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Small Target Detection Based on Noncoherent Radial
Velocity Spectrum of High-Resolution Sea Clutter

Sai-Nan Shi ¥, Peng-Lang Shui

Abstract—This article proposes a multiscan joint noncoherent
detection method of small targets in high-resolution sea clutter
with spatial-temporally structural textures induced by large-scale
swells and waves, which is composed of intrascan noncoherent
integration at each spatial resolution cell followed by interscan
integration on a radial velocity template. The main contributions
of the article are as follows. First, a concept of noncoherent radial
velocity spectrum (NCRYVS) is proposed to model the nonhomo-
geneity of multiscan integration of sea clutter with structural tex-
tures. In the NCRVS, the noncoherent intrascan integration and
the interscan integration by passing the retrospective filter bank
are fully combined. Second, the NCRYVS of sea clutter has differ-
ent statistics at individual radial velocity bins and the lognormal
distributions are used to fit their statistics and an outlier-robust
analytical bipercentile estimator is constructed for parameter esti-
mation. Third, based on the lognormal-distributed NCRVS model,
a double-channel multiscan joint detector (DC-MJD) is proposed,
where the intrascan noncoherent integration channel is used to
find floating or low radial velocity targets and the whitening plus
intrascan noncoherent integration channel is used to find target
with high radial velocity. Simulated data and measured X-band
radar data are used to verify the DC-MJD detector. In comparison
with the existing three multiscan detectors, the DC-MJD detector
improves the detection probability by 96% in the measured data
with a test target.

Index Terms—Bipercentile estimator, multiscan joint detection,
noncoherent radial velocity spectrum (NCRYVS) of sea clutter, sea
clutter, small target detection.

1. INTRODUCTION

NE of the main tasks of high-resolution fast-scan maritime
O surveillance radars is to find sea-surface small targets,
such as small boats, frogmen, periscopes [1], [2], [3], [4]. This
is a difficult task because of the intra- and interscan com-
plicated characteristics of high-resolution sea clutter and low
signal-to-clutter ratios (SCR) of target radar returns. It is a key
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precondition to model sea clutter in a long-time interval across
intrascan and interscan.

In a short time scale of tens of milliseconds, the compound
Gaussian models (CGM) with various distributed textures have
been developed to model sea clutter [5], [6], which forms the
foundation of intrascan coherent/noncoherent target detection
in sea clutter. Under the CGM, sea clutter is represented as the
product of a slow-varying texture from the power modulation
by swells and large-scale wind waves and fast-varying complex
Gaussian speckle from the backscattering of small-scale wind
waves and capillary waves whose wavelengths are comparable
with the operating wavelength of the radar. Probability density
functions (PDF) to model textures include the biparametric
Gamma distributions [5], inverse Gamma distributions [7], in-
verse Gaussian distributions [8], lognormal distributions [9], and
triparametric distributions [10], [11]. These distributions can
meet statistical modeling of textures in sea clutter at different
spatial resolution and sea states but fail to reflect texture temporal
correlation along pulses and spatial correlation along range and
azimuth. As the radar resolution gets higher, spatial-temporally
characteristics of sea clutter are modulated by swells and large-
scale waves and often exhibit approximately periodic behavior
in a time scale of the order of seconds [12], [13]. Modeling
sea clutter across time scales is necessary for high-resolution
fast-scan maritime radars to improve mall target detection.

High-resolution fast-scan maritime radars often detect small
targets by the intrascan coherent/noncoherent integration of
radar returns at individual spatial resolution cells followed by
interscan binary/amplitude integration along a radial velocity
template [14], [15], [16]. Small target detection in sea clutter
relies on either sufficient radial velocity difference of targets
relative to the Doppler offset of sea clutter or discernible in-
terscan paths of targets relative to sea spikes. For sea-surface
small targets of low radial velocities, such as periscopes of
submarines, intra- and interscan joint detection must be used
because of their low observable radar returns. The intrascan non-
coherent log-cell-averaging constant false alarm rate (CFAR)
detection and interscan binary integration using a retrospective
filter bank (RFB) on the range-scan time grids form an effective
scheme, which has been verified by the antisubmarine radars
[15]. The fan-shaped templates of retrospective filters achieve
a perfect compromise between line integration and robustness
to translation compensation error of the radar platform and
target maneuvering. For joint detection scheme using intrascan
coherent detection, the scan rate and dwelling time are two key
factors to affect performance. From the high-resolution X-band

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see
https://creativecommons.org/licenses/by-nc-nd/4.0/


https://orcid.org/0000-0002-7163-3716
https://orcid.org/0000-0002-5921-5255
https://orcid.org/0000-0003-4792-0130
https://orcid.org/0000-0001-6782-5689
mailto:snshi@nuist.edu.cn
mailto:plshui@xidian.edu.cn
mailto:xliang@stu.xidian.edu.cn
mailto:litao@hdu.edu.cn

8720

data with small boats under test, it is revealed that faster scan
rates with shorter dwelling time provide an improved detection
performance over slower scan rates with longer dwelling time
[16]. Moreover, at high-resolution and small grazing angle, it is
found that the main factors to affect detection of slow-moving
small targets are spatially sparse sea spikes of high intensity
and the internal noise of radar receiver. In the e-contaminated
mixture Gaussian model of sparse sea spikes plus Gaussian
noise, the noncoherent slow target adaptive detector on the
pulse-range grids is developed [17], which is a typical “image-to-
detect” method and exhibits quite robust and good detectability
in measured data of the APS-137 radar for antisubmarine [15].
The fast scan-to-scan integration processing (FSSIP) detector
consists of the intrascan amplitude integration followed by the
interscan CFAR on the range-scan time grids, which exhibits
fair detectability in Gaussian noise or homogeneous sea clutter
[18]. In [19], the intrascan optimum coherent integration under
the generalized Pareto distribution of sea clutter and the multiple
feature integration via Doppler guided retrospective filters are
combined to form a multiscan joint detection scheme and it
first exploits the inconsistency between the Doppler offset of
sea clutter in intrascan coherent processing interval of tens of
milliseconds and the interscan radial movement of swells and
large-scale waves. It attains obvious improvement in detection
of slow-moving small targets in high-resolution sea clutter with
structural textures.

