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Abstract—Due to the complex electromagnetic environment
and the increased demand for frequency occupation, radio
frequency interference (RFI) is becoming a significant issue for
the bistatic synthetic aperture radar (BiSAR), especially in the
synchronization links. This paper proposes a novel rank prior
matrix recovery (RPMR) method based on the robust principal
component analysis (RPCA) to suppress the interferences in
phase synchronization of BiSAR, by which the high-accuracy
synchronization phase can be acquired. First, a signal model con-
sidering the RFI in phase synchronization is proposed, proving
that the synchronization signal matrix and the RFI signal matrix
have the low-rank and sparsity properties in the range frequency
domain, respectively. Thus, the constraint conditions of RPCA
can be satisfied. Then, the RPMR method is proposed to acquire
the low-rank matrix representing the synchronization signal and
the sparsity matrix representing the RFI signal. In RPMR, the
partial singular value decomposition utilizing the rank prior is
used to replace the traditional total singular value decomposition,
thus reducing the computational cost. Finally, the high-accuracy
synchronization phase can be extracted from the synchronization
signal by the pulse compression. Simulation and experimental
results using the real measured synchronization data of LuTan-1
(LT-1) validate the superiority of the proposed method.

Index Terms—Radio frequency interference, bistatic synthetic
aperture radar, phase synchronization, low-rank and sparsity
recovery.

I. INTRODUCTION

SYNTHETIC aperture radar (SAR) as a typical microwave
remote sensing sensor has a unique capability in imaging,

which can provide two-dimensional images in all day and
all weather conditions, thus playing a significant role in the
remote-sensing applications [1]–[4]. Compared with the mono-
static SAR, bistatic synthetic aperture radar (BiSAR) with the
separated transmitter and receiver has been a hot topic in
recent years due to the many advantages, e.g., high-resolution
wide-swath imaging, multi-baseline interferometric elevation
measurement, and multi-angle observation [5]–[8]. However,
an additional phase modulation generated by the different
oscillators impacts the SAR imaging and interferometry, thus

Manuscript received XX XX, XXXX; revised XX XX, XXXX. This work
was supported by the Chinese Academy of Science Key Project under Grant
E33701010F. (Corresponding author: Yijiang Nan.)

Yuesheng Chen, Yijiang Nan, Yonghua Cai, Pingping Lu, and Robert Wang
are with the National Key Laboratory of Microwave Imaging Technology,
Aerospace Information Research Institute, Chinese Academy of Sciences,
100190, Beijing, China, and also with the School of Electronic, Electrical
and Communication Engineering, University of Chinese Academy of Sci-
ences, 100049, Beijing, China (e-mail: chenyuesheng21@mails.ucas.ac.cn;
nanyj@aircas.ac.cn; caiyonghua19@mails.ucas.edu.cn; lupp@aircas.ac.cn;
yuwang@mail.ie.ac.cn).

Fig. 1. Diagram of phase synchronization impacted by RFI.

requiring phase synchronization to guarantee the coherence in
SAR echoes. The non-interrupted synchronization scheme is
an advanced method to achieve phase synchronization, which
has been successfully implemented in the practical LuTan-1
(LT-1) [9]–[12].

In the LT-1 system, the phase synchronization links are
easily impacted by the radio frequency interference (RFI)
as shown in Fig. 1 due to the two reasons [13]. On one
hand, the electromagnetic environment is becoming increas-
ingly complicated with the advancement of navigation and
wireless communication technology, leading to the scarcity of
radio spectrum resources, especially in low-frequency bands.
The phase synchronization links of LT-1 work in L-band,
which conflicts with the navigation and communication radio
spectrum due to the frequency allocation rules imposed by
the International Telecommunications Union (ITU) [14], thus
leading to the co-frequency contamination of the synchroniza-
tion. On the other hand, the synchronization antennas equipped
in LT-1 have wide beamwidth to achieve the omnidirectional
communication in the non-interrupted synchronization scheme
[7], thus increasing the possibility of receiving interference
signals. The accuracy of phase synchronization is impacted
by the RFI signals, degrading the BiSAR imaging and in-
terferometry. To acquire the high-accuracy synchronization
phase, the RFI mitigation is a key step in the processing of
synchronization signals [13].

