However, these methods increase the
number of training symbols to estimate the CFO in underwater channels with relatively
short coherence times, which reduces the traffic data rate.

To increase the traffic data rate, in this paper, we propose a ZCS pilot-based OFDM
method for time and frequency synchronization in UWA OFDM systems. The proposed
method used ZCS as a pilot for OFDM symbols while simultaneously transmitting traf-
fic data to improve the traffic data rate. For time and frequency synchronization, Ren’s
method [15], which is based on correlation, was used for time and frequency synchro-
nization. The time synchronization was performed with two stages, coarse and fine, and
the frequency synchronization iteratively estimated CFO two times using symmetric cor-
relation. Since the traffic data cause interference with the correlation of ZCS pilots, we
theoretically analyzed the relationship between the amount of traffic data and interference
and verified it through computer simulations. We also conducted computer simulations
to compare and analyze the synchronization and BER performance of the proposed ZCS
pilot-based OFDM. In addition, we conducted a practical ocean experiment to evaluate the
BER performance of the proposed method and compared them with the results obtained
from the computer simulations, and the results showed the superior performance of the
proposed method.

The main contributions of the paper can be summarized as follows:

1. We proposed a novel ZCS pilot-based OFDM method for time and frequency synchro-
nization. To increase traffic data rate, ZCS was used as a pilot for OFDM symbols while
simultaneously transmitting the traffic data. The BER performance of the proposed
method depends on the traffic data rate such as maintaining the BER performance
while increasing the traffic data rate or increasing the BER performance while reducing
the traffic data rate.

2. We theoretically analyzed the interference caused by traffic data to the correlation of
the ZCS pilot over changes in the traffic data rate. The correlation ratio was used to
analyze the correlation performance, and we obtained the relationship between the
traffic data rate and correlation performance through computer simulations.

3. We validated the proposed method by conducting a computer simulation comparing
the performance of the proposed method in terms of time synchronization, CFO
estimation, and BER performance under varying traffic data rates.

4. We conducted a practical ocean experiment to verify the simulation results. Compared
with the conventional methods, which are those by Ren, Yang, and Avrashi, the
proposed method demonstrated a 6.3% to 14.3% increase in the traffic data rate with a
similar BER performance and a 2 dB to 3.8 dB SNR gain with a loss of 14.3% to 23.8%
in the traffic data rate.
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2. Related Work

Related works to increase the traffic data rate without transmitting additional training
symbols were researched, and these methods can be classified into two categories. The first
category, blind estimation, uses no additional training data. Instead, it relies on the statisti-
cal characteristics of the received OFDM data for time and frequency synchronization such
as the cyclic prefix (CP) [16-19], null subcarrier [20,21], and virtual subcarrier [22,23]. The
scheme proposed in [16] can estimate the CFO using the CP without requiring additional
bandwidth. However, the performance of the estimator degrades as the frequency-selective
fading increases. In [17], an CFO estimator was proposed by exploiting the correlation
between CP and its data replica, but [17] required the CP to be longer than the channel
delay spread and the exact channel order to be known. A simple pre-FFT synchroniza-
tion algorithm for estimating the symbol timing offset (STO) and fractional CFO in a CP
OFDM-based system was proposed in [18], but the CFO estimation performance degraded
as the long channel delay spread. In the same year, [19] studied the CFO synchronization
technology in OFDM, analyzed CFO in the time and frequency domains, and simulated
the performance of CFO synchronization technology based on OFDM. In [20], a nonlinear
least-square (LS) CFO estimation using the null subcarrier in the frequency domain was
introduced. The concept in [20] was later adopted and extended in [21]. However, both
methods required a grid search in the frequency domain, leading to a high computational
burden on the modem. A blind CFO estimation method using virtual subcarriers for OFDM
systems was proposed in [22], offering improved spectral efficiency with acceptable perfor-
mance. Additionally, the two-stage approach proposed in [23] enhanced computational
efficiency by replacing the frequency search with an iterative algorithm. However, an erro-
neous initial estimate of the CFO resulted in the failure to obtain an acceptable estimation
performance. In addition, these conventional algorithms could not simultaneously perform
coarse and fine time synchronization.