The common foundation of all the multiscan joint detection
is modeling sea clutter across time scales from radar slow time
to scan time. This article first proposes the concept of the non-
coherent radial velocity spectrum (NCRVS) of high-resolution
sea clutter. It reflects the across-scale statistical characteristics
of high-resolution sea clutter when the intrascan processing
uses noncoherent or whitened noncoherent integration and the
interscan uses RFB-based integration. At each radial velocity
bin, the mean of the NCRVS of sea clutter is its power and the
NCRYVS at different radial velocities exhibits different statistics
except power. It is found that the NCRVS has the maximal
variance when the radial velocity equals to the radial velocity
of swells and large-scale waves on the sea surface. From the
analysis of real measured data, the lognormal distributions are
used to model the NCRVS of sea clutter at individual radial
velocity bins. In this way, the NCRVS of sea clutter is modeled
by a set of biparametric lognormal distributions at individual
radial velocity bins that share a scale parameter and have differ-
ent shape parameters. Under the lognormal-distributed NCRVS
model, a double-channel multiscan joint detection (DC-MIJD)
method is presented. The first channel is designed to find small
targets whose Doppler offsets fall outside the main clutter region
of sea clutter and the intrascan whitened noncoherent integration
is used. The second channel is designed to find small targets
whose Doppler offsets fall into the main clutter region and the
intrascan noncoherent integration is used, like the zero-velocity
filter in the traditional MTD signal processor [35]. At last, the
binary results of the two channels are fused by the “or” logical
operator. The proposed detection scheme is verified by real
measured X-band high-resolution radar data and is compared
with other multiscan joint detection methods.
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This article is organized as follows. Section II reviews the
operating mode and signal model of high-resolution fast-scan
maritime radars and the general framework of multiscan joint
detection. Section III introduces the concept of the NCRVS of
sea clutter, proposes lognormal distribution modeling of the
NCRVS of sea clutter, and gives outlier-robust bipercentile
estimator of the model parameters. In the lognormal-distributed
NCRVS model, a DC-MJD scheme is proposed. Section IV
demonstrates experimental results on real measured radar data
and compared the proposed detection scheme with other multi-
scan joint detection schemes. Finally, we conclude our article in
Section V.

II. REVIEW OF SIGNAL MODEL AND MULTISCAN JOINT
DETECTION FRAMEWORK OF HIGH-RESOLUTION FAST-SCAN
MARITIME RADAR

A. Signal Model for Multiscan Joint Detection

High-resolution maritime surveillance radars often operate at
two modes to find sea-surface small targets: fast-scan and short
dwelling time mode and long dwelling time mode [16]. The first
mode attains more scan-to-scan integration of target returns and
less coherent pulse-to-pulse integration. Differently, the second
mode encounters inhomogeneous sea clutter and nonparametric
target returns models due to long dwelling time and target
detection is made by sophisticated feature-based detection [36],
[37], [38] instead of simple intra- and interscan integration. Here,
we focus on the fast-scan mode where the scan rate is over 60
rpm and the dwelling time at each beam position is within 10
ms.

At the fast-scan mode, radar returns on one azimuth beam
form a 3D data of range, pulse, and scan time. The pulse
dimension is at a short time scale of the order of milliseconds
and there are often a few pulses at a scan for noncoherent or
coherent integration. The scan time is in a time scale of the
order of seconds and there are often tens of scans for integration.
High-resolution radars often use an appropriate range resolution
such that sea-surface small targets of interest are point-like
targets occupying a range cell. Target detection on one azimuth
beam uses radar data at multiple contiguous range cells and
multiple consecutive scans. The multiscan joint detection boils
down to the following binary hypothesis test problem [18], [19]

Hg : z(m,n, k) = c(m,n, k)

{ Hy : z(m,n, k) = s(m,n, k) + c¢(m,n, k) (1)
m=12,---;n=1,....,. N;k=1,...,.K

where z(m, n, k) is radar returns of the nth pulse and kth scan
at the mth range cell, s(m, n, k) denotes target returns, c(m, n,
k) is sea clutter, N is the number of pulses at one scan, and K is
the number of scans. The multiscan joint detection is to decide
whether there exists a target on a special range-scan cell (m, n,
k) from the K scans of radar returns. In other words, it needs to
retrospect the first (K—1) scan of radar data to decide whether
there exists one target at one range cell at the present scan [the
Kth scan in (1)].



SHI et al.: SMALL TARGET DETECTION BASED ON NONCOHERENT RADIAL VELOCITY SPECTRUM

8721

Intrascan Processing Interscan Processing
3 (2D returns of | [ Noncoherent / b :
pulse and range or coherent Stacking Interscan Binary
| | at one scan ‘ |_integration I intrascan integration decision Detection
: .I Binary integration/binary T result
High false Intrascan detection result TP results .
|_alarm rate _decision | " ) \ ‘ Desired false alarm rate ‘ |

Fig. 1.

