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A Novel RFI Source Detection Algorithm Using
Array Factor Property for Synthetic Aperture
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Abstract—The existence of radio frequency interference (RFI)
has a great influence on the measurement of synthetic aperture
interferometric radiometer (SAIR). The strong RFI signal energy
picked up by the sidelobes of synthetic beam (or array factor) of
SAIR easily results in false positives, deteriorating the RFI detec-
tion performance, especially when considering the representative
scenes where RFIs have a large dynamic range of intensity. In
this article, we propose a novel RFI source detection method by
exploiting the array factor property (AFP) of SAIR. The AFP-based
RFI detection method mainly consists of three steps. First, RFI
sources are recovered from visibility function samples through
sparse reconstruction (SR). In the recovered RFI map, the back-
ground noise is reduced and the potential RFI target regions could
be extracted well. Second, the AFP of SAIR is analyzed concerning
distribution characteristics of main beam and sidelobes. Based
on the AFP analysis, we present a new spatial weight indicator
(SWI) describing the probability of one potential RFI being a false
positive. Then, an SWI-based probability map (SPM) is generated
to discriminate true sources with the false positive sources. Third,
the SPM and the SR-based map are combined to reconstruct the
RFI image, where false positives are filtered out while true RFI
sources are retained. The experiments using synthetic data and real
SMOS satellite data demonstrate the effectiveness and superiority
of the proposed method in RFI detection tasks for SAIR.

Index Terms—Array factor property (AFP), detection, radio
frequency interference (RFI), synthetic aperture interferometric
radiometer (SAIR).

I. INTRODUCTION

M ICROWAVE interferometric radiometry (MIR) exploit-
ing aperture synthesis technique has been widely used in

the fields of radio astronomy, target detection, Earth observation,
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etc. [1], [2], [3], [4], [5], [6], [7]. The MIR can be used to
retrieve geophysical parameters, such as soil moisture (SM)
and sea surface salinity (SSS), facilitating weather forecasting,
climate monitoring, and extreme-events prediction. A variety
of instruments on MIR have been employed, such as ESTAR,
GeoSTAR, microwave interferometric radiometer with aperture
synthesis (MIRAS) [8], [9], [10]. In particular, the European
Space Agency’s Soil Moisture and Ocean Salinity (SMOS) was
launched successfully in 2009, and its payload is the MIRAS,
working in theL-band (1400–1427 MHz). The MIRAS receives
radiation from the surface of Earth and provides a series of
visibility function samples, which related to the corresponding
brightness temperature (BT) map of the observed scene. The BT
is essential for the retrieval of SM and SSS [11], [12].

In actual measurements, the existence of radio frequency
interferences (RFIs) will significantly degrade the quality of the
data products of the SMOS mission. Although 1400–1427 MHz
is the protected frequency band for passive remote sensing,
there are still man-made emitters occupying this frequency band
and adjacent bands [13]. In the MIR, different algorithms were
developed to handle RFI problems, which can be classified by
the following two categories.

1) The first category is to flag and accurately localize the po-
tential interferences during monitoring, then switch them
OFF [14], [15], [16], [17].

2) The second category mainly focuses on mitigating the
impact of RFI. Improved results are obtained through data
processing [18], [19], [20], [21].

For either category, the accurate detection of RFI sources
is crucial, because it is the prerequisite for guaranteeing RFI
processing performance.

In related works, several methods can be used for the RFI
detection task, including traditional direct Fourier transform
(DFT) inversion [1], [22], spatial spectrum analysis [23], [24],
[25], [26], and sparse signal reconstruction [27], [28]. The DFT
inversion method is based on the mathematical relationship be-
tween the received visibility function and the scene BT [1], [22].
But the DFT inversion will lead to obvious Gibbs oscillations
in the inverted image, and the tails around strong RFIs will
interfere with the detection for other RFIs. In order to improve
the detection performance for low and moderate level RFIs,
Jin et al. [29] proposed the method to improve the detection
process using point-source ripple function (PRF). However, this
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PRF-based method still has shortcomings in handling scenes
with a large dynamic of RFI intensities. For spatial spectrum
analysis-based methods, previous studies proposed the idea to
employ the direction-of-arrival (DOA) estimation scheme. The
RFI sources are considered as target signals, and the scene
signal is considered as background noise. Then, DOA estimation
approaches based on the spatial spectrum analysis (e.g., MUSIC)
can be applied. In detail, some researchers developed RFI de-
tection and localization methods with direct covariance matrix
(DCM) [23], [24], augmented covariance matrix (ACM) [25],
and ACM completion (MCM) [26] to get improved results. How-
ever, in low SNR environments where the signal subspace and
the noise subspace are mixed up, detection results will seriously
deviate from ground truths. As concerns sparse signal recon-
struction framework, an orthogonal matching pursuit (OMP)-
based method is adopted for RFI processing [27], which obtains
the representation coefficients characterizing the intensities of
RFI sources. However, this OMP-based method would select
incorrect atoms and expand the target support set when dealing
with strong RFIs, deteriorating the detection performance. In ad-
dition, the �1-norm minimization (L1) method within the sparse
reconstruction (SR) framework is proposed [28]. However, in
the detection results of this method, strong RFIs signals picked
up by the sidelobes are detected as additional low-intensity RFIs,
which cause false alarms. In addition, the operation to suppress
sidelobes would also lead to the missing alarm of low-intensity
RFIs.

