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Abstract: In this paper, a comprehensive overview of radar
detection methods for low-altitude targets in maritime environ-
ments is presented, focusing on the challenges posed by sea
clutter and multipath scattering. The performance of the radar
detection methods under sea clutter, multipath, and combined
conditions is categorized and summarized, and future research
directions are outlined to enhance radar detection performance
for low-altitude targets in maritime environments.

Keywords: radar, sea clutter, multipath scattering, detection,
low altitude target.

DOI: 10.23919/JSEE.2024.000026

1. Introduction

When radars are used to detect low-altitude targets over
sea surface, issues stemming from sea clutter and multi-
path scattering interference may occur in radar systems.
Intensive sea clutter can impact the detection of target
echoes, increasing the difficulty of radar target detection.
Moreover, it can lead to a higher occurrence of false
alarms, complicating the identification of real targets.
Furthermore, echoes from multipath scattering may atten-
uate the radar target echoes, which further complicates
radar target detection.

To enhance the performance of radar systems in detect-
ing low-altitude targets over sea surface, the effects of sea
clutter and multipath scattering must be mitigated. Conse-
quently, researchers worldwide have explored radar tar-
get detection methods tailored to various scenarios,
including sea clutter, multipath scattering, and combined
conditions. In this paper, radar target detection methods
used in each of these scenarios are synthesized and cate-
gorized. Under sea clutter conditions, radar detection
methods include clutter suppression methods, target sig-
nal enhancement methods, and radar detector design
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methods. Under multipath scattering conditions, radar
detection methods include temporal diversity, spatial
diversity, frequency diversity, and polarization diversity
methods. For scenarios involving both sea clutter and
multipath scattering, the radar detection methods are
summarized according to the signal processing tech-
niques and systemic innovation. Finally, future research
directions for radar detection involving low-altitude tar-
gets over sea surface are proposed.

2. Research on radar detection methods in
scenarios with sea clutter

Efforts to improve radar target detection performance in
the presence of sea clutter have considered three main
aspects: sea clutter suppression, target signal enhance-
ment, and detector design. These aspects are elaborated
on in the following subsections.

2.1 Sea clutter suppression methods

The effective suppression of sea clutter can enhance the
radar signal-to-noise ratio (SNR), consequently enhanc-
ing the radar target detection performance. Sea clutter
suppression methods include many methods in the time
domain, frequency domain, space domain, polarization
domain and joint domain.

In the time domain, the main idea of sea clutter sup-
pression methods is to weight the radar signals received
at different moments to mitigate the influence of sea clut-
ter. Typical time-domain clutter suppression methods
include moving target indication (MTI) and clutter map
[1]. In addition to the linear weighting of the received
radar signals, the nonlinear weighting of the received
radar signals based on multiple observations has been
explored to suppress the influence of sea clutter [2,3]. For
instance, researchers at the University of Calgary
employed a recursive nonlinear weighting strategy to pre-
dict and suppress the influence of sea clutter [3]. Addi-
tionally, signal averaging or position consistency checks
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across multiple observations can effectively be per-
formed to identify false alarms caused by sea clutter
[4,5].

The sea clutter suppression methods in the frequency
domain are similar to those in the time domain. The main
idea of these methods is to weight the multiple observed
radar signals and filter the signals in the frequency
domain to suppress the influence of sea clutter. The
weighting is based on the sea clutter spectrum character-
istics. Adaptive finite impulse-response (FIR) or infinite
impulse-response (IIR) filters are commonly used for fre-
quency-domain filtering [6]. At the University of Elec-
tronic Science and Technology of China, an adaptive
weighting method for radar signal spectra was proposed
to suppress skywave over-the-horizon radar (OTHR) sea
clutter based on prior information and theoretical iono-
spheric perturbation models [7]. Moreover, sea clutter can
be suppressed by zeroing spectral signals at estimated
clutter spectral positions and widths [8].