B. Multiscan Joint Detection Framework at Fast-Scan Mode

For maritime radars operated at fast-scan mode, the basic
framework of small target detection contains intrascan and in-
terscan processing to integrate target returns and mitigate sea
clutter and noise. The intrascan processing includes coherent or
noncoherent integration and integration gain of target returns is
limited by the number of pulses available at one scan. Not high
integration of the intrascan processing is not enough to realize
effective detection of small targets and effective exclusion of
sea spike alarms. In a short time scale of tens of milliseconds
for intrascan integration, sporadic sea spikes of high intensity
are likely to be misjudged as targets because sea spikes last
from a few tenths of a second to several seconds [20], [21].
The interscan amplitude/power or binary integration in a time
scale of the order of seconds can improve target detection and
exclude false alarms from sea clutter and sea spikes [22]. Fig. 1
illustrates a basic framework of multiscan joint detection in
high-resolution fast-scan maritime radars to detect small targets.
The intrascan processing transfers the multiple pulse data at a
scan into test statistics or binary result by coherent/noncoherent
integration and detection. The intrascan processing results at
multiple successive scans are stacked into a 2-D real-valued or
binary image along range cells and scan time. Different types of
interscan integration methods are used to implement an effective
integration along possible path of a small target. The interscan
processing excludes false alarms from sea clutter and sea spikes.

Existing multiscan joint detection methods can be interpreted
as a realization of the basic framework in Fig. 1. In [15],
noncoherent Log-CFAR detector and the peak-pick threshold
are combined into the intrascan processing to yield a primary
binary decision result at a high false alarm rate. And then, the
interscan binary integration using the RFB is used for final
decision. In [19], the generalized likelihood ratio test with
linear threshold detector (GLRT-LTD), which is the optimum
coherent detector in compound-Gaussian sea clutter with the
inverse Gamma-distributed textures [40], is used as the intrascan
processing to generate the plot data, their test statistic and
Doppler offsets. Stacking these data on the range-scan time plane
in the interscan processing, the three features are extracted by the
integration using the Doppler-guided retrospective filter (RF) for
final decision. It exploits the inconsistency between the Doppler
offset of sea clutter in the time scale of the order of milliseconds
and the movement of the structural textures of sea clutter in the
time scale of the order of seconds and thus markedly reduces
false alarms from structural textures of sea clutter. The FSSIP

Basic framework of multiscan joint detection in high-resolution fast-scan maritime radars.

detector in [18] uses the intrascan noncoherent integration and
interscan path integration using line search and works well in
homogeneous environments with few sea spikes.

It can be seen that existing multiscan joint detection schemes
are all involved in the cross-scale integration of sea clutter from
radar slow time to scan time. However, the model of sea clutter is
restricted in the scale of radar slow time and does not match the
cross-scale integration in multiscan joint target detection. The
work in [19] mentioned the inconsistency between the Doppler
offset of sea clutter in the scale of radar slow time and the
movement of structural texture of sea clutter in the scale of radar
scan time but does not go deep into cross-scale modeling of sea
clutter. It is important to develop cross-scale sea clutter model
from radar slow time to scan time for multiscan joint target
detection in fast-scan maritime radars.

III. MULTISCAN JOINT DETECTION UNDER
LOGNORMAL-DISTRIBUTED NCRVS MODEL OF SEA CLUTTER

A. Cross-Scale NCRVS Model of Sea Clutter

Itis well-known that sea clutter can be modeled by the product
of a slowly-varying random variable (texture component) and
a fast-varying multivariate complex Gaussian random vector
(speckle component) [5], [6]. Speckle results from the short wind
wave and capillary wave scatterings and it shows the intrascan
Doppler velocity of sea clutter in a short time scale of the order
of milliseconds [29], [30]. Differently, texture is generated from
tilt modulation of swells or large-scale waves [8], [11]. When
the range resolution is smaller than the wavelength of swells,
sea clutter appears the spatial-temporally structural textures in a
time scale of the order of seconds. Because the long waves prop-
agate faster than the short swells and capillary waves, Doppler
velocity of sea clutter is less than the radial moving velocity
of swells to generate the structural textures. It is meaning that
the velocities of sea clutter in different scales show different
properties. In fact, the macroscopical structural textures of sea
clutter reflect the time-evolving intensity variances of rough sea
surface. To describe the complicated electromagnetic scattering
coefficients of rough sea surface, many semiempirical models
for sea-surface backscattering coefficients are developed, such
as SIT model, GIT model, and TSC model [27], [28]. Those
models are established on the empirical expressions, determined
by radar parameters of radar wave length, polarization mode,
grazing angle of radar, and sea environment parameters of wind
height, wind speed, sea state. However, the statistical properties
of the spatial-temporally intensity of sea clutter are absent in
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Fig. 2. Real sea clutter data in range-scan time grids.

the current article. Therefore, a cross-scale NCRVS is proposed
to describe the properties of sea clutter in a time scale of tens of
milliseconds and in a time scale of the order of seconds.

Fig. 2 plots 2-D intensity map of real CSIR dataset
(TFC15_002) [31] on the range-scan time grids, with the range
resolution of 15 m and the pulse repetition frequency (PRF)
of 2500 Hz. The dwelling dataset is transferred to scan data
with a scan period of AT = 0.5s and pulse number of N = 8.
In the range-scan time 2-D plane, spatial-temporally structural
textures present zebra stripes alternating bright and dark strips.
The bright stripes generated from the title scattering reflect the
moving trajectories of swells and large-scale waves, aggravating
the clutter’s heavy tail in PDF. The dark strips of low intensities
are from the backscattering of trough of waves. The radial
velocity of sea clutter in a time scale of the order of seconds
is about 10 m/s, while the radial Doppler velocity of sea clutter
is 2.9 m/s and the Doppler bandwidth is about 300 Hz in a
time scale of tens of milliseconds. It is noted that the resolution
of Doppler spectrum is low due to the few pulses at one scan.
In the high resolution of Doppler spectrum using hundreds of
pulses, the radial Doppler velocity of sea clutter is 1.5 m/s and
the Doppler bandwidth is about 200 Hz.

