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ABSTRACT

This paper develops the frequency-domain beamforming solution for passive sonar systems
operating in shallow-water environments, where acoustic signals are significantly affected by
multipath propagation and spatially varying attenuation. The study focuses on optimizing the
beamforming configuration by analyzing the influence of key processing parameters, namely FFT
length, window type, and overlap ratio, on system performance, including half-power beamwidth
(HPBW), peak-to-sidelobe ratio (PSLR), and output signal-to-noise ratio (SNRow). Simulation
experiments were conducted using three narrowband sources at 800, 900, and 1200 Hz,
representing the typical operational frequency range of passive sonar systems in shallow-water
conditions. Based on the obtained results, the optimal Short-Time Fourier Transform (STFT)
configuration is proposed to balance performance and computational cost within the 800—1200
Hz frequency band, offering practical applicability for passive sonar systems operating in the
shallow water environment of Vietnam.

Keywords: Frequency-Domain Beamforming; Passive Sonar; STFT; SNR.
1. INTRODUCTION

Beamforming represents an essential technique in passive sonar systems for increasing the
capability of detecting and accurately determining the direction of underwater targets [1, 2]. By
employing a hydrophone array, beamforming performs spatial filtering to enhance signals arriving
from the desired direction while reducing interference and noise from other directions [3]. Through
coherent summing across array elements, beamforming significantly raises the signal-to-noise
ratio (SNR) of the received signals [4], making it possible to identify weak targets in noisy
environments and improving bearing estimation accuracy.

In broadband passive sonar, beamforming in the frequency domain offers various advantages.
First, implementing the Fast Fourier Transform (FFT) to the signal received at each array element
enables more computationally efficient processing of wideband signals [5]. By efficiently
decomposing the broadband signal into narrowband components, or subbands, this approach
enables the system to apply frequency-dependent weighting to each subband. Therefore, sources
with various spectral characteristics can be separated more effectively, and processing can be
adjusted jointly in both time and frequency domains [6]. In other words, frequency-domain
beamforming allows selective processing across frequency, which is advantageous when multiple
sources operate simultaneously in different frequency ranges.

Additionally, frequency-domain beamforming can be easily combined with spectral analysis
techniques, such as time—frequency representations of acoustic signals. Short-Time Fourier
Transform (STFT) spectra are commonly used for signal detection and classification [7]. The
integration of beamforming with spectrogram-based analysis (e.g., generating angle—frequency
plots) allows for visualizing and separating sources in both time and frequency dimensions. Recent
studies have shown that exploiting the time—frequency distribution of signals enhances source
direction estimation accuracy compared to full-band statistical methods; using individual time—
frequency signatures enables more precise localization of acoustic sources [8]. Consequently,
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frequency-domain beamforming offers improved capability in distinguishing closely spaced
sources with different spectral characteristics.

Beyond classical techniques, recent studies have investigated flexible and reconfigurable array
beamforming for underwater applications. Phan et al. [9] introduced a 2D hydrophone array
configuration using adaptive sensor activation to form geometric subarrays and steer the mainlobe,
showing that tailored array geometry and optimized weights can effectively control mainlobe
width and sidelobe levels. A related study by Phan et al. [10] proposed a beam-shaping method for
a cylindrical 3D hydrophone array, demonstrating improved directivity and sidelobe suppression
through adaptive subarray selection. These studies highlight the critical role of array configuration
in practical sonar design and complement the present work, which focuses on optimizing
frequency-domain beamforming parameters.

However, the performance of frequency-domain beamforming depends on the parameters of
STFT. Parameters such as the window type, FFT length, and frame overlap ratio have a significant
impact on the system’s resolution and accuracy. An inappropriate analysis window may cause
spectral leakage, thereby degrading spatial filtering capability; an FFT length that is too short may
lead to insufficient frequency resolution, while an excessively long one can introduce latency and
time-varying noise effects. Similarly, the degree of frame overlap influences the temporal
smoothness of the spectrogram. Therefore, it is essential to quantitatively evaluate the influence
of these STFT parameters on beamforming performance in order to determine the optimal
configuration for a passive sonar system operating in shallow-water environments.

The main contributions of this paper are summarized as follows:

* The frequency-domain beamforming system model is developed to analyze the spatial
response of a passive sonar array.

» Comprehensive performance evaluation criteria, including Half-Power Beamwidth (HPBW),
Peak-to-Sidelobe Ratio (PSLR), and output Signal-to-Noise Ratio (SNRow), are employed to
quantitatively assess the influence of STFT parameters on beamforming performance.

