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Abstract—Synchronous detection acts as a key role in un-
derwater acoustic communications. It is discovered that the
Symmetrical Triangular Linear Frequency Modulation (STLFM)
signal has double energy peaks in their fractional Fourier
transform domain and these two peaks have symmetry in their
amplitude if the STLFM signal is captured in the accurate time
windows for the synchronization. In this paper, we propose a
synchronization detection method based on the STLFM. To verify
the effectiveness of the proposed method, we apply simulations
based on the Bellhop program and sea trial data collected at
Wuyuan Bay, Xiamen, China. The results show that the proposed
STLFM method outperforms the LFM method.

Index Terms—underwater acoustic communications (UAC),
Symmetrical Triangular Linear Frequency Modula-
tion (STLFM), synchronization

I. INTRODUCTION

Underwater acoustic channel is complex in time, space,
and frequency [1]–[10]. It is often characterized as time-
varying, multipath, and limited bandwidth [11]–[13], which
distort acoustic signals seriously in the channel. Therefore, the
performance of underwater acoustic communications (UAC)
largely depends on the synchronization detection. In practical
applications, both communication and positioning system re-
quire high accuracy and stability of synchronization. Currently,
methods for improving the performance of synchronization,
include signal structure design and signal processing [14].

Linear frequency modulation (LFM) has been well per-
formed and widely used in UAC due to its autocorrelation
property and pulse pressure characteristics [15]–[17]. Most
of the existing underwater acoustic synchronization signals
are based on the LFM signal or its extended signals [14],
[18], [19]. Among these signals, symmetrical triangular linear
frequency modulation (STLFM) [7] is one of the preferred
synchronization signal at low signal-to-noise ratio (SNR) due
to its large time bandwidth product and symmetrical triangular
structure [20], [21].

This paper is organised as follows. Section II describes
the STLFM signal. Sections III describes the synchronization
algorithm. Section IV compares the proposed algorithm and
the existing LFM algorithm using the Bellhop simulation and
field data. Section V summarizes the paper.

Fig. 1. Diagram of the Symmetrical Triangular Linear Frequency Modula-
tion (STLFM).

II. STLFM SYNCHRONIZATION SIGNAL

Each period of the STLFM signal ST includes two parts
of the positive frequency modulation S+

T (t) and negative fre-
quency modulation S−T (t). Assume that the period of STLFM
signal is T , and its frequency first in the first half period [0,
T /2] linearly rises to a certain value, then linearly drops to
the starting value in the second half of the period [T /2, T ],
expressed as
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where A is the signal amplitude, T is the sweep period, fc is
the effective center frequency of the signal, µ is the modulation
frequency, φ1 and φ2 are the initial phases, and φ2 = πfcT +
φ1. Fig. 1 shows the schematic diagram of the STLFM signal.
In the figure, f1 and f2 are the equivalent initial frequencies of
the upper and lower frequency modulation parts. Fig. 2 shows
two peaks in the fractional Fourier transform (FRFT) domain.
The bimodal position and symmetry axis are in the ideal case.
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Fig. 2. STLFM in the fractional Fourier transform (FRFT) domain.

Using FRFT for the signal and supposing the upper Fre-
quency Modulation (FM) transformation, the peaks position
µ1 and µ2 can be given by

µ1 =

(
fc −

µT

4

)
sinα, (3)

µ2 =

(
fc +

3µT

4

)
sin (−α) , (4)

where α is the angle, and fc is the center frequency. The
position of the peaks is related to the starting frequency
and FRFT transformation angle, use Eq.(3) minus Eq.(4), we
obtain

|µ2 − µ1| =
(
2fc +

µT

2

)
sinα = 2F sinα, (5)

where F is the maximum frequency within the bandwidth. It
can be seen that the STLFM obtains two peaks with different
positions through FRFT transformation, and the spacing be-
tween the two peaks is related to its maximum frequency and
the current FRFT transformation angle. Considering the time
delay and the frequency shift caused by the complex channel,
with the delay and the frequency characteristics of FRFT, the
peaks position µ1r and µ2r can be given by

µ1r = µ1 − τ cosα− ε sinα, (6)

µ2r = µ2 − τ cos (−α)− ε sin (−α) , (7)

where τ is the time delay, and ε is the frequency shift.
Thus, when the received signal is delayed, the symmetry axis
position is offset, which has a certain relationship with τ .