The existing RFI mitigation methods can be mainly cate-
gorized into three groups: parametric methods, nonparametric
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methods, and semiparametric methods [15]–[17]. The para-
metric methods, e.g., the parametric maximum likelihood
(PML) [18] and least-squares estimation (LSE) [19], first
reconstruct the narrowband interference signals (NBIs) by
estimating the amplitude, frequency, and phase of the NBIs
adaptively and then remove the reconstructed NBIs from the
received signals. The performance of parametric methods is
limited to the accuracy of the interference signal model. In
addition, the parametric methods are not practical for non-
stationary interferences due to the complicated signal model
[14]. The nonparametric methods can separate the interfer-
ences and the useful signals, achieved by utilizing the time
or frequency characteristics of the interference in the trans-
forming domain [16]. Compared with the parametric methods,
the nonparametric methods can suppress the interferences
without establishing the complicated signal model, achieving
better RFI mitigation results. Typical nonparametric methods
include the frequency-domain notch filtering (FNF) [20] and
eigen-subspace projection (ESP) [21]. The FNF method is
suitable for suppressing the NBI, which is efficient and easy
to achieve [20]. However, it causes the gapped spectrum
inevitably, resulting in the worse SNR and degrading the
RFI mitigation performance. In addition, the detection of
RFI is also a challenge for FNF in practice [16]. The ESP
method can successfully suppress the interferences in the case
of strong RFI signals [21]. However, the computation cost
of ESP is high. The semiparametric methods first formulate
hyperparameter optimization problems by assuming certain
conditions, e.g., the low-rank and sparsity properties [22],
[23], and then solve them by convex optimization techniques
[16], which have better RFI suppression performance even
if the interferences are strong. However, the establishment
of signal model characterized by the low-rank and sparsity
properties is a significant challenge for these methods. In
addition, high calculation cost are also required, thus leading
to the inefficiency of semiparametric methods.

In this paper, a novel rank prior matrix recovery (RPMR)
method based on robust principal component analysis (RPCA)
is proposed to suppress the narrowband interferences in phase
synchronization. We first propose a signal model with the
range fast-time and azimuth slow-time contaminated by NBIs
based on the non-interrupted phase synchronization scheme,
and the low-rank property of the synchronization signal matrix
and the sparsity property of the interference signal matrix in
range frequency domain are proved using the proposed model
respectively, thus satisfying the constraint conditions of RPCA.
Then, the RPMR method using the partial singular value
decomposition (P-SVD) is proposed to separate the synchro-
nization signal and the narrowband interferences, by which the
high-accuracy synchronization phase can be acquired with less
computation cost. Finally, both simulation and experimental
results using the real measured synchronization data of LT-1
have been conducted to validate the superior RFI mitigation
performance of the proposed method. The main contributions
of this article are listed as follows:

1) A 2-D signal model contaminated by the NBIs in phase
synchronization is presented for the first time.

2) The low-rank and sparsity property of signal matrices in

range frequency domain are proved.
3) A novel rank prior matrix recovery method is proposed

to suppress the NBIs in phase synchronization.
This paper is organized as follows. In Section II, the signal

model based on the non-interrupted phase synchronization
scheme is first introduced, and the characteristics of the
synchronization signal and NBIs are analyzed. Then, the
RPMR method for RFI mitigation in phase synchronization
is proposed in Section III. The simulation and experimental
results based on LT-1 are presented in Section IV. Finally,
conclusions are drawn in Section V.

II. SIGNAL MODEL AND CHARACTERISTICS

In this section, we first introduce the signal model with
the range fast-time and azimuth slow-time based on the non-
interrupted phase synchronization scheme. Then, the low-
rank property of the synchronization signal matrix and the
sparsity properties of the interference signal matrix are proved,
respectively.

A. Signal Model

In the non-interrupted phase synchronization scheme, the
received data contaminated by RFI can be modeled as [14]

R (τ, t) = S (τ, t) + I (τ, t) +N (τ, t) (1)

where S (τ, t), I (τ, t) and N (τ, t) are the synchronization
signal, interference signals and noise, respectively. τ and t are
the range-fast time and azimuth-slow time respectively.