* An optimal configuration of STFT parameters is proposed for the 800-1200 Hz frequency
band, aiming to enhance detection capability and directional resolution in passive sonar systems
operating in shallow-water environments typical of the Vietnamese sea region.

The remainder of the paper is organized as follows. Section 2 describes the system design and
solution development. Section 3 discusses the STFT parameters and evaluation criteria. Section 4
presents and analyzes the simulation results. Finally, Section 5 concludes the paper.

2. SYSTEM DESIGN AND SOLUTION DEVELOPMENT

2.1. Design system model

Consider a passive sonar system equipped with the hydrophone array of L elements shown in
figure 1 [11]. The array can take various geometries, such as cylindrical, conical, or planar,
depending on the application. The array elements are fixed in position, and their spacing may be
uniform or non-uniform according to the design. When multiple underwater acoustic sources emit
signals (e.g., submarine machinery noise, propeller noise, etc.), the acoustic waves arrive at the
array elements with different time delays that depend on the direction of arrival (DOA) of each
source. The acoustic propagation environment contains background noise originating from the
ocean and onboard systems, typically modeled as broadband Gaussian noise, possibly including
colored noise components with frequency correlation.

The signal received at the i-th array element [4] can be expressed as:

x ()= is (t=7,,)+n(1), (1)
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where M acoustic sources, s,(f) denotes the signal emitted by the m-th source, ,

i,m

represents the
time delay corresponding to the propagation from source m to the i-th hydrophone (depending on
the direction of arrival €, and the distance), and #, (t) is the noise component at the i-th element.
The objective of the beamforming processor is to combine the received signals x, (t) in such a

way that the signal arriving from the desired direction & is reinforced, while signals from other
directions are suppressed.

LNA » ADC —| STFT —» Beamforming | Detection —® Display

Hydrophone
array
Figure 1. Block diagram of the passive sonar system.
The processing procedure is carried out through the following main steps:
*Short-time fourier transform (STFT)

The analog signal x, (7) received at the i-th array element is first converted into a digital form

through an analog-to-digital conversion (ADC). It is then analyzed in the frequency domain using
the STFT [4], which is expressed as follows:

N-1
X, (k,n)= Zx, (nH + r)w(r)e >N (2)
=0
where n denotes the time-frame index, k is the frequency-bin index, w(r) represents the window
function (e.g., Hamming, Hann, etc.), &V is the window length (equivalently, the FFT length), and
H is the hop size. The overlap between two consecutive frames is given by:

H
O=1-— 3
N )
and can be expressed in percentage form as:
O(%) = ———x100% 4)

*Frequency-domain beamforming
The digital signal X, (k,n) is beamformed in the frequency domain using the conventional
Delay-and-Sum (DAS) method toward the steering direction 6 [4, 11]:

Y(k,n,0) = Y v,(f,0)X, (k). (5)

where v, denotes the steering vector corresponding to direction 6, and f; is the frequency of the
k-th bin.
v, (fi,0) = 0. (6)
*Beam scanning and spectral representation
By varying the steering angle 6, the system can scan the beam across the entire surveillance
sector (e.g., 0 - 360° in azimuth). For each @ at time frame n, the spectrum |Y (k,n,0)|2represents

the energy distribution over frequency for that direction. To detect potential targets, the energy
within specific frequency bands can be examined, either by integrating the spectrum over a
selected frequency range or by identifying characteristic spectral peaks associated with the target.
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This procedure illustrates the principle of frequency-domain beamforming: instead of applying
time delays in the time domain, phase shifts are introduced in the frequency domain before
summing the signals. This approach achieves the same beam-steering effect as narrowband
beamforming but leverages the computational efficiency of the FFT, allowing effective processing
of broadband signals and greater flexibility in frequency-domain analysis [7].

2.2. The analyzed STFT parameters

To evaluate the influence on beamforming performance, this study considers three primary
parameters of the STFT: FFT length, window function, and frame overlap ratio.

*FFT length

The FFT length N [4] determines the frequency resolution Af with respect to the sampling
frequency fsas: Af' =f./N.

In beamforming applications, the longer FFT provides finer frequency resolution, allowing
clearer separation of sources in the frequency domain; however, it reduces temporal sensitivity.
Conversely, the shorter FFT captures rapid temporal variations but provides poorer frequency
resolution, causing spectral overlap among sources. Therefore, N should be chosen to balance
frequency and time resolution effectively.

*Window function

The window function is employed to reduce spectral leakage outside the analysis band
compared to the rectangular window. Common cosine-based windows include Hann, Hamming,
and Blackman windows [12]. These windows attenuate the signal amplitude at the frame edges,
thereby significantly suppressing the sidelobes of the resulting spectrum. However, this comes at
the cost of an increased mainlobe width, which leads to reduced frequency resolution.

