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Abstract: Synthetic aperture radar (SAR), as a wideband radar system, is easily contaminated by
radio frequency interference (RFI), which affects the imaging quality of SAR. The subband spectral
cancellation (SSC) method and its modifications utilize the SAR single-look complex (SLC) image
to realize RFI extraction and mitigation by subtracting between sub-images, which are robust and
efficient for engineering applications. In the past, the traditional SSC was often applied to narrowband
interference (NBI) mitigation. However, when it was used for wideband interference (WBI) mitigation,
it would cause the mitigated image to lose much of its useful information. In contrast, this paper
proposes an improved SSC method based on successive cancellation and data accumulation (SSC-
SCDA) for WBI mitigation. First, the fast Fourier transform (FFT) is used to characterize the SAR SLC
data in the frequency domain, and the average range spectrum algorithm is used to detect whether
there are interference components in the SAR SLC data. Then, according to the carrier frequency and
bandwidth of the RFI in the frequency domain, the subbands are divided, and a cancellation strategy
is formulated. Finally, based on the successive cancellation and data accumulation technology, WBIs
can be removed by using only a small percentage of the clean subbands. Based on the simulated
experiments, the interference mitigation performance of the proposed method is analyzed when
the interference-to-signal bandwidth ratio (ISBR) varies from 20% to 80% under different signal-to-
interference-to-noise ratios (SINR). The experimental results based on WBI-contaminated European
Space Agency (ESA) Sentinel-1A SAR SLC data demonstrate the effectiveness of the proposed method
in WBI mitigation.

Keywords: synthetic aperture radar (SAR); radio frequency interference (RFI); wideband interference
(WBI); interference mitigation; improved subband spectral cancellation (SSC); single-look complex
(SLC) image

1. Introduction

Synthetic aperture radar (SAR) plays a vital role in military, civil, and scientific research
fields by virtue of its all-day, all-weather, and high-resolution characteristics [1]. However,
with the increasingly prevalent application of modern radio technology, electromagnetic
spectrum resources are becoming scarcer, which will potentially increase the possibility of
occurring radio frequency interference (RFI) [2]. Figure 1 shows the RFI probability map of
the European Space Agency (ESA) Sentinel-1A. RFI mainly comes from television, com-
munication equipment, microwave radar, etc., whose operating frequency overlaps with
the frequency band of the SAR system [3,4]. When the RFI is received by the SAR system,
RFI will affect the pulse responses of SAR signals, degrade the qualities of SAR images,
and further hinder the subsequent image interpretations and engineering applications. For
RFI-contaminated SAR images, detecting and removing RFI can improve the application
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accuracy of various ship detection methods [5,6]. Therefore, it is significant to mitigate
various RFIs in SAR data. According to the bandwidth of RFI, RFI can be classified into two
categories: narrowband interference (NBI) and wideband interference (WBI). Generally, the
former bandwidth is no more than 2% of the SAR system bandwidth, and the interference
exceeding this ratio is considered WBI [7]. Due to the latter bandwidth occupying a large
portion of the SAR system, WBI mitigation is challenging [8].

Remote Sens. 2022, 14, x FOR PEER REVIEW 2 of 22 
 

 

qualities of SAR images, and further hinder the subsequent image interpretations and en-

gineering applications. For RFI-contaminated SAR images, detecting and removing RFI 

can improve the application accuracy of various ship detection methods [5,6]. Therefore, 

it is significant to mitigate various RFIs in SAR data. According to the bandwidth of RFI, 

RFI can be classified into two categories: narrowband interference (NBI) and wideband 

interference (WBI). Generally, the former bandwidth is no more than 2% of the SAR sys-

tem bandwidth, and the interference exceeding this ratio is considered WBI [7]. Due to the 

latter bandwidth occupying a large portion of the SAR system, WBI mitigation is chal-

lenging [8]. 

 

Figure 1. Map showing the probability of experiencing RFI of at least 1000 K [9]. 

In the past few decades, numerous methods to mitigate RFI have been proposed, 

which can be divided into three categories: parametric methods, semi-parametric 

methods, and non-parametric methods [2]. The parametric methods estimate the RFI 

parameters by establishing an RFI parameterized model, and then the RFI from the SAR 

data is removed [10]. Braunstein et al. established the sine wave model of the interference 

signal and proposed the maximum likelihood estimation method for NBI mitigation [11]. 