The fundamental principle underlying sea clutter sup-
pression in the spatial domain involves leveraging the
similarity among adjacent distance units of the sea clutter
and estimating the sea clutter in the tested range cell
according to the sea clutter in the reference range cells,
ultimately suppressing the influence of sea clutter.
Notably, techniques such as the singular value decompo-
sition (SVD) method [9], orthogonal projection method
[10], and oblique projection method [11] have been
employed to mitigate the influence of sea clutter. For
instance, researchers at the University of Delaware,
United States, used the spatial correlations inherent in sea
clutter and applied the SVD method to reduce the sea
clutter by approximately 15 dB in OTHR scenarios [9]. A
sea clutter suppression technique based on orthogonal
projection was introduced, reducing the sea clutter by
more than 5 dB [10], as graphically illustrated in Fig. 1.
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Fig. 1 Sea clutter suppression results based on orthogonal projec-
tions

For low-speed targets, the target signal is submerged
by fierce sea clutter in both the temporal and spectral
domains. In this case, polarization filtering methods can
be applied for sea clutter suppression. Polarization filter-
ing methods utilize the polarization characteristics differ-
ences between sea clutter and target echoes. By assign-
ing weights to signals across various polarization chan-
nels, these methods effectively suppress the sea clutter
[12,13]. In this context, researchers at Harbin Institute of
Technology introduced a multi-notch polarization filter
[14] and a slant-projection polarization filter [15], suc-
cessfully achieving sea clutter suppression for high-fre-
quency ground-wave radar. We also proposed a polariza-
tion matching method for eliminating false alarms caused
by sea clutter, reducing radar false alarms by 1 to 2 orders
of magnitude [16], as depicted in Fig. 2. The circles and
squares represent the result in the horizontal-horizontal
(HH) and horizontal-vertical (HV) channels, respectively.
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Effect of our proposed polarization matching method for

Similarly, researchers at the University of Helsinki,

Finland, considered the differences in co-polarization

channel correlation coefficients, differential reflectivity,
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and differential phase between meteorological targets and
sea clutter, and their approach involves using polariza-
tion spectral decomposition to identify sea clutter, which
are subsequently suppressed through polarization spec-
tral filtering [12]. To effectively suppress sea clutter,
methods that focus on only one domain often exhibit lim-
ited effects. To address this issue, scholars have pro-
posed various multiple-domain joint filtering methods,
such as space-time joint filtering [17], time-frequency
filtering [18—20],
domain joint filtering [21,22]. Space time adaptive pro-

joint and polarization-space-time
cessing (STAP), for example, is effective in suppressing
airborne radar sea clutter. The sea clutter suppression per-
formance is determined by the estimation accuracy of the
clutter covariance matrix. For time-frequency joint filter-
ing, techniques such as time-frequency analysis [18],
short-time Fourier transform (STFT) [19], and wavelet
transform [20] have good sea clutter suppression perfor-
mance. Similarly, for polarization-space-time joint filter-
ing, US researchers have introduced methods that com-
bine polarization-space-time domain information [21] and
polarization filtering with STAP techniques [22]. These
methods offer varying degrees of improvement in sea
clutter suppression compared to space-time joint process-
ing approaches but with increased engineering complex-
ity.

In summary, sea clutter suppression methods primarily
utilize the distinct characteristics of sea clutter and target
echoes in different domains, such as the time, frequency,
space, and polarization domains, which is accomplished
through weighted signal processing within one or multi-
ple domains. Previous studies have proposed numerous
single- and multiple-domain joint sea clutter suppression
methods. These methods address distinct scenarios and
exhibit varying sea clutter suppression efficacy. Consi-
dering algorithmic feasibility, the development of effec-
tive sea clutter suppression methods merits further explo-
ration. Moreover, the comprehensive exploitation of mul-
tiple domain information, including temporal, spectral,
spatial, and polarization information, for deep sea clutter
suppression to enable the detection of weak sea surface
target echoes merits further investigation.