The second category of time and frequency synchronization is known as data-aided
estimation. The most data-aided synchronization method without transmitting additional
training symbols is a pilot symbol-based method, which is periodically transmitted. The
pilot symbol-based method is the data-aided synchronization method without transmitting
additional training symbols [24-29]. In [24], joint time and frequency synchronization using
a conventional pilot and a carrier frequency pilot (CFP) was proposed to detect the CFO
and the sampling position, but the traffic data rate was reduced because the pilot and CFP
needed to be transmitted for every coherent time for CFO estimation. The joint time and
frequency synchronization for the DFT-precoded UWA OFDM system was studied in [2],
which matched the received pilot with the local copy and captured the effective multipath
energy before the strongest path to improve channel estimation performance but only
estimated and compensated for the Doppler scale effect and did not estimate the CFO. The
joint estimation scheme for fine timing, Doppler scaling factor, and CFO based on the pilot
symbol was proposed in [26], which was performed in a block-by-block fashion. However,
the estimation scheme in [26] was only evaluated at low CFO environments. Based on
identical pilots, two low-complexity CFO estimation schemes utilizing root finding and
eigen decomposition were proposed in [27], but adopting identical pilots in OFDM systems
usually leads to a high peak-to-average power ratio. The efficient CFO estimation using
the phase of the eigenvector of a channel correlation matrix was proposed in [28]. In [28],
CFO was estimated using three estimators based on the correlation matrix. The transmitter—
receiver design enabling closed-form CFO estimation, based on [27] and [28], was proposed
in [29]. This method estimated the time-varying CFO by using correlation and intervals
between pulses, approximating the CFO with low-order polynomials. In [29], transmitting
equi-power and equi-spaced pilot tones, which led to a simple carrier frequency offset
estimator, were suggested, and the phases of the pilot tones were designed to keep the peak
to average power low. However, [29] assumed a small pilot transmission relative to the
amount of traffic data and relied on accurate timing synchronization.
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In this paper, the proposed ZCS pilot-based OFDM for time and frequency synchroniza-
tion increased the traffic data and improved the BER performance. The main improvements
of the proposed method over previous synchronization methods are described below.

3. System Model

With the main purpose of increasing the traffic data rate, this study proposed a ZCS
pilot-based OFDM method for time and frequency synchronization. At the same time, the
interference caused by the traffic data of the correlation of ZCS has to be considered, which
is an important factor that determines the time and frequency synchronization performance
of the proposed method. To analyze the interference, we considered a general model of an
OFDM system, which is shown in Figure 1.

Transmitter

| ZCS based i
L InPut | Mapping |+ s/p || T Pilot . || IDFT || Prs Add 1.
' data Insertion Cyclic prefix | |
A 4
Underwater
Channel
Receiver L
E Output Remove Time and :
' <«{Demappingle{ P/S [« DFT [« S/P |e] R .1 Frequency -
1 data Cyclic prefix Synchronization | |

Figure 1. Structure of the UWA OFDM system.

The UWA OFDM system divides the transmission bandwidth (BW) into N subchan-
nels for signal transmission. In the mapping block, the transmitter maps the input data into
a serial data stream in a phase-shift keying (PSK) constellation. In the serial-to-parallel (S5/P)
block, the serial data stream is converted to a parallel data stream by S/P transformation. In
the inverse discrete Fourier transform (IDFT) block, N-point IDFT is utilized for the OFDM
modulation. When assuming ideal Nyquist pulse shaping, the transmitted discrete-time
baseband OFDM signal is obtained by parallel-to-serial (P/S) transformation in the P/S

block such as
j2mtnk

s[n] = Z;{il x[kle N, wheren € [0,N —1], (1)
where x[k] denotes the data of the kth subcarrier of the OFDM symbol. The processing
in the receiver blocks is mapped to the transmitter blocks. Each OFDM symbol consists
of N subcarriers, and the subcarrier spacing (Af) is given as BW/N. If pilots for channel
estimation are allocated to N, subcarriers out of the total N subcarriers, the remaining
Nj; subcarriers are used to transmit traffic data. The OFDM signal in Equation (1) can be
represented as

j2mnkq j2rnky

s[n}zzkleNpp[kl]e N +2k2€Ndd[k2]e N, 0<n<N+L-1, (2)

where p[k;] denotes the pilots of the ki-th subcarrier, d[k;] denotes the traffic data bits of
the kp-th subcarrier, and L is the guard interval length. As the guard interval contains CP,
the total length of an OFDM symbol is Ns = N + L.

The channel impulse response (CIR) of a time-varying UWA multipath channel can be
represented as

hn) = Yo Aplnlo[n —7—pl, ©
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where P, Ap[n], and T denote the time delay, the time-varying amplitude of the pth path,
and the timing offset, respectively. Assume that the CP length (L) is greater than the
maximum time delay to prevent inter-symbol-interference (ISI).

The OFDM signal transmitted from the transmitter undergoes the UWA multipath
channel and was modeled with additional noise (w) at the receiver. If a Doppler frequency
shift (f4) occurs in the underwater acoustic channel, a normalized CFO (¢) is defined as
a ratio of the actual frequency offset to the subcarrier spacing Af (i.e., ¢ = f;/Af). If it
is assumed that € occurs in the received signal s[n] and causes ICI between the OFDM
subcarriers, the received discrete-time baseband OFDM signal with € can be expressed as

j2men

yin] = ¥, g hlplsln —7— ple™s" +wln]. 4)

Since UWA communication channels have a long delay channel and low acoustic
propagation speed, the coherence time is relatively short compared to the OFDM symbol
length. Thus, OFDM symbols need to be transmitted within a coherent time for time and
frequency synchronization. However, the transmission of additional OFDM symbols for
synchronization of the time and frequency reduces the traffic data rate.

