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Abstract: Ocean salinity is a pivotal aspect of the ocean dynamic environment. Spaceborne L-band
radiometers, like SMOS, Aquarius, and SMAP, offer a comprehensive approach to mapping out large-
scale ocean salinity patterns. As China prepares for the launch of the Chinese Ocean Salinity and Soil
Moisture Mission (COSM)), it is essential to delve into the intricacies of radio frequency interference
(RFI) detection, localization, and mitigation. The L-band, in particular, is highly susceptible to RFI.
COSM will carry not one but two advanced instruments: a 2-D L-band aperture synthesis microwave
radiometer (LASMR) and a 1-D L-C-K band microwave imager combined active and passive (MICAP).
This article delves into the current state of RFI research, particularly in recent years, and introduces
a fusion method that integrates MICAP and LASMR for more accurate RFI detection, localization,
and mitigation. This fusion method relies on an algorithm that constructs localization and intensity
objective functions based on the principle of least squares. By optimizing these functions, we can
pinpoint the precise location and intensity of RFL The resulting minimum mitigation residual offers a
blueprint for achieving optimal RFI detection, localization, and mitigation. The experimental results,
achieved in a controlled anechoic chamber, confirm that this fusion method—when weighted by
variance—boosts detection accuracy, refines localization precision, and minimizes residual mitigation
errors compared with standalone MICAP or LASMR techniques.

Keywords: one-dimensional synthetic aperture radiometer; two-dimensional synthetic aperture
radiometer; RFI detection; RFI localization; RFI mitigation; RFI fusion method

1. Introduction

Sea surface salinity (SSS), along with other ocean dynamic environment elements such
as sea surface height and temperature, are crucial elements of oceanographic research [1-3].
These elements play a pivotal role in the balance of ocean energy and global climate
change [1,4,5]. Therefore, ocean salinity observation has always been a significant aspect
of ocean remote sensing. The L-band spaceborne radiometer offers a means to measure
large-scale ocean salinity patterns using satellites such as SMOS, Aquarius, and SMAP. As
China gears up for the launch of its own Chinese Ocean Salinity and Soil Moisture Mission
(COSM), accurate detection, localization, and mitigation of radio frequency interference
(RFI) become paramount. The L-band, in particular, is highly prone to RFI interference. The
acquisition of high-quality ocean salinity products relies on the accurate reception of sea
surface L-band radiation by microwave radiometers. However, with increasing human ac-
tivities and the rapid development of wireless communication, RFI has become a significant
challenge. Post-launch analysis of SMOS data revealed significant RFI worldwide [4,6-9].
Aquarius and SMAP, operating in the same frequency band, face similar challenges [10,11].
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Therefore, effective RFI detection, localization, and mitigation are essential for accurate
ocean salinity data preprocessing and inversion.

To mitigate the impact of RFI and enhance the accuracy of ocean salinity inversions,
COSM is equipped with two payloads: the 2-D L-band aperture synthesis microwave ra-
diometer (LASMR) and the 1-D L-C-K band microwave imager combined active and passive
(MICAP). These payloads utilize synthetic aperture interferometric radiometers [12-14].
This article delves into the methods of RFI detection, localization, and mitigation using
a single radiometer payload [15]. Building upon this foundation, this article introduces
a fusion method that combines MICAP and LASMR for RFI detection, localization, and
mitigation. This approach aims to enhance the detection and localization accuracy of RFI
sources while minimizing mitigation residual.

The remaining sections of the article are listed as follows. Section 2 introduces the work
related to the RFI detection, localization, and mitigation of the single payload. Section 3
provides the foundation used in this study. Section 4 provides the experiment used in
this study. Section 5 describes the methodology used for the fusion method. Section 6 is
devoted to the presentation of the obtained results and to comparison and verification.
Finally, Section 7 presents the main conclusions of the study.

2. Related Work of the RFI Detection, Localization, and Mitigation of Single Payload

For the RFI detection, localization, and mitigation of the single payload of SAIR
(synthesis aperture interferometer radiometer), much research has been carried out based
on SMOS (a two-dimensional on-board SAIR), and a variety of feasible methods have been
proposed (which can also be extended to the one-dimensional single-payload synthetic
aperture radiometer system).