Miller et al. established the sinusoidal superposition model of the NBI signal and 

combined the least-squares method to estimate the model parameters to suppress NBI 

[12]. Liu et al. proposed to use the iterative adaptive approach (IAA) to estimate the model 

parameters of the NBI signal and obtained the interference suppression results’ balancing 

speed and efficiency [13]. Compared with NBI, the signal form of WBI is complex and 

diverse, so it is more difficult to establish an accurate parametric model, and its research 

is relatively rare. Yang et al. combined time-frequency analysis technology to expand the 

IAA method, making it suitable for WBI suppression [14]. In 2021, Zhou et al. proposed a 

method based on instantaneous frequency estimation and regularized time-frequency 

filtering to estimate and extract the WBI components for suppression [15]. 

Semi-parametric methods transform the RFI mitigation problem into a 

hyperparameter optimization problem. The RFI optimization model is established based 

on low-rank and sparse characteristics, and RFI is mitigated by solving optimization 

problems [16]. In 2014, Nguyen et al. first proposed the idea of the semi-parametric 

interference suppression method and carried out a series of pioneering studies [17]. Liu et 

al. extended the sparse reconstruction algorithm to the WBI suppression [18]. Since 2018, 

Figure 1. Map showing the probability of experiencing RFI of at least 1000 K [9].

In the past few decades, numerous methods to mitigate RFI have been proposed,
which can be divided into three categories: parametric methods, semi-parametric methods,
and non-parametric methods [2]. The parametric methods estimate the RFI parameters
by establishing an RFI parameterized model, and then the RFI from the SAR data is
removed [10]. Braunstein et al. established the sine wave model of the interference signal
and proposed the maximum likelihood estimation method for NBI mitigation [11]. Miller
et al. established the sinusoidal superposition model of the NBI signal and combined the
least-squares method to estimate the model parameters to suppress NBI [12]. Liu et al.
proposed to use the iterative adaptive approach (IAA) to estimate the model parameters
of the NBI signal and obtained the interference suppression results’ balancing speed and
efficiency [13]. Compared with NBI, the signal form of WBI is complex and diverse, so it
is more difficult to establish an accurate parametric model, and its research is relatively
rare. Yang et al. combined time-frequency analysis technology to expand the IAA method,
making it suitable for WBI suppression [14]. In 2021, Zhou et al. proposed a method based
on instantaneous frequency estimation and regularized time-frequency filtering to estimate
and extract the WBI components for suppression [15].

Semi-parametric methods transform the RFI mitigation problem into a hyperparameter
optimization problem. The RFI optimization model is established based on low-rank and
sparse characteristics, and RFI is mitigated by solving optimization problems [16]. In 2014,
Nguyen et al. first proposed the idea of the semi-parametric interference suppression
method and carried out a series of pioneering studies [17]. Liu et al. extended the sparse
reconstruction algorithm to the WBI suppression [18]. Since 2018, Huang et al. have
conducted in-depth research on semi-parametric interference suppression methods and
proposed a series of “low-rank + sparse” decomposition models [19–23], which further
improved the relevant theories and models. In 2021, Nguyen et al. further improved
their semi-parametric interference suppression model and proposed a joint down-range
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and cross-range RFI suppression method [24]. In the same year, Zhou et al. proposed
an RFI suppression algorithm based on the time-frequency constraint of joint low-rank
and sparsity properties [25]. In 2022, Zhang et al. proposed an improved RFI mitigation
approach based on the low-rank sparse decomposition from the perspective of useful signal
protection [26].

Non-parametric methods use the intensity characteristics differences between the
interferences and real echoes to mitigate RFI. The notch filter method and its modifications
are classical non-parametric RFI mitigation methods [27]. They effectively notch RFI in the
transform domain. However, when the interference is WBI, a copious loss of useful signal
during processing will seriously degrade the side-lobe levels. Xu Wei et al. proposed a
two-step notch method based on a linear prediction model to compensate for the missing
spectrum and improve the interference suppression effect [28]. Another popular non-
parametric method uses matrix decomposition to separate and mitigate RFI. The eigen-
subspace projection (ESP) method, proposed by Zhou et al., is a representative matrix
decomposition method [29]. Through eigenvalue decomposition, the ESP method can
effectively separate the SAR signal component and the interference component and obtain
a better interference suppression effect. In 2022, Li et al. proposed an improved ESP
method to mitigate the mutual RFI between SAR satellites [30]. After that, their team
successively proposed interference suppression methods based on matrix decomposition,
such as independent component analysis [31], complex empirical mode decomposition [32],
and independent subspace analysis [33], and achieved good suppression effects. In 2022, Li
et al. proposed a modified EMD method to mitigate NBI in SAR data, which protected the
SAR’s useful signal and improved the mitigated image quality [34].