Therefore, this paper proposed a ZCS pilot-based OFDM that transmits a ZCS pilot
for time—frequency synchronization and simultaneously transmits traffic data on the same
OFDM symbol to increase the traffic data rate. Section 4 describes the ZCS pilot-based
OFDM symbols and analyzes the correlation performance.

4. ZCS Pilot-Based OFDM

To increase the traffic data rate, the proposed method transmits the ZCS pilot and
traffic data simultaneously, but the traffic data cause interference on the correlation of ZCS
pilots. In this section, we derived the ZCS pilot-based OFDM symbol and theoretically
analyze the relationship between the interference and the correlation of ZCS.

4.1. ZCS Pilot-Based OFDM Method

The proposed method transmits a ZCS-based pilot and traffic data simultaneously to
increase the traffic data rate with similar BER performance for the continuously changing
time—frequency synchronization in UWA OFDM communication. The ZCS (c) is one of the
constant amplitude zero autocorrelation (CAZAC) sequences that possesses the polyphase
code property, expressed as

c[m] = m=0,..., M—1, )]

jrrum

M Mis odd
e M- M is even’
where 1 denotes the root index that is coprime with M.

The proposed method allocates the ZCS pilot at the intervals of pilot spacing (Nys)
along the frequency domain of OFDM symbol. The remaining subcarriers are allocated for
traffic data, and the OFDM modulation is performed using IDFT to generate the OFDM
symbol. When the ZCS-based pilot is modulated by IDFT, a repetition pattern in the
OFDM symbol is formed along the frequency domain with pilot spacing. The IDFT of
ZCS transforms the original ZCS into a new ZCS with phase shifts. Considering the IDFT
of ZCS as a general ZCS in Equation (5) with even M, the OFDM symbol in Equation (2)
contains ZCS (s,[n]) and data (s4[n]) terms as follows:

s[n] = sp[n] + saln]
fun? 2y (6)
=e M +Zk2€Ndd[k2]e N -,

where M denotes N/ Nps.



Electronics 2024, 13, 3679

6 of 19

4.2. Correlation Analysis

In this paper, we theoretically analyzed the impact of interference from traffic data on
the correlation of ZCS pilots to derive the correlation performance according to the amount
of traffic data.

Time and frequency synchronization is generally performed by calculating the correla-
tion between the transmitted and received signals. Since the proposed method transmits
ZCS pilots and traffic data simultaneously, the interference caused by the traffic data affects
the performance of the correlation of ZCS. For simplicity, assuming the CP is removed,
P =1, and perfect timing. The cross-correlation between the received OFDM symbol in
Equation (4) and the transmitted ZCS pilot-based OFDM symbol in Equation (6) can be
given as,

=2k$*&m¥mmm@m+n+ww+m+wm}@ﬂm+wwm

= T RO (e (spln + 1]s[n] + spln + s [n]
Fogln +1s5[n] + saln + [s3ln])} +

)

where ! denotes the lag of cross-correlation and @ denotes the Y = s*[]w[n]. In Equation (7),
since the traffic data are treated as the interference and sp[1n + I]sy[n] + s4[n + I]s[n] + s4[n + []s; [n]
is defined as I;[n], thus Equation (7) can be rewritten as,

j2mel j2men

Rl = e Y00 hl0){e ™ (spln + sy [n] + Lufn)) } + @, ®)

sp[n + 1] is substituted using Equation (5), and the correlation can be obtained as,

j7ru(n+l)2 jroun

2
j2mel j2men —
R[I) = R o ho) { e N e NI 4 w) } o
27zl Drten jrul (2n41)
= eﬂTZnN;Ol*l h[0] {eij <e N/Nps 4 Id[n]> } + .

Cross-correlation-based synchronization is performed by finding the peak of the
cross-correlation amplitude. Observe the correlation amplitude to analyze the relationship
between correlation performance and interference caused by traffic data. The amplitude of
Equation (9) can be expressed as

©)

an jrrul (2n+1)
‘ZN - 1( e N e N/Nps —i—Id[n]) +w‘. (10)

If we assume 1;[n] to be zero, the summation term in Equation (10) becomes zero,
except ul = mN/Npsform =0, 1, ---, Nps — 1. However, if the traffic data are transmitted
simultaneously with the ZCS pilot, the summation term in Equation (10) is non-zero, even
in the case of ul # mN/Nps, and the interference caused by traffic data degrade the
correlation performance.

Therefore, in Equations (9) and (10), the interference term I;[n] is linearly proportional
to the decrease in N;. The magnitude of I;{n] decreases by the reduction in the number of
traffic data, resulting in a linear improvement in correlation performance proportional to
the rate of decrease in N;.