2.1. RFI Detection and Localization

After the successful launch of the SMOS satellite, researchers from the official SMOS
team developed an RFI geolocation method [16,17]. This method uses SMOS L1C data,
which consists of the brightness temperature measurement after geolocation. First, initial
data filtering is performed to select data from the ground (as most RFI sources are located
on land) and from regions close to the nadir point in the snapshot (as they have higher
spatial resolution). Second, grid points with unnatural horizontal brightness temperatures
(generally greater than 350 K) are searched for in the snapshot to locate RFI sources. At this
point, it is necessary to distinguish between regions with high brightness temperatures due
to RFI sources and those affected by side lobes of other RFI sources. Experience has shown
that the minimum size of a region with a high brightness temperature due to RFI sources is
determined by the spatial resolution of the instrument, while regions affected by side lobes
of other RFI sources are much smaller. Therefore, using this minimum size can filter out
regions with high brightness temperatures due to the side lobes of other RFI sources. The
remaining grid points are scanned and aggregations indicating the presence of RFI sources
are searched for. Aggregations are interpolated using three-point interpolation on a more
sparse grid, and then the ground coordinates of the interpolated peak are inverted. Finally,
this method is run on each snapshot in multiple L1C data products, and the positions
of all detections of the same RFI source are statistically averaged to improve positioning
accuracy. The results show that in most cases, the positioning accuracy of this method is
less than 4 km. Thanks to this method, more than 150 RFI sources have been successfully
shut down globally.

Castro et al. proposed an improved RFI detection and localization method [18]. This
method uses SMOS L1A data, i.e., the calibrated visibility. Considering the impact of
aliasing, this method only locates RFI sources that are in the aliasing-free field of view (AF-
FOV). First, the visibility of each snapshot is inverted to generate a brightness temperature
image, where each pixel with a brightness temperature exceeding the detection threshold
is considered to be the location of the RFI source. Its coordinates are projected from the
antenna plane to the Earth’s surface using the geolocation program of the L1-level prototype
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processor (L1PP), and the precise latitude and longitude coordinates of the RFI source are
extracted. Then, these coordinates are filled into a rectangular grid with a resolution of
[0.25 x 0.25]°, and statistical analysis is performed. Finally, using this grid as input, an RFI
source list is generated. This method uses L1A data, reducing the requirements for data
processing. At the same time, it relies on statistical analysis to reduce the false alarm rate.
Due to the impact of the SMOS swath width, the number of RFI sources detected in the
aliasing-free field is limited, which can be improved by using multi-orbit data or extending
the working area (such as by performing detection outside of the AF-FOV).

Yan Soldo et al. proposed an RFI geolocation method using SMOS L1B data [19], which
is the Fourier component of reconstructed brightness temperature. First, the entire hexagon
field of view region is inverted for each snapshot to generate a brightness temperature
image. Then, in this brightness temperature image, grid points with high brightness
temperatures and high brightness temperature gradients (the brightness temperature
gradient refers to the difference in brightness temperature between adjacent grid points)
are considered as RFI sources. For these two parameters, the method adopts adaptive

thresholds, which are set as follows: thgr = max (TBl"g”x,300), thy = max (TB;S“,lO),

where Tp 4y is the peak brightness temperature in the hexagon field of view. Starting
from the center of each point cluster, the Nelder-Mead optimization method is used to
identify the local peak of the brightness temperature. This optimization method iteratively
evaluates the Fourier component of reconstructed brightness temperature near the center of
the point cluster to find the location of the brightness temperature peak. The results provide
the coordinates of detected RFI sources. The researchers conducted a test experiment on a
subset of stations located along the remote early warning (DEW) line in northern Canada.
The results indicate that the positioning performance of this method is related to seasonal
variations and the positions of RFI sources within the field of view. There is a positioning
bias between ascending and descending channels. Since this method does not perform
RFI suppression, it can only detect RFI sources with similar intensities for each snapshot.
When there are two RFI sources with significantly different intensities, the stronger RFI
source will mask the weaker one, making it impossible to display the latter independently
in the brightness temperature image. This method considers the entire hexagon field of
view region to minimize false alarms.