In the NCRVS model, intrascan processing and interscan
processing are combined to build a bridge across different time
scales for the first time. Fig. 3 gives the flowchart of the two kinds
of NCRVS models, including the whitening operator, intrascan
noncoherent integration, RFB, and multiscan integration. The
first kind of NCRVS has the intrascan noncoherent integra-
tion, designed for the low-velocity target detection. The second
kind of NCRVS has the whitening operator plus the intrascan
noncoherent integration, designed for the high-velocity target
detection. These two models are independent for two cases.

In the intrascan processing, due to several pulses available
for integration at fast-scan mode, the intrascan integration is
generally limited. In order to mitigate the sea clutter, whitening
operator is given in the second kind of NCRVS, where pulse
correlation of sea clutter is eliminated and clutter spectrum is
uniformly distributed in the frequency domain. In CGM, sea
clutter vector ¢ = [¢(1), c(2), ..., c(N)]T is modeled by [5], [6]

c=+/Tu 2
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Fig. 3. Flowchart of two kinds of cross-scale NCRVS model.

where 7 is texture component and u is speckle component of
the speckle covariance matrix M = E(uu'!). Then, whitening
operator is defined by

e=M"% 3)

where € is the whitened observation vector. In this way, sea
clutter is preprocessed to obtain the unit speckle covariance
matrix E(¢€”) = 71, independent of the pulse correlation.
In the real environment, the speckle covariance matrix is
unknown and its estimation can be computed by the normal-
ized sample covariance matrix [26] from the reference cells.
Assumed that the number of reference range cells is P and their

return vectors are denoted by c,,,p = 1,2,..., P. Itis given by
P H
—~ N cpC
M=— L. (4)
P 1; cllc,

Substituting the (4) into (3), it achieves the whitened opera-
tor. Moreover, whitening operator can improve the SCR when
Doppler offset of target falls outside the main clutter region in
Doppler domain.

As for the intrascan noncoherent integration, short-time in-
tensity integration is used. It is computed by

LS le(m,n,k)|?, first kind of NCRVS
I (m, k) = . 2
+|M~Y2¢(m, k)| , second kind of NCRVS
®)
where ¢(m, k) is the clutter vector at the mth range cell and the
kth scan.

In the interscan processing, the current scan and the previous
(K—1) scans are combined for multiscan integration. In the time
scale of the order of seconds, the radial velocities of interesting
low-velocity small targets are assumed to be constant during
a few seconds. Typically, the local Hough-transform search
[30] can accumulate the dispersed intensity of targets along
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straight-line moving trajectories. However, due to the translation
compensation error of the radar platform, velocities of targets
often fluctuate in a small range during the several seconds,
causing the nonlinear line of target’s moving trajectories.

Assume that the center velocity is v m/s and the variation
interval of velocity is Av. The fan-shaped template of the RF is
designed by

RFMAV(m, k) =
{ 1, fix<k(u70§fv)AT)

IN

m < fix (k(v+02TAv)AT)

0, otherwise
(6)

where AT is scan period of the radar and Ar is the range
resolution. Then, a bank of retrospective filters is well-designed
to fully cover the speed range of interesting targets, realizing the
conversion from time series to different velocity bins. When the
radial velocity interval of interesting targets is given as [—Viax,
vmaxJ, the center velocities of the L retrospective filters are
uniformly sampled according the radial velocity interval

2UHIEX

x(1—05),0=1,2,....L. (1)

V] = —Umax

The variation interval of velocity Av meets the requirement

2'Umax

Av > —=. ®)

It can ensure the adjacent filters to be partly overlapped.

Fig. 4 plots an example of RFB design when K = 12, L = 16,
AT =0.5s, Ar=15m, and vy, = 15 m/s. At each velocity
bin, fan-shaped trajectory starts from the current scan to (L—1)
history scans, which is determined by the center speed v; and
velocity interval Av;yy, (7). In this way, multiscan integration only
occurs along the well-designed moving trajectory and sea clutter
with inconsistent speed can be completely suppressed. Thus,
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RFB has the significant selective properties of radial velocity in
the range-scan time grids, which is similar to the role of Fourier
transform in Doppler domain. Besides, each RF has fan-shaped
trajectory to solve the translation compensation error of the radar
platform. Therefore, RFs can distinguish the sea clutter from the
perspective of velocity property in a time scale of the order of
seconds.

Thus, NCRVS is established by passing the well-designed
RFB in (6) and (7). It is defined by

NCRVS(m [v;) = I(m, k)@rrRFy, A, (m, k)

1 K
- E Z m:RF
k=1

1=1,2,....L ©

max
’UZ,AU(m7k):]‘

{I(m,k)},

where ®gp denotes the nonlinear integration via RF. For sea
clutter, Doppler spectrum exhibits the microcosmic velocity
property in a short time scale of the order of milliseconds. While
NCRYVS reveals the macroscopic velocity property in a time
scale of the order of seconds, which can be recognized as a
new domain.