The synchronization signal transmitted by the primary satel-
lite is received by the secondary satellite frame by frame along
with the azimuth-slow time, which can be modeled as a 2-D
matrix:

S (τ, t) = rect
{
τ − τab

Tsyn

}
exp

{
jπKsyn(τ − τab)

2
}

× exp {−j2πfT τab} exp {jφ (t)} exp {jn (t)}
(2)

where Tsyn, Ksyn, τab, and fT are the pulse width, chirp
rate, time delay, and carrier frequency of the transmitter,
respectively. The time-varying phase φ (t) can be expressed
as [11], [24]

φ (t) = π (fR − fT ) t+ ϕR (t) (3)

where fR is the carrier frequency of the receiver, and ϕR (t)
can be considered as a constant phase in a short time. The
oscillator phase noise n (t) can be expressed as [24]

n (t) = θT (t− τab)− θR (t) (4)

where θT (t) and θR (t) are the transmitter phase noise and the
receiver phase noise respectively, which can be modeled by a
second-order stationary stochastic process. The power spectral
density Sϕ (f) of the process can be expressed as [25], [26]

Sϕ (f) = af−4 + bf−3 + cf−2 + df−1 + e (5)

where the coefficients a−e are contributions from 1) random
walk frequency noise, 2) flicker frequency noise, 3) white
frequency noise, 4) flicker phase noise, and 5) white phase
noise, respectively [11]. The typical coefficients a−e is shown
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Fig. 2. Oscillator phase noise of LT-1. (a) The power spectrum
of the oscillator of LT-1. (b) The oscillator phase noise in a
short time.

TABLE I: Typical coefficients of a oscillator.

a b c d e

-48 dB -58 dB -71 dB -85 dB -168 dB

in Table I. The phase spectrum Sϕ (f) and phase noise of the
oscillator are shown in Fig. 2. It can be seen that the oscillator
phase noise is very small when the azimuth time is short.
Therefore, the oscillator phase noise can be ignored in a short
azimuth time, and the synchronization signal model can be
approximately expressed as

S (τ, t) = rect
{
τ − τab

Tsyn

}
exp

{
jπKsyn(τ − τab)

2
}

× exp {−j2πfT τab} exp {jπ (fR − fT ) t+ ϕR}
(6)

The interference signals in phase synchronization mainly
come from the radiation sources operating in the same fre-

quency band as the BiSAR system, including the space-
borne sources, e.g., co-frequency communication satellite and
terrestrial sources, e.g., commercial land-mobile radio [14].
The interferences transmitted by these sources and the syn-
chronization signal transmitted by primary satellite may be re-
ceived by the secondary satellite simultaneously in the BiSAR
system shown in Fig. 1, thus degrading the accuracy of phase
synchronization. From the measured synchronization data of
LT-1 shown in Fig. 3, the RFIs in phase synchronization
are usually narrowband interference signals. Based on the
narrowband characteristics, the NBIs are assumed to a sum
of multiple complex sinusoids, which can be modeled as

I (τ, t) =

M∑
m=1

Am (t) exp {j2πfm (t) τ + jθm (t)} (7)

where Am (t), fm (t) and θm (t) represent the amplitude,
frequency, and phase of the m-th component respectively, and
M is the number of RFI signals.

B. Properties of Signal Matrices

Based on the signal model, the low-rank property of the
synchronization signal matrix and the sparsity property of the
NBIs matrix are proved respectively.

1) Low-rank Property: The synchronization signals with
the same waveform transmitted by the primary satellite are
received by the secondary satellite, and these synchronization
signals only differ in phase. From Eq. (6), the range-frequency-
domain expression of the synchronization signal matrix can be
derived using the principle of stationary phase (POSP):

Sf = FFT {S (τ, t)}

= rect
{

fτ
KsynTsyn

}
exp

{
−jπ

f2
τ

Ksyn

}
× exp {−j2πfττab} exp {−j2πfT τab} exp {jφ (t)}

(8)

where fτ is the range frequency. Obviously, there is only a lin-
ear phase difference φ (t) between frames in range frequency
domain. Therefore, the synchronization signal matrix in range
frequency domain has the low-rank property, and its rank is
one.

To validate the low-rank property, the real measured syn-
chronization data of LT-1 are analyzed. The singular value
curve of the data are presented in Fig. 4(a). Note that there
is only one lager singular value, demonstrating the low-rank
property of the synchronization signal matrix.