5. Time Synchronization

Time synchronization in this paper was performed in two stages: coarse and fine syn-
chronization. In general, coarse time synchronization in UWA communication is performed
by cross-correlation of the received signals and transmitted signals, which is also adopted
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in this paper. The coarse synchronization time (%) was obtained by finding a time with a
maximum value among cross-correlations in Equation (7), which is given by

T = argmax|R(7)]|. (11)
T

Let ¢ be a time offset for a given coarse synchronization time %. The fine time syn-
chronization is obtained using the time metric M(c) in Ren’s method [15] to increase the
precision of the estimated time. The fine time offset ¢ for % is calculated as

0 = argmaxM(o). (12)
ag
Therefore, the fine synchronization time value is obtained as T + ¢. The proposed
method performs coarse and fine time synchronization first, followed by frequency syn-
chronization, as described in the next section.

6. Frequency Synchronization Analysis

In this section, we derived the ZCS pilot-based CFO estimation and analyzed the
interference caused by traffic data in the symmetric correlation of the ZCS pilot.

The CFO estimation is iteratively performed two times by symmetric correlation of
repeated patterns of the ZCS pilot based on Ren’s method [15]. The CFO estimation by
Ren’s method [19] is given as

. D D-1w«¥-1 ,[. mN] [. (m+1)N
L

where D denotes the number of repetition patterns. The time and frequency synchroniza-
tion in the ZCS pilot-based OFDM is summarized in Algorithm 1.

Algorithm 1 Time and frequency synchronization in the ZCS pilot-based OFDM

1: Define N, Ny, Ny, Nps, n € [0, N—1], ky € Np, ko € Ny
2: Initialize:
Randomly generate traffic data bits d[k;]
Generate ZCS pilot c[kq] as (5)
Generate ZCS pilot-based OFDM symbol s[n] as (6)
Extract the received signal y[n] as (4)
3: Calculate cross-correlation R[n] as (7)
4: Calculate the coarse synchronization time 7 as (11)
5: Calculate ¢ as (11), then determine fine synchronization time as © + &
6: Calculate £ from y[n] at T + ¢ as (13)
7:Return T+ 7, ¢

In the CFO estimation, as in Section 4, we focused on analyzing the interference
caused by traffic data in the symmetric correlation of the ZCS pilot. To simplify the
equation, we assumed that D = Nys = 2,n € N, p = 1, and was a noiseless environment.
Substituting the received OFDM symbol y[n] with Equations (4) and (6), Equation (13) can
be rewritten as

N

s 1 Noq e i) oo . N . N
s:;angle<h2[0]2izzo e N e N (sp[z}+sd[1]) (Sp|:l—|—5:| +sd[1+5})). (14)
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In the CFO estimation, by treating the traffic data as the interference in the same way
as in Equations (7) and (8), and s, [i]s4 {i + %} +s3[i]sp [i + %} + 57 [i]sa {i + %} is defined
as I[d]. Then, the symmetric correlation in Equation (14) can be rewritten as

 j2rmi prei+ )

é:}rangle(hz[o]zgole N e N (s;‘,[i}sp[i+%} +Ili[i])>

— 1 angle <h2 o5 e (14 1 m)).

(15)

In Equation (15), the performance of CFO estimation is affected by the phase of I’;[i].
If s4[i] is zero, then I[i] becomes zero, and the estimated CFO £ is the same as ¢ because it
eliminates the interference caused by the traffic data.

Therefore, the interference caused by traffic data in symmetric correlation decreases
proportionately to the reduction in N, and the CFO estimation performance is proportional
to the reduction in Nj.

7. Computer Simulation and Results

In this section, we conducted computer simulations and a practical ocean exper-
iment to evaluate the performance of the proposed method. The performance of the
proposed method was compared with conventional methods including Ren’s method [15],
Yang’s method [12], and Avrashi’s method [29]. The simulations evaluated the correlation,
time synchronization, CFO estimation, and BER performance of the proposed ZCS pilots
according to the traffic data rate.

The correlation performance of the proposed method was compared with the ZCS
pilot without transmitting the traffic data based on the correlation ratio with respect to
the traffic data rate. The time synchronization performance was evaluated by comparing
the synchronization error with respect to the traffic data rate using the mean absolute
error (MAE). The CFO estimation performance was evaluated using the mean square error
(MSE) between the actual CFO and the estimated CFO. In addition, the CFO estimation
performance was evaluated for different traffic data rates for a constant CFO and the time-
varying CFO. Finally, the BER results according to the traffic data rate were also compared.

The UWA channel models for the simulation were generated by the BELLHOP ray
tracing tool based on the sound speed profile (SSP). The channel delay profile of the UWA
channel model for the simulation included five multipaths with a maximum excess delay
(MED) of 13 ms, as shown in Figure 2a. The SSP was acquired at a maximum depth of 40 m
in the West Sea of Korea, as shown in Figure 2b.

o1 0
[}
3
208 10
2 —_
E 0.6 i,
S04 g
R [
I e
© 30"
£0.2
S
° T
Z 0 ‘ ‘ T 40" : : : _—
0 0.005 0.01 0.015 1460 1480 1500 1520 1540
Channel dealy (sec) Speed (m/s)

(a) (b)

Figure 2. The underwater channel for the simulation: (a) channel delay profile, (b) sound
speed profile.