To improve angular resolution and reduce sidelobes, Hyuk Park et al. proposed a
super-resolution localization method based on the estimation of the direction of arrival
(DOA). This method is based on the multiple signal classification (MUSIC) algorithm, a
subspace decomposition method that utilizes the orthogonality between the noise subspace
and the signal subspace in array signal processing. Since the MUSIC pseudo-spectrum
produces peaks in the direction of the signal sources, and the MUSIC method treats RFI
sources as signal sources while other signals are treated as background noise, it can utilize
the spectral peak locations to localize RFI sources. The experimental results demonstrated
that this method has high spatial resolution and can separate multiple close-range RFI
sources within a resolution cell, which is not possible with previous methods based on
abnormal peak detection in brightness temperature images. In the localization performance
of the MUSIC method [20], the Capon algorithm and the traditional DFT algorithm are
compared, demonstrating the superiority of the MUSIC method in terms of localization
accuracy and spatial resolution. To improve the localization accuracy, Hyuk Park et al. im-
proved the MUSIC method by incorporating rank estimation of the covariance matrix and
multi-snapshot processing [21], further enhancing the localization accuracy of this method.

Next, a series of improvements was made to the MUSIC algorithm, such as the
augmented covariance matrix method [22,23], a localization method based on compressed
sensing [24,25].

2.2. RFI Mitigation

The SMOS official team’s researchers developed an RFI suppression method based
on the solar impact elimination algorithm [26]. After geolocation, the intensity of the
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RFI source is estimated based on the original brightness temperature, average brightness
temperature of the scene, and the instrument’s point source response. It calculates the
visibility function of the RFI source and subtracts it from the measured visibility. This
method performs well in cases of low RFI source intensity and can suppress RFI sources
located within the non-aliased field AF-FOV. However, it cannot handle strong RFI sources
located in aliased areas. The suppression performance of this method relies heavily on
accurate estimates of the RFI source’s position and intensity. When the RFI source is
located in a non-uniform scene, inaccurate intensity estimation can introduce significant
errors. Additionally, changes in the intensity of the same RFI source can also affect the
suppression performance.

Yan Soldo et al. proposed an improved RFI suppression method [27,28]. First, they
observed the brightness temperature distribution and gradient in the differential brightness
temperature scene and defined clusters around local maxima. Since strong RFI sources
may mask weaker sources, after RFI correction, clusters must be iteratively defined with
gradually decreasing thresholds. Once clusters are identified, the method simulates RFI
sources distributively by simulating multiple RFI sources within a cluster to obtain a bright-
ness temperature distribution that closely matches the distribution pattern in the measured
data. This method is particularly effective for weak RFI sources, but performs less well
than expected for particularly strong sources and may even introduce additional errors.

A. Camps et al. proposed an RFI suppression method based on the CLEAN algo-
rithm [26]. This method is very effective at suppressing isolated RFI point sources, but it
has two issues. First, it cannot handle RFI extended sources because its premise assumes
that RFI sources consist of a collection of isolated point sources. Second, this method can
be viewed as a parameter estimation problem, so accurate estimation of parameters such
as the precise location and intensity of RFI sources is crucial for this method. However,
in non-uniform scenes, interactions between multiple RFI sources that are close together
within a resolution element can lead to parameter estimation errors and subsequently
degrade the performance and accuracy. To address the first issue, Fei. Hu et al. proposed
an improved method for RFI extended sources [29]. In essence, the ultimate goal of RFI
suppression is to minimize artifacts caused by RFI source side lobes. This method adds an
array factor to the brightness temperature image to construct a beam centered on the RFI
source location that approaches a Gaussian beam as closely as possible. The low side lobe
characteristic of the Gaussian beam reduces artifacts caused by the RFI source’s side lobes.
This method uses an iterative parameter estimation process similar to that of traditional
CLEAN methods. Since this method is based on SAIR’s array factor, it can only handle
RFI sources with constant intensity. Compared with traditional CLEAN methods, this
method performs better at suppressing RFI extended sources, but less well at suppressing
RFI point sources. To address the second issue, Xiaohui Peng et al. proposed an improved
method [30] for handling interactions between two or more closely spaced RFI sources. The
objective of this method is to minimize parameter estimation errors caused by interactions
between adjacent RFI sources. The principle behind this method is that most of the side
lobes of RFI sources that cause parameter estimation errors have already been reduced
in cleaned images. Therefore, if a previously detected RFI source is added back into the
cleaned image, a better estimate of its location and intensity can be obtained. Experimental
results based on SMOS data demonstrate that this method improves the suppression of
interactions between two isolated RFI point sources.