To address the abovementioned problems, a novel RFI source
detection algorithm using array factor property (AFPRD) is pro-
posed in this articler. The AFPRD mainly consists of three steps.
First, RFI sources are recovered from visibility function samples
through SR method based on reweighted �1-norm minimization
(RL1). In the recovered RFI map, the background noise is re-
duced and the potential RFI target regions can be extracted well.
Second, the AFP of SAIR is introduced concerning distribution
characteristics of main beam and sidelobes. Based on the AFP
analysis, we present a new spatial weight indicator (SWI) to
describe the probability of a potential RFI being a false positive,
which helps to discriminate the true sources with false positives.
Third, each pixel in the RFI map is assigned with the SWI value
to generate an SWI-based probability map (SPM). Calculating
the Hadamard product of SPM and RFI maps can filter out the
false positives and retain true RFI sources. The experiments
using synthetic data and real SMOS data demonstrate the va-
lidity and effectiveness of the AFPRD in RFI detection tasks
for SAIR, compared with commonly used methods including
DFT inversion, MUSIC algorithm with DCM, ACM, and MCM
matrix, and SR based on OMP and L1.

The rest of this article is organized as follows. Section II
reviews the array signal model of SAIR. Section III introduces
the AFPRD for details. Section IV uses synthetic data and real
SMOS satellite data to prove the effectiveness of the proposed
method. Finally, Section V concludes this article.

II. FUNDAMENTAL FORMULA

In this section, the array signal model of SAIR is reviewed.
The output of the SAIR instrument is a series of visibility

function samples, which are cross-correlations of the signals
collected by two antenna [1]. In the spatial-frequency domain,
the expression of the visibility function is [30]

V (uij , vij) =
1√
ΩiΩj

∫∫
l2+m2≤1

TB(l,m)− TR√
1− l2 −m2

· Fn,i(l,m)F ∗
n,j(l,m)r̃ij

(
−uij l + vijm

f0

)
· exp{−j2π(uij l + vijm)} dl dm
i, j = 1, 2, . . ., N (1)

where Ωi,j is the equivalent solid angle of antenna; (l,m) =
(sin θ cosφ, sin θ sinφ) are the direction cosines; TB(·) is the
BT of the scene observed; Fn,i(·) represents the normalized
voltage pattern of the ith element antenna; the symbol ∗ denotes
the complex conjugate; r̃ij(·) is the fringe washing function
between the ith and jth chains; f0 is the central frequency of the
receivers; N is the number of elements in the interferometric
array; (uij , vij) are the spatial frequencies, also known as the
baseline, which are determined by antenna positions and wave-
length λ
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)
are position coordinates of the

ith and jth antennas, respectively.
Considering that antennas are identical and receive narrow-

band signals, then Fn,i(·) = F ∗
n,j(·), Ωi = Ωj = Ω, and the

fringe washing function is negligible, i.e., r̃ij(·) ≈ 1. And the
visibility function can also be written as

V (uij , vij) =

∫∫
l2+m2≤1

T̃ (l,m)

· exp{−j2π(uij l + vijm)} dl dm (3)

where the modified BT T̃ (l,m) can be expressed as

T̃ (l,m) =
TB(l,m)− TR√
1− l2 −m2

· Fn,i(l,m)F ∗
n,j(l,m)√

ΩiΩj

. (4)

Equation (3) reveals the Fourier-transform relationship be-
tween V (u, v) and T̃ (l,m), so the BT map can be inverted by
an inverse Fourier transform on the visibility function, that is

T̃ (l,m) =

∫ +∞

−∞

∫ +∞

−∞
V (u, v)ej2π(ul+vm) du dv. (5)

From the general array processing perspective, the signal
vector y collected by the SAIR receivers is written as

y =

K∑
k=1

a(lk,mk)s(lk,mk) + n (6)

where y = [y1, y2, . . ., yN ]T , and the superscript (·)T denotes
the transpose operation; N denotes the number of antennas; s =
[s(l1,m1), s(l2,m2), . . ., s(lK ,mK)]T is the vector of signals
from different directions; K denotes the number of signals; n is
the noise vector; A = [a(l1,m1), a(l2,m2), . . ., a(lK ,mK)] is
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the manifold matrix, which can also be written as

A =

⎡⎢⎢⎣
e−j 2π
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...
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(7)

The visibility function sample is cross-correlation of each
receiver channel output, which is also the covariance matrix

V = E[yyH ] =

⎡⎢⎣E[y1y
∗
1] · · · E[yMy∗1]

...
. . .