The Doppler shift frequency f; of the UWA channel model was set to 1.5 Hz, resulting
in a coherent time of 282 ms, which was longer than the length of two OFDM symbols
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(250 ms). We specifically focused on comparing the performance variation due to inter-
ference caused by the traffic data rate. Therefore, we set a CP length longer than MED
and an Ny shorter than the coherence bandwidth to reduce other factors that could affect
the performance sufficiently. Additionally, we set the T}, to two to estimate the CFO while
considering the coherence time.

The performance of the proposed method is mainly affected by the interference of
traffic data. Since the interference is proportional to the traffic data rate, we fixed a set of
OFDM parameters and compared the performance variations for the different traffic data
rates. The OFDM parameters used in the simulations are shown in Table 1.

Table 1. The OFDM parameters for the simulation.

Parameter Value
Number of the subcarrier 1024
Bandwidth 10 kHz
Subcarrier spacing 9.77 Hz
Sampling rate 100 kHz
CP length 22.6 ms
OFDM symbol length 125 ms
Pilot spacing (Nps) 2,3
Ny 510, 680
Np 510, 340
T, 2
Modulation QPSK
Maximum excess delay 13 ms
RMS delay spread 6.2 ms
Maximum Doppler frequency 1.5Hz
Coherence bandwidth 32.3Hz
Coherence time 282 ms

The data frame consisted of 1024 carriers that were transmitted via the UWA channel.
Figure 3 shows the data frame structure of the conventional methods and the proposed method.

Data frame (1 sec)

OFDM symbol
125 msec (125 msec)
Training symbol | CP Data 1 CP Data 7
(a)
Data frame (1 sec)
OFDM symbol
(125 msec)
Data 1 Data 2 Data 8
(pilot tone) zP (pilot tone) zP (pilot tone) zP
(b)
Data frame (1 sec)
OFDM symbol
(125 msec)
Data 1 Data 2 Data 8
cP (ZCS pilot) cp (ZCs pilot) cp (ZCs pilot)

()

Figure 3. The structure of the data frame: (a) Ren’s method [15] and Yang’s method [12], (b) Avrashi’s
method [29], and (c) proposed method.
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Frequency

The data frame of Ren’s method [15] and Yang’s method [12] consisted of one training
symbol and seven OFDM symbols, each with a length of 125 msec. On the other hand,
the data frame of the proposed method and Avrashi’s method [29] consisted of eight zero-
padded (ZP) OFDM symbols, each with a length of 125 ms and a total length of 1 s. In
the proposed method, the N, traffic data were assigned to the OFDM symbols at every T,
interval, and the Nj traffic data were assigned to the remaining OFDM symbols. Figure 4
and Table 2 demonstrate the OFDM symbol structure and traffic data rate according to the
Njps and N when T, was set to two, respectively.

Traffic data D Training symbol . Pilot Empty

> > > >
e e e e
=2 = o T,=2 = T,=2 = T, =2
- - - -
o o o o
[} [} [} [}
S t Y S S
L L L L
[\l o o
1] 1] Il
2 2 2
= = =
Time Time Time Time Time

(a)

(b) (c) (d) (e)

Figure 4. The OFDM symbol structure (Nys = 2, T, = 2): (a) Ren’s method [15] and
Yang’s method [12], (b) Avrashi’s method [29], (c) proposed method (N, = Nj), (d) proposed method
(Ne = 1/2Nj,), and (e) proposed method (N; = 1/3Nj).

Table 2. Traffic data rate (T, = 2).

Method Traffic Data Rate (bps) @ Ns=2 Traffic Data Rate (bps) @ Ns=3
Ren’s method [15] 3570 (Ry) 4760 (R3)
Yang’s method [12] 3570 (Y2) 4760 (Y3)
Avrashi’s method [29] 4080 (Az) 5120 (A3z)
Proposed method (N; = Ny) 4080 (P21) 5440 (P31)
Proposed method (N. = 1N, 3060 (P22) 4080 (Ps2)
Proposed method ( N, = lNd 2720 (Pp3) 3628 (P33)

As mentioned in Section 4, the correlation performance of the ZCS pilot is affected
by the amount of traffic data. To analyze the effect of interference on the amount of traffic
data, we compared the performance of three OFDM symbol structures of the proposed
method with the most interference with the conventional methods. Figure 4 displays five
different types of pilots and data allocations. Figure 4a depicts the OFDM symbol structure
of Ren’s method [15] and Yang’s method [12]. The first OFDM symbol was used as a
training symbol. Figure 4b describes the OFDM symbol structure of Avrashi’s method [29].
Equi-power and equi-spaced pilot tones were assigned to all OFDM symbols within the
data frame. Figure 4c—e shows the OFDM symbol structures of the proposed method that
allocated ZCS every Ny interval on the frequency to all OFDM symbols as the pilot. It
also shows the case of those allocated by Nj traffic data, 1/2N; traffic data, and 1/3Njy
for each OFDM symbol at T, intervals, respectively. In all three symbol structures, the
remaining subcarriers were allocated N; traffic data. In the case where T, was set to two in



Electronics 2024, 13, 3679 11 of 19

Figure 4, the CFO estimation was only performed on odd OFDM symbols and not even
OFDM symbols.