2) Sparse Property: From Eq. (7), the range-frequency-
domain expression of the NBIs matrix can be derived as

If = FFT {I (fτ , t)}

=

M∑
m=1

2πAm (t) exp {jθm (t)} δ (fτ − fm (t))
(9)

where δ (·) is Dirac function. It can be seen that the frequency
of NBIs only occupies a single frequency point due to the
narrowband characteristic, thus leading to the sparsity in range
frequency domain. From the measured synchronization data
shown in Fig. 3, the energy of NBIs is concentrated at a
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Fig. 3. Real measured synchronization data of LT-1. (a) Spec-
trum of the contaminated synchronization signal. (b) Time-
frequency diagram of the contaminated synchronization signal.

specific frequency, not the whole frequency axis, validating
the sparsity of NBIs. To quantify the sparsity, Sp is defined as

Sp =
Z0

Ztotal
(10)

where Z0 and Ztotal are the number of zero and total number
in the quantization data matrix.

The sparsity of NBIs matrix is presented in Fig. 4(b) using
the contaminated synchronization data of LT-1, which can be
seen that the sparsity of NBIs matrix can reach 99.76%. It
is evident that the NBIs matrix has high sparsity in range
frequency domain.

III. NBIS SUPPRESSION METHOD

To suppress the NBIs in phase synchronization, a novel
rank prior matrix recovery (RPMR) method based on RPCA is
proposed in this section. We first review the RPCA technique
briefly and then propose the RPMR method using the partial

TABLE II: Synchronization parameters of the LT-1 system

Parameters Values

Carrier frequency (F0) 1.26 GHz

Pulse duration (Tsyn) 10 µs

Bandwidth (Bsyn) 80 MHz

Sampling frequency (Fsyn) 90 MHz

Chirp rate (Ksyn) -8 MHz/µs

singular value decomposition (P-SVD) by which the high-
accuracy synchronization phase can be acquired with less
computation cost.

A. Robust Principal Component Analysis

The robust principal component analysis (RPCA) is the
classical method to solve the problem of low-rank and sparsity
matrix recovery, which interprets the observed data matrix as
the superposition of a low-rank matrix and a sparsity matrix.
The model of RPCA can be expressed as [27]–[29]

B = L+X+N (11)

where B, L, X, and N are the observed data matrix, low-rank
matrix, sparsity matrix, and noise, respectively. To acquire the
low-rank and sparsity matrices, the optimization problem with
ℓ1-norm regularization can be formulated as [30]

min
L,X

(∥L∥∗ + λ∥X∥1)

s.t. ∥B− L−X∥ 2

F
< δ

(12)

where ∥·∥1, ∥·∥∗, and ∥·∥F denote the ℓ1 norm, nuclear
norm, and Frobenius norm, respectively. δ and λ are the
power level of noise and weight factor. Obviously, Eq. (12)
is a convex optimization problem, which can be solved by
the inexact augmented Lagrange multiplier (IALM) algorithm
effectively [30]. The IALM algorithm uses the singular value
decomposition and soft-thresholding to perform twice uni-
variate optimization, which has better convergence and faster
convergence speed.

Based on the low-rank and sparsity properties of the signal
matrices discussed in Section II, the signal model in (1)
satisfies the constraint conditions of RPCA in (11). There-
fore, the RPCA can be used to suppress the NBIs in phase
synchronization.

B. Proposed Method

The key points of the proposed RPMR method are the ma-
trix recovery based on the RPCA in range frequency domain
and the partial singular value decomposition (P-SVD) utilizing
the rank prior. The specific processing flow is summarized in
Algorithm 1.

First, the received data are arranged into a 2-D matrix and
transformed into the range frequency domain expressed as

Rf = FFTτ {R (τ, t)} (13)

where FFTτ {·} and Rf are the range Fourier transform and
range-frequency matrix.
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Fig. 4. Characteristics of signal matrices. (a) Low-rank prop-
erty of the synchronization signal matrix. (b) Sparsity property
of NBIs matrix.

Then, the IALM algorithm is used in range frequency do-
main to achieve the matrix recovery. The augmented Lagrange
function can be written as [27], [30]

G (Sf , If ,Y, µ) = ∥Sf∥∗ + λ∥If∥1 + ⟨Y,Rf − Sf − If ⟩

+
µ

2
∥Rf − Sf − If∥2F

(14)

where µ is a penalty factor. Given the initial value S0
f , I0f ,

Y0, and µ0, the optimal solution can be obtained through the
alternate univariate optimization, which can be derived as [15],
[29]

Sk+1
f = argmin

Sf

{
G
(
Sf , I

k+1
f ,Yk, µk

)}
= D1/µk

(
Rf − Ik+1

f +
Yk

µk

) (15)

Algorithm 1 Rank Prior Matrix Recovery

Input:
a) R (τ, t) ∈ CM×N , Raw data matrix.
b) λ, weight factor.
c) µ, penalty factor.
d) ρ, learning rate.
e) ε, error tolerance.
f) K, maximum number of iterations.