2.2 Target echo enhancement methods

In addition to sea clutter suppression, enhancing the tar-
get echo signal can increase the SNR, thereby improving
the radar target detection performance. Target echo
enhancement methods mainly weight multiple observa-
tion signals to increase the SNR based on the characteris-

tics of the target echo signal in the temporal, spatial,
polarization, and time-frequency domains.

In the time domain, several classic methods for
enhancing target signals include matched filtering, coher-
ent integration, and noncoherent integration techniques.
Coherent integration is realized by direct summing multi-
ple complex radar signals or obtaining the fast Fourier
transform (FFT) of these signals [23]. The former
approach is suitable for enhancing the signals of station-
ary and low-speed moving targets. The latter is usually
employed for enhancing the signals of fast-moving tar-
gets. Noncoherent integration techniques are imple-
mented by summing the power of the received radar sig-
nals. These methods can also improve the radar SNR, but
the improvement is less than that achieved with coherent
integration. Fig. 3 shows the target echo enhancement
effects of noncoherent integration and coherent integra-
tion approaches, where the target is a boat located
between 61 and 181 distance units, VH means vertical-
horizontal, and VV means vertical-vertical. Additionally,
averaging the multiple received radar signals or selecting
the largest values from multiple received signals can
enhance the SNR of the target signal [4].
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Fig. 3 Amplitude of echoes before and after coherent/noncoherent
integration (polarimetric radar target detection-based methods for
sea clutter)

In the spatial domain, array antenna and array adaptive
processing methods are commonly used to enhance the
target signal, where the signals received by multiple array
elements are weighted to coherently integrate the spa-
tially distributed received signals. Scholars have pro-
posed several array adaptive weighting methods [24].

In the polarization domain, the correlation among the
signals collected in multiple polarization channels is pri-
marily utilized for target signal enhancement. These
methods mainly weight multiple signals in different
polarization channels to enhance the target signal accord-
ing to various criteria. Typical polarization-based target
signal polarization
matched filtering [13], polarization whitening filtering
[25], polarization span [26], and polarization power syn-
thesis [27]. Additionally, target echo signals can be effec-
tively enhanced by designing radar transmitting and
receiving polarization modes based on target polarization
scattering characteristics [28].

enhancement methods include

In addition to enhancing target echoes with signal pro-
cessing techniques applied in individual domains, target
echoes can be enhanced with joint domain processing
approaches. The Radon transform, fractional-order
Fourier transform (FrFT), STFT, and other methods are
commonly used for target echo enhancement in the time-
frequency domain [29]. Scholars at the Beijing Institute
of Technology proposed an adaptive Radon-Fourier
transform method by integrating the Radon transform and
Fourier transform techniques, which accumulates target
echo energy in the time-frequency map while suppress-
ing clutter [30].

In summary, the rational weighting of the multiple
received radar signals can lead to target echo enhance-

ment. These signals may be received signals with diffe-
rent times, array elements, polarization channels, or diffe-
rent signals in a certain domain. The determination of the
weighting coefficients is crucial and depends on the char-
acteristics of the target signal. Sea clutter suppression
methods can significantly improve the SNR, while the
SNR improvement with target signal enhancement meth-
ods is usually limited in theory. Target echo enhance-
ment and sea clutter suppression are not mutually exclu-
sive. The two types of methods can be combined effec-
tively to further improve the radar SNR.

2.3 Radar detector design

After clutter suppression or target echo enhancement, the
output signal is processed further to obtain test statistics
for radar detection. Different processing methods applied
to the output signal will yield different test statistics,
leading to varied detection performance. Thus, to achieve
better detection performance, the test statistic should be
designed according to the characteristics of the output sig-
nal after clutter suppression or target echo enhancement.

Radar detector designs can be broadly classified into
two categories: detector designs based on classic statisti-
cal theory [31,32] and detector designs based on signal
characteristics [33].