III. SYNCHRONIZATION ALGORITHM

The STLFM synchronization algorithm can be obtained
based on the symmetry axis. Such synchronization algorithms
incorporates two steps: synchronization capture, and synchro-
nization tracking.

A. Synchronization capture based on symmetry axis correction

To achieve synchronization capture, we first make a cor-
rection to pull the signal and FRFT transform window to a
relatively close position. It avoids too much peak attenuation of
the direct path signal and reduces the amount of computation
for subsequent synchronization processing. Then, the effects
of Doppler spread are compensated for achieving better FRFT
spike.

According to Eq.(6) and Eq.(7), the symmetry axis positions
of the double peaks are:

(µ2r + µ1r)

2
=

(µ2r + µ1r)

2
− τ cosα, (8)

where µ1r and µ2r represent the bimodal positions affected
by the delay.

As discussed above, the symmetry axis is affected by τ
rather than ε. The ε has been offset by the Doppler shift of
upper and lower FM. The symmetry axis of the initial FRFT
result of the received signal is subtracted from the original
symmetry axis parameter to obtain the delay τ . Then the τ
can be given by

τ =

[
(µ2r+µ1r)

2 − (µ2+µ1)
2

]
cosα

. (9)

The position of the synchronization window can be cor-
rected by τ . Supposing the Doppler factor of the existing
Doppler spread is D, and the maximum frequency becomes
DF . Since the Doppler spread has little effect on the optimal
order, the original order FRFT transform does not lose its
energy focusing characteristics. The FRFT bimodal spacing
after Doppler expansion is

|µ2ε − µ1ε| = 2DF sinα, (10)

where µ1ε and µ2ε represent the bimodal positions affected by
Doppler. The Doppler factor D is found by Eq.(5) and Eq.(10)
to adjust the optimal FRFT transformation order to

p′ = − 2

π
arccotD2µ. (11)

It also adjusts the FRFT transform window length to the T/D
of the current STLFM cycle length.

B. Synchronization tracking based on peak difference correc-
tion

After the symmetry axis is corrected, there will still be
energy overflow due to the small difference of the syn-
chronization position. At this time, the double peak of the
FRFT domain will have a high and low difference, and the
synchronization tracking loop can be used to accurately track
the signal. The synchronization tracking loop is a closed-
loop processing structure for the purpose of “locking the
bimodal amplitude difference below the preset threshold”,
and estimating the synchronization deviation by the bimodal
amplitude difference, without setting an absolute threshold.

The closed loop synchronization tracking procession is
shown in the Fig. 3. Step A performs an order-corrected FRFT
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transform on the signal after the symmetric axis synchroniza-
tion correction, and takes the double peak maximum value
|Rm1|2, |Rm2|2. Then we calculate the threshold R. If R is
greater than the preset value m, the synchronization window
moves τ (τ = T/fs, T is the STLFM signal period, and Fs
is the sampling rate), and repeats the first step to perform the
next synchronization tracking procession until R is less than
the preset value m, which indicates that the peak amplitude
difference has been controlled within an acceptable range.
At this time, the FRFT bimodal amplitudes are nearly equal,
meaning that the synchronization is successful.

Fig. 3. Block diagram of synchronous tracking process.

IV. NUMERICAL RESULTS

We compare and verify the LFM synchronization algorithm
based on a single peak position in FRFT domain with the
proposed STLFM synchronization algorithm. The frequency
range of LFM and STLFM signal is from 20 kHz to 30 kHz,
the duration is 20 ms, and the system sampling rate is 100 kHz.

The algorithm is tested for several times. The error between
the synchronization position and the ideal value (synchroniza-
tion error) obtained by each test is statistically analysed in
terms of histogram and error distribution probability. Then,
the performance of the LFM synchronization algorithm and
the STLFM synchronization algorithm are compared. The
histogram form highlights the stability of the synchronization
of the two algorithms, and the error distribution probability
can directly reflect the difference in synchronization accuracy
between the two algorithms.