Output:
Ŝ (τ, t), the synchronization signal matrix after RFI sup-
pression.
Î (τ, t), the interference signal matrix.

1: Transform R (τ, t) into the range-frequency domain:
Rf = FFTτ {R (τ, t)}.

2: Initialize S0
f = 0, I0f = 0, Y0 = 0, and µ0 =√

max {M,N}.
3: for k = 1 to K do
4: Given Ikf = 0, Yk, and µk, optimize the Sk

f : Sk+1
f =

D1/µk

(
Rf − Ik+1

f + Yk

µk

)
.

5: Given Sk+1
f = 0, Yk, and µk, optimize the Ik+1

f :

Ik+1
f = Fλ/µk

(
Rf − Sk+1

f + Yk

µk

)
.

6: Update Yk: Yk+1 = Yk + µk

(
Rf − Sk+1

f − Ik+1
f

)
.

7: Update µk: µk+1 = min {ρµk, µmax}.
8: Until

∥∥∥Rf − Sk+1
f − Ik+1

f

∥∥∥
F
/∥Rf∥

F
< ε.

9: end for
10: Transform S∗

f into the time domain: Ŝ (τ, t) =

IFFTτ

{
S∗
f

}
11: Return the synchronization signal matrix after RFI sup-

pression: Ŝ (τ, t)

Ik+1
f = argmin

If

{
G
(
Sk+1
f , If ,Yk, µk

)}
= Fλ/µk

(
Rf − Sk+1

f +
Yk

µk

) (16)

Yk+1 = Yk + µk

(
Rf − Sk+1

f − Ik+1
f

)
(17)

µk+1 = min {ρµk, µmax} (18)

where k, ρ, µmax, D1/µk
(·), and Fλ/µk

(·) are the iterations,
learning rate, threshold of penalty factor, singular value thresh-
olding operator, and soft thresholding operator, respectively.

Based on the signal matrix properties in Section III.A, the
rank of the synchronization signal matrix is approximately one.
Therefore, the RPMR method can utilize the partial singular
value decomposition (P-SVD) to speed up the traditional
IALM algorithm which uses the total singular value decompo-
sition (T-SVD). The singular value thresholding operator using
the P-SVD in the RPMR method can be derived as [30]

[U,D,V] = psvd {Q, n} (19)

Do = sgn (D)max (abs (D)− α, 0) (20)

Dfast (Q) = UDoV
H (21)
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Fig. 5. RFI suppression results. (a∼c) the results without RFI suppression, where (a) is the amplitude of the synchronization
data, (b) is the comparison between the obtained synchronization phase and the ideal synchronization phase, and (c) is the
synchronization phase rate; (d∼f) the results with FNF method, where (d) is the amplitude of the synchronization data, (e) is
the comparison between the obtained synchronization phase and the ideal synchronization phase, and (f) is the synchronization
phase rate; (g∼i) the results with RPMR method, where (g) is the amplitude of the synchronization data, (h) is the comparison
between the obtained synchronization phase and the ideal synchronization phase, and (i) is the synchronization phase rate.

where U, D, V, Q and {·}H are the matrix composed of
left singular vectors, diagonal matrix composed of eigenvalues,
matrix composed of right singular vectors, input matrix, and
complex conjugate transpose, respectively. psvd (·, n), sgn (·),
and abs (·) represent the partial singular value decomposition
acquiring the n largest singular values, signum function, and
magnitude function, respectively. After matrix recovery using
the proposed method, the optimal low-rank matrix S∗

f and
sparse matrix I∗f can be acquired.

Finally, the optimal low-rank signal matrix S∗
f is trans-

formed into the time domain to achieve the RFI suppression,
which can be derived as

Ŝ (τ, t) = IFFTτ

{
S∗
f

}
(22)

where IFFTτ {·} and Ŝ (τ, t) are the range inverse Fourier
transform and synchronization signal matrix after RFI suppres-
sion, respectively. The high-accuracy synchronization phase
can be obtained by pulse compression of Ŝ (τ, t). The pro-
posed method is summarized as follows.

Step 1: Arrange the received data into a 2-D matrix, and then
transform the 2-D matrix into the range frequency domain.