Below, we investigate the properties of NCRVS at individual
velocity bins. For convenience, the second kind of NCRVS
is discussed as example in the following parts. Fig. 5 shows
the second kind of NCRVS distributions of sea clutter at three
typically RFs with center velocities of —15, —1, and 9 m/s. Itis
clearly found that NCRVS is nonuniformly distributed at each
individual velocity bin. At the first RF, there exists small gap
of NCRVS values from range cells located in the bright stripes
and in the dark strips, and integration is partly mitigated due to
the inconsistent velocity between center velocity of RF and the
radial velocity of swells and large-scale waves. In the eighth RF,
the integration along the bright strips becomes great, since the
center velocity of RF is close to the movement velocity of swells.
When the two velocities fully match at the 14th RF, integration
sharply fluctuates when range cells are located in the bright
strips and in the dark strips. This phenomenon is determined
by the structural textures of sea clutter in the range-scan time
2-D plane, showing the cross-scale statistical characteristics of
spatial-temporally sea clutter in a new way.

B. Lognormal-Distributed NCRVS Model and
Bipercentile Estimation

In order to describe quantitatively the multiscan integra-
tion fluctuation, we discuss the statistical properties at indi-
vidual velocity bins. Due to the dynamic sea environments,
NCRVS of sea clutter is assumed to be a random process.
Then, two numerical characters of mean pn i and standard
deviation oy, g are given to further characterize the statistical
property.

Generally, the mean and standard deviation of NCRVS are
unknown in the real detection environments and it should be
estimated from the large amount of sea clutter. At the /th RF,
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they can be computed by

M
ANk ( Z NCRVS (m |v;)

onk(v) =

M
— > (NCRVS (m [v1) = fuvc ())?
m=1

(10)

where M is the number of sea clutter range cells that can be
collected in quantity from the current clutter environment once
marine radar is turned ON.

In Fig. 6(a), mean functions maintain constant at different
velocity bins, reflecting the average intensity of sea clutter in the
pulse-range-scan time 3-D grids. In Fig. 6(b), standard deviation
is computed independently at each velocity bin. The large values
of standard deviation imply sharp fluctuation of NCRVS, which
generates from the integration gap along bright strips and dark
strips. It means that the center velocity of RF with maximum
standard deviation matches the radial moving velocity of swells
to generate the structural textures. Considering the dispersion
of swell width and the overlapped velocity in RF design, the

average center velocity of 9.37 m/s from adjacent 12th to 15th
RFs provides a rough estimation of radial moving velocity of
swells and large-scale waves. As the center velocity after 15th
RFis far away from the real radial velocity of 10 m/s, the standard
deviation is bound to go down.

In fact, it is difficult to theoretically derive the PDF of NCRVS
model at individual velocity bins, due to the nonlinear operations
and complicated processing to generate the NCRVS of sea
clutter. In terms of the great fluctuation at the main clutter
RFs, lognormal distribution with heavy tail is presented to
fit the NCRVS at individual velocity bins, further elaborating
the NCRVS in statistic. The PDF of lognormal distribution is

defined by
1 (In () — 1)*
exp| ——=——1],z>0 11
TAN 27 P ( 2)2 (n

where 1 is the shape parameter, 7 is scale parameter, and In(z)
follows the Gaussian distribution with mean 7 and standard
deviation 2, i.e, In(z) ~ N(n, A).

Considering the existence of outliers in the real complicated
clutter environments, a bipercentile estimation method with
robustness to outliers is proposed to estimate the two unknown

pin(x) =
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parameters in (11). The cumulative distribution function of
lognormal distribution is given by
(w)—n>
V21
(12)

where erf(+) is error function that is monotone increasing in the
positive domain at a given two percentiles oy and ai. Then, it
obtains the following two expressions:

In(z)-n

_1 1 V2 1
= Yy = 4 Zerf
+ e Y 2+2r(

F, (Sﬂl) *Jr erf(ln(ff#) =1

Fp(z2) = %—l—%erf (L(%)}:") =aq,.

13)

In this way, the two unknown parameters can be computed by

In(z In(z -1 (2
n:ﬁn(% 1n 2, B=ar 1(2(1; 3 14
In(zs)—n ( )

\Ferf 1(2ap—-1)"

For the M samples at each velocity bin, sort from the smallest
to the largest according to their values, denoted ass; < s <
, ..., < sp. Then, the estimation values of x1, x5 are

T1 = S[Mxai]s T2 = S[Mxas)] (15)

where [] is round number operator. In the theory, any two per-
centiles can be used to estimate the shape and scale parameters
in the lognormal distribution.

Empirical PDF

First kind NCRVS fitting by lognormal distributions at each velocity bin.

Lognormal

For convenience, set the two percentiles a; = 0.5 and oy =
0.9. According to the table values of error function, the values
of inverse function are given by erf~1(0) = 0, erf 1(0.8) =
0.9062. Thus, the equations in (14) can be simplified by

In (@) - 7
V2erf-1 (0.8)'

This bipercentile estimation method has analytical expres-
sions and can resist the abnormal values to maintain the robust
estimation even in the complicated environments.

In the experiments, six distributions of Rayleigh, Gamma,
Weibull, K, inverse Gaussian, and lognormal are tested and the
results show the best good fit of lognormal distribution. For
clear, Figs. 7 and 8 plot the fitting results by the lognormal
distributions at individual velocity bins for the two kinds of
NCRVS, where the number in the top right corner is correspond-
ing to the number of RF and the shape parameters are plotted
in the left bottom. It is found that the NCRVS at each velocity
bin is well fitted by the lognormal distribution, as the average
value of Kolmogorov—Smirnov test are 0.0686 and 0.0261 at
the two kinds of NCRVS. The two kinds of NCRVS have the
same statistical properties, only different in the shape parameter
and scale parameter at each velocity bin. Additionally, the main
clutter RFs have obvious greater shape parameters than others
RFs, meaning that structural textures have great influence on
detection. Shape parameters can offer statistical properties of
structural textures of sea clutter in another way. Therefore, the

=1In(77); A = (16)
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NCRVS

Fig. 8.

first and the second moments of NCRVS at each velocity bin
can be served as the main statistical properties.