In Table 2, i and j in P;; represent the pilot spacing and traffic data ratio on the
subcarriers of the proposed method, respectively. The i in R;, Y;, and A; indicates the pilot
spacing on the subcarriers of the conventional methods.

7.1. Correlation Ratio of ZCS-Based Pilot

As analyzed in Section 4, the correlation performance of ZCS pilots is linearly inversely
proportional to the number of traffic data allocated to the OFDM symbols. Let I, be the lag
with a valid correlation value satisfying ul = mN /Npg in Equation (10) and let /] be the lag
with a correlation value due to interference. Then, the correlation ratio is defined as the
ratio of |R[ly]| of |R[}]| as follows,

LIR[L(0)]/ Lo

YIR[)| /L (16)

Correlation ratio =

where L, and L; denote the numbers of [, and [;, respectively.
Figure 5 shows the normalized correlation ratio at an SNR 0 dB environment.
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Figure 5. Normalized correlation ratio at SNR 0 dB. (a) Nps = 2, (b) Nps = 3.

In Equations (9) and (10), I;[n] is linearly proportional to the traffic data ratio. There-
fore, the correlation ratio in Figure 5 was linearly increased in proportion to the reduction
in traffic data allocated to the OFDM symbols. In Figure 5, the correlation performance of
the proposed method where N. = 1/3N; compared to the non-interference was 14.8% and
14.7% different when Nps = 2 and Nps = 3, respectively. When N, was less than 1/3Ny,
the difference in correlation ratio between the proposed method and the non-interference
became less than 10%. As N, decreased, the correlation ratio of the proposed method
converged to one.

Therefore, as theoretically analyzed in Section 4, the correlation performance of the
ZCS pilot was linearly proportional to the reduction in traffic data rate. In the subsequent
simulation for performance evaluation, the proposed method was compared when N, was
equal to or greater than 1/3N;.

7.2. Time Synchronization Performance

The time synchronization performance of the proposed method was compared with
that of the conventional methods. Since the time synchronization method was not proposed
for Avrashi’s method [29], a cross-correlation-based time synchronization was applied for
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comparison. Figure 6 and Table 3 show the MAE of time synchronization for the proposed
and conventional methods.

MAE of time synchronization (sample)

SNR(dB)
(a) (b)

SNR(dB)

Figure 6. The timing synchronization performance. (a) Nps = 2, (b) Nps = 3.

Table 3. The MAE of time synchronization @ SNR 0 dB.

Method MAE of Timing Error @ Ns=2 MAE of Timing Error @ N,s=3
Ren’s method [15] 29 (Ry) 6.9 (R3)
Yang’s method [12] 1.1(Yz) 1.2(Yz)
Cross-correlation method 6.2 6.3
Proposed method (N; = Ny) 12.9 (P21) 254 (Ps7)
Proposed method (N. = 1N, 7.3 (P2) 13.9 (P32)
Proposed method ( N, = lNd 4.6 (Pp3) 8.6 (P33)

In Figure 6 and Table 3, the MAEs of the proposed method showed larger errors com-
pared to those of the conventional methods, since the proposed method had interference
by the traffic data in the correlation in Equations (10) and (11). Comparing the MAE of the
proposed method for different traffic data rates, the MAE decreased linearly as the traffic
data rate decreased. In the cases of P; 1, P>, and P, 3, the traffic data ratio was 100%, 50%,
and 33.3%, respectively, and the MAEs of P, ; and P 3 decreased to 56.6% and 35.7% of P, 1,
respectively. The MAE decreasing rates of Nys = 3 were similar to those of Nps = 2.

The MAE of the timing error of the proposed method decreased linearly with the
increase in the traffic data ratio. Thus, it can be inferred that reducing the amount of traffic
data in the proposed method can make the time synchronization performance similar to
that of conventional methods.

7.3. CFO Estimation Performance

The CFO estimation performance of the proposed method with various traffic data
rates was compared with the conventional methods by MSE. Simulations were performed
for both constant CFO and time-varying CFO cases to verify the performance of CFO
estimation. Since CFO estimation was performed after the timing synchronization, each
method performed CFO estimation with the timing error in Figure 6.

7.3.1. CFO Estimation with Constant CFO

In the CFO estimation performance comparison concerning the traffic data rate, it was
assumed that all of the OFDM symbols within the data frame underwent the same CFO.
Figure 7 and Table 4 show the MSEs of CFO estimation with respect to the traffic data rate.
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Figure 7. The MSE of CFO estimation according to the traffic data rate. (a) Nps = 2, (b) Nps = 3.

Table 4. The MSE of CFO estimation with constant CFO @ SNR 0 dB.

