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ABSTRACT ARTICLE HISTORY
The empirical mode decomposition (EMD) based method for miti- Received 30 September 2021
gating radio frequency interference (RFI) has the capability of  Accepted 6 April 2022
removing narrow-band RFlI and the advantage of easy-to- KEYWORDS
implement. The signals are decomposed by EMD into a finite num- gyin. gr): interference
ber of intrinsic mode functions (IMFs) in a pulse-by-pulse manner, mitigation; SAR

and then the IMFs corresponding to the RFI are subtracted to

achieve interference mitigation. However, useful signals will be

lost by using this method, which reduces the synthetic aperture

radar (SAR) imaging quality. In this letter, a modified EMD method is

proposed to tackle this problem. Firstly, the interferences of the

echoes are detected through the relative energy ratio. Secondly,

echoes containing RFI are decomposed into many IMFs via EMD.

These IMFs are transformed into time-frequency (TF) domain via

short-time Fourier transform (STFT), and then IMFs corresponding

to RFI are screened out via the robust bisecting k-means algorithm.

Finally, the RFls in TF domain are located with the robust OTSU

algorithm and mitigated by a notch operation. Experimental results

of real SAR data with simulated RFls demonstrate the effectiveness

and superiority of the proposed method.

1. Introduction

With the increasingly scarce electromagnetic spectrum resources, radio frequency
interference (RFI) occurs more frequently (Tao et al. 2019). These interference signals
will reduce the signal-to-interference and noise ratio of the synthetic aperture radar
(SAR) image (Zhou et al. 2009), and appear as artefacts in the SAR image, resulting in
blurring of the image.

The matrix decomposition method is regarded as an effective non-parametric interference
mitigation method, including eigensubspace projection (Zhou et al. 2007), empirical mode
decomposition (EMD) (Zhou et al. 2009), principal component analysis (Su et al. 2017), etc.
The EMD method does not need to define the basis functions in advance, nor does it need to
adopt the prior knowledge of this signal. Therefore, the EMD method has good adaptability
and many applications in biomedicine (Tran et al. 2018) and remote sensing (Huang, Liu, and
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Gill 2017) fields. The EMD-based method is easy to implement and robust to time-varying RFI
(Zhou et al. 2009), thus it can be used to mitigate narrow-band RFl. However, a mass of
valuable signals will be lost while using EMD method to mitigate interference.

In this letter, a modified EMD method is proposed. Firstly, interference detection is
performed to identify echoes containing RFI via the relative energy ratio. Secondly, these
echoes are decomposed by EMD into a series of intrinsic mode functions (IMFs). A robust
bisecting k-means algorithm is applied to screen out IMFs corresponding to RFI. Thirdly,
positions of RFI are located with the OTSU algorithm and RFIs are notched in time-
frequency (TF) domain. The experimental results of measured SAR data with simulated
RFIs verify the effectiveness of the method.

2. Basic theory
2.1. Short-Time Fourier transform

Short-time Fourier transform (STFT) is an established transform domain processing tech-
nology (Cai et al. 2021; Ede et al. 2021), and its principle is to map a one-dimensional
signal into a two-dimensional function on the TF plane (Lyu et al. 2021). For a discrete time
signal S(s), STFT can be formulated as

X(m,n) = Z w(m —s5)S(s) exp(—jmsn/N) (1)

S

where m, n, s and N denote time sample point, frequency sample point, signal integer
index, and the total number of frequency sample point, respectively; w denotes a sliding
window; S(s) denotes a discrete-time signal.

2.2. Empirical mode decomposition

The EMD method is a signal analysis method proposed by Huang et al. in (1998). The
essence of this method is to decompose the fluctuations or trends of different scales
in the signal gradually to obtain a series of sequences with different characteristic
scales. Each sequence is called an IMF. A signal x(t) can be decomposed by EMD as

x(t) = Z IMF;(t) + r(t) )

where N denotes the number of IMFs, IMF;(t) denotes the ith IMF, r(t) represents the
mean or trend of the original data series.