Most of the above methods realize RFI extraction and mitigation in the echo domain.
However, modern SAR systems generally do not provide raw echo data and only provide
level one and higher-level products, which hinders the extended application of existing
methods. Even though a few methods can be used on SAR SLC data, they are less effective
in mitigating WBI, such as the FNF and ESP methods. To conquer this circumstance, Feng
et al. [35] proposed the subband spectral cancellation (SSC) method that utilized SAR SLC
images to mitigate RFI. This method has the advantages of robustness, low computational
cost, and ease of engineering application. Yang et al. [36] improved the SSC method.
RFI detection was first performed by using a useful subband spectral kurtosis detector,
and its results were then used for RFI mitigation. Li et al. [37] further improved the SSC
method, which achieved secondary interference detection and avoided the loss of detailed
information in the image.

Both traditional SSC and its modifications only focus on mitigating NBI. When they
were used for WBI mitigation, it would cause the mitigated image to lose much of its useful
information. However, in some practical situations, the SAR systems may be contaminated
by WBI, so the traditional SSC and its modifications cannot be applied to WBI mitigation
directly. In this paper, an improved SSC method based on successive cancellation and data
accumulation (SSC-SCDA) is proposed for WBI mitigation. First, the SAR SLC data are
transformed to the range-frequency domain with the fast Fourier transform (FFT), and the
average range spectrum algorithm is used to detect whether there is RFI. Then, the RFI
carrier frequency and bandwidth are analyzed in the frequency domain. According to the
interference bandwidth and the frequency band of the interference carrier frequency in
the SAR spectrum, the subbands are divided, and the cancellation strategy is formulated.
Finally, based on successive cancellation and data accumulation technology, WBI is miti-
gated with a limited fraction of clean subband. Based on the simulation experiments of the
ESA Sentinel-1A SAR SLC image, the interference mitigation performance of the proposed
method is analyzed when the interference-to-signal bandwidth ratio (ISBR) is from 20% to
80%. The experimental results based on WBI-contaminated ESA Sentinel-1A SAR SLC data
demonstrate the potential of the proposed method in WBI mitigation.

In conclusion, the contribution of this paper can be summarized as follows:
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1. A WBI mitigation algorithm based on SAR SLC images is proposed. The vast majority
of the previous works on removing WBI are based on SAR raw echo data and cannot
be directly applied to SAR SLC data. Even though a few methods can be used on
SAR SLC data, they are less effective in mitigating WBI. Compared with previous
RFI mitigation methods, SSC-SCDA is based on the SAR SLC images to mitigate WBI,
which is more suitable for modern SAR systems. The algorithm utilizes successive
cancellation and data accumulation technology to extend the traditional SSC algorithm
into WBI mitigation, which enables it to extract and remove WBI in SAR SLC images
effectively.

2. The interference mitigation performance of the proposed algorithm under differ-
ent ISBRs is evaluated. Under complicated heterogeneous scenarios, combining the
RFI-free measured SAR data with the WBIs of different ISBRs, the mitigation perfor-
mance of the algorithm against WBIs with different bandwidths is qualitatively and
quantitatively evaluated.

3. The performance and practicability of the proposed algorithm in a realistic environ-
ment are further verified by the experimental results of the measured SAR SLC data
with the WBI bandwidth exceeding 50% of the SAR system bandwidth.

The MATLAB code implementation of SSC-SCDA is available at https://github.com/
cococbx/SSC-SCDA, Kaifeng, China, 29 August 2022.

2. Related Work
2.1. Interference Formulation and Analysis

In complex electromagnetic environments, SAR systems may be affected by RFI. Each
echo received by the SAR system can be considered as a 1-D time series. Assuming that
each returned echo contains N equally spaced samples, the RFI-contaminated SAR echo
x(n) can be modeled as the sum of the target echoes, RFI, and noise:

x(n) = s(n) + RFI(n) + w(n), 1 ≤ n ≤ N (1)

where s(n), I(n) and w(n) denote the useful target echoes, RFI, and system noise, re-
spectively; n denotes the sampling index. According to the bandwidth of RFI, RFI can
be classified into two categories: NBI and WBI. NBI can be expressed as the sum of L
sinusoidal function signals:

NBI(n) =
L

∑
l=1

Al(n) exp{j(2π fln + θl)} (2)

where Al , fl and θl denote the amplitude, carrier frequency, and phase for the l-th interfer-
ence component, respectively. Generally, WBI is considered to contain two major forms:
linear frequency modulation (LFM) WBI and sinusoidal frequency modulation (SFM) WBI.
The LFM WBI can be formulated as

WBILFM(n) =
L

∑
l=1

Al(n) exp
{

j(2π fln + πγln2)
}

(3)

where Al , fl and γl denote the amplitude, carrier frequency, and chirp rate of the l-th
interference component, respectively. The SFM WBI can be formulated as

WBISFM(n) =
L

∑
l=1

Al(n) exp{jβl sin(2π fln + φl)} (4)

where Al , βl , fl and φl denote the amplitude, modulation factor, carrier frequency, and
initial phase of the l-th component, respectively.

