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ABSTRACT ARTICLE HISTORY
With the rapid development of modern communication technol- Received 26 December 2024
ogy, synthetic aperture radar (SAR) is encountering increasingly ~ Accepted 16 October 2025
severe radio frequency interference (RFI), which significantly affects KEYWORDS

signal processing and image interpretation. Traditional time- SAR; RFI mitigation; STFT;
domain and frequency-domain mitigation methods are insufficient S-transform

to effectively identify RFI characteristics in complex environments.

Consequently, time-frequency transformation techniques, which

integrate both time and frequency information, have become the

key in addressing these issues, especially in wideband interference

mitigation. The short-time Fourier transform (STFT) is commonly

employed due to its simplicity and efficiency, yet it is limited by

time-frequency resolution. While the S-transform achieves higher

time-frequency resolution, its application in RFI mitigation is still

limited by low execution efficiency and poor time-frequency con-

centration. To address these issues, an improved S-transform

method in time-frequency domain for SAR RFI mitigation is pro-

posed in this article. This method primarily focuses on the impact of

time-frequency transformation itself on RFI mitigation. By optimiz-

ing the window parameters of the S-transform, it can better adapt

to abrupt changes in the signal, achieving improved time-

frequency resolution and concentration. The experimental results

based on simulated and measured SAR data confirm the effective-

ness and superiority of the proposed method.

1. Introduction

Synthetic aperture radar (SAR) is an active microwave sensor that can track the ground at
any time, regardless of weather or atmospheric conditions. However, the rapid develop-
ment of modern communications has made radio frequency interference (RFI) in SAR
increasingly complex. In this context, time-frequency transformation plays a key role in RFI
feature extraction by combining time and frequency information, making time-frequency
domain mitigation a primary approach for handling RFl in complex electromagnetic
environments. However, most time-frequency domain RFI mitigation studies (Han et al.
2022; Su et al. 2017) focus on methods applied after time-frequency transformation, while
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the potential impact of the transformation itself on RFI mitigation effectiveness was often
neglected. Therefore, this article focuses on the time-frequency transformation method
itself to enhance RFI mitigation effect.

Time-frequency transformation decomposes one-dimensional signals into the time-
frequency domain to reveal localized features. Time-frequency transformation techniques
commonly employed include the short-time Fourier transform (STFT) (Han et al. 2022),
Wavelet Transform (WT) (S. Zhang et al. 2011), S-transform (Stockwell, Mansinha, and
Lowe 1996), and Wigner-Ville Distribution (WVD) (Boudreaux-Bartels and Parks 1986).
STFT and WT are efficient and easily invertible, but their resolution is limited by the
uncertainty principle. The WVD provides high resolution, but suffers from cross-term RFI.
The S-transform combines the strengths of STFT and WT, offering frequency-dependent
resolution. However, the S-transform suffers from low efficiency and poor time-frequency
concentration, limiting its application in RFI mitigation.

Aiming at the above issues, an improved S-transform method for SAR RFI mitigation is
proposed. Firstly, a composite indicator (H. Zhang and Li 2024) is employed to detect and
mark pulses containing RFl. Secondly, a window parameter optimized S-transform is
constructed for time-frequency domain notch filtering. Finally, the processed pulses are
combined with unmarked data to form new RFl-free echo data. The effectiveness of the
proposed method is displayed by simulated and measured experiments.

2. Related work
2.1. RFI signal model

SAR systems are affected by RFl in complex electromagnetic environments. Each echo can
be modelled as a one-dimensional time series, and the RFl-contaminated form is given by:

X(t,n) = S(t,n) +I(t,n) + N(z,n) (1

X(t,n) denotes the received echo signal, where S(t,n), I(t,n) and N(t,n) represent the
useful signal, RFI, and system noise. T and n denote the range direction time unit and
azimuth direction time unit, respectively. RFl can be classified as point frequency, fre-
quency-modulated and narrowband amplitude-modulated based on real data analysis.