...
E[y1y

∗
M ] · · · E[yMy∗M ]

⎤⎥⎦ (8)

where (·)H denotes the conjugate transpose operation.

III. RFI DETECTION ALGORITHM USING ARRAY

FACTOR PROPERTY

In this section, the process of the proposed RFI source de-
tection algorithm using array factor property (AFPRD) method
is introduced. This method is divided into three main steps,
including RFI source acquisition, AFP analysis, and RFI im-
age reconstruction. The details are discussed in the following
sections.

A. RFI Source Acquisition

This section briefly introduces the basic framework of SR for
RFI sources acquisition. The reason for adopting this method is
because the RFIs recovered by SR can be extracted well from
background. The conception of SR is based on the sparsity of
RFI in the spatial distribution. At first, the covariance matrix in
(8) is vectorized as

z = vec(V)

= vec

[
K∑

k=1

σ2
k(a(lk,mk)a

H(lk,mk))

]
+ σ2

n

−→
1n

= Dq+ σ2
n

−→
1n (9)

where D = A∗ �A, and symbol � denotes the Khatri–Rao
product;

−→
1n is anN -dimensional identity matrix;σ2

k is the power
of the kth signal, k = 1, 2, . . .,K; q = [σ2

1 , σ
2
2 , . . ., σ

2
K ]T is the

signal power vector.
In this article, the detection is formulated as a problem of

RL1, that is,

q̂ = argmin
q

||Wq||1, s.t. ||z′ −Doq||2 < δ (10)

where δ is a positive number that determines the regularization
parameter, z′ is obtained by performing a redundancy averaging
operation on z, Do is an overcomplete matrix with number of
columns up to Kg , Kg 
 K. W is a Kg-dimensional diagonal
matrix, whose weighting elements ωm, (m = 1, 2, . . .,Kg) are
related to the solution vector at the previous reweighting process,
as

ωη+1
m =

1

|qηm|+ τ
(11)

Fig. 1. Simulation of three-RFIs scene. (a) Result recovered using RL1 method
with a small denoiser parameter and (b) Result recovered using RL1 method with
a large denoiser parameter.

where qηm is the mth element of the solution vector at the ηth
reweighting process, and τ is a positive constant for solution
stability.

The solved q is rearranged as the RFI map matrix R. In the
resulting RFI map, the target RFI regions are enhanced and
background noise can be suppressed. Compared with the DFT
and MUSIC methods, this feature of SR facilitates subsequent
processing, mainly in RFI extraction and screening. However,
within the SR framework, strong RFI signal picked up by the
sidelobes can easily be detected as additional RFIs. Although
the sidelobes are suppressed in the RL1 method, some false
positive sources would still be detected as real in the final results.
Sometimes the strength of the false positives can even exceed
the strength of real RFI sources.

For example, under the condition of no background noise,
we simulate three RFI sources located at (0,0.1), (−0.1,−0.1)
and (0.1,−0.1), with the intensity of 2000K, 100K, and 100K.
We use denoiser parameters with different values to recover the
scene, as shown in Fig. 1. Fig. 1(a) is the result for a small
denoiser parameter, while Fig. 1(b) is the result for a large
denoiser parameter. The results show that RL1 method could not
completely eliminate the existence of false positives. Changing
the denoiser parameter to better suppress the sidelobe could lead
to missing detection of weak RFIs. Fig. 1(b) shows that even false
positives around the strong RFI are not completely suppressed,
the two weak RFIs are missed in the detection result.

B. AFP Analysis

In this section, we will introduce the derivation of AF cor-
responding to an SAIR system. Based on the AFP analysis,
we will explain how to use AFP to filter out false positives in
RFI detection. In actual measurement, as the baselines (u, v)

are discrete, the measured BT T̃ (l,m) can be regarded as the
convolution of the actual BT T (l,m) and the Fourier transform
of a two-dimensional comb function, written in a compact form
is

T̃ (l,m) = T (l,m) ∗ F{C(u, v)} (12)

where F{∗} denotes the is the Fourier transform; C(u, v) is the
comb function

C(u, v) =

i=N∑
i=1

j=N∑
j=1

δ(u− uij , v − vij). (13)
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Fig. 2. Normalized |AF| of the Y-shaped array with 69 antennas.

F{C(u, v)} is defined as array factor [31], [32], that is

AF(l,m) = F{C(u, v)}

=

i=N∑
i=1

j=N∑
j=1

C(u, v) exp[j2π(uij l + vijm)]. (14)

It is worth noting that as the relationship shown in (12), the
relative position between a strong RFI and the false positives,
which result from it is consistent with the relative position
between the main lobe and the sidelobes in AF. Exploiting the
AFP (i.e., location feature of AF) can help to identify the false
positive sources in RFI map. Based on this idea, we propose
a novel RFI source detection algorithm using AFP to filter out
false positive RFIs and improve detection performance.