Figure 2 shows RFI-contaminated SAR echoes in different domains. These SAR echoes
are acquired from a spaceborne SAR system working in the C-band. The SAR echoes
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contaminated with NBI and WBIs are shown in Figure 2a,d,g, respectively. It can be seen
that there is no difference in the characterization of NBI and WBIs in the time domain, and
the bandwidth of the RFI cannot be distinguished. The SAR echoes are transformed to
the range-frequency domain by FFT, and the range spectrums of the RFI-contaminated
SAR echoes are shown in Figure 2b,e,h, respectively. The range spectrum of the NBI-
contaminated SAR echo is shown in Figure 2b. As shown in the figure, the energy of
NBI is mainly concentrated in certain frequency units of the SAR range spectrum, and the
spectral amplitude of NBI is much larger than that of the SAR useful signal. Figure 2e,h
shows the range spectrums of the WBI-contaminated SAR echoes. It can be seen that the
bandwidths of the WBIs occupy a large part of the bandwidth of the SAR signal, and the
spectral amplitudes of the WBIs are stronger than that of the useful signal. Figure 2c shows
the 2-D time-frequency representation of the NBI-contaminated SAR echo. In the figure,
the horizontal direction represents the range time, and the vertical direction represents the
range frequency. It can be seen that the NBI appears as an almost horizontal bright line in
the 2-D time-frequency domain, which corresponds to the above-mentioned characteristics
of the NBI in the frequency domain, and its energy is higher than that of the useful signal
in the time-frequency spectrum. Figure 2f shows the 2-D time-frequency representation of
the SAR echo contaminated by the LFM WBI. As shown, the oblique bright line is the WBI
and occupies a large fraction of the range frequency, whose energy is much stronger than
the surrounding useful signal. Figure 2i shows the 2-D time-frequency representation of
the SAR echo contaminated by the SFM WBI. As described in Equation (4), the SFM WBI
presents a bright sinusoidal function in the time-frequency domain.
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Figure 2. The RFI-contaminated SAR echoes in different domains. (a) The NBI-contaminated SAR
echo in the time domain, (b) the NBI-contaminated SAR echo in the range-frequency domain, (c) the
NBI-contaminated SAR echo in the time-frequency domain, (d) the LFM WBI-contaminated SAR echo
in the time domain, (e) the LFM WBI-contaminated SAR echo in the range-frequency domain, (f) the
LFM WBI-contaminated SAR echo in the time-frequency domain, (g) the SFM WBI-contaminated
SAR echo in the time domain, (h) the SFM WBI-contaminated SAR echo in the range-frequency
domain, (i) the SFM WBI-contaminated SAR echo in the time-frequency domain.

2.2. Theory of SSC

Due to the fact that the SAR imaging process does not change the bandwidth of the
SAR signal, the RFI still maintains its frequency domain characteristics in the SLC data.
To explain the SSC method clearly, two subbands are taken as an example. The same case
applies to the multiple subbands.

The SAR echo data with RFI is shown in Equation (1). Without considering the
influence of system noise, the total power spectrum of the SLC data can be expressed as∣∣Sp

∣∣2 ≈ |Se|2 + |Si|2 (5)

where Sp, Se and Si denote the SAR SLC data, clean SLC data, and RFI SLC data, respectively.
The SAR SLC image Sp is converted to the range-frequency domain by FFT [38–40],

which can be formulated as
FSp = FFT

(
Sp
)

(6)

where FSp denotes the SAR spectrum and FFT denotes the FFT operation. The interference
is detected in the range-frequency domain by the subband spectral kurtosis detection
algorithm [36], and then the spectrum is divided into two range subband spectrums with
and without interference. Two sub-images Sp1 and Sp2 are obtained by performing an
inverse FFT on the two subband spectrums, which can be formulated as{

Sp1 = IFFT
(
Subp1

)
Sp2 = IFFT

(
Subp2

) (7)

where Subp1 denotes the RFI subband spectrum, Subp2 denotes the clean subband spectrum,
and IFFT denotes the inverse FFT operation. Sp1 and Sp2 can be expressed as

Sp1 = Se1 + Si (8)

Sp2 = Se2 (9)

where Se1 and Se2 denote two sub-images without RFI, respectively. Obviously, the power
spectrums of the sub-images can be expressed as∣∣Sp1

∣∣2 ≈ |Se1|2 + |Si|2 (10)
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∣∣Sp2
∣∣2 = |Se2|2 (11)

Make the subtraction between Equation (10) and Equation (11):∣∣Sp1
∣∣2 − ∣∣Sp2

∣∣2 ≈ |Se1|2 − |Se2|2 + |Si|2 (12)