Step 2: Apply the RPMR method to the frequency-domain
matrix Rf to acquire the synchronization signal matrix with-
out RFI.

Step 3: Transform the synchronization signal matrix into the
time domain, and then perform pulse compression to obtain
the high-accuracy synchronization phase.
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Fig. 6. Coherence diagram between the reference signal matrix
and the processed signal matrix. (a) Processed by FNF. (b)
Processed by RPMR.

IV. EXPERIMENTAL RESULTS

To demonstrate the effectiveness of the proposed RPMR
method, both the simulated data based on the synchronization
parameters of LT-1 and real measured synchronization data of
LT-1 are conducted in this section.

A. Simulation Results

The simulation is conducted based on the synchronization
parameters of LT-1 listed in Table II. For simplicity, 100
frames of synchronization signals contaminated by the NBIs
of different frequencies and phases are generated in the
simulation. The parameters of NBIs are summarized in Table
III. The white Gaussian noise is added to the simulated data,
generating the noised signal with the signal-to-noise ratio
(SNR) of 20dB. To present the performance of RFI mitigation
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Fig. 7. SIR performance investigation. (a) mean coherence. (b)
recovery error.

methods clearly, the derivatives of phase versus azimuth time,
i.e., synchronization phase rate, is defined as

Fsyn =
ϕ (t)

t
(23)

where ϕ (t) is the obtained synchronization phase. The ideal
synchronization phase rate is a constant due to the domina-
tion of the linear term from Eq. (6). The amplitude of the
synchronization data is presented in Fig. 5(a). It can be seen
that the data are polluted by the NBIs seriously, thus leading to
the significant deviation of the synchronization phase shown
in Figs. 5(b). The synchronization phase rate shown in Fig.
5(c) presents many jitters, illustrating the large synchronization
phase error. The RFI mitigation results using the FNF method
are presented in Figs. 5(d∼f). It can be seen from Fig. 5(d) that
the NBIs are suppressed partially. However, some significant
residual interferences still exist in the synchronization data
due to the false detection of the interferences. In addition, the
severe synchronization signal loss results in the worse SNR,
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Fig. 8. The RFI mitigation results with the measured synchronization data of LT-1. (a∼c) the received data without RFI
mitigation, where (a) is the 2-D synchronization signal matrix, (b) is the real part of one frame synchronization signal
contaminated by RFI, and (c) is the obtained synchronization phase; (d∼f) the RFI mitigation results with FNF, where (d) is
the 2-D synchronization signal matrix, (e) is the real part of one frame synchronization signal contaminated by RFI, and (f) is
the obtained synchronization phase; (g∼i) the RFI mitigation results with RPMR, where (g) is the 2-D synchronization signal
matrix, (h) is the real part of one frame synchronization signal contaminated by RFI, and (i) is the obtained synchronization
phase.

TABLE III: Interference parameters setting

Parameters Values

Carrier frequency (Fj ) 1.26 GHz ± 5 MHz

Initial phase (ϕj ) 10◦-100◦

Number of RFI frames 100

degrading the performance of the FNF method significantly.
The RFI mitigation results using the proposed RPMR method
are presented in Figs. 5(g∼i). Compared with the FNF method,
most NBIs are suppressed as shown in Fig. 5(g), and the
deviation between the obtained synchronization phase and the
ideal synchronization phase is very small shown in Fig. 5(h).
In addition, the obtained synchronization phase rate shown
in Fig. 5(i) is approximately a constant compared with that of
the FNF, demonstrating the better performance of the proposed
method.

To evaluate the phase consistence, the coherence between
the ideal and processed synchronization signal matrix are

calculated, which is defined as [31]

C =

∣∣∣E {
ŜS∗

}∣∣∣√
E

{∥∥∥Ŝ∥∥∥2
2

}
E
{
∥S∥22

} (24)

where Ŝ and S are the processed and ideal synchronization
signal matrix respectively. E {·}, {·}∗ and ∥·∥2 are the expec-
tation operator, conjugate operator and ℓ2 norm, respectively.
The coherence results are shown in Fig. 6. The Black rep-
resents the low coherence, and the white represents the high
coherence. Obviously, the coherence of the RPMR method is
much higher than that of the FNF method, demonstrating the
better phase consistence of the proposed method.