- The Hann and Hamming windows are often chosen as a compromise between leakage
suppression and frequency resolution.

- The Blackman window provides very low leakage but may not be suitable when high
frequency resolution is required.

*Frame overlap

Frame overlap is applied to enhance the temporal smoothness of the spectrogram and to prevent
data loss at frame boundaries [7]. An overlap ratio of 50% is commonly adopted for energy
preservation, while 75% overlap produces a smoother spectrum at the expense of redundant
information and increased computational cost.

In summary, by examining various configurations of FFT length, window function, and frame
overlap, this study investigates their effects on beamforming performance, such as whether angular
resolution is degraded by reduced frequency resolution, whether output SNR improves with an
appropriate window function, and how the beam pattern is influenced by sidelobe behavior under
different parameter settings.

2.3. Beamforming performance evaluation criteria

The performance of beamforming in passive sonar systems is evaluated based on several key
criteria as follows:

*Angular resolution

Angular resolution refers to the ability to distinguish between two acoustic sources with closely
spaced directions of arrival. It is a crucial indicator of beam sharpness. The commonly used
parameter is the HPBW of the main lobe, defined as the angular separation between the two points
where the beam power drops by 3 dB from its peak [12]. A narrower main lobe (i.e., smaller
HPBW) indicates higher angular resolution, meaning that two sources separated by only a small
angle can still be resolved as distinct peaks in the beam pattern.
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*Qutput signal-to-noise ratio (SNR,.,)

The output SNR represents the signal-to-noise ratio of the beamformed signal in the target
direction [4]. It is calculated by comparing the signal power of the desired source with the residual
noise power at the beamformer signal. This metric reflects the array gain obtained by the
beamforming process.

*Half-power beamwidth (HPBW)

HPBW is defined as the angular width of the main beam measured at the —3 dB level relative
to the peak [13]. This metric quantifies the spatial concentration of the beam, an effective
beamformer should produce a sufficiently narrow main lobe to ensure accurate direction
estimation. However, an excessively narrow beam may limit the spatial coverage and risk missing
targets if phase distortions or environmental fluctuations occur.

*Peak-to-sidelobe ratio (PSLR)

The sidelobe level represents the intensity of the highest sidelobe observed in the beam pattern
after beamforming. Sidelobes characterize imperfect noise suppression or residual interference
from undesired directions [13]. The PSLR is defined as the ratio between the main lobe peak and
the maximum sidelobe peak, indicating the degree of spatial interference rejection.

By combining these criteria, HPBW, SNR,., and PSLR, the overall beamforming performance
can be comprehensively assessed in terms of angular resolution, signal enhancement capability,
and background noise suppression. An effective system should exhibit a narrow main lobe, low
sidelobe levels, and the significant SNR improvement. Nevertheless, these parameters involve
inherent trade-offs: reducing sidelobes often broadens the main beam, while improving beam
sharpness may lead to higher sidelobe levels [13]. Therefore, the objective is to determine an
optimal configuration that balances these performance factors.

3. RESULTS AND DISCUSSION

3.1. Simulation configuration

The passive sonar system consists of a uniform linear array (ULA) with L = 136 hydrophone
elements, spaced at half the wavelength. The narrowband source signal comprises three sinusoidal
components with frequencies of 800 Hz, 900 Hz, and 1200 Hz. The sampling frequency is f; = 20
kHz, and the direction of arrival (DOA) of the source signal is fixed at 0 = 10°. The search domain
for beamforming is scanned from —60° to +60°. The received signals were modeled with an input
SNR level of 5 dB to evaluate the system performance under noise conditions.

The STFT analysis is conducted using multiple configurations: FFT lengths N € {256, 512,
1024, 2048}, window functions (Hann, Hamming, and Blackman), and frame overlap ratios
ranging from 25% to 75%.

To accurately model sound propagation, a geometric underwater acoustic channel model
integrated with relevant environmental parameters [14] was employed. This model accounts for
variations in water depth, surface and seabed boundaries, as well as the transmitter-receiver
geometry, thereby capturing multipath propagation and reflection effects inherent in shallow waters.

Specifically, for the Vietnamese shallow-water scenario, the water depth was configured as 100
m, and the horizontal distance between the transmitter and receiver was 1000 m, with both
positioned at a depth of 50 m. The sound speed was assumed to be 1500 m/s, with salinity of 35
ppt and temperature of 30 °C. The number of rays reflected from the sea surface and the seabed
were set to 80 and 70, respectively, to capture the complex multipath structure characteristic of
shallow-water acoustic channels.