Method MSE of CFO Estimation @ Nps=2  MSE of CFO Estimation @ N,,s=3
Ren’s method [15] 3.9 x 1073 (Ry) 5.9 x 1073 (Rs)
Yang’s method [12] 3.6 x 1073 (Y2) 5.6 x 1073 (Y3)
Avrashi’s method [29] 7.6 x 1073 (Ay) 10.2 x 1073 (Aj3)
Proposed method (N. = Nj) 7.6 x 1073 (Py) 10.3 x 1073 (P31)
Proposed method (N, = 3Ny 5.9 x 1073 (Pyp) 8.0 x 1073 (P3»)
Proposed method ( N. = 1Ny 4.6 x 1073 (Pp3) 6.3 x 1073 (P33)

Figure 7 and Table 4 illustrate that the MSEs of the proposed method were higher or
similar to the conventional methods. This is because the proposed method was affected
by the interference of the traffic data in the CFO estimation in Equation (15). When
reducing the amount of traffic data, the CFO estimation performance increased compared
to Avrashi’s method [29], and the performance difference between Ren’s method [15] and
Yang’s method [12] decreased. When the traffic data ratio of P, 1, P»2, and P, 3 was 100%,
50%, and 33.3%, respectively, and the MSEs of P, > and P 3 decreased to 77.6% and 60.5% of
P, 1, respectively. The MSE reduction rates for Ns = 3 were comparable to those observed
for Nps = 2. A comparison of the MSEs of the proposed method across different traffic data
rates showed a decrease in MSE as the traffic data rate increased.

The MSE of the CFO estimation of the proposed method decreased in proportion to
the decrease in the traffic data rate, as shown in Section 6. Therefore, reducing the amount
of traffic data in the proposed method can improve the CFO estimation performance.

7.3.2. CFO Estimation with Time-Varying CFO

To evaluate the impact of the CFO estimation error when the CFO estimation period
exceeded a coherent time (e.g., T, = 4 and 6), we compared the MSE of the CFO estimation
of the proposed method and the conventional methods for the time-varying CFO. This
scenario is common in practical ocean environments. For the simulation comparing the
CFO estimation performance with time-varying CFO, T, was set to two, four, and six,
respectively. Figure 8 and Table 5 show the MSEs of CFO estimation according to T, = 2, 4,
and 6 for Nys = 2 and Nps = 3.
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Figure 8. The MSE of CFO estimation according to Tj. (a) Nps = 2, (b) Nps = 3.

Table 5. The MSE of CFO estimation with time-varying CFO @ SNR 0 dB.

Method MSE of CFO Estimation @ Nps=2  MSE of CFO Estimation @ N,,s=3
Ren’s method [15] 19.4 x 1073 (Cp) 33.0 x 1073 (G3)
Yang’s method [12] 18.4 x 1073 (Y7) 33.0 x 10723 (Y3)
Avrashi’s method [29] 7.6 x 1073 (Ay) 10.2 x 1073 (A3)
Proposed method (T, = 2) 5.9 x 1073 (Py2) 8.0 x 1073 (Ps7)
Proposed method (T, = 4) 11.9 x 1073 (Py5) 20.3 x 1073 (P3)
Proposed method (T, = 6) 19.3 x 1073 (Py2) 33.7 x 1073 (P3p)

In Figure 8a, when Nys = 2, compared to Yang’s method [12] of A, the MSE of the
P, decreased by 67.9% for T, = 2, by 35.3% for T;, = 4, and increased by 0.1% for T,, = 6.
In Figure 8b, when Nj; = 3, compared to Yang’s method [12] of A3, the MSE for P of
the proposed method decreased by 75.2% for T}, = 2, by 38.5% for T, = 4, and increased
by 0.02% for T, = 6. Since the proposed method estimates the CFO at each coherent
time and the case of T, = 2 showed the lowest MSE, T,, = 2 was used to analyze the
BER performance.

Ren’s method [15] and Yang’s method [12] only transmit the first OFDM symbol
of the data frame as the training symbol, which led to poor estimation performance for
time-varying CFO. On the other hand, the proposed method and Avrashi’s method [29]
estimated the time-varying CFO with similar MSEs of the CFO estimation. Therefore,
we verified that the proposed method estimated the time-varying CFO when the OFDM
symbol interval T}, transmitting the ZCS pilot was less than or equal to the coherence time.

7.4. BER Performance

Since the proposed method estimates the CFO at each coherent time and the case of
T, = 2 showed the lowest MSE, T, = 2 was used to analyze the BER performance. The
BER performance according to the traffic data rate of the proposed method was compared
with that of the conventional methods. Figure 9 shows the BER results according to the
traffic data rate.

In Figure 9, the BER performances for the proposed methods of P, were similar
to that of the conventional methods, Ry and Y3, while the proposed method achieved a
14.3% improvement in traffic data rate. Additionally, the P;; was similar to that of the
conventional method Aj;, while the proposed method achieved a 6.3% improvement in the
traffic data rate. On the other hand, the traffic data rates for the proposed methods P, 5, P> 3
were smaller than that of the conventional methods with 14.3% and 23.8%, respectively,
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while the proposed method obtained a 2 dB and 3.8 dB SNR gain in BER performance,
respectively. The BER performance of Nys = 3 was similar to Nps = 2.