Next, a series of improvements was made to the CLEAN algorithm, such as the array
factor synthesis method [31-33], the RFI suppression method without prior information of
location and energy [15,34], and the adaptive fast iterative CLEAN algorithm [35].

2.3. Summary

It should be pointed out that, despite the large number of RFI processing algorithms
proposed, due to the inherent resolution and sensitivity limitations of SAIR, the RFI local-
ization results still have errors at the kilometer level, and the suppression results still have
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residuals of several to tens of Kelvin. Therefore, there is still much room for improvement
in performance. This article aims to further improve the performance of single-load RFI
localization and suppression algorithms by combining the algorithms to fully tap into the
potential of dual-load technology.

3. Foundation

In this section, the system configuration of a COSM system composed of two payloads
will be introduced.

3.1. Satellite and Payload Description

The design sketch of a COSM with two payloads is presented in Figure 1. The two
payloads are 2-D L-band aperture synthesis microwave radiometer (LASMR) and 1-D
L-C-K band microwave imager combined active and passive (MICAP).

Figure 1. Chinese ocean salinity and soil moisture mission (COSM).

The LASMR payload is an L-band (center frequency is 1.4 GHz), fully polarized
2-D aperture synthesis microwave radiometer, which features a moderate radiometric
resolution, high spatial resolution, and multiangle characteristics by which to observe
SSS [36]. These characteristics are benefits of the 2-D Y-shaped array structure; as shown
in Figure 2, LASMR is similar to SMOS’” MIRAS (microwave interferometric radiometer
with two-dimensional aperture synthesis) in terms of array type (they are both Y-shaped
arrays), but differs in terms of array orientation and the number of antenna elements. As
can be seen from Figure 2, the Y-shaped antenna array contains 56 feed elements which are
equally distributed across three arms. The three arms are labeled Arm-a, -b, and -c, with
an angular separation of 120°. Arm-a has 17 feed elements, and the other two arms have
18 feed elements; the remaining 3 elements are placed in the center and are treated as noise
injection units. The minimum spacing of each antenna element is 0.82 wavelength of the
L-band (0.82A1) [12].

MICAP is a suite of active and passive device packages which includes three inter-
ferometric radiometers (L-band: 1.4 GHz, C-band: 6.9 GHz, and K-band: 18.7 GHz) and
an L-band digital beamforming scatterometer sharing one parabolic cylinder reflector [37].
The antenna array structures are shown in Figure 3. The L-, C-, and K-band antenna feed
elements are arranged in a line, and the total length of the L-band array is about 3 m. The
scatterometer elements (green rectangles in Figure 3) are arranged below the radiometer
arrays. For the three radiometer arrays, the L-band array contains 10 elements (black
rectangles in Figure 3), and both the C- and K-band arrays have 12 elements (blue and red
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rectangles in Figure 3). The minimum antenna spacings are all set to 0.61 wavelength of the
corresponding wavelength (0.61 Ar, 0.61 Ac, and 0.61 Ak), which ensures the same swath
widths on the ground. As the interferometric radiometers with 1-D antenna arrays share
a reflector, MICAP only possesses its aperture synthesis feature in one direction (along
the x-axis in Figure 3, cross-track in-orbit), and another direction (along track) has a real
aperture feature decided by the reflector [12].
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Figure 2. LASMR's Y-shaped antenna array with the spacing of antenna elements normalized to the
wavelength of the L-band (AL), and the element numbers in each arm are labeled Ngym-a, Narm-b,

and Narm-c [12,13].
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Figure 3. MICAP’s L-, C-, and K-band antenna arrays arranged in a line, and the L-band scatterometer,
sharing a reflector [12,13].
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Table 1 lists some of the payload’s system parameters related to LASMR and MICAP,
which are used in the interferometric radiometer experiment and reconstruction of the
brightness temperature image.