3.2. Simulation results and discussion
*Evaluation of FFT length (N)
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A comparative analysis was conducted for different FFT lengths N =256, 512, 1024 and 2048,
using the same Hann window, 50% overlap, and a source frequency of f'= 800 Hz with an input
SNR of SNR;,= 5 dB. Table 1 and figure 2 illustrate the impact of FFT length on the performance
of the passive sonar beamforming system.

The results presented in table 1 and figure 2 show that variations in FFT length (V) have only
a minor effect on beam pattern geometry, as reflected in the nearly constant HPBW and PSLR
values. Specifically, HPBW remains around 7.4°-7.8°, and PSLR stabilizes near 1.5-1.6 dB,
indicating that increasing N does not significantly change the spatial selectivity of the beamformer.
The output SNR shows a slight upward trend with increasing FFT length, improving from 9.25 dB
at N =256 to 9.35 dB at N = 2048, as presented in figure 2(a). This improvement corresponds to
the ASNR curve, which also rises slightly, from 4.25 dB to 4.35 dB, as shown in figure 2(b).

Table 1. Effect of FFT length on passive sonar system performance.

No. FFT Length (N) HPBW (°) PSLR (dB) SNR,u¢ (dB)
1 256 7.8 1,62 9,25
2 512 7,6 1,52 9,30
3 1024 7.4 1,52 9,34
4 2048 7.4 1,52 9,35

These results suggest that larger FFT lengths enhance frequency resolution, leading to marginal
improvements in beamforming gain and noise suppression. Nevertheless, the performance gain
saturates beyond N = 1024, implying that N = 1024 provides an effective trade-off between
computational cost and performance.

SNRWt vs N @ f=800 Hz | HANN | 50% overlap | SNRi“=5 dB ASNR vs N @ f=800 Hz | HANN | 50% overlap | SNRin=5 dB
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Figure 2. Relationship between parameters in the passive sonar system.

*Evaluation of frame overlap (0)

The experiments were performed using overlap ratios of 0%, 25%, 50%, and 75%, with an FFT
length of 1024, a Hann window, and source frequencies at 800, 900, and 1200 Hz, while
maintaining a constant input SNR of 5 dB.

Table 2 presents the influence of the overlap parameter on the performance of the passive sonar
beamforming system. These results indicate that variations in the frame overlap ratio have only a
minor influence on the overall beamforming performance across all tested frequencies (800, 900,
and 1200 Hz). The HPBW remains nearly constant for each frequency, approximately 7.4° at 800
Hz, 7.7° at 900 Hz, and 8.2° at 1200 Hz, confirming that the main-lobe width primarily depends
on signal frequency and array geometry, rather than the overlap. The PSLR values are stable within
a narrow range (= 1.5 — 1.6 dB) for all frequencies, demonstrating that the overlap parameter has
negligible impact on sidelobe suppression, which is mainly determined by the window function.
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The output SNR shows slight improvement as the overlap increases up to 50%, beyond which the
enhancement becomes marginal. For instance, at 900 Hz, SNR,, increases from 9.306 dB (0%) to
9.312 dB (50%), indicating that moderate overlap improves spectral averaging and temporal
smoothness of the STFT, thus stabilizing the beamforming output. However, further increasing the
overlap to 75% yields almost no additional benefit while increasing computational cost. Therefore,
the 50% overlap ratio provides the optimal balance between performance stability and
computational efficiency for frequency-domain beamforming in passive sonar applications.

Table 2. Effect of frame overlap on passive sonar system performance.

Frequency (Hz) | Overlap (O, %) HPBW (°) PSLR (dB) SNR, (dB)
800 0 74 1,519 9,335
800 25 74 1,522 9,337
800 50 74 1,524 9,344
800 75 74 1,524 9,344
900 0 7.7 1,615 9,306
900 25 7,7 1,614 9,307
900 50 7,7 1,614 9312
900 75 7,7 1,614 9,321
1200 0 8,2 1,485 9,207
1200 25 8,2 1,482 9,203
1200 50 8,2 1,480 9,201
1200 75 8,2 1,480 9,200

*Evaluation of window functions

A comparison was carried out among the Hann, Hamming, and Blackman windows using FFT
length N = 1024, 50% overlap, source frequency /= 800 Hz, and input SNR SNR;, = 5 dB. Table
3 summarizes the influence of the analysis window on passive sonar beamforming performance.

Table 3. Effect of window function on passive sonar system performance.

