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Abstract

Radio frequency interference (RFI) is a severe issue for
synthetic aperture radar (SAR), which is unavoidable for
complex electromagnetic environment and the large
imaging band. The presence of RFI would reduce the
signal-to-noise ratio (SNR) and influence the image
interpretation. This paper proposes a RFI mitigation
method joint the low rank and double sparsity (LRDS-IM)
characteristics in time-frequency (TF) domain. On the
basis of TF analysis, we introduce the low rank and sparse
characteristics to establish a precise RFI reconstruction
model. In virtue of the alternate direction iteration
strategy, we can separate the SAR echo into the RFI
matrix and target signal matrix. Meanwhile, the well-
focused SAR image is obtained cooperating with the
state-of-the-art imaging algorithm. Finally, the RFI
mitigation experiments of the measured SAR data verify
the effectiveness of the proposed algorithm.

1 Introduction

Thanks for the characteristics of all-day, all-weather, high
resolution, and long-range, SAR has been applied in
various fields. However, SAR is inevitable to be polluted
by RFI, as for the numerous electromagnetic equipment
and large imaging band. The presence of RFI would
reduce SNR of the echo and prevent the accurate imaging
parameters estimation, resulting in blurry and defocused
SAR images. Moreover, it would pose a hindrance for
target inversion and image interpretation [1-2]. Therefore,
it is urgent to study the advanced RFI mitigation
algorithms to decrease the negative effects of RFI.

Generally, RFI can be divided into narrow-band
interference (NBI) and wide-band interference (WBI)
according to the bandwidth ratio of interference to the
target echo (usually set as 1%). For the pursuit of better
SAR images, multitudinous algorithms were proposed to
handle RFI in different data domain over the past decades.
In frequency domain, notch filtering [3] and maximum a
posterior estimation [4] methods are introduced by the
assumption that NBI concentrated on the limited
frequency points. In time domain, the subspace projection
methods [5-6] based on principle component analysis and
independent component analysis are proposed. However,
these algorithms only utilize the partial characteristics of
spectrum or temporal, which is insufficient for signal

separation with RFI sometimes. Therefore, the researchers
introduce the mitigation algorithms joint time and
frequency information via time-frequency analysis
technology [7-8]. Su et al. use the robust principle
component analysis method to achieve mitigation in TF
domain, which is based on the low rank assumption for
RFI and sparse hypothesis for target echo. It utilizes the
structure characteristics to separate RFI and target echo in
observed data, but the precision of interference
reconstructed can be promoted further.

In this paper, we propose a RFI mitigation scheme joint
the low rank and double sparsity (LRDS-IM)
characteristics in TF domain. Firstly, we utilize short-time
Fourier transform (STFT) to represent the echoes in the
TF domain. Meanwhile, we formulate a signal separation
model for the low rank and sparse RFI with sparse target
echo. Then, an alternative direction iteration strategy is
introduced to estimate the different components. At last,
the mitigation results of airborne and spaceborne SAR
measured data verify the effeteness of LRDS-IM
algorithm.

2. Theory and Methodology

2.1 Signal Modeling

The received SAR echo can be expressed as a linear
superposition of original target echo, interference and
additive noise.

z(k) = i(k)+ (k) + n(k) (1)
where k represents the distance snapshot, andz ,7,s,n
denote the received SAR echo, RFI, target echo and
additive noise, respectively. In order to explore the

characteristics of the echo, STFT is utilized to represent it
into the range TF domain.

STFT, = STFT, + STFT, + STFT 2)
Where STFT, ,STFT,, STFT,and STFT, denote the TF

matrixes of the received echo, RFI, target echo and noise,
respectively. In a way, RFI mitigation is equivalent with a
separation problem for RFI and target echo, thus we can
formulate an optimization criterion further based on
minimizing reconstruction error:

min_ f(STFT, ,STFT,, STFT,) (3)

STFT, STFT,



2.2 low rank and sparsity

As for the RFI includes NBI and WBI, we analysis the
characteristics of RFI in measured data respectively. Fig.
1(a) and (d) are the TF spectrograms of two azimuth
echoes contaminated NBI and WBI respectively. Since
the higher amplitude of RFI, the bright areas in the TF
spectrum mean the RFI, which only occupies a limited
part. And we perform eigenvalue decomposition on the
TF matrix to obtain its eigenvalue distribution. Fig. 1(b)
and (e) are the eigenvalue distribution of the TF
spectrograms. The results show that large eigenvalues
corresponding to RFI are in the minority, indicating a
low-rank structure.
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Fig. 1 TF spectrum analysis of RFI. (a) TF spectrum, (c)
eigenvalue distribution and (e) amplitude distribution are
for NBI. (b) TF spectrum, (d) eigenvalue distribution and
(f) amplitude distribution are for WBI.
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Fig. 2 TF spectrum analysis of the measured echo without
RFI. (a) TF spectrum. (b) Amplitude distribution.

Meanwhile we further analyze the amplitude distribution
of the echo with and without RFI, which are shown in Fig.
1(c), (f) and Fig. 2 (b). They indicate that RFI and target
echo are sparsely distributed at different degrees in TF

domain respectively. Therefore, the RFI matrix can be
treated as a low rank and sparse matrix, while a sparse
matrix for target echo.