The compensation and internal calibration are performed in the measured data pro-
cessing to obtain the approximately same amplitude of the sub-image signals. After this
operation, Equation (13) can be obtained:

|Se1|2 − |Se2|2 ≈ 0 (13)

After substituting Equation (13) into Equation (12), the interference image signal can
be obtained as ∣∣Sp1

∣∣2 − ∣∣Sp2
∣∣2 ≈ |Si|2 (14)

The RFI-free image Se can be obtained according to Equation (5):

|Se|2 ≈
∣∣Sp
∣∣2 − |Si|2 ≈

∣∣Sp
∣∣2 − ∣∣∣∣∣Sp1

∣∣2 − ∣∣Sp2
∣∣2∣∣∣ (15)

According to the above theoretical derivation, the main idea of the SSC method firstly
extracts the interference signal through the cancellation operation between the sub-images
and then obtains the mitigated SAR image by subtracting the RFI from the SAR SLC
intensity image. The flow chart of the traditional SSC method is shown in Figure 3.
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As shown in Figure 3, the SAR range spectrum is divided into multiple subbands.
The number of subbands is divided according to the spectrum of the NBI. Then, NBIs are
extracted by pairwise cancellation between adjacent sub-images. Finally, the extracted NBI
is removed from the SAR SLC image.
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3. Improved SSC Method for WBI Mitigation
3.1. Problem Statement

In the previous literature on SSC, RFI is assumed to be NBI, and the improvements of
SSC are all to protect the useful signal. However, in a complex electromagnetic environment,
the SAR system may be contaminated by WBI.

An issue must be considered when applying the traditional SSC method to WBI
mitigation. The traditional SSC method and its improvements consider that to ensure the
method’s effectiveness, the number of RFI-contaminated subbands must be less than or
equal to the number of clean subbands. As shown in Figure 4a, when the RFI is NBI, there
are enough clean subbands to cancel the RFI-contaminated subbands. In Figure 4b, when
the WBI bandwidth is relatively large and is located near the SAR carrier frequency, there
are not enough clean subbands on both sides of the interference subband to cancel the
WBI. In Figure 4c, when ISBR exceeds 50%, no matter where the WBI is located in the SAR
spectrum, the clean subband is insufficient to cancel the interference subband. Hence, the
traditional SSC method and its modifications cannot mitigate these WBIs.
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In Figure 4, BSAR, SubNBI , SubClean and SubWBI denote the SAR data bandwidth, the
NBI subband, the clean subband, and the WBI subband, respectively.

3.2. Proposed Method

In order to solve the above issue, an improved SSC method based on the successive
cancellation technology is proposed. The flowchart of the proposed method is shown in
Figure 5.

• Step 1: RFI detection
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Since the same RFI appears in the same frequency units in the range-frequency domain,
the range spectrum of the RFI will show a strong range coherence, while the SAR target
signal does not have this characteristic. The power of the RFI is stronger than the power of
the SAR signal, and after coherent accumulation, the RFI will show an obvious mutation in
the range-frequency domain.

First, the SAR SLC data is converted to the range-frequency domain by FFT. Then, the
range spectrum is superimposed along the azimuth direction. Finally, the average range
spectrum is obtained by taking the average value of the superimposed range spectrum.
The average range spectrum can be formulated as

Q = [q1, q2, · · · , qNr] (16)

where Nr denotes the number of the range sampling points.
After the superposition and average processing, the spectrum of the SAR range signal

is smooth, while the WBI spectrum is accumulated to form a mutation with a certain width.
Through the above detection process, the frequency range of the WBI can be determined,
which provides a basis for the subsequent subband division.

• Step 2: Subband division

The key to the proposed method is the establishment of Equation (13). To wit, the
amplitudes of the divided subbands Se1 and Se2 are approximately equal. However, modern
SAR systems often perform windowing operations in the imaging process, which makes the
SAR spectrum uneven, so the range amplitude spectrum must perform the de-windowing
operation first. The de-windowing operation is performed on the 1-D range amplitude
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spectrum. Construct the de-windowing function to multiply the range spectrum. The
de-windowing function can be expressed as

DW( f , B) =
1

W( f , B)
(17)

where f denotes the range-frequency sampling points, B denotes the SAR system band-
width and W denotes the window function. Different SAR systems use different window
functions in imaging processing. Therefore, the window function should be selected ac-
cording to the actual situation in the measured data processing. The window functions
usually used in imaging processing include the Kaiser window, the Hamming window, the
Hanning window, and the like.

After the de-windowing operation, the amplitudes of the SAR range spectrum are
approximately the same. Finally, according to the detection results of step 1, the SLC data
is divided into two groups: clean subband and WBI subband.

