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ABSTRACT

The paper proposes an enhanced solution for improving the accuracy of underwater object
positioning based on the Ultra-Short Baseline (USBL) sonar principle. In shallow water regions,
complex hydrological phenomena affect the quality of underwater acoustic signal transmission
and reception, making it essential to enhance the processing of these signal groups. Through the
USBL system model, the paper presents a model capable of adaptively selecting accurate signals
amidst the noisy underwater environment. The proposed model is implemented and validated in
practice using FPGA hardware in Lan Ha Bay. The results demonstrate the effectiveness of the
proposed algorithm compared to conventional approaches, as it extends the management range
and optimizes the transmission power of the system, even in cases of low signal-to-noise ratio.
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1. SYSTEM OVERVIEW AND RELATED RESEARCH

The management and localization of underwater objects in shallow water represent a
significant area of interest in national security and economic development. This topic has
drawn the attention of numerous scientists in Vietnam and around the world. Specifically,
active sonar systems operating on the principle of Ultra-Short Baseline (USBL) are
commonly employed for coastal port monitoring due to their advantages in terms of
flexibility (rapid setup time, integration capabilities), performance (real-time signal
processing, simultaneous management of multiple objects, and high accuracy) [1]. Based
on the principles of hydroacoustic signal transmission and reception, USBL systems can
accurately determine the range and direction between objects and a ground station.

However, in practical applications, the complex hydrodynamic phenomena in shallow
coastal waters significantly impact the effectiveness of USBL systems. Shallow coastal
waters are defined as the spatial region extending from the water surface to a depth of
approximately 200 meters [2]. Within this shallow water domain, various phenomena,
such as surface and bottom reflections, scattering, and refraction due to currents, as well
as temporal and depth-related temperature variations, introduce signal interference,
thereby affecting the system's performance and signal quality.

Currently, most research efforts aimed at improving the localization quality of USBL
systems primarily focus on addressing noise filtering in the received response signals [3, 4].
Within this group of problems, many scientists have adopted two main approaches: (1)
optimizing the signal structure for specific cases and (2) selecting signal processing
algorithms for noise filtering with adjustable parameters. These approaches each have
their own advantages and disadvantages, and the choice of which approach to adopt
depends on the specific characteristics of the sonar system and its intended use.

In approach (1), sonar systems employ various types of modulated frequency waves
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[5], frequency-hopping codes [6], or frequency hopping within each transmit pulse
sequence [7] to enhance target detection and localization. However, a drawback of this
approach is its lack of flexibility in adapting to real-world scenarios when there are
variations in signal intensity, source-receiver distances, and other conditions. This can
diminish the system's effectiveness in practical deployments in shallow coastal areas
with complex hydrodynamic conditions. Therefore, providing adaptive solutions for
signal reception in the receiver is of paramount importance rather than directly utilizing
complex signals.

In approach (2), advanced signal processing algorithms such as Spectral Subtraction
(SS), Principal Component Analysis (PCA), Kalman filtering, and joint filtering are used
to separate useful signals from background noise in sonar systems. However, several
challenges persist. SS, for example, can remove both noise and useful signals when the
signal-to-noise ratio is very low [8]. PCA assumes that noise and signals are uncorrelated,
which can be problematic when dealing with real-world signals [9]. Joint filtering lacks
adaptability to sound sources with complex time-varying characteristics [10].

Overall, the practical effectiveness of hydroacoustic systems using either approach
(1) or (2) faces difficulties due to their limited adaptability to environmental conditions.
Therefore, the paper proposes the development of an adaptive model that combines both
of these approaches to maximize noise reduction and enhance the performance of
USBL-based sonar systems. This combined approach is considered suitable for
addressing these challenges.

The previous publications from our research group have primarily focused on
building USBL sonar system models using linear frequency-shifted signals [11], and
optimizing baseline algorithms for USBL systems while incorporating the structure of
Costas frequency-hopping signals [12]. In continuing the development of our previously
published research findings, this paper presents the results of constructing and
implementing an adaptive algorithm optimized for USBL systems. To achieve this goal,
section 2 outlines the system's approach and algorithm flowchart. Section 3 provides the
verification results of the algorithm using the Costas frequency-hopping signal structure
in real-world conditions in Lan Ha Bay, Vietnam. It evaluates the algorithm's
performance and compares it with equivalent published results. Finally, the paper
concludes with a general summary and outlines directions for future research.