For the Doppler spectrum in a time scale of the order of mil-
liseconds, sea clutter is nonuniformly distributed in the Doppler
bins, where the Doppler bins with the maximum values are
recognized as the main clutter bins and that of smaller values are
called noise bins. Like Doppler spectrum, NCRVS is nonuni-
formly dispersed at individual velocity bins. RFs with great
fluctuation integration or large shape parameters of lognormal
distributions are referred to as the main clutter RFs, such as the
12th to 15th RFs in Figs. 6-8. While RFs with small fluctuation
integration or small shape parameters of lognormal distribution
are regarded as the noise RFs, the remaining RFs whose center
velocities are inconsistent with the radial velocity of swells and
large-scale waves. In this way, it is easier for marine radars
to detect small targets in the noise RFs than that in the main
clutter RFs, since the multiscan integration of sea clutter in the
main clutter RFs are likely to be great. Therefore, it is important
to mitigate the clutter integration in the main clutter RFs and
improve the low SCR of small targets for the following detection.

C. Double-Channel Multiscan Joint Detector

In the lognormal-distributed NCRVS model, sea clutter has
different statistical properties with nonuniformly dispersion of
standard deviation. The main clutter RFs may lead to many false
alarm range cells located in the structural textures of bright

Second kind NCRVS fitting by lognormal distributions at each velocity bin.

strips. To guarantee the desired false alarm rate, traditional
detectors have to elevate the decision threshold, resulting in the
low detection probability. Thus, it is required to mitigate sea
clutter at each velocity bins, especially the clutter in the main
clutter RFs.

In order to suppress sea clutter, different threshold is set at
each velocity bin, which is determined by the false alarm rate,
shape parameter and scale parameter in lognormal distribution.
Besides, two kinds of NCRV are combined to form two channels
for detection of small targets. Fig. 9 gives the detection flow
diagram of DC-MIJD. In the first channel, radar returns use the
noncoherent integration to attain short-time pulse gain in the
intrascan processing. Then, it is separately processed at each
velocity bin, followed by the multiscan integration to establish
the first kind of NCRVS. The real value of NCRVS is compared
with decision threshold at each velocity bin and all the binary
results from L velocity bins are fused by the “or” logical operator.
In the second channel, whitening operator at one scan is added
and the others are the same as the first channel. Finally, binary
results from the two channels are again fused by the “or” logical
operator.

In fact, whitening operator mainly aims to delimitate the
pulse correlation of sea clutter and balance the nonuniform
spectrum in the intrascan processing. The whitening spectrum
can make the great influence on the SCR of small targets.
When the Doppler offsets of targets fall outside the main clutter
region in the frequency domain, whitening operator can attain
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extra improvement of SCR, laying the fundament for potential
performance improvement of marine radars at fast-scan mode.
When the Doppler offsets of targets fall inside the main clutter
region, both sea clutter and targets are heavily mitigated, leading
to significant reduction of SCR. It means that coherent whitening
operator can attain considerable performance improvement in
the case that high-velocity targets has the Doppler offsets outside
main clutter region and may suffer heavy performance loss
in the inverse case. Therefore, two complementary channels
are combined to fully exploit the improvements of whitening
operator and ensure the good performance in all the cases. The
first channel is designed for the low-velocity targets, where
both the intrascan processing and interscan processing use
the noncoherent integration. The second channel consists of
the first channel plus the whitening operator. It is designed for
the high-velocity targets, where pulse correlation of sea clutter
is eliminated and uniform spectrum provides the improvement
of SCR.

Besides, large amounts of sea clutter in the current sea en-
vironment are collected for the offline training. Two kinds of
NCRVS model are established to learn the cross-scale proper-
ties of sea clutter. Then, outlier-robust analytical bipercentile
estimator is used to estimate the parameters of lognormal distri-
butions atindividual velocity bin. The different shape parameters
imply the property of structural textures and are related to the
threshold at each velocity bin. In this way, the thresholds for
the first channel and the second channel can be obtained from
the analytical functions in theory without using the Monte Carlo
test.

At the Ith velocity bin, the threshold is given by

ﬂ:pilgl(PfO‘j\\lvm)alzla2aaL (17)

where X;, 7, are the estimated parameters of lognormal distribu-
tion and Pyq is false alarm rate at each velocity bin. Under the
assumption that NCRVS at each velocity is independent, the Pyq
is determined by

Pfa

Pf(] = m (18)

where P, is the desired false alarm rate. In fact, NCRVS has
correlation at different velocity bin due to the fan-shaped retro-
spective filters with overlapped regions. It means that the false
alarm rate for velocity bins is strictly smaller than the desired
false alarm rate.

Fig. 10 plots the thresholds at each velocity bin for the two
kinds of NCRVS. It has found that the thresholds in the main
clutter RFs are much higher than that in the noise RFs. It is hard
for sea clutter at main clutter RFs to cross the high threshold,
meaning that sea clutter of structural textures is heavily sup-
pressed. Besides, the thresholds in the first channel are larger
than that in the second channel. It is because that whitening
operator in the second channel can mitigate sea clutter in a
time scale of order of milliseconds. Besides, when the clutter
environments change, marine radar should restart the mode to
collect large amounts of sea clutter for train and the thresholds
for the two kinds of NCRVS should be updated. In this way,
the thresholds can adapt to the dynamic clutter environments to
guarantee the CFRA property of the DC-MJD detector.