For illustration, the AF image of Y-shaped array with 69
antennas (the minimum spacing are equal to 0.875λ) on the
SMOS satellite are drawn in Fig. 2. Since AF obtained by (14)
is in the plural form, the modulus of AF is taken in Fig. 2, which
is denoted as |AF|. With the main lobe as the center, the sidelobes
are distributed in the direction of trailing, and the intensity of
sidelobes gradually weakens. The sidelobes are the reasons for
false positive generation. For Y-shaped array, the number of trails
is six. The same order sidelobes of different trailing directions
have the same distance from the main lobe. In RFI map recovered
by RL1 method, if several potential RFIs, which match the
position feature of the sidelobes which appear around one RFI,
these potential RFIs could be judged as false positives.

For individual detection at a distance, if RFIs exist at side-
lobe locations in each trailing direction, these RFIs could be
most likely false positive. However, in some actual results, due
to the influence of background noise, measurement error and
influences, such as the existence of other RFIs, the number of
false positives occurring around an RFI is less than the sidelobe
number.

To better adapt to the detection environment, a new spatial
weight indicator (SWI) based on AFP is presented to charac-
terize the probability of a potential RFI (i.e., local peaks in
the RFI map) being false positive. In a single detection of a
distance, a potential RFI that meets the following two conditions
is defined as a suspicious RFI. First, this potential RFI appears at

a sidelobe position with one RFI in the central location. Second,
the intensity of the potential RFI is lower than the intensity of the
RFI in the central location. During the calculation process, each
potential RFI will be used to calculate SWI values with all the
rest local peaks as the center, respectively. After that, the SWI
value assigned to the potential RFI is the maximum SWI value. In
practical terms, the larger the number of suspicious RFIs around
a local peak, the higher the probability of these suspicious RFIs
being false positive. We use the SWI to describe this possibility
quantitatively. The appropriate calculation method of SWI can
be adjusted for different detection principles. According to the
observation of some existing inversion results, we find that when
the number of suspicious RFIs Ns is small, the possibility of
being false positive increases rapidly asNs increases. Therefore,
in this article, we adopt a power function model to construct the
SWI, which can be expressed as

SWIij =

{
min((Ns/Nmax)

a, 1), i �= j
0, i = j

,Ns ≥ 0 (15)

where SWIij denotes the SWI value of the ith potential RFI
with the jth local peak as the center, 1 ≤ i, j ≤ M . M is the
total number of potential RFIs; Ns is the number of suspicious
RFIs; Nmax is a constant number, which means that suspicious
RFIs can be considered as false positive whenNs reachesNmax;
In subsequent calculations,Nmax = 3, which indicates that when
the number of suspected RFIs around an RFI reaches or exceeds
three, these suspected RFIs are judged to be false positive.
Because SWI ranges from [0,1], (15) takes the minimum value
between (Ns/Nmax)

a and 1; a is a constant to control growth
rate, which meets the condition of 0 < a < 1 in this model. The
SWI value, which is finally assigned to the potential RFI is the
maximum SWI, that is

SWIi = max(SWIij). (16)

Computing SWI requires extracting the information of po-
tential RFI from the RFI map matrix R (R ∈ Rn1×n2 ). First, a
peak search is performed on R to obtain the spatial coordinates
of all local maxima and the corresponding connected domain
matrices. The connected domain matrix is defined because an
RFI is internally connected. In the RFI map matrix obtained by
the RL1 method, the elements in the region without RFI are
zeros, while the elements in the region with RFI are nonzeros.
Therefore, depending on whether the elements in the RFI map
matrix are zeros or nonzeros, the connected domain matrix can
be extracted to represent the distribution region of each potential
RFI in the RFI map. In the connected domain matrix, the
elements of the region occupied by the corresponding potential
RFI are ones and the other elements are zeros. This operation is
denoted as

(x,y,h,D) = traverse(R) (17)

where x = [x1, x2, . . ., xM ]T , y = [y1, y2, . . ., yM ]T , and
(xi, yi) is the coordinate of the ith potential RFI (i =
1, 2, . . .,M );h = [h1, h2, . . ., hM ]T is the intensity vector;D ∈
Rn1×n2×M is the connected domain tensor; D(:, :, i) is the
connected domain matrix corresponding to the ith potential RFI.
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Algorithm 1: SPM Calculation Algorithm Based on AFP.

Input: Recovered SR-based RFI map matrix Rn1×n2 , the
distance from main lobe to the sidelobe d, the number of
sidelobes at the corresponding distance Nmax, error
tolerance δ, constant a, total number of potential RFIs M .