A. Bellhop simulation

In Bellhop simulation, the transmission distance is 1000 m,
and the transducer depth is 10 m. As shown in Fig. 4(a),
the channel has 6-path impulse response. Fig. 4(b) shows the
amplitude of the received signal which is significantly jittery
in the time-domain.

The synchronization errors of the two algorithms are
counted as shown in TABLE I. The mean square error (MSE)
reflects the stability of synchronization. The MSE of the
STLFM synchronization algorithm in this paper is reduced
to 1/20 of the LFM synchronization algorithm.

As shown in Fig. 5, the synchronization errors of the
STLFM algorithm is concentrated in [-0.01,0.01] while the
LFM is concentrated in [-0.03,0.03]. Therefore, the STLFM
algorithm is relatively more stable. As shown in Fig. 6, most of
the synchronization error of the LFM algorithm are uniformly

(a) Bellhop multipath model

(b) Received signals

Fig. 4. Bellhop multipath model and received signals.

Fig. 5. Synchronization error histogram.

TABLE I
MSE STATISTICS OF BELLHOP MODEL AND WUYUANWAN CHANNEL

Algorithm
MSE(ms2) Bellhop model Wuyuanwan channel

LFM 2.4195e-04 2.3001e-03
STLFM 1.2750e-05 4.1001e-04
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Fig. 6. Error distribution probability.

(a) Wuyuan Bay, XiaMen, China (b) 3-D multipath diagram

(c) Receive signals (d) Time-frequency diagram

Fig. 7. Multipath channel and received signals collected in Wuyuan Bay,
Xiamen, China [7].

distributed in the range of 0.04 ms, only 42% of them are in
the range of 0.01 ms. While the synchronization errors of the
STLFM algorithm are mostly in the range of 0.01 ms, and
about 86% of them are in the range of 0.005 ms. Therefore,
the synchronization performance of STLFM algorithm is better
than that of the LFM.

B. Field channel experiment

Further comparison of LFM and STLFM synchronization
algorithms is performed in Wuyuan Bay, Xiamen, China. The
test scenario is shown in Fig. 7(a). The signal was transmitted
at point A and was received at point D. Fig. 7(b) shows a
three-dimensional (3-D) multipath diagram during the test. The
X-axis is the multipath delay, the Y-axis is the time, and the
Z-axis is the normalized channel impulse response. Fig. 7(c)
shows the time domain waveform of the received signal with
large distortion. Fig. 7(d) shows the time-frequency spectrum,
which indicates that the received signal suffers from significant
multipath and background noise.

Fig. 8 shows the synchronization error histogram distri-
bution of the actual underwater channel which is more dis-

Fig. 8. Synchronization error histogram

Fig. 9. Error distribution probability

persed than the Bellhop simulation channel. Despite this, the
synchronization error of the STLFM algorithm is obviously
concentrated in a smaller range of [0.065,0.036], while the
LFM algorithm is concentrated in [-0.12,0.07], which indicates
its anti-multipath performance.

The MSE of the synchronization algorithm is reduced to 1/5
of the LFM synchronization algorithm. As shown in Fig. 9,
most of the synchronization errors of the LFM algorithm are
uniformly distributed in the range of 0.12 ms, only 69% of
them are in the range of 0.03 ms. While the synchronization
errors of the proposed STLFM algorithm are mostly in the
range of 0.06 ms, about 99% of them are in the range of
0.03 ms.

V. CONCLUSION

In this paper, symmetrical triangular linear frequency mod-
ulation (STLFM) is used as the synchronization signal of
underwater acoustic communications. Using the symmetry
of STLFM in time domain and FRFT domain to realize
synchronization tracking. Compared to the LFM synchronous
acquisition and tracking method, the use of STLFM’s bi-
modal relative relationship on the FRFT domain translates
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the detection of absolute peaks into the detection of relative
peak, thereby it can better adapt to the changing channel
environments. Through Bellhop simulation and a large num-
ber of sea-test data, the STLFM synchronization algorithm
achieves better stability and accuracy than the traditional LFM
synchronization algorithm in the same condition of the same
time-bandwidth.
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