2.3 RFI Mitigation Methodology

Without loss of generality, we can assume that the
observed noise obeys the complex Gaussian distribution
corresponding to the [, norm, and the optimization
function is rewritten as:
2
min_ [STFT, — STFT, — STFT, | 4)
STFT, STFT F

Where

2 .
. represents the Frobenius norm. Based on the

foregoing analysis, the observation matrix STFT, can be

decomposed into two independent components: low rank
and sparse RFI matrix as well as sparse target echo matrix.
The optimization problem can be specified as:

min  [STFT, — STFT, - STFT,
STFT, STFI, r

st. rank(STFT,) <r (5)
card (STFTI) <k
card (STFTS) <k,

Where rank (-) and card (-) denote the rank operator and
cardinality. r represents the rank of STFT, , k ,k,

represent the sparsity degrees of STFT and STFT, . In

order to separate the RFI with target echo by managing
the optimization problem in (5), it can be divided into two
subproblems and tackled alternatively until convergence.

STFT""V = argmin
rank STFTI <r
card| TF‘TI Sl\'l

STFT,*) = argmin

card (STFTy )<k,

[STFT, — STFT, — STFT,"|

2

STFT, — STFT,* — STFT,

I

(6)
After the several alternate iterations, we can get the
separation result of RFI and recover target echo through
cancellation in the TF domain. The specific mathematical
expression is

i (k) = ISTFT[STFT, — STFT; | (7
Where ISTFT H is the inverse STFT operator. The RFI

mitigation algorithm for single pulse is given above, and
we can process pulse by pulse to obtain the RFI-free SAR
data. Incorporating with the state-of-the-art imaging
algorithms, a SAR imaging result without RFI can be
obtained.

3 Experimental Results

In this section, the effectiveness of the proposed RFI
mitigation algorithm is verified based on the measured
RFI-corrupted SAR data. Meanwhile, we compare the
RFI mitigation performance with the go decomposition



(GoDec) algorithm [8], that the experimental results
further demonstrate the superiority. Moreover, qualitative
and quantitative metrics are utilized to evaluate the
performance of different algorithms.

3.1 Result of measured data with NBI

Firstly, the mitigation experiments are performed on the
measured data with NBI, which was recorded by X-band
airborne SAR. Fig. 3 (a) presents the original imaging
result without applying RFI suppression, where the bright

lines overshadow the buildings and fields. Fig. 3(b) shows
the SAR image after GoDec process. Although the
majority of the NBI has been mitigated, the image is
defocused in places because of signal loss, which is an
obstacle for precise image interpretation. Fig. 3(c)
presents the SAR image applying the proposed algorithm.
It is obviously that the image is well focused and the NBI
has been suppressed effectively, facilitating the target
discrimination. To evaluate the performance of the
proposed algorithm, we introduce two metrics in image
domain to further discuss.

Fig. 3 Mitigation results. (a)The SAR image without interference mitigation. (b) The SAR image after applying the GoDec
algorithm. (c) The SAR image after applying the LRDS-IM algorithm.

Fig. 4 Mitigation results. (a)The SAR image without interference mitigation. (b) The SAR image after applying the GoDec
algorithm. (c) The SAR image after applying the LRDS-IM algorithm.

Table I SAR image quality evaluation

Metrics
Method AG(dB) GLD(dB)
GoDec 10.765 87.006
LRDS-IM 11.204 93.920

Average gradient (AQG) represents the sharpness of image,
and the abundance of image details, expressed as:

32501 (mn)/om] (o1 ) on)
T F Vo Frauy ®

Where 8[(m,n)/8m and al(m,n)/ﬁn respectively

denotes the vertical and horizontal gradients of the image.
The larger the AG value, the clearer the edge features of
the SAR image.

Gray level difference (GLD) can measure the gray level
change of SAR image. The specific mathematical
representation is:

GLD =

iiq[(m,n)—l(m+1,n)|+|[(m,n)—[(m,n+1)|) 9)
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A lager GLD is better for the image. The two metrics
listed in Table I indicate that the proposed algorithm have
better performance and more details comparing to GoDec
algorithm.

3.2 Result of measured data with WBI
To further demonstrate the effeteness of LRDS-IM on

WBI-contaminated data, we performed mitigation
experiments for another measure data recorded by C-band

Sentinel-1 satellites of the European Space Agency (ESA).

The mitigation results shown in Fig. 4. Fig. 4 (a)
represents the SAR imaging result without interference
mitigation, in which ships are covered by WBI. Fig. 4 (b)
and (c) shows the SAR imaging results after applying
GoDec and the proposed algorithm. From the
reconstruction results in the SAR image, it can be seen
that the RFI has been mitigated thoroughly both in GoDec
and LRDS-IM results. However, the ship targets are
defocused and on a low side due to the signal loss in the
GoDec result, while they are well-focused after applying
the LRDS-IM algorithm. In addition, the evaluation
metrics are performed as Table II, which supports the fact
that LRDS-IM has more abundant details.

Table II SAR image quality evaluation

Metrics
Method AG(dB) GLD(dB)
GoDec 2.206 17.997
LRDS-IM 2.617 21.283

4. Conclusion

In this paper, a LRDS-IM algorithm in TF domain is
introduced for SAR data. It takes advantages of the signal
separation technology that the observation TF matrix can
be separated as the superposition of joint low rank and
sparse RFI matrix, sparse target echo matrix and noise
matrix. Based on TF analysis, we employ the low rank
and sparse characteristics to formulate a precise RFI
reconstruction model. And we tackle the optimization
problem through the alternate direction iteration strategy.
Meanwhile, the effectiveness and superiority of the
proposed algorithm was verified based on two measured
data acquired by the airborne and sapceborne SAR. Also,
the AG and GLD are adopted to evaluate the performance
of RFI mitigation performance, which further demonstrate
effectiveness of LRDS-IM algorithm.
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