Output: SWI-based probability map S.
1: Initialization: i = j = 1
2: (x,y,h,D) = traverse(R)
3: P = zeros(M,M)
4: for i ≤ M do
5: Nsi = 0
6: for j ≤ M do
7: if i = j then
8: P[i, j] = 0
9: else if

|
√

(xi − xj)
2 + (yi − yj)

2 − d| ≤ δ || hj < hi

then
10: Nsi = Nsi + 1, P[i, j] = 1
11: end if
12: j = j + 1
13: end for
14: P[i, j] = min((Nsi/Nmax)

a, 1) ∗P[i, j], i = i+ 1
15: end for
16: i = 1
17: for i ≤ M do
18: SWIi = max(P[i, :]), i = i+ 1
19: end for
20: return S=

∑M
i=1 SWIi • D(:, :, i)

The information obtained above can be used to calculate SWI
for each potential RFI in the RFI map recovered by the RL1
method. In the calculation result, the connected domain matrix
of each potential RFI is assigned with an SWI value to represent
its probability of being false positive. The SWI-based probability
map (SPM) is actually a weight matrix corresponding to the RFI
map matrix, which represents the probability that each potential
RFI in the map is false positive. We denote SPM as S. It can be
obtained by

S =

M∑
i=1

SWIi • D(:, :, i). (18)

As summary, the process of SPM calculation algorithm based
on AFP is in Algorithm 1.

C. RFI Image Reconstruction

This section introduces the procedure of using the SWI-based
probability map (SPM) and the SR-based map to reconstruct
the RFI image. Through Algorithm 1, all potential RFIs in the
map are extracted, and the corresponding SWI value is also
determined. In order to reduce the influence of false positives on
detection, the intensities of potential false positives identified by
the Algorithm 1 should be attenuated according to the its SWI
value.

Algorithm 2: RFI Source Detection Algorithm Using Array
Factor Property Method.

Input: The samples of visibility function.
Output: The reconstructed RFI image.
1: Step 1: Recover the RFI map matrix using the samples

of visibility function by RL1 method.
2: Step 2: Calculate the SWI value corresponding to each

RFI in the RFI map and generate the
SWI-based probability map (SPM).

3: Step 3: Subtract RFI map matrix from the Hadamard
product of RFI map matrix and SPM to get the
RFI image.

4: Step 4: By setting the threshold and performing a
spectral peak search, the local peak beyond the
threshold in the image is marked as RFI.

Each element in the Hadamard product matrix of the SR-based
RFI map matrix R and S represents how much the correspond-
ing pixel in the original RFI map should be attenuated. The
reconstructed RFI image matrix R′ is acquired by subtracting
the Hadamard product from R, which can be expressed as

R′ = R− S�R (19)

where � denotes the Hadamard product.
According to R′, the reconstructed RFI image can be drawn.

Compared with previous RFI map, false positives are filtered
out and real RFI sources are retained in the RFI image.

D. AFPRD Method Implementation

In this section, the procedure of the AFPRD method is sum-
marized in Algorithm 2. In addition, we take the SMOS satellite
as an example to illustrate the selection of parameters in the
algorithm.

The |AF| map of MIRAS on SMOS satellite with 69 antenna
elements distributed in “Y” shape (the minimum spacing are
equal to 0.875λ) is as shown in Fig. 2. It can be found that
the positions of the sidelobes are mainly concentrated in the
direction of six trailing tails. The intensity of sidelobes gradually
decays outward from the location of the main lobe. Among them,
the first and second sidelobes are the first and second highest,
and their height is significantly higher than the other sidelobes.
Therefore, the first and second sidelobes are the main reasons for
false positive generation. We simulate an RFI located at (0,0),
with the intensity of 100K and the scene recovered by the RL1
method is as shown in Fig. 3. The location of false positives
generated due to the first- and second-layer sidelobes can be
found explicitly.

In order to effectively suppress false positives in RFI detection
experiments for SMOS satellite, Algorithm 2 should be executed
twice. The reason is that one kind of false positives can be filtered
out in a calculation, whereas the main causes of false positives
include the first and second sidelobes, which significantly higher
than the other sidelobes. In the two calculations, the values
of d are 0.300 and 0.475, respectively. Based on an empirical
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Fig. 3. Inverted scene of single RFI.

summary of the existing inversion results, the value of Nmax is
determined to be 4, and a = 2

3 .

IV. EXPERIMENT ANALYSIS

In this section, the performance of the proposed RFI
source detection algorithm using array factor property method
(AFPRD) is evaluated by simulation with synthetic data and
real SMOS L1A data. Compared with the previous method,
the validity is proved in the form of numerical analysis. The
previous RFI detection methods used for comparison include
DFT [1], [22], MUSIC algorithm with DCM, ACM, and
matrix completion (denoted as DC-MUDIC [23], [24], AC-
MUSIC [25], and MC-MUSIC [26], respectively), OMP [27],
and L1 [28]. In addition, we separately compare detection
performances of the PRF-based method [29] and the proposed
AFPRD method for real RFI scenes. The choice of necessary
parameters of the AFPRD are discussed in Section III-D.