• Step 3: Successive cancellation and data accumulation

When the clean subband is not enough to cancel the WBI subband, a portion of the
WBI subband is first cancelled with a small clean subband. Then, the cancelled subband
and the original clean subband are accumulated into a new clean subband. Continue using
the accumulated clean subband to cancel the remaining WBI subbands. Repeat the above
operations until the WBI is cancelled altogether.

The algorithm flow of the successive cancellation and data accumulation technology
is shown in Algorithm 1.

Algorithm 1 The Successive Cancellation and Data Accumulation Technology Algorithm

Input:

• Clean subband Subclean and WBI subband SubWBI .

Initialization:
i = 1, Subiclean = Subclean, WBI_Imange = 0, Clean_Imange = 0, size of Subclean·Z = 0.
Take Z equal to the size of the Subiclean.
Take a part of SubWBI as SubiWBI , and make the size of SubiWBI equal to Z.
Subi_imageclean = |IFFT(Subiclean)|2.
Repeat

Subi_imageWBI = |IFFT(SubiWBI)|2.
WBIi = Subi_imageWBI − Subi_imageclean.
Clean_Image = Subi_imageWBI −WBIi + Subi_imageclean.
WBI_Imange = WBI_Imange + WBIi.
SubWBI = SubWBI − SubiWBI .
i = i + 1, Z = Z + Z.
Subi_imageclean = Clean_Imange.
If (the size of residual SubWBI ) ≥Z

Take a part of residual SubWBI as SubiWBI , and make the size of SubiWBI equal to Z;
else

Take a part of residual SubWBI as SubiWBI .
End

Until (the size of SubWBI ) ≤ 0.
Output: WBI_Imange.

The schematic diagram of the successive cancellation and data accumulation technol-
ogy is shown in Figure 6.
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As shown in Figure 6, Sub1Mitigated and Sub2Mitigated denote the RFI-mitigated sub-
bands after cancellation; Sub1WBI and Sub2WBI denote a part of the WBI subband. In
Figure 6a, based on the successive cancellation technology, the clean subband with the gray
box is first used to cancel the partial subband of the WBI in the red dashed box, which can
be expressed as

WBI1 = |IFFT(Sub1WBI)|2 − |IFFT(Sub1Clean)|2 (18)

where WBI1 denotes the cancelled WBI sub-image. Then, as shown in Figure 6b, the
Sub1Mitigated is accumulated to increase the number of clean subbands samples for subse-
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quent RFI cancellation, further improving the bandwidth used for interference mitigation,
which can be expressed as

Sub2_ImageClean =
∣∣∣IFFT

(
Sub1Mitigated

)∣∣∣2 + |IFFT(Sub1Clean)|2 (19)

where Sub2_ImageClean denotes the accumulated clean sub-image. Finally, the remaining
WBI subband in the red dashed box in Figure 6b is cancelled with the accumulated clean
sub-image to obtain the mitigated SAR image, which can be expressed as

WBI2 = |IFFT(Sub2WBI)|2 − Sub2_ImageClean (20)

SWBI− f ree = SARSLC Image−WBI1 −WBI2 (21)

where SWBI− f ree denotes WBI-mitigated SAR image.

4. Experimental Results
4.1. Results of the Simulated Experiments

In order to analyze the performance of the proposed method in WBI mitigation,
the simulated experiments based on the ESA Sentinel-1A SAR SLC images were carried
out. The ISBR and signal-to-interference-noise ratio (SINR) are defined to analyze the
mitigation performance of the proposed method under different interference bandwidths
and strengths. The ISBR is set from 20% to 80%, increased by 10% steps. The SINR are set
as 10 dB, 0 dB, −10 dB, and −20 dB, respectively.

The main system parameters are summarized in Table 1.

Table 1. Main system parameters of the simulation.

Parameters Values

Carrier frequency 5.405 GHz
Sampling frequency 46.9 MHz

PRF 1663 Hz
Pulse width 51 µs

Pulse bandwidth 42.2 MHz
Carrier frequency of WBI 4.215 GHz

ISBR 20–80%

The simulated experimental results are shown in Figure 7. In these 2-D images, the up
dimension is the azimuth direction, and the lateral dimension is the range direction. The
SAR images contaminated by WBI with SINR of −10 dB are given in Figure 7a–g, whose
ISBRs are 20%, 30%, 40%, 50%, 60%, 70%, and 80%, respectively. The WBIs in these images
appear as fog-like or streak-like artifacts, which obscure the ground targets and make the
whole SAR image blurry. The corresponding SAR images after WBI mitigation are shown
in Figure 7h–n, respectively. It can be seen that all WBIs are mitigated to some extent.