2.2. S-transform

The S-transform achieves dynamic time-frequency resolution via a frequency-dependent
Gaussian window. In the S-transform, the window width is inversely proportional to
frequency and affects resolution. Narrow windows at high frequencies improve time
resolution, whereas wider windows at low frequencies enhance frequency resolution.
The S-transform of the continuous signal x(t) can be represented as:

Se(1,f) = [ x(t)w(t — T)exp(—j2nft)dt o))

where f denotes the frequency variable, both T and t represent time variables. It
should be noted that 7 is used to control the position of the window function
along the time axis. The window function w(t,f) is frequency-dependent, as shown
below:



1416 W. FAN ET AL.

w(t,f) = %exp(— g) 3)

Based on the energy conservation and reversibility properties of the S-transform under
specific conditions, the original signal is recovered without loss by means of the following
inverse transform:

x(t) = ﬂ Sx(t, f)exp(j2nft) dr df (4)

—00

where exp(j2nft) serves as the phase factor for reconstructing the time-domain signal.

3. Methodology

To overcome the limitations of the S-transform in RFI mitigation, an improved S-transform
method in time-frequency domain for SAR RFI mitigation is proposed in this article.
A composite indicator is employed to detect and mark pulses containing RFI, reducing
subsequent workload and improving overall efficiency. Simultaneously, window para-
meter optimization enhances time-frequency resolution and concentration, enabling
clearer RFl boundaries and improved signal separation. The specific process for optimizing
the window parameters is as follows:

Firstly, the amplitude spectrum of the original signal x(t) is calculated and subse-
quently smoothed and normalized to obtain the X,om (f).

X(f) = smooth{|FT[x(t)]|} (5)

X(f
Xnorm(f) - m (6)
where FT denotes the Fourier transform, and smooth denotes the smoothing operation.
Then, the Xhorm (f) is scaled to an appropriate range using the parameter r, which allows

the amplitude to remain within a reasonable interval, thereby facilitating the subsequent
calculation of the window function.

X, (F) = [Xnorm (F)] + 1 7)

Subsequently, the window parameter p(f) is calculated based on frequency variations
to achieve a better alignment with the varying frequency components of the signal.

p(f) = zx,\,lff) (8)

where N, is defined as the number of range-direction sampling points. The optimized
window parameters improve the time - frequency resolution and concentration of the
signal to some extent, although there remains room for further enhancement.

Subsequently, parameters a and 8 are introduced to further optimize the window
parameter p(f), forming the adjustment parameters ¢’ for the improved S-transform.

o — bf 9

a

The optimized window function w'(t, f) can be represented as:
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/ _ 22
W (t.) = e~ ) (10

The optimized window function can distinguish different frequency components based on
the amplitude of the real signal. Moreover, the flexibility of the transformation process and
time-frequency concentration capability are enhanced by introducing adjustable parameters a
and B, allowing for more effective separation of various components in non-stationary signals.

The workflow of the proposed RFI mitigation method based on the aforementioned RFI
detection method and the optimized S-transform with window parameters, is illustrated in
Figure 1. The procedure is divided into four steps: RFI detection, time - frequency transfor-
mation, notch filtering, and inverse transformation. Notably, the inverse transformation is
performed in accordance with Equation (4) and employs the same window function w’(t, f)
used in the time - frequency transform to ensure accurate reconstruction of the original
signal.
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Figure 1. Flowchart of the proposed method. N, denotes the number of sampling points in the
azimuth direction.
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4. Experimental results
4.1. Simulated data experimental results

To verify the proposed method’s robustness, two types of RFl are added to raw Sentinel-
1A data under different signal to interference plus noise ratio (SINR) conditions in
simulation experiments. To evaluate its effectiveness, the proposed method is compared
with RFI mitigation methods based on STFT and S-transform.

Figure 2 shows the time-frequency diagram of a pulse in the simulated data. As seen, the
S-transform with optimized window parameters significantly improves time-frequency
resolution, enhances the concentration of the RFI signal, facilitates more precise localization,
and strengthens support for subsequent RFI mitigation. The RFI mitigation results of the
three methods are shown in Figure 3, with a magnified view of the region of interest in the
red box. Under the same SINR conditions, the proposed method preserves clear road and
building details with minimal signal loss, effectively ensuring signal integrity. Additionally,
the RFI over the sea is nearly eliminated, maximizing RFI mitigation.