2. PROPOSED MODEL AND PROPOSED ADAPTIVE ALGORITHM

2.1. Proposed model

The proposed adaptive model is constructed to mitigate the occurrence of false alarm
results in signal detection problems, which often happen when setting the decision
threshold too low (leading to false alarms) or too high (resulting in the omission of
useful signals). Therefore, the model's requirement is to have an environment-adaptive
threshold detector that can maximize detection performance while maintaining a constant
false alarm rate. This applies to both hydroacoustic signal detection in general and sonar
signal detection in particular.

The proposed model is a combination of utilizing Costas frequency-hopping signals
and an adaptive joint filter solution, as illustrated in figure 3. In this setup, the Costas
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frequency-hopping signals s(t) are transmitted into the environment through a
transmitting antenna array. The signals received at the receiver antenna array are affected
by environmental noise. The received signal at the receiver is passed through a low-pass
filter, undergoes analog-to-digital conversion (ADC), and is processed by the adaptive
algorithm. Finally, the system makes a decision: whether a signal is present or not.
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Figure 1. Proposed adaptive algorithm for USBL system.

The adaptive algorithm is constructed with the aim of establishing adaptive threshold
values that can change according to the environmental conditions. When the received
signal has varying signal-to-noise ratios, the adaptive threshold values are computed and
adjusted by the proposed model to ensure a fixed false alarm rate. These adaptive
thresholds are set at the output of the joint filter to make the decision about the presence
or absence of the target signal.

2.2. Adaptive algorithm for model

The Constant False Alarm Rate (CFAR) algorithm is applied in radar-based detection
techniques to detect targets [13]. However, in USBL sonar systems, CFAR has
limitations, as mentioned in previous research [2, 14].

The essence of the CFAR algorithm [13] is to calculate the decision threshold value
for the detector based on the estimation of noise power from the signal samples obtained
within a time interval equal to the processing window width of the detector. The
calculation process is performed on each data cell of the data vector, as illustrated in
figure 2.

In this context, the processing window comprises the Cell Under Test (CUT) in the
center, along with guard cells and reference cells evenly distributed on both sides of the
CUT. In each iteration of the calculation, the reference cells are input into the statistical
estimation block to compute the Z value. Subsequently, the Z value is multiplied by the
scaling factor a, which depends on the estimation method and the desired false alarm
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probability. Finally, the value Ty = o.Z is used as the threshold for comparison with the
value of the CUT to make a decision on the presence or absence of a useful signal.
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Figure 2. General principle of implementing CFAR detector [13].

For the Cell Averaging CFAR (CA-CFAR) algorithm, the statistical estimation block
estimates the noise power based on the average value of the reference samples:

L=— X; (1)

Under the assumption that the false alarm probability Pra and the size of the
reference window 2n are fixed, the scaling factor aca is a constant determined by the
following relationship:

Ocp = Zn(PF_Al/2n _1) (2)
3. EXPERIMENT RESULTS OF THE ADAPTIVE MODEL

3.1. System Configuration and Signal Structure Selection

The adaptive model is designed for data processing at the output of the joint filter in
the receiving line of the USBL system using a four-hydrophone array, similar to the
published results by the author's team [11, 12]. The algorithm's execution results are
tested on real data obtained from the USBL system when transmitting Costas frequency-
hopping signals as used in [12].

The main technical specifications of the USBL underwater acoustic positioning
system are presented in table 1 below:

Table 1. USBL system configuration.

Parameter Value
Frequency range 28 — 36 KHz
Modulation signal Costas hopping
Transmit pulse width 8 ms
Sampling frequency 200 KHz
Speed of sound in water 1500 m/s
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Figure 3. A sequence of Costas frequency-hopping signal in the 28 - 36 kHz.

With Tx being the width of an individual pulse within the sequence and 4t
representing the frequency step size of the Costas signal.

3.2. Flowchart in FPGA
The flowchart of the CA-CFAR algorithm is presented in figure 4.
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Figure 4. Flowchart of the CA-CFAR algorithm implementation.

In this diagram, S represents the input data, In_Buf is a buffer for input data with a size
of L samples, CUT_Buf is a buffer for storing samples at the CUT position, and TCA_Buf
is a buffer for storing the CA-CFAR algorithm-calculated threshold values. The noise
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power is the result of averaging over the entire reference window. With a sampling rate of
200 KHz, the corresponding time for processing each input data sample is 5 ps. To ensure
real-time processing by the CA-CFAR detector, the total delay introduced by the detector
must be less than 5 ps for each processing sample. The CA-CFAR algorithm involves both
averaging and multiplication operations. Therefore, in practical hardware implementation,
with appropriate design parameters, these operations can be performed using register
shifting. This advantage allows the adaptive model to handle real-time processing through
FPGA circuits and implementation in the actual USBL system.