To further validate the robustness of the proposed method,
the signal-to-interference ratio (SIR) of the proposed method
is investigated. The NBI signals with the SIR from -15dB to
5dB are generated. The mean coherence and recovery error
are used to evaluate the robustness of the proposed method.
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TABLE IV: Statistical results of synchronization phase rate

Methods Mean (Hz) STD (Hz) COV

Without RFI Mitigation 32.7320 0.7935 0.0242

RFI Mitigation by FNF 32.7312 0.7069 0.0216

RFI Mitigation by RPMR 32.6728 0.3861 0.0118

The recovery error is defined as [31]

R = 10log10


∥∥∥Ŝ− S

∥∥∥2
F

∥S∥2F

 (25)

The simulation results are shown in Fig. 7. It can be seen
that the mean coherence of the FNF method reduces as
the interference energy increases. By comparison, the mean
coherence of RPMR is quite high (≈ 1) and not be affected
by the interferences. The recovery error of the RPMR method
is quite smaller (< −35dB) than that of the FNF method,
validating the better robustness of RPMR.

B. Experimental results of LuTan-1 synchronization data

The proposed method is verified using the real measured
synchronization data of LT-1 in this subsection. The synchro-
nization data are acquired by LT-1B on August 30, 2022,
whose amplitude is shown in Fig. 8(a). It can be seen that
many bright lines exist in the amplitude figure, which denote
the NBI signals. To present the impact of the NBIs on the
synchronization signal clearly, the real part of one frame
synchronization signal is shown in Fig. 8(b). Obviously, the
synchronization signal is distorted, demonstrating the serious
contamination in phase synchronization. The obtained syn-
chronization phase rate is shown in Fig. 8(c). Many jitters
existing in the figure illustrate the large synchronization phase
errors caused by the NBIs. The RFI suppression results
using the FNF and the proposed RPMR are presented in
Figs. 8(d)-(f) and Figs. 8(g)-(i), respectively. Compared with
the FNF method, most NBIs are eliminated, and the better
synchronization signal is recovered with less signal loss using
the RPMR method. In addition, the obtained synchronization
phase rate shown in Fig. 8(i) is closer to a constant, validating
the performance of the proposed method for the real measured
data.

To evaluate the performance of RFI mitigation quantita-
tively, the standard deviation (STD) and coefficient of variation
(COV) are calculated. The statistical results of the synchro-
nization phase rate are presented in Table IV. The STD and
COV are quite large without RFI mitigation, illustrating the
low accuracy of phase synchronization. The STD becomes
smaller after the RFI mitigation using the FNF method.
However, the COV remains virtually unchanged, not satisfying
the requirements of high-accuracy phase synchronization. The
STD and COV of the RPMR method are smallest in Table IV,
thus demonstrating the superior RFI mitigation performance
of the proposed method.

V. DISCUSSION

The high-accuracy phase synchronization improves the
quality of BiSAR images and the accuracy of the global digital
elevation model (DEM), which is significant for the BiSAR
system. However, the NBI signals impact the extraction of
the synchronization phase, degrading the synchronization ac-
curacy. To address this issue, we analyze the properties of
the interference and synchronization signals in detail and
propose an effective NBI suppression method. The proposed
method can separate the NBIs and synchronization signals
with less signal loss utilizing the sparse and low-rank recovery.
However, the rank of the interference matrix increases as the
bandwidth of interferences increases, deteriorating the low-
rank property significantly. The performance of the proposed
method degrades accordingly. To mitigate the wideband in-
terferences (WBIs) better, we are considering structuring the
advanced anti-interference system and using the new signal
separation algorithm. For example, the multichannel phase
synchronization system and blind source separation (BSS)
algorithm provide a new processing framework.

VI. CONCLUSION

To acquire the high-accuracy synchronization phase, a novel
rank prior matrix recovery method is proposed in this paper.
First, we establish a signal model based on the non-interrupted
synchronization scheme and prove the low-rank and sparsity
properties of the signal matrices in range frequency domain.
Then, the RPMR method is proposed to separate the synchro-
nization signal and the interferences with less signal loss, in
which the partial singular value decomposition is used based
on the rank prior. Finally, the simulation and experimental
results validate the performance of the proposed method. The
work in this paper provides an effective method to suppress
the NBIs in phase synchronization, which can be used in
the processing of synchronization signals in the practical
BiSAR system LT-1. However, the proposed method cannot be
suitable for wideband interference signals, limiting the wide
application of the proposed method. In future work, we will
focus on the RFI suppression for the wideband interference.
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