A. Evaluation Indicators

This section focuses on introducing some evaluation indica-
tors used to quantitatively evaluate performances of the AFPRD
and the comparative methods. In the experiment, considering
that RFI is sparse in the image, we adopted the precision, recall,
and F1-score belonging to the evaluation indicators of the binary
classification algorithm, which can be expressed as

Precision =
TP

TP + FP

Recall =
TP

TP + FN

F1 =
2 ∗ Precision ∗ Recall

Precision + Recall
(20)

where TP is the number of real RFIs, which are detected correctly
(i.e., true positive); FP is the number of sources, which are falsely
detected (i.e., false positive); FN is the number of RFIs that
actually exist but are not detected correctly (i.e., false negative).
Precision represents the degree of detection accuracy for RFIs
detected in image, and recall represents the detection rate for
real RFIs. In general, precision and recall are contradictory
with a negative correlation. Therefore, as the harmonic mean of
precision and recall, F1-score is considered to comprehensively

evaluate the detection performance. In addition, in order to
intuitively show the detection performance of each method, we
adopted the form of precision–recall (PR) curve graph in this
article.

B. Experimental Analysis Using Synthetic Data

In this work, the validity of the proposed AFPRD method is
proven with the synthetic data. In order to simulate the real RFI
detection scene, the synthetic data is obtained by superimposing
the real RFI-free scene and simulated RFIs. In experiments using
single synthetic data, the data of RFI-free scene is from SMOS
L1A data acquired at March 6, 2011 04:03:25 over Italy.

1) Simple RFI Scene (Scene A): In this scene, we simulate
a relatively simple RFI distribution scene with a large dynamic
range of RFI intensities. Six RFIs are distributed in the scene,
with an intensity range of 500–8000K. The RFI images inverted
by the abovementioned seven methods are shown in Fig. 4(a)–
(g). The distribution image of simulated RFIs is also given in
Fig. 4(h). Particularly, when performing above algorithms, the
number of RFIs is assumed to be known precisely.

Fig. 4 shows the results of different methods in dealing
with scene A. The result of the DFT method contains all the
information of RFI, but there is a serious Gibbs oscillation
phenomenon, which has a great impact on the imaging quality
and RFI detection. For the DC-MUSIC in this scene, part of the
signal subspace and noise subspace are difficult to distinguish
effectively, and some low-intensity RFIs are difficult to find in
the figure. In comparison, the image quality obtained by the AC-
MUSIC and MC-MUSIC methods is higher, but the detection
for some low-intensity RFIs in this scene is still unsuccessful.
For OMP, the incorrect selection for atoms leads to the creation
of unexpected false positives. In the image of the L1 method, all
RFIs are detected, but false positives appear around the strong
sources, which damage the detection performance. The proposed
AFPRD suppresses the presence of false positives and had no
effect on the detection of true RFIs.

On the basis of the inversion images, we normalize the results
and perform a peak search. By changing the set threshold, the
maximum F1 and its corresponding recall and precision in the
inversion results of each method are listed in Table I. The reason
for selecting the maximum F1 for comparison is that the RFI
intensity obtained by the abovementioned methods is not the
real RFI intensity. Therefore, it is not suitable to use the same
threshold for comparison. The maximum F1 can quantify the
best detection performance for such scene. The results show
that compared with the previous methods, the AFPRD has
a significant improvement in precision under the premise of
ensuring the recall rate, also the best detection performance.

2) Complex RFI Scene (Scene B): In this scene, we simulate
a complex RFI distribution. A total of 15 RFIs are distributed in
the map, with the highest intensity of 10 000K and the lowest
intensity of 500K. Compared with scene A, scene B has a larger
number of RFIs and a larger power dynamic range. The RFI
images recovered by the abovementioned seven methods are
shown in Fig. 5(a)–(g), and the distribution image of simulated
RFIs is given in Fig. 5(h). similarly, the maximum F1 and its
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Fig. 4. Images of Scene A recovered using synthetic RFI data by (a) DFT, (b) DC-MUSIC, (c) AC-MUSIC, (d) MC-MUSIC, (e) OMP, (f) L1, (g) AFPRD, and
(h) location of simulated RFIs. The proposed AFPRD method has better detection performance, which could detect all RFIs without false positives.

TABLE I
COMPARISON OF THE THREE EVALUATION INDICATORS AMONG SEVEN METHODS FOR SCENE A

Fig. 5. Images of Scene B recovered using synthetic RFI data by (a) DFT, (b) DC-MUSIC, (c) AC-MUSIC, (d) MC-MUSIC, (e) OMP, (f) L1, (g) AFPRD,
and (h) location of simulated RFIs. The proposed AFP method has a better detection performance, which could detect the most RFIs on the premise of ensuring
precision.
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TABLE II
COMPARISON OF THE THREE EVALUATION INDICATORS AMONG SEVEN METHODS FOR SCENE B

corresponding recall and precision in the inversion results of
each method are also listed in Table II.