IV. EXPERIMENTAL RESULTS AND EVALUATION

In this section, we evaluate the performance of the DC-MJD
detector using real datasets from an open and recognized CSIR
database [31]. The experimental radar is operated at the dwelling
mode, with a carrier frequency of 9 GHz, range resolution of 15
m, and PRF f,. of 2.5 kHz. The instant wind is 7.71 m/s, wind
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gust is 11.65 m/s, and significant wave height is 3.24 m. Each r(k—1) k1 19
dataset consists of 96 range cells and the observation time lasts + v(k—1) w(k —1) (19)

to 100 s.

A. Real Sea Clutter Data With Simulated Targets

Real dataset (TFC15_002) with pure sea clutter is used to
testify the performance of the proposed detector. The dwelling
data of pure clutter is downsampled with a period of 0.5 s
and pulse number of 8, as shown in Fig. 2. To fully compare
performance, simulated targets with different SCRs and radial
velocities are linearly added into the scan data. Considering
the low velocity of small targets on the sea surface, simulated
moving targets follow a weak maneuverable model [31]. At the
kth scan, the distance from the target to radar (k) and the velocity
of target v(k) is determined by the parameters in the (k— 1)th scan.
They can be computed by

1 AT
1

r(k—1

)
vk —1)

where w is Gaussian noise sequence. Then, returns of target at
mth range is added into real sea clutter and it is given by

z (k,m,n) = s(k,m,n) + c(k,m,n)

_ \/Wp(k‘) exp (j (n—1)4mv (k)
(o

)Wadarfr
Ar } )

+c(k,m,n),n=1,2,...,N

)s

(20)

r(k)

where d(.) is impulse function, p(k) is unite-mean random se-
quence that is related to amplitude fluctuation of target, and
Aradar 18 the wave length of radar carrier frequency.

Fig. 11 plots the radar returns with simulated targets of
different radial velocities of —5, 1, and 10 m/s and different
SCRs of 2, 10, and 5 dB. It represents three typical cases. In
Fig. 11(a), the first case is that the Doppler offsets of targets fall
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Performance comparison of four detectors in the dataset with simulated target (N = 8, K =

12, Pj, = 1073). (a) RFB-LogCFAR [15]. (b) FSSIP [18].
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outside main clutter region in frequency domain and its moving
trajectory is totally inconsistent with the moving trajectories of
swells and large-scale waves. In Fig. 11(b), the second case is
that Doppler offsets of targets fall inside main clutter region and
its trajectory is slightly inconsistent with the moving trajectories
of structural textures. In Fig. 11(c), the third case is Doppler
offsets of targets outside the main clutter region and the moving
trajectories of targets submerged in the structural textures during
the observation time. To sum up, the high-velocity targets are in
the first and the second cases and the low-velocity targets in the
second case.
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12, Pq = 1073). (a) v = —5m/s. (b) v = —Im/s. (¢) v = —10m/s.

In the first experiments, set N = 8, K = 12, P, = 1073,
In Fig. 12(a), RFB-LogCFAR detector [15] can hardly control
false alarm rate, due to numerous falsely targets along the bright
stripes. Especially at the second case, its detection probability is
0.821 with more false alarm range cells compared to the given
P, = 1073. In Fig. 12(b), FSSIP detector [18] can control the
false alarm rate at the cost of significant performance loss, where
noncoherent detector can hardly work. Obviously, mitigating
integration along structural textures is absent in the design of
FSSIP detector. In Fig. 12(c), DGRF-GLRT-LTD detector [19]
has great performance improvement relative to the previous two
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noncoherent detectors, which uses Doppler guidance to avoid
the integration along structural textures. Its performance heavily
depends on the accuracy estimation of target’s Doppler offset,
meaning that enough pulses are required for coherent detector. In
Fig. 12(d), proposed DC-MJD detector improves the detection
probability by 33.5%, 11.4%, and 7.3%, respectively, in the three
cases, compared with the DGRF-GLRT-LTD detector [19]. It
is clearly found that the simulated moving targets have distinct
and continuous moving trajectories in the all three cases. The
main advantage of the proposed detector is the mitigation clut-
ter matching the lognormal-distributed NCRVS with different
threshold at each velocity bin, particularly heavy suppression
in main clutter RFs. In addition, two channels can complement
each other to attain robust performance in the different cases.
Besides, we analyze the influence of SCR and target’s radial
velocity on the detection performance for the four detectors in
Figs. 13 and 14. For the RFB-LogCFAR detector [15] and FSSIP
detector [18], they suffer from great performance loss in the low
SCR case, especially the former mistakes the range cells along
the structural textures of sea clutter as targets with the constant
detection probabilities of 0.1 when the SCRs are lower than 5
dB. With the complete noncoherent integrations in detection,
their good detection performance highly depends on the high
SCRs. Simultaneously, the noncoherent integration can ensure

Performance comparison at different radial velocities of targets (N = 8, K = 12, Py, = 1073). (a) SCR = 0 dB. (b) SCR = 5 dB. (c) SCR = 10 dB.

the independence of their performance on the target’s velocities,
as shown in Fig. 14. Therefore, above two noncoherent detectors
are solely suitable for the homogeneous clutter environments
with high SCRs, due to the failure to mitigate the integration
along the structural textures.