For further comparison, the regions of interest (ROI) marked with green boxes in
Figure 7a–n are zoomed in, as shown in Figure 8a–n. As can be seen from Figure 8h–j,
when the ISBR varies from 20% to 40%, the side-lobes of the strong point targets with the
green boxes are not abnormal, and the airport runways are clear. In Figure 8k, although the
airport runway can still be distinguished, the range side-lobe of the strong point target rises
slightly. In Figure 8l, when the ISBR is 60%, the airport runway becomes indistinguishable,
and the range side-lobe is noticeably abnormal. As can be seen, in Figure 8m,n, the airport
runways are completely indistinguishable and strong point targets are defocused when
the ISBR varies from 70% to 80%. Due to the loss of a large number of useful signals, the
signal-to-noise ratios of the images are degraded, and the SAR images become defocused
and blurry.
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green boxes.
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Figure 8. ROIs in Figure 7a–n with green boxes. (a–n) Strong point targets with green boxes.

The range profiles of the strong point target in the green boxes in Figure 8h,k,n are
shown in Figure 9. It can be seen that when the ISBR is around 80%, the range side-lobes of
the strong point target are severely distorted and significantly higher than other side-lobes.
The range side-lobe for an ISBR of around 50% is similar to that with an ISBR of 20%. It is
shown that the proposed method has a better suppression performance when the ISBR is
around 50% and below.

Root mean square error (RMSE) is used to analyze the mitigation performance quanti-
tatively [3]. RMSE is defined as

RMSE
(

SRFI− f ree, S
)
=

∥∥∥S− SRFI− f ree

∥∥∥
F

‖S‖F
(22)

where SRFI− f ree denotes the SAR SLC image after mitigation, S denotes the SAR SLC image
without RFI and ‖•‖F denotes the Frobenius norm. RMSE describes the difference between
the original SAR data and mitigated SAR data. The smaller the RMSE, the better the
mitigation performance. The RMSEs with different SINRs are shown in Figure 10 when the
ISBR varies from 20% to 80%. As shown in Figure 10, when the ISBR is 20% to 50%, the
RFI mitigation performance with the same SINR is good and has no significant difference.
When the ISBR is grown from 60% to 80%, the RFI mitigation performance deteriorates
abruptly. It is proved that the mitigation performance of the proposed method continues to
decline when the ISBR exceeds 60%. In the case of the same ISBR, the larger the SINR, the
better the RFI mitigation performance. The RFI mitigation performance is even worse when
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the SINRs are −10 dB to −20 dB. It is proved that the proposed method underperforms in
strong RFI mitigation. The results of RMSE validate the above analysis.
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4.2. Experiment Results of the Measured WBI-Contaminated SAR SLC Data

In this section, the experimental results based on the measured SAR SLC data are
given to further demonstrate the effectiveness of the proposed method in WBI mitigation.
The measured SAR SLC data were acquired by the ESA C-band Interferometric Wide (IW)
Sentinel-1A in Kepulauan Riau, Indonesia, on 18 December 2021. The carrier frequency of
the Sentinel-1A is 5.405 GHz, and its range bandwidth is 48.3 MHz. The range sampling
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rate and pulse repetition frequency of the measured data are 64.35 MHz and 1452 HZ,
respectively. The 1-D range FFT is performed on the measured WBI-contaminated SAR SLC
data to obtain 1-D range spectrums and 2-D range spectrums. The 2-D range spectrums of
the WBI-contaminated SLC data are shown in Figure 11. The 1-D range spectrums of the
WBI-contaminated SLC data are shown in Figure 12.
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Figure 11. The 2-D range spectrums of the WBI-contaminated SLC data. (a,b) The 2-D range
spectrums of scene 1 and scene 2, respectively.

It can be seen that, before the de-windowing operation, the range spectrums were
bulging and irregular. After the de-windowing operation, the range spectrums become
approximately flat and smooth, and the spectrums of WBI become more prominent, which
benefits the subsequent subband division. The red boxes in Figure 12 are WBIs, and their
bandwidths occupy more than 50% of the SAR bandwidth.

The interference mitigation results of the different methods for scene one and scene
two are shown in Figures 13 and 14 respectively. Figures 13a and 14a show the SAR
images contaminated by WBIs, respectively. Affected by WBIs, periodic artifacts, and
bright wide stripes appear in the images, which mask some natural ground objects and
landform information. Figures 13b–d and 14b–d show the RFI mitigation results of the
frequency-domain notch filtering (FNF) method, the eigen-subspace projection (ESP)
method, and the proposed method, respectively, where all of these methods can miti-
gate RFI to some extent. It can be seen that, because the FNF method loses too many
frequency-domain components, the signal-to-noise ratios of the mitigated SAR images are
seriously decreased in Figures 13b and 14b. The image becomes blurred, and many details
are lost. The ESP method mitigated the RFI by constructing the RFI subspace. As shown
in Figures 13c and 14c the ESP method can mitigate the RFI to a certain extent. However,
the complexity of WBI makes it difficult to achieve an accurate subspace separation, which
leads to artifacts still existing in the SAR images. This case hinders the subsequent image
interpretation. The results in Figures 13d and 14d show that most of the bright stripes
and artifacts are mitigated. Compared with the above two methods, the proposed method
loses fewer details. The experiment results demonstrate the effectiveness of the proposed
method for WBI mitigation.
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of scene 1 and scene 2 before the de-windowing operation, respectively. (c,d) Range spectrums of
scene 1 and scene 2 after the de-windowing operation, respectively.