No. Window Function HPBW (%) PSLR (dB) SNRut (dB)
1 Hann 7,4 1,522 9,344
2 Hamming 7,4 1,522 9,344
3 Blackman 7,4 1,524 9,345

The results depicted in table 3 show that the choice of window function (Hann, Hamming, or
Blackman) has a negligible effect on the main-lobe width and overall beamforming performance
under the given configuration (N = 1024, 50% overlap, /= 800, SNRi, = 5 dB). The HPBW remains
constant at approximately 7.4° for all three window types, confirming that the main-lobe geometry
is governed primarily by the array structure and operating frequency rather than the spectral window.
The PSLR has a slight improvement observed with the Blackman window (1.524 dB) compared to
Hann and Hamming (= 1.522 dB), which aligns with its stronger sidelobe attenuation properties. The
output SNR values are nearly identical (~ 9.34 — 9.35 dB), indicating that the choice of window
function has only a marginal influence on the beamforming gain under these test conditions.

In summary, the Blackman window provides a minor advantage in sidelobe suppression and
marginally higher SNR, while Hann and Hamming windows offer nearly equivalent performance
with lower computational overhead. Thus, the selection of the window function can be based on
the desired trade-off between sidelobe reduction and implementation simplicity.

3.3. Computational complexity

The computational complexity of the frequency-domain beamforming system is dominated by
two main processing stages: the Short-Time Fourier Transform (STFT) and the delay-and-sum
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(DAS) beamforming operation. For an array with L hydrophones, an FFT size of N, and K time
frames, the system operates efficiently due to the linear structure of DAS and the FFT computations.

The STFT stage constitutes the dominant computational cost of the system. Since each
hydrophone performs one FFT per time frame, the overall STFT complexity is O(LKNlogN),
scaling linearly with the number of hydrophones and time frames and quasi-linearly with the FFT
length. In comparison, the DAS beamformer requires only a weighted linear combination of the L
hydrophones per frequency bin, resulting in a total cost of O(LKN), which is substantially lower
because it does not include the logN factor. Consequently, the computational burden is dominated
by the FFT operations, while the DAS step adds only a lightweight linear overhead, making it
suitable for real-time or large-array implementations. Increasing the FFT size or the overlap ratio
directly increases the number of STFT computations, illustrating the trade-off between frequency
resolution and computational efficiency.

4. CONCLUSIONS

The paper evaluates the frequency-domain beamforming performance of a passive sonar system
designed for shallow-water environments representative of Vietnamese coastal regions, under
various signal processing configurations. The experimental results indicate that the half-power
beamwidth primarily depends on the signal frequency, whereas processing parameters such as FFT
length, overlap ratio, and window type do not significantly alter the geometric characteristics of
the main lobe. The FFT length N has a direct influence on frequency resolution and estimation
quality, with N= 1024 providing an optimal balance between performance and computational cost.
Increasing the overlap ratio to 50% improves both the stability and output SNR, while employing
the Blackman window yields better sidelobe suppression and SNR enhancement compared with
the Hann and Hamming windows.
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TOM TAT

Thiét ké giai phap beamforming mién tan s6 cho hé thong sonar thu dong
trong méi trwong bién nong

Bai bdo nay phdt trién gidi phap dinh hinh chiim tia mién tan sé cho cdc hé théng sonar
thu dong hoat dong trong moi truong nudc néng, noi tin hi¢u am bi anh huong dang ké bgi
su lan truyen da dwong va suy giam thay déi theo khéng gian. Nghién ciru tdp trung vao viéc
16i wu hoa cau hinh dinh hinh chim tia bang cdach phan tich anh huong cia cac thong SO X1
Iy chinh, cu thé la do dai FFT, logi cua s6 va ty I¢ chong ldn, dén hiéu sudt hé thong, bao
gom dg rong chum tia ban cong sudt (HPBW), ty 1é dinh-thiry phu (PSLR) va ty I¢ tin hi¢u
trén nhzeu ddu ra (SNRow). Cdc thi nghiém mé phong da dwoc tien hanh bang cach sir dung
ba nguon bang hep ¢ tan s6 800, 900 va 1200 Hz, dai dién cho ddi tan s6 hoat dong dién
hinh ciia cdc hé thong sonar thu dong trong diéu kién nude néng. Dua trén cdc két qua thu
dwge, cau hinh Bién doi Fourier thoi gian ngdn (STFT) toi wu diege dé xudt dé can bang hiéu
sudt va chi phi tinh todn trong ddi tan s6 800 - 1200 Hz, mang lai kha ning vmg dung thuc
té cho cdc hé théng sonar thu dong hoat dong trong méi truong nwéc néng ciia Viét Nam.

Tir khoa: Beamforming mién tin sé; Sonar thy dong; STFT; SNR.
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