Radar detector design methods based on classic statisti-
cal theory primarily consider two scenarios concerning
the sea clutter amplitude distribution: those conforming to
Gaussian or non-Gaussian distributions. Within each sce-
nario, further differentiation is made between situations
in which the sea clutter and target parameters are known
or unknown. Consequently, detector designs can be tai-
lored to different scenarios and conditions. A summary of
the pertinent research is depicted in Fig. 4. In the case of
sea clutter following Gaussian distributions, when the
covariance matrices of both the target and sea clutter are
known, the test statistics and statistical distributions
obtained from the likelihood ratio test can be analytically
expressed. This leads to optimal radar target detection
performance [31]. In practice, it is often desired for the
radar to have a low and constant false alarm rate. Achiev-
ing a constant false alarm rate (CFAR) requires the radar
detection threshold to adapt to changes in the power of
the sea clutter, which is challenging in practical applica-
tions. Scholars have thus proposed adaptive threshold
detectors to address this issue [34]. Subsequently, consid-
ering the temporal and spatial variations in sea clutter,
scholars have introduced various detectors, including the
cell-averaged CFAR (CA-CFAR) detector and its
improved versions [35,36]. When the covariance matrix
of either the sea clutter or target signal is unknown, gen-
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eralized likelihood ratio tests (GLRT) or Bayesian tests
can be used to make decisions [31]. The performance of
the GLRT method is influenced by the amount of
observed data and the accuracy of the estimated unknown
parameters. On the other hand, the performance of the
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Fig. 4 Detector design based on classic statistical theory

As the radar range resolution improves, sea clutter
amplitudes often follow non-Gaussian distributions. Con-
sequently, the performance of detectors designed under
Gaussian sea clutter backgrounds degrades. To address
this issue, scholars have developed radar detectors for
non-Gaussian sea clutter backgrounds according to vari-
ous distributions [37-51]. Among these, detectors
designed for composite Gaussian distribution clutter
backgrounds, such as the Weibull distribution [37-39], K
distribution [40—42], CG distribution [43—49], and CG-
GIG distribution [50,51], have been extensively studied.
However, deriving the theoretical detection performance
of these detectors is complex, and analytical expressions
can rarely be obtained.

In the case of non-Gaussian sea clutter, when either the
sea clutter or target covariance matrix is known, scholars
have introduced the Wald test, the Rao test, and their
improved detectors to address the challenge of determin-
ing the test statistic and deriving the statistical distribu-
tion [52—55]. These detectors are comparatively straight-

forward to implement and exhibit minor performance
degradation compared to optimal detectors. When the sea
clutter and target covariance matrices are unknown, aux-
iliary data are needed to adaptively estimate the sea clut-
ter and target covariance matrices. Then, the estimated
covariance matrices are used to obtain quasi-optimal
detection.

The performance of radar detection methods based on
classic statistical theory has an upper limit. To further
improve the detection performance, feature-based radar
detector design methods have been investigated in the
past decade. The fundamental principle of these methods
is to identify characteristic differences in the received
radar signals when the target signal is present or absent.
These differences are subsequently used to make test
decisions. Research in this area has progressed from ini-
tial single-domain single-feature detector designs to
encompass single-domain multiple-feature and multiple-
domain multiple-feature detector designs. The features
employed by existing detectors are summarized in Table 1.
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Table 1 Various features used for detector designs

Signal domain

Signal feature

Time domain

Amplitude distribution, Relative mean amplitude [56], Information entropy [57], Hurst index [57]

Relative Doppler peak height [56], Relative Doppler entropy [56], Spectral peak-to-mean ratio [57], Frequency

Frequency domain

domain Hurst index [58], Relative Doppler coefficient of variation [59]

Relative volume scattering power [60], Relative dihedral scattering power scattering mechanism [60],

Polarization domain

Relative surface scattering power [60], Polarization

entropy [61], Polarization anisotropy [61]

Transform domain

Fractal features [62—66], Chaotic features [67], Fractional order Fourier transform features [68—71]

Time frequency domain

Micro-Doppler [72,73], Time frequency accumulation [74], Number of connected regions in time

frequency biplot [74], Maximum connected region size [74]

Single-feature-based detection have similar principles
to detection methods based on classic statistical theory
that involve selecting a specific feature as a test statistic
and then comparing this statistic with a detection thresh-
old. Detection methods based on classic statistical theory
mainly use the magnitude distribution characteristic.