3.3. Experiment results

To evaluate the effectiveness of the proposed model, the system is set up and
compared in two scenarios: with adaptation (adaptive threshold Ti) and without
adaptation (fixed threshold Tcq), with the same transmit power at different ranges (d) at a
depth of 20 m; the results were statistically analyzed based on 10 trials.

3.3.1. Case 1: The distance d is 12 meters
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Figure 5. Signal detection with T.s=1,5ind =12 m.

If the fixed threshold value is chosen as T.q = 1.5 (figure 5), the receiver will not
detect all the useful frequency components, which affects the system's effectiveness. If
Te.a = 0.5 is chosen (figure 6a), there is a significant improvement in the system's
performance. The detection results show an effectiveness equivalent to the adaptive
threshold (figures 6b, 6c).
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Figure 6. Signal detection with Tcs= 0,5 and Tw in d =12 m.
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3.3.2. Case 2: The distance d is 300 meters

When changing the range from 12 m to 300 m, the results show that with a fixed
threshold Tcq = 0.5, the system cannot detect useful signals (figure 7). The system only
detects useful signals when the Tcq = 0.1. In contrast, with the adaptive algorithm, where
the T coefficient changes based on the quality of the received signal, the system was
able to detect the useful frequency components (figure 8).
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Figure 7. Signal detection with T.# =0,5 Figure 8. Signal detection with T.s =0,1
ind=300m. and T in d=300 m.

3.3.3. Case 3: The distance d is 1100 meters

At a distance of d = 1100 m, to detect a signal with a fixed threshold T.qs = 0,01 (figure
8), it is impractical to manually adjust threshold coefficients for USBL sonar systems.
With the adaptive algorithm, the results show that at 1100 m, the proposed model still
operates effectively. The test results at a 1km range provide performance equivalent to
existing foreign products with the same input parameters of the system [14].
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Figure 9. Signal detection with Tcs = 0,1 and T in d = 1100 m.
3.3.4. Case 4: The distance d is 1565 meters

The adaptive model continues to be tested at a distance of d = 1565 m, which is farther
than the operational limit of some foreign products [14]. The results show that with Teq =
0.01, the system cannot detect the reflected signal (figure 9a), while the proposed model
can still detect the signal with a very low signal-to-noise ratio (figure 9b).
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Figure 9. Signal detection with T.z = 0,01 and Tt in d = 1565 m.
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The test results at distances of 12 m, 300 m, 1100 m, and 1565 m demonstrate that
the adaptive algorithm is more effective than choosing a fixed detection threshold.
The adaptive model enhances the system's ability to detect signals in real-world
conditions, improving the operational range and accuracy of the system in complex
hydrological environments.

4. CONCLUSIONS

The paper is rooted in theoretical research on signal structure and modern
hydroacoustic signal processing algorithms. It progresses to propose and develop
adaptive algorithm models, followed by their implementation and validation in real-
world systems. The results are then compared with equivalent published findings. The
effectiveness of the adaptive model is demonstrated in the detection range of signals
under complex hydrodynamic conditions in the shallow coastal waters of Vietnam,
thereby enhancing the accuracy and flexibility of the system.
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TOM TAT
Nghién ctru phat trién thuit toan thich nghi nham néing cao chit lwong
dinh vi dwéi nwéc dua trén ky thuat sonar USBL

Bai bdo dé xudt mét gidi phdp nham ndng cao do chinh xdc trong ky thudt dinh
Vi dudi nudc sw dung dwong co so cuc ngan (USBL) dwa trén nguyén [y sonar. o)
vung nudc nong, cdc hién tuong thiy van phic tap anh huong dén chat lwong
truyén va nhdn tin hiéu am, do dé viéc xir Iy cdc tin hiéu nay tré nén rat quan
trong. Théng qua mé hinh hé théng USBL, bdi bdo trinh bay mét mé hinh c6 kha
nang lua chon thich nghi cdc tin hiéu chinh xdc trong moi truong phurc tap dudi
nude. Mé hinh dé xudt dwoc trién khai va kiém nghiém trong thyc té trén phan
cung FPGA tai Vinh Lan Ha. Két qua cho thdy hiéu qua cua thudt toan dé xudt so
VOi cdc phwong phap thong thuwong, giai phap nay cho phép mo réng pham vi quan
Iy va t6i wu héa cong sudt truyén ciia hé thong, ngay cd trong triecong hop 1y 1é tin
trén tap thdp.

Tir khoa: USBL; Thudt toan thich nghi; FPGA; Vung nudc nong.
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