For scene B, it is worth noting that problems arising in
simple scene become worse in complex scene. The severe Gibbs
oscillations in the DFT result conceal the weak RFIs and affect
the detection performance. For the DC-MUSIC, the precision
and recall rate are greatly affected when dealing with this scene.
The AC-MUSIC and MC-MUSIC guarantee the precision, but
the detection for weak sources are unsatisfactory. In the image
result, it can be seen that all RFIs are detected by OMP and L1.
But false positives generated by strong RFIs cover up the weak
sources, which reduce the recall rate. In contrast, the AFPRD has
the best detection performance in this scene. Under the premise
of ensuring precision, it has the highest recall rate.

3) Statistical Analysis: Without loss of generality, we use
the Monte Carlo method for simulation and data analysis in
multiple scenes. For both simple and complex scenes, we sim-
ulated 100 scenes with randomly distributed RFIs, respectively.
Each simple scene contains six RFIs, and each complex scene
contains 15 RFIs. In each scene, one third of the RFIs have
intensities between 500 and 2000K; one third of the RFIs have
intensities between 2000 and 7000K; and one third of the RFIs
have intensities between 7000 and 10 000K. The location and
intensity values of RFIs obey random distribution. In order to
verify the universality of the proposed method, we consider to
construct the RFI scenes with pure land background and sea-land
mixed as background, respectively. In this part of the experiment,
the data of land background are from SMOS L1A data acquired
at March 6, 2011 04:03:25, and the data of sea-land mixed
background are from SMOS L1A data acquired at August 18,
2013 00:06:58. By changing the threshold and taking the average
of 100 inversion results, the PR curves of each method are drawn,
as shown in Fig. 6.

Fig. 6(a) and (c) is PR curves for simple scenes with pure land
as background, and Fig. 6(b) and (d) is PR curves for complex
scenes with mixed sea-land as background. We can see that in
these scenes, the PR curve of each method follows a similar path.
Among seven methods, the PR curve of AFPRD is the highest
in different backgrounds. The results show that AFPRD has a
better detection performance than the abovementioned methods
in scenes with a large dynamic range of RFI intensities. The
superiority of the proposed method is also verified.

C. Real-Data Experiment

1) Real RFI Scene (Scene C): In this section, real SMOS data
containing RFI information are used to verify the effectiveness
of the proposed method. Scene C is from the SMOS L1A data
at March 6, 2011 04:30:23 823.7 ms over Italy. Scene C is also

recovered by abovementioned seven methods, and the results are
shown in Fig. 7(a)–(g). It is worth noting that to better suppress
false positives, the Algorithm 2 is looped 3 times in AFPRD.
According to the position of the third sidelobe of |AF| in Fig. 2,
d3 = 0.070 can be determined.

It is clear that in this scene, the intensity dynamic range of the
sources is large, with two strong RFIs and several weak RFIs.
In the DFT image, the sidelobes of strong RFI and weak RFIs
are mixed, making it difficult to distinguish them effectively. In
the DC-MUSIC image, the subspace cannot be clearly divided
resulting in poor imaging quality, and adjacent RFIs are treated
as one. The results of AC-MUSIC and MC-MUSIC are similar,
and the image quality is improved compared to DC-MUSIC. But
some weak RFIs are failed to be detected. In the OMP result, all
RFIs are detected but the strong RFI was incorrectly detected
as several RFIs. In the L1 image, false positives appear around
strong RFIs. In the result of AFPRD, the real RFIs is retained
and the false positive RFIs are suppressed. This observation
also demonstrates the effectiveness of the proposed method in
improving the detection performance.

2) Comparative Experiment of PRF [29] and AFPRD Meth-
ods: In this section, two real scenes are selected to compare
the detection performance of PRF [29] and AFPRD methods.
Scene D is the scene with low- and moderate-intensity RFIs,
which is from the SMOS L1A data acquired at August 18, 2013
00:26:34. Scene E is the scene with a large dynamic range of
RFI intensities, which is from the SMOS L1A data acquired
at August 18, 2013 00:23:08. Both scenes contain RFIs with
intensities below the general decision threshold (350K). The
RFIs in these two scenes are determined considering that they
also occur in other snap shots of SMOS.