The Rényi entropy, root mean square error (RMSE) (Lv et al. 2023) and running time are
employed as evaluation metrics in this article. As shown in Tables 1 and 2, the improved
S-transform exhibits higher time-frequency resolution and concentration, and the pro-
posed method achieves superior interference mitigation performance, effectively elim-
inating RFl while preserving signal integrity. Moreover, the proposed method is more
efficient than the S-transform-based method, but slower than the STFT-based method.
Therefore, it is better suited for high-precision RFI mitigation.
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Figure 2. Time-frequency diagram of a pulse in the simulated data.



REMOTE SENSING LETTERS (&) 1419

Original image Method Based on STFT Metho-d Basedron Proposed Method
S-transform

SINR = 0dB

SINR =-5dB

SINR =-10dB

Figure 3. Performance comparison of interference mitigation methods with simulated data.

Table 1. Rényi entropy of time-frequency transform methods in simulated

data.
SINR (dB) STFT S-transform Improved S-transform
0 17.8490 14.4951 12.7364
-5 18.2253 14.7131 13.0861
-10 18.9441 153027 13.7830

Note. bold values emphasize the best evaluation metrics in the experiments.

Table 2. RMSE of different RFI mitigation methods.

Method Based on

SINR (dB) Method Based on STFT S-transform Proposed Method
0 0.2664 0.2491 0.2069
-5 0.3016 0.2868 0.2586
-10 0.3902 0.3640 0.3145
Running Time (s) 62.5483 2923.3415 1213.4189

Note. bold values emphasize the best evaluation metrics in the experiments.

4.2. Measured data experimental results

The measured data used is the raw C-band Sentinel-1A data with RFl obtained on
18 February 2022. As seen in Figure 4(d)-(f), the proposed method performs best in
terms of time-frequency resolution and concentration. The quantitative results in
Table 3 provide further validation of this conclusion. The imaging results after
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Figure 4. Time-frequency diagram of a pulse in the measured data. (d-f) The region of interests (ROIs)
in (a-c) with red box.

Table 3. Rényi entropy of time-frequency transform methods in measured

data.
Method STFT S-transform Improved S-transform
Rényi entropy 18.3271 13.2596 11.9046

Note. bold values emphasize the best evaluation metrics in the experiments.

Table 4. Evaluation indicators of different RFI mitigation methods.
Method Based on

Method Method Based on STFT S-transform Proposed Method
Gray Entropy 2.5830 29516 3.8012
Average Gradient 2027.1317 2669.3245 3223.6405
Running Time (s) 161.2996 7592.8190 3151.1007

Note. bold values emphasize the best evaluation metrics in the experiments.

applying different RFl mitigation methods are shown in Figure 5. As shown in the
enlarged view, the proposed method demonstrates better performance in RFI miti-
gation and signal preservation. The white RFI streaks are nearly eliminated, and
details in the RFI-free areas, such as roads and buildings, remain sharp and well-
defined.

To comprehensively compare the performance of different RFI mitigation meth-
ods, this article uses grey entropy (Tang, Deng, and Zheng 2022), average gradient
(AG) (Fan et al. 2019), and running time as metrics. As shown in Table 4, the proposed
method achieves higher grey entropy and AG than the other two methods, indicat-
ing its effectiveness in removing RFI while better preserving the integrity of useful
signals.
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Figure 5. Performance comparison of interference mitigation methods with measured data. (e-h) ROIs
in (a-c) with red box. Note. The red ellipses in parts (e) to (h) indicates the key contrast area.

5. Conclusion

This article proposes an improved S-transform method for SAR RFI mitigation. By
detecting and tagging RFI-contaminated pulses in advance, the method improves
efficiency. Moreover, window parameter optimization further enhances time-
frequency resolution and concentration. Experimental results show that the pro-
posed method effectively mitigates RFI while preserving signal integrity, and sig-
nificantly improves efficiency over traditional S-transform-based methods. Notably,
when the data contains a high proportion of RFl pulses, the computational effi-
ciency improvement of the proposed method is limited, and the window para-
meter optimization process exhibits inherent parameter sensitivity. This method
can be widely applied to image processing in SAR systems and also provides new
ideas for subsequent RFl mitigation research.
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