Detection methods based on multi-feature discrimina-
tion primarily leverage multiple features within a single
domain or features across multiple domains to collabora-
tively construct a detector [56,75]. The main principle of
the multiple-feature-based detection method involves
identifying multiple features with distinct differences,
with the challenge of determining the detection threshold
to maintain a CFAR. Three main approaches exist for
identifying feature differences: (i) analyzing various radar
echo features with and without target signals according to
measured data [56,75]; (ii) employing deep learning tech-
niques based on abundant measured data [76—79];
(iii) analyzing the features of radar received signals with
and without target signals with theoretical modeling
approaches [67]. The determination of the detection
threshold requires a case-specific approach. For one- or
two-dimensional feature dimensions, theoretical deriva-
tions suffice. For three-dimensional feature dimensions, a
convex packet learning algorithm is applicable [56,60]. In
cases where the feature dimension is equal to or greater
than three, support vector machines (SVM) [57], deci-
sion tree algorithms [58], isolation forest [59] for dimen-
sionality reduction, or deep learning [76—79] techniques
can be employed to calculate the detection threshold.

The performance of detectors designed based on multi-
ple-feature approaches can exceed the detection perfor-
mance limits set by the Neyman-Pearson (NP) criterion.
However, this necessitates ample training data and com-
prehensive scene coverage. For untrained and unfamiliar
scenarios, the detection performance can significantly
decline. Furthermore, the integration of multidimen-
sional features such as polarization, space, time, and fre-
quency features is a potential direction for the future
advancement of feature-based detector designs. And How
to apply feature-based detectors in engineering still needs
to be further explored.

In conclusion, the core concepts underlying classic sta-

tistical theory-based detector design methods and feature-
based detector design methods are similar. Both strate-
gies harness statistical regularities within signals to
design detectors, resulting in good research outcomes.
Nevertheless, the joint utilization of these two methodo-
logies remains unexplored. The radar detection perfor-
mance can potentially be enhanced through their com-
bined application, which warrants further study. Addi-
tionally, it is essential to address key questions surround-
ing the integration of detector design methods with sea
clutter suppression and target echo enhancement me-
thods to optimize radar detection performance.

3. Research on radar detection methods in
scenarios with multipath scattering

Multipath scattering includes both specular reflection and
diffuse reflection. Generally, specular reflection signifi-
cantly affects the radar detection performance, whereas
diffuse reflection has a weaker impact on the radar detec-
tion performance [80]. Consequently, within the litera-
ture [81—-83], efforts to analyze the effects of multipath
scattering on radar detection mainly consider specular
reflection. Specular reflection can either enhance or atten-
uate radar target echoes. The influence of specular reflec-
tion on the radar target echo relies on factors such as the
radar antenna height, operating frequency, polarization
mode, target height, sea state, and distance between the
radar and the target. Thus, the impact of specular reflec-
tion on radar detection performance is related to radar
operational parameters and circumstances. In addition, it
exhibits a certain degree of stochasticity. Fig. 5 illus-
trates a chart depicting variations in the power of the
received radar signal with alterations in the target height,
target distance, and radar altitude in a low-altitude detec-
tion scenario. In this illustration, the radar’s transmission
power is 50 kW, and the transmitting and receiving
antennas both have a maximum gain of 43 dB. Their half
power beam width is 4°, the radar wavelength is 0.03 m,
the target radar cross section is 0.1 m?, and the standard
deviation of fluctuation in the sea surface height is 0.1 m.
Notably, radar clutter and thermal noise were not consi-
dered in this case. The power difference in the received
radar signal caused by specular reflection is represented
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as AP(dB) = P,(dB) - P,(dB), where P, and P, denote
the power of the received radar signals with and without
specular reflection, respectively. Both are expressed in
decibels (dB).
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Variations in the radar received signal power in different