In order to further illustrate the effectiveness of the proposed method and analyze its
mitigation performance, image entropy, and the average gradient (AG) are used to analyze
the above RFI mitigation methods quantitatively.

Image entropy is used to measure the average amount of information in an image [41].
For traditional images, the larger the image entropy, the more information the image
contains, which means the more complex the image is. However, for RFI-contaminated
SAR images, the interference appears as fog-like or streak-like artifacts in the image, which
makes the image blurry. Therefore, the entropy of the RFI-contaminated SAR image is
relatively large. In SAR interference mitigation, the smaller the image entropy, the better
the mitigation effect.
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Figure 13. Experimental results for scene 1. (a) SAR SLC image without mitigation process. (b) Mit-
igation result by FNF method. (c) Mitigation result by ESP method. (d) Mitigation result by pro-
posed method.

The AG refers to the average value of the grayscale change rate [42], which reflects
the changing characteristics of the details and textures in the image and the clarity of the
image. In general, the larger the AG, the clearer the image.
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Figure 14. Experimental results for scene 2. (a) SAR SLC image without mitigation process. (b) Mit-
igation result by FNF method. (c) Mitigation result by ESP method. (d) Mitigation result by pro-
posed method.

The quantitative analysis results of the proposed method and the comparative methods
are shown in Table 2. It can be seen that the image entropy and AG of the proposed method
are better than FNF and ESP, which indicates that the interference mitigation performance
of the proposed method is better than the other two methods.
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Table 2. The quantitative analysis of the WBI-contaminated measured SAR SLC data.

Method
Scene 1 Scene 2

Image Entropy AG Image Entropy AG

FNF 5.1622 2.288 4.9713 2.311
ESP 4.7403 3.192 4.3940 3.583

Proposed method 4.1375 3.557 2.8106 4.097

5. Discussion

SSC-SCDA is a WBI mitigation method based on SAR SLC images. Compared with the
traditional SSC method and its modifications, the proposed method solves the problem that
the clean spectrum is insufficient to cancel and remove WBI when the ISBR is large. The
proposed method is based on successive cancellation and data accumulation technology,
which can successively subtract the WBI subbands with only a small part of the clean sub-
band to obtain WBI and eliminate it. The WBI mitigation capability of the proposed method
with different ISBRs is studied and analyzed through the simulated WBI experiments based
on the measured SAR SLC data. The simulation results show that the WBI mitigation
performance is better when the ISBR does not exceed 60%. The experimental results, which
are based on the ESA C-band IW Sentinel-1A SAR SLC data, verify the effectiveness of the
proposed method, and the quantitative analysis results of this experiment show that the
proposed method performs better WBI mitigation in SAR SLC data than other methods.
In conclusion, the experimental results on simulated and real SAR SLC data demonstrate
that the proposed SSC-SCDA approach can obtain better WBI mitigation performance.
However, the quantitative analysis results of the simulation experiments showed that the
mitigation performance of SSC-SCDA began to decline when the ISBR of WBI reached
60%. When the ISBR of WBI reaches 80%, the mitigation performance of the proposed
method may be degraded. This method will be further improved in the future to enhance
the mitigation effect when the ISBR is larger.

6. Conclusions

This paper proposes an improved SSC method based on successive cancellation and
data accumulation technologies to mitigate WBI because the great majority of modern
SAR systems, especially spaceborne SAR systems, often do not provide raw echo data
products. Until now, only Sentinel-1 can provide raw data; however, it requires complex
decoding processing. Users generally obtain SLC images and the above products, but most
interference mitigation algorithms cannot be directly applied. Even though a few methods
can be used on SAR SLC data, they are less effective in mitigating WBI. Compared with
the previous WBI mitigation methods, the proposed method is based on SAR SLC images
to mitigate WBI, which is more suitable for modern SAR systems. It should be noted that
some useful signals will be lost after removing the WBI because of the large spectrum
overlap between the WBI and SAR systems. Future work will focus on how to protect more
useful signals in WBI mitigation by utilizing deep learning techniques [43–47]. Because
some useful image detail information is found in the cancelled interference image, the
useful information can be further separated from the interference image.
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