10° , 10° ,
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Figure 9. The BER result according to the traffic data rate. (a) Nps = 2, (b) Nps = 3.

Thus, the proposed method showed an improved traffic data rate when the BER
performance was similar, and an improved BER performance when the traffic data rate was
less than the conventional methods.

8. Experiment Results

The practical ocean experiment was conducted on 4 December 2023, at a location
6.42 km east of Jisepo Port in the South Sea, South Korea to verify the BER performance of

the proposed method. Figures 10 and 11 depict the experimental location, configuration,
and the measured SSP.

gi,{occ

[ransmitter Q

Figure 10. Location of the ocean experiment.
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Figure 11. Ocean experiment: (a) configuration, (b) measured SSP.

The water depth at the experimental site was 40 m. The transmitter was deployed at
a depth of 5 m from the sea surface and used a Neptune-D17BB with a frequency range
of 14 kHz to 26 kHz. The receiver was deployed at a depth of 20 m from the sea surface
and used a TC4032. The SSP was measured manually by lowering it to the seafloor using a
Valeport miniSVP. The wind was 5.3 m/s to the southwest, the temperature was 27.4 °C,
and the water temperature was about 28.5 °C. The parameters for the OFDM signals used
in the ocean experiment were the same as those listed in Table 1. The additional ZCS and a
single tone were transmitted for frame detection and Doppler shift frequency estimation,
respectively. Figure 12 shows the spectrogram of the received signal.
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Figure 12. Spectrogram of received signals. (a) Conventional method, (b) proposed method.

The estimated SNR and estimated maximum Doppler frequency of the data frames
received from the practical ocean experiment are shown in Figure 13.
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Figure 13. Ocean experiment parameter. (a) Estimated SNR, (b) estimated maximum Doppler
frequency.

The estimated SNR ranges of the ocean experiment were from about —0.4 to 0.2 dB.
In the practical ocean experiment, the flow of water caused a variation in transmitter and
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receiver positions, and the Doppler shift frequency was estimated to vary, as shown in
Figure 13b. The estimated maximum Doppler shift frequency was 1.3 Hz, resulting in a
coherent time of 325.4 ms, which exceeded the length of two OFDM symbols of 250 ms.
Tables 6 and 7 show the traffic data rate, the MSE of the CFO estimation, and the BER of
the maritime experiment results for NpS =2and Nps =3.

Table 6. Ocean experiment results (Nps = 2).

Method Traffic Data Rate (bps) MSE BER

Ren’s method [15] 3570 (Ry) 0.0042 0.0064

Proposed method (N = Ny) 4080 (Py1) 0.0074 0.0065
Proposed method ( N, = %Nd 3060 (Ppz) 0.0060 0
Proposed method ( N, = %ng 2720 (Py3) 0.0043 0

Table 7. Ocean experiment results (Nps = 3).

Method Traffic Data Rate (bps) MSE BER

Ren’s method [15] 4760 (R3) 0.0061 0.0329

Proposed method (N, = Ny) 5440 (P31) 0.0101 0.0331

Proposed method ( N. = 1N, 4080 (P3) 0.0082 0.0033
Proposed method ( N; = ;’Nd% 3628 (P33) 0.0061 0

The MSEs and BERs of the practical ocean experimental results in Tables 6 and 7 were
similar to those at the SNR of 0 dB by the simulation results in Figures 7 and 9. In Table 6,
when the traffic data rate of the conventional method was 3570 with the BER of 0.0064, the
proposed method with the greater traffic data rate of 4080 showed a similar BER of 0.0065.
On the other hand, when the traffic data rate decreased by 3060, the BER decreased by 0,
which improved the BER performance.

Therefore, similar to the simulation result, the ocean experiment results showed an
improved traffic data rate when the BER performance was similar, and an improved BER
performance when the traffic data rate was less than the conventional methods.

9. Conclusions

This paper proposed a novel ZCS pilot-based OFDM method for time and frequency
synchronization to improve the BER performance and traffic data rate in UWA OFDM
systems. The proposed method utilized the ZCS as the pilot and transmitted pilot and
traffic data simultaneously to improve the traffic data rate while estimating the CFO at each
coherence time. The relationship between the interference and correlation performance of
ZCS depending on the amount of traffic data was analyzed theoretically and verified by
simulation. The computer simulation evaluated the time synchronization performance,
CFO estimation performance, and BER performance of the proposed method according
to the traffic data rate. Compared to the conventional methods, the BER performance of
the proposed method showed a 6.3% to 14.3% increase in traffic data rate for a similar BER
performance and a 2 dB to 3.8 dB SNR gain with a 14.3% to 23.8% traffic data rate decrease.
Therefore, the proposed ZCS pilot-based OFDM method demonstrated improved traffic
data rates when the BER performance was similar, and an improved BER performance
when the traffic data rate was lower than that of the conventional method.
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