To mitigate the detrimental impact of specular reflec-
tion on radar detection performance, researchers have
proposed radar target detection methods for addressing
specular reflection based on distance super-resolution

[84], spatial diversity [85,86], frequency diversity [87],
and polarization diversity [88—90]. For low-altitude radar
target detection, the path difference between the radar
direct echo and the reflected echo typically ranges on the
order of decimeters or centimeters. In theory, if the
radar’s distance resolution is sufficiently high, the target’s
direct and specular reflection echoes will fall into diffe-
rent range resolution cells, preventing interference
between the two and thus circumventing the specular
reflection effect. However, achieving decimeter- or cen-
timeter-level distance resolution is a major challenge for
low-altitude surveillance radar systems; thus, range super-
resolution techniques are not applicable in practice.

Fig. 6 shows that the enhancement and attenuation
effects of specular reflection on radar target echoes are
correlated with the radar height, target height, and radar-
target spacing. In scenarios where the target height and
radar-target spacing are fixed, the powers of the target
signals received by the radar antenna at different heights
vary. Inspired by this result, multiple antennas with dif-
ferent heights are usually employed to collect the target
echo signals. Through the meticulous design of these
multiple antennas, the received target echo power across
antennas can be complementary [91]. Subsequently, pro-
cessing methods such as averaging or selecting the largest
signal among the signals received by multiple antennas
can be utilized to diminish or eliminate the attenuation
effect caused by specular reflection on radar target
echoes. The utilization of multiple antennas to address
multipath scattering leverages the concept of spatial
diversity. Furthermore, the application of multiple-input
multiple-output (MIMO) radar systems for multipath
scattering mitigation considers the principles of spatial
diversity. Employing a single-transmitter multiple-
receiver antenna configuration, we introduced anti-specu-
lar-reflection detection methods employing three or more
antennas, leading to obvious enhancement in the radar
target detection performance under specular reflection
conditions [92,93].
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The phase difference between the direct echo of the
target and the specular reflected echo is determined by
the path difference and the radar wavelength. The wave-
length, in turn, is determined by the frequency. Conse-
quently, altering the radar frequency leads to a change in
the phase difference between the direct echo of the target
and the specular reflected echo. As a result, when the
radar employs transmission signals of different frequen-
cies, the phase difference between the direct echo and the
reflected echo varies across different frequency channels.
Leveraging this characteristic, through processes such as
averaging and selecting the strongest signals among mul-
tiple frequency channels, the detrimental impact of specu-
lar reflection on the target echoes received by radar
antennas can be addressed. According to the principle of
frequency diversity, scholars have utilized orthogonal fre-
quency division of multiple signals to enhance the radar’s
performance in detecting targets in environments with
multipath interference [94—97].

An alternative approach for addressing multipath scat-
tering is to combine time accumulation methods with fre-
quency diversity approaches. For instance, in an earlier
study [98], the adoption of the M/N detection method for
frequency diversity radar was proposed, effectively
enhancing radar target detection performance under mul-
tipath scattering conditions. Based on this, we examined
the optimal selection of the M value for frequency diver-
sity radar systems using the M/N detection approach
under different conditions [99]. Additionally, researchers
at Xidian University introduced a sequential statistical
detection algorithm based on multi-frequency techniques
[100], which involves sorting the amplitude of the target
echoes received at multiple frequency points and subse-
quently accumulating non-phase parameters for several
signals with stronger amplitudes. These accumulated va-
lues are then utilized as test statistics to facilitate target
detection under multipath conditions.