The reconstructed image of Scene D is shown in Fig.
8(a). In this scene, there are three RFIs with the intensities
of about 566K, 385K, and 277K. In the first step of the
PRF method, the RFI with intensity of 566K is detected by
setting threshold as 400K. The detection result of the first
step is shown in Fig. 8(b), and the detected high-intensity
RFI is circled in red. In the second step of the PRF method,
after removing the visibilities generated by the high-intensity
RFI from the original visibilities, the detection for low- and
moderate-intensity RFIs are performed on the reconstructed
image. The two remaining possible RFIs are detected by
setting the threshold as 250K. After multiplied by the PRF,
the intensities of two possible RFIs reach 505K and 413K,
respectively, both exceeding 350K. Therefore, the two possible
RFIs can be correctly detected as true positives (i.e., real RFI
sources). The detection result of the second step is shown in
Fig. 8(c), where the detected low- and moderate-intensity RFIs
are circled in red. The final detection result can be obtained by
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Fig. 6. PR curves in multiple scenes of synthetic data, which are obtained by DFT, DC-MUSIC, AC-MUSIC, MC-MUSIC, RL1, and the proposed AFPRD
method, respectively. (a) Simple scene with pure land as background. (b) Complicated scene with pure land as background. (c) Simple scene with mixed sea-land
as background. (d) Complicated scene with mixed sea-land as background.

Fig. 7. Images of Scene C recovered using real SMOS L1A data by (a) DFT, (b) DC-MUSIC, (c) AC-MUSIC, (d) MC-MUSIC, (e) OMP, (f) L1, (g) AFPRD.
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Fig. 8. RFI detection result images. (a) Reconstructed image of Scene D. (b) Result of the first step of the PRF method for Scene D, where the detected
high-intensity RFI is circled in red. (c) Result of the second step of the PRF method for Scene D, where the detected low- and moderate-intensity RFIs are circled
in red. (d) RFI detection result of Scene D by the AFPRD method. (e) Reconstructed image of Scene E. (f) Result of the first step of the PRF method for Scene E,
where the three high-intensity RFIs detected and six false positives are circled in red. (g) Result of the second step of PRF method for Scene E, where the low- and
moderate-intensity RFI detected and the false positive are circled in red. (h) RFI detection result of Scene E by the AFPRD method.

combining Fig. 8(b) and (c). All RFIs in the Scene D can be
detected by the PRF method without false alarms. For
comparison, the detection result obtained by the AFPRD method
is shown in Fig. 8(d). As seen from the result, the AFPRD
method also has a good detection performance for Scene D.

The reconstructed image of Scene E is shown in Fig. 8(e).
In this scene, there are four RFIs with the intensities of about
2710K, 482K, 434K, and 304K. However, in the first step of the
PRF method, nine local peaks over 400K are detected. The first
sidelobes of the RFI with the intensity of 2710K are incorrectly
detected as RFIs, because their intensities exceed 400K. The
detection result of the first step is shown in Fig. 8(f). Similarly,
three high-intensity RFIs detected and six false positives are
circled in red. In the second step, after removing the visibilities
generated by the high-intensity RFIs and false positives, ten
possible RFIs over 250K are detected. These possible RFIs
include one true RFI (304K), eight natural background fluctua-
tions (between 250K and 260K), and one disturbance caused by
incorrect visibility removal (451K). After multiplied by the PRF,
the intensity of the real RFI reaches 376K, and the intensity of the
disturbance reaches 856K, both of which are detected as RFIs.
The intensities of the eight natural background fluctuations are
below 350K and not detected as RFIs. The detection result of
the second step is shown in Fig. 8(g), and the low-intensity RFI
detected and the false positive are also circled in red. The final
detection result can be obtained by combining Fig. 8(f) and (g).
In Scene E, although all RFIs are detected by the PRF method,
seven false alarms are generated at the same time. In contrast,
the detection result obtained by the AFPRD method is shown in
Fig. 8(h). In Fig. 8(h), all the RFI sources are detected accurately
without false alarm. The result shows that the AFPRD method
has a better performance in scenes with a large dynamic range
of RFI intensities.

V. CONCLUSION

In this article, we propose a new RFI detection method for
SAIR based on array factor property. First, RFI sources are
obtained by SR. Second, we analyze the array factor property
related to the occurrence of false positive sources in the inversion
results, and present the SWI to describe the probability of a
potential RFI being false positive. Third, the RFI image is re-
constructed by combining the SWI-based map and the SR-based
map. In the reconstructed RFI image, the false positives are
filtered out and real sources are retained.

The effectiveness of the AFPRD is confirmed by experiments
using both synthetic data and real SMOS data. For two spe-
cific scenes with a large dynamic range of RFI intensities, we
compare the maximum F1 of AFPRD with DFT, DC-MUSIC,
AC-MUSIC, MC-MUSIC, OMP, and L1. Among them, the
maximum F1 value of AFPRD is the largest, which reveals
its superiority on the detection performance of comprehensive
recall and precision. In addition, in the results of the synthetic
data experiments for multiple scenes, the PR curve of AFPRD
is also the highest compared with other methods. Furthermore,
the experiment results using real SMOS data proves that the
proposed method surpass previous methods in the RFI detection
performance.
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