3. Proposed method

In this letter, a modified EMD method is proposed. Compared with traditional EMD-based
method, the proposed method has better mitigation performance. The flowchart of the
proposed method is shown in Figure 1, where N, denotes the number of samples in azimuth.
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Figure 1. Flowchart of the proposed method.

3.1. RFI detection

To effectively mitigate RFI, a relative energy ratio method can be designed to detect
whether RFI contaminates the echo data (Zhou et al. 2013). The relative energy ratio 1; of
the i-th echo s; can be express as

~ max[FT(s;)]

U TEFT(s)] ®)

where max(-) denotes the maximum value operation, FT(-) denotes Fourier transform,
and E(-) denotes the expectation operation. Then, it is divided into two situations.
Situation I: s; contains interference if 1; is greater than or equal to the setting threshold.
Situation II: s; does not contain interference if 7; is less than the setting threshold.
Therefore, the criterion is

{T,' > n = Situationl @

T; <n = Situationl/

The above operations are performed in a pulse-by-pulse manner. The threshold n is
generally set between 2 and 10 (Zhou et al. 2013).

3.2. RFI mitigation

3.2.1. RFI identification
According to the RFI preliminary detection result, the echo containing RFIl is decomposed
into a finite number of IMFs through EMD, which can be expressed as
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sippl = IMFy + IMF3 + - - - + IMFy 5)

where s; g denotes the echo s; containing RFI, N denotes the total number of IMFs.
These IMFs are converted to TF domain via STFT, and then the amplitudes of their TF
spectrums are taken into account. The TF spectrum of the n-th IMF can be expressed as

An A - Ay
Ay Ay - Ay
STFTime, (K, 1) = | . L, : (6)
: : Kl :
Aai Ak - Ax

where IMF, denotes the n-th IMF, STFT\yr, denotes the TF spectrum of IMF,. k, [, Kand L
denote time sample index, frequency sample index, the total number of time sample, and
the total number of frequency sample, respectively. Ay denotes one of the amplitudes of
IMF,, in TF domain. The maximum amplitudes of IMFs in TF domain are considered to get
the maximum amplitude sequences, which can be expressed as

Amax(j) = [Amax,1Amax.2 .- -Amax7N] (7)

wherej=1,2,...,N, Anax;j denotes the maximum amplitude of the IMF; in TF domain.
The maximum amplitude sequence Anax(j) is divided into two categories via the robust
bisecting k-means algorithm (Steinbach, George, and Vipin 2000). One type indicates that
the corresponding IMFs contain RFI, and the other type indicates that the corresponding
IMFs without RFIl. a is obtained by bisecting k-means algorithm and defined as the
threshold between the above two categories, and the threshold segmentation operation
can be expressed as

Al 17Amax j >
Al) = {07Amax(d'g Za ®

where A(j) denotes the detection result, the constants 1 and 0 represent the presence
and absence of RFI, respectively.

3.2.2. RFI location and mitigation

According to A(j), the IMFs containing RFI are screened out. The OTSU algorithm is used to
locate their RFI positions (Otsu 1979). The location results depend on the amplitude Ay at
the position (k, /) of IMF, in TF domain and can be expressed as

1,Ay >
i = { o=

where the constants 1 and 0 represent the presence and absence of RF, respectively. £
is the segmentation threshold obtained by OTSU. Based on these positions, RFls are
accurately notched in TF domain. The notch process can be expressed as

0,P(k, 1) = 1

STFTw, (k. /) = {swnwn (k,1), P(k,1) =0 "o

Next, the RFI-mitigated IMFs are transformed into time domain by ISTFT. Finally, all
IMFs are summed up to reconstruct the target echo s;, which can be expressed as
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+ o+
Si = |MF1 |MF2"'+|MFN (11)

where IMF,, denotes IMF, after RFI mitigation. The above operations are performed on
all echoes containing RFI in a pulse-by-pulse manner. Compared with traditional EMD-
based RFI mitigation methods, IMFs containing RFl are not totally subtracted by the
proposed method but are notched in the TF domain. In this way, the signal loss after
RFI mitigation is reduced to a small extent.