Differently, DGRF-GLRT-LTD detector [19] and the pro-
posed DC-MJD detector can attain good performance, where the
former exploits the Doppler guides to avoid the integration along
the structural textures and the latter designs the NCRVS models
with different threshold to mitigate the integration from the
structural textures. In fact, besides the SCR, their performance
is also closely related to target’s radial velocity. In other words,
the target’s radial velocity determines the distance between the
Doppler offsets of targets and main clutter region in Doppler
domain, which plays great role in the coherent detection. In
the first case [Fig. 13(a)] and the second case [Fig. 13(c)],
DGRF-GLRT-LTD detector [19] can still work when the SCR
is lower than 0 dB, owing to the coherent optimal GLRT-LTD
detection in the intrascan processing. However, in the second
case [Fig. 13(b)], the intrascan GLRT-LTD can hardly work
when the Doppler offsets of targets fall inside the main clutter
region. It means that the DGRF-GLRT-LTD detector [19] is
suitable for the low SCR and the Doppler offsets of targets
outside the main clutter region at the same time. As the SCR
reaches 5 dB, the proposed DC-MJD detector can attain better
performance than DGRF-GLRT-LTD detector [19], as shown
in Fig. 13. Thus, it is often required enough SCR to make the
noncoherent intrascan integration after whitening operator attain
comparable performance as the optimal GLRT-LTD. However,
it has found in Fig. 14(b) that both DGRF-GLRT-LTD detector
[19] and proposed detector still suffers from great loss when the
velocities of targets are around 2 m/s. It implies that the SCR
of 5 dB is not enough to eliminate the influence of the Doppler
offsets of targets inside main clutter region and it needs the SCR
up to 10 dB. In Fig. 14(c), it is clearly shown that the proposed
detector achieves the best performance at different velocities of
targets, compared with the other three existing detectors, thanks
to the mitigation of sea clutter in the intrascan processing and
the interscan processing. In terms of the enough high SCR,
the target’s velocity is no longer the main factor to affect the
detection performance. Instead, good performance mainly lies
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in the mitigation of the integration along structural textures in the
time scale of the order of seconds. This is the main invocation
of the lognormal-distributed NCRVS model in this article. To
sum up, DGRF-GLRT-LTD detector [19] is suggested for the
low SCR case of Doppler offsets of targets outside main clutter
region. For the SCRs higher than 5 dB, the proposed DC-MJD
detector can ensure it appropriate for real complicated clutter
environments.

B. Real Data With Test Target

Below, real dataset (TFC15_008) with test target is further
used to evaluate the performance of the four detectors in the
sea clutter with structural textures. Similarly, the dwelling data
is transformed to the scan data with a period of 1 s and the
pulse number of eight. The test target is a wave rider rigid
inflatable boat of 5.7 m in length. Fig. 15 gives the intensity
of scan data in the scan-range time 2-D plane. Though the
average SCR is roughly estimated of 6.8 dB, the returns of targets
fluctuate sharply in a large region, where the returns of targets
are completely submerged in sea clutter during the scan time
from 150 to 169 s.

In the second experiments, we remain the same settings as
the first experiments. In Fig. 16(a) and (b), both RFB-LogCFAR
detector [15] and FSSIP detector [ 18] fail to work, suffering great
performance loss when sea clutter exhibits structural textures.
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In Fig. 16(c) and (d), relative to DGRF-GLRT-LTD detector
[19], DC-MJD detector has the detection probability of 0.981,
improving performance by 96.2%. In this case, the first channel
plays the main role in the proposed DC-MJD detector, since the
Doppler offsets of targets fall outside the main clutter region and
the moving trajectories are inconsistent with the radial velocity
of swells and large-scale waves. Thus, the whitening operator
and lognormal-distributed NCRV S with the different thresholds
can mitigate the sea clutter in the intrascan processing and the
interscan processing in this case. Besides, the proposed DC-
MJD detector can provide a rough estimation of target’s radial
speed as —3 m/s and swell’s radial speed as 9 m/s, according
to test statistics over threshold from the seventh RF and the
main clutter RFs. While the DGRF—GLRT-LTD detector [11]
can only provide target’s radial velocity using enough coherent
pulses at one scan.

In the real radar system, small target detection needs ob-
servation time of several seconds. The selection of suitable
detector is generally according to the practical requirements.
When the number of pulses is enough at one scan, DGRF-
GLRT-LTD [19] is suggested for coherent radar. When the
number of pulses is less than 10, DC-MJD detector is the first
choice. In addition, DGRF-GLRT-LTD [19] is specified for the
case that the Doppler offsets of targets fall outside the main
sea clutter bins in the low SCR case. Differently, DC-MJD
detector can attain good performance in all the cases with the
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SCR higher than 5 dB, thanks to the lognormal-distributed
NCRVS model and the structure of two complementary
channels.

V. CONCLUSION

This article deals with the problem of small target detection
in the spatial-temporally sea clutter with structural textures. We
extract the swell’s movement property using a new NCRVS
model of sea clutter in across time scales from the order of
milliseconds to the order of seconds. The NCRVS can be well-
fitted by the lognormal distribution at each velocity bin, where
an outlier-robust analytical bipercentile estimator is presented to
estimate the unknown parameters of the lognormal distribution.
Based on the lognormal-NCRVS model, a DC-MJD detector
is proposed with whitened operator and different thresholds
at each velocity bin to successfully suppress sea clutter. The
proposed DC-MJD detector can attain good performance in
the complicated clutter environments, showing that it is indeed
an effective way to improve the detection of sea-surface small
targets by exploiting the new-span property of sea clutter with
structural textures. In the future article, it can further elaborate
statistical properties of spatial-temporally sea clutter, such as
correlation of NCRVS at each velocity bin, in order to improve
detection performance of small targets when high-resolution
marine radar is operated at fast-scan mode.
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