In theory, polarization diversity methods can also be
used to address specular reflection effects in radar detec-
tion. However, to our knowledge, articles on addressing
multipath scattering using polarization diversity approa-
ches are rare at present. Researchers adopted VV polar-
ization and utilized the Brewster effect to effectively mit-
igate multipath interference when detecting sea-skim-
ming ultra-low-altitude targets at a grazing angle of
approximately 7° [101].

The fundamental principles of spatial diversity, fre-
quency diversity, and polarization diversity methods to
address specular reflection are consistent, involving the
manipulation of the phase difference between the direct
echo and the multipath reflection echo. Therefore, spatial
diversity, frequency diversity, and polarization diversity

methods can be jointly employed. MIMO radar leverages
both frequency and spatial diversity methods to effec-
tively enhance radar target detection by addressing specu-
lar reflection effects. A similar concept can also be
applied to polarization MIMO radar, which is not dis-
cussed here.

In conclusion, the phase difference between the target
direct echo and the reflected echo from multipath scatter-
ing is the key factor influencing multipath interference
effects. Diverse phase differences can be achieved
through spatial diversity, frequency diversity, and polari-
zation diversity methods, yielding radar target echoes
with varying strengths. Proper optimization or process-
ing of these distinct radar target echo channels can miti-
gate or eliminate the adverse impact of multipath scatter-
ing on radar target detection. Spatial diversity, frequency
diversity, and polarization diversity methods operate
within distinct dimensions. Moreover, these three me-
thods can be jointly employed. Currently, spatial diver-
sity and frequency diversity methods have been applied
in radar systems. Investigating the integration of polariza-
tion diversity methods with diversity approaches to pro-
pose cost-effective and feasible anti-multipath interfer-
ence detection techniques is a worthy research direction.

4. Research on radar detection methods in
scenarios with sea clutter and multipath
scattering

In practice, radar detection of low-altitude targets on sea
surfaces is influenced by interference from both sea clut-
ter and multipath scattering. Sea clutter adversely affects
radar target detection, while the impact of multipath scat-
tering on radar target detection performance can be either
advantageous or disadvantageous. To mitigate the
adverse effects of sea clutter and multipath scattering,
researchers have proposed several anti-clutter-and-multi-
path detection methods. The radar target detection me-
thods for use in scenarios with both sea clutter and multi-
path scattering can be divided into two main categories:
using traditional radar systems to design methods for sup-
pressing sea clutter and multipath scattering interference;
and designing radar detectors based on new system con-
figurations.

Analyzing the influence of sea clutter and multipath
scattering on radar detection performance is crucial for
developing methods for simultaneously mitigating the
effects of sea clutter and multipath scattering. In the
1990s, scholars at the Royal Signals and Radar Establish-
ment modeled sea clutter and target multipath echoes as
K distributions and Rice-squared distributions, respec-
tively. They analyzed the SNR needed for radar target
detection under different clutter and multipath scattering
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conditions with fixed false alarm and detection probabili-
ties [102]. Through theoretical analysis, they derived
mathematical expressions for the radar detection proba-
bility and false alarm probability in environments with
sea clutter and multipath scattering characterized by
K-distributions [80,103]. Based on this analysis, the
effects of clutter, specular reflections, and diffuse reflec-
tions on the radar detection performance were investi-
gated, which revealed that multipath scattering can be
advantageous for detecting low SNR targets. However,
the performance improvement with this approach was
limited. Conversely, multipath scattering may adversely
affect the detection of high SNR targets, leading to poten-
tially severe performance degradation. In environments
with moderate to high sea states, multipath scattering has
a relatively minor impact on the radar detection perfor-
mance, with clutter being the primary factor influencing
the detection performance of low SNR targets, as shown
in Fig. 7. In Fig. 7, ¢, =&, ¢ = ¢, + @1, ¢, is the phase of
the specular reflection coefficient, and ¢; is the phase dif-
ference caused by the path difference between the pri-
mary reflected echo and the direct echo.
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Fig. 7 Radar target detection performance in scenarios with sea
clutter and multipath scattering