4. Experimental results
4.1. Results of simulated data

In order to verify the effectiveness of the proposed method, experiments with simulated
data have been conducted. The main parameters of the simulation are summarized in
Table 1. In the simulation, RFI with linear frequency modulation form is assumed. The RFI
bandwidth Bgg is 2%, 4%, 6%, 8%, and 10% of the SAR signal bandwidth.

As shown in Figure 2(a), the range peak sidelobe ratios (PSLR) of simulated point
targets under five different Bgg with four different methods are given. In Figure 2(a),
it can be seen that more useful data is missed via frequency-domain notch filtering

Table 1. Main System Parameters of Simulation.

Parameters Values

Carrier frequency 5.300 GHz

Sampling frequency 24 MHz

Efficient velocity 7100 ms™!

Slant range 850,000 m

PRF 1700 Hz

Pulse width 40 ps

Pulse bandwidth 20 MHz

Carrier frequency of RFI 5.302 GHz

The amplitude ratio of RFl to signal 30

Bandwidth of RFI 4 MHz, .8 MHz, 1.2 MHz, 1.6 MHz, 2 MHz
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Figure 2. Mitigation performance analysis. (a) PSLR under different interference bandwidths. (b)
Simulated point target range profile results where IBR is 2%.
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(FNF), time-frequency-domain notch filtering (TFNF) and EMD method, which makes
range PSLR worse. The proposed method significantly reduces the loss of useful data,
and the range PSLR of the point target is closest to that of the ideal point target.
With the increase of Bgp, the range PSLR of point target progressively deteriorates
and the RFI mitigation performance of all four methods is reduced. In Figure 2(b), the
range profiles of four methods and the ideal point target are provided when the
interference bandwidth ratio (IBR) is 2%. It can be seen that the side lobes of the
proposed method are lower than those of the other three methods and are closest
to those of the ideal point target, which agrees with the conclusion obtained from
Figure 2(a).

4.2. Results of real SAR data with simulated RFlIs

The experimental results of real SAR data with simulated RFls are shown in Figure 3. The
imaging result of raw data without RFIs and containing RFls are given in Figure 3(a,c),
respectively. The mitigation results of FNF, TFNF, EMD and the proposed method are
shown in Figure 3(c-f), respectively. For a better comparison, in Figure 3(a-f) the areas
marked by the yellow box are enlarged, as shown in Figure 3(g-I) respectively. It can be
seen in Figure 3(i) that the strong target is defocused, which is due to the loss of a part of
the useful spectrum using the FNF method. Figure 3(j,k) show the result of the TFNF and
EMD method, respectively. They both lose some useful data, which cause an abnormal
point target response. It can be seen in Figure 3(I) that the proposed method has a better
mitigation effect.

The range profile and azimuth profile of the strong point target in Figure 3 are
shown in Figure 4, and the average sidelobe energies in the azimuth and range,
corresponding to Figure 4, are listed in Table 2. From the quantitative analysis of the
results, it can be seen that the RFI mitigation effect of the proposed method is better
than other methods.

Figure 3. Experimental results for real SAR data with simulated RFls. (a) The imaging result without
RFIs. (b) The imaging result with RFls. (c-f) Mitigation results by FNF, TFNF, EMD and proposed
method, respectively. (g—I) Region of interest in (a-f) within yellow box, respectively.
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Table 2. The Average Sidelobe Energy in the Azimuth and Range.

Method Energy values in the azimuth (dB) Energy values in the range (dB)
No RFI —46.9087 —51.1634
RFI —44.2498 —48.8190
FNF —40.6983 —46.6244
TFNF —45.5764 -50.1787
EMD —43.7358 —50.1343
Proposed Method —46.7363 —51.0602

5. Conclusion

As a common form of SAR interferences, RFl is a problem that cannot be ignored in
SAR system. In this paper, a modified EMD method for detecting and mitigating
narrow-band RFI is proposed. The proposed method can more accurately mitigate
RFI and retain useful signals as much as possible via three-step detection and
location. In order to verify this method, experiments with simulated data and real
SAR data containing simulated RFIs have been conducted. The experimental results
show that the proposed method can effectively mitigate RFl and improve SAR
imaging quality.
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