In conventional radar systems, sea clutter and multi-
path scattering interference can be directly suppressed to
simultaneously address both issues. The common sea
clutter and multipath interference suppression methods
can be categorized into three primary classes: (i) initially
suppressing multipath scattering, followed by clutter sup-
pression; (ii) initially suppressing clutter, followed by
multipath scattering suppression; (iii) simultaneously sup-
pressing clutter and multipath interference. Among these,
techniques that prioritize multipath scattering suppres-
sion before addressing clutter include methodologies such
as weight vector interpolation, extrapolation and updat-

ing [104], filter design [104], and beam space selection
[104,105]. Approaches that first suppress clutter, fol-
lowed by multipath scattering mitigation, include strate-
gies such as clutter prefiltering [104] and blind channel
equalization [106]. Methods for simultaneously address-
ing clutter and multipath interference include spatial
adaptive processing [104,107,108], adaptive matched fil-
tering [109,110], and deep learning methodologies [111].

In scenarios where the geometric information of the
low-altitude detection environment is known, multipath
scattering can be effectively utilized to enhance the radar
detection performance for low-altitude targets. For
instance, researchers at Georgia Institute of Technology
achieved long-range detection and stable tracking of
moving vehicles within urban settings using airborne
radar and leveraged multipath scattering based on a pri-
ori knowledge of urban building geometries [112]. The
corresponding results are shown in Fig. 8.
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Fig. 8
after the utilization of multipath scattering methods [112]

Comparison between radar detection ranges before and

In addition, the application of the time inversion tech-
nique can effectively enhance radar detection perfor-
mance in scenarios with clutter and multipath scattering.
Scholars at Carnegie Mellon University successfully
employed the time inversion technique to enhance the
radar detection performance for stationary targets in envi-
ronments with clutter and multipath scattering [113,114].
However, it should be noted that the time inversion tech-
nique is less effective in improving the detection perfor-
mance of moving targets [115].

Notably, new generation radar systems, such as ultra-
wide-band [116] (UWB), frequency diversity [87], and
MIMO systems, have inherent advantages in addressing
clutter and multipath interference. As a result, their per-
formance in detecting low-altitude targets surpasses that
of conventional radars. For example, the Senrad radar
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developed by researchers at the US Naval Research Lab-
oratory, with a bandwidth of approximately 550 MHz,
can achieve long-range detection and stable tracking for
low-altitude targets [116].

In general, clutter and multipath scattering affect the
background and target signals of the received radar sig-
nal, respectively. The key challenge in clutter and multi-
path radar target detection research lies in suppressing
clutter while utilizing multipath scattering to enhance tar-
get signals. The effectiveness of theoretical methods pro-
posed by Chinese and foreign scholars has been verified
through simulations and experiments. However, in engi-
neering, simultaneously addressing sea clutter and multi-
path scattering remains a complex issue that requires fur-
ther research for low-altitude radar target detection.

5. Conclusions

In this paper, a comprehensive overview of recent
research on techniques for radar target detection in sce-
narios with sea clutter, multipath scattering, and both
developed in China and abroad is presented. Radar detec-
tion techniques that address sea clutter are relatively inde-
pendent of those for addressing multipath scattering.
These techniques cannot be directly applied in environ-
ments with clutter and multipath scattering. Research on
detection techniques in environments with clutter and
multipath scattering is still in the preliminary stage. Fur-
ther investigations are needed to explore low-altitude
radar target detection techniques considering clutter and
multipath scattering simultaneously, as well as practical
engineering implementations. In particularly, detection
methods using both statistical theory and machine learn-
ing with small samples worth investigation in some spe-
cial scenarios.
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