Table 1. Part of payload’s main system parameters related to LASMR and MICAP [12].

Index LASMR MICAP
Frequency 1.4 GHz 1.4 GHz
Bandwidth 20 MHz 25 MHz

Antenna 2D, Y-shaped 1D array + reflector
Number of elements 56 12
Minimum spacing 0.82 0.61
Effective integral time (T,4) 09s/2.46 09s/1.51
Filter factor (Q2,) 1.7 1
Window function (ay) Blackman window, 0.45
Local oscillator Double sideband, 1
Receiver noise temperature 140 K 233 K
Instrument stability per month 012K 0.12K

The LASMR payload, which was manufactured by the China Academy of Space
Technology, Xi’an in China, is an L-band, fully polarized 2-D aperture synthesis microwave
radiometer. The MICAP payload, which was manufactured by National Space Science
Center/Center for Space Science and Applied Research, Chinese Academy of Sciences in
China, contains an L-band, fully polarized 1-D aperture synthesis microwave radiometer.
They have a common overlapping field of view (FOV), as shown in Figure 4. Therefore, for
this article, we chose the common overlapping field of view (FOV) L-band for RFI detection,
localization, and mitigation to fuse.

A

1 \ _~LASMR FOV

- overlapping FOV
7

MICAP FOV-—>] £ >

Figure 4. Field of view.

3.2. Theory of Interferometric Radiometer

The output of an interferometric radiometer instrument is a series of visibility function
samples, which are cross-correlations of the signals collected by two antennas [12-14]. In
the spatial-frequency domain, the visibility V; ; between the antenna pairs (i, j), where i # j,
is a complex function, as expressed in (1), which is related to Tp in the antenna coordinate
through Fourier transform [12,14,16].

1 Ts(¢, * PR 1
‘/i,j (1,[,1/) = J‘J\CZ_HFSl MFI (5117)13] (gfﬂ)'rl‘je j2m (IC'H/W)tdgdﬂ (1)

,/Qiﬂj \/1_62_772

where the baseline (u, v) is the distance between the ith and jth elements normalized to
the wavelength. Tp (G, 1) is the Bt of the observed scene; (C; 1) = (sinBcos@; sinf) sing) are
the direction cosines; F represents the antenna pattern for each array element; and F; (¢, #)
and F*; (¢, 7) are the conjugate pairs for the i th and j th elements. () represents the solid

angle of each element. The fringe-washing function 7 accounts for the spatial decorrelation

~ — (B (u-Eon)?
effect, and is approximated to r ~ el (0) (weon) ], where B is the bandwidth and f
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is the center frequency. The baselines for LASMR are 2-D vectors (u, v); regarding the
1-D interferometric radiometer of MICAP, the baselines are 1-D (v = 0), and (1) can be
rewritten by assuming # = 0. As can be seen from Figure 4, MICAP FOV is a brown
rectangular area, LASMR FOV is a white hexagonal area, and the overlapping FOV is a
yellow rectangular area.

As Figure 4 shows, the LASMR FOV was larger than that of MICAP. We selected the
RFI sources that fell within the overlapping FOVs for fusion processing. If the RFI source
was outside the overlapping FOVs, we utilized LASMR to process them individually.

4. Experiment Settings

In this section, the experimental settings of system configuration, input data, and
verification data are introduced, respectively.

4.1. System Configuration

An experimental study was conducted in the anechoic chamber. A top view of the
anechoic chamber experiment is shown in Figure 5. The anechoic chamber experiment
mainly included COSM, RFI source, and other ground equipment. The COSM FOV was
upward. The RFI source was located 10 m away from COSM and emitted RFI signals from
top to bottom. Other ground equipment mainly generated RFI sources and input them into
RFI antennas, and received and processed MICAP and LASMR data.

Arm_A
2.67Tm

Experimental side view Top view-10 meter high and satellice mapping relationship
Figure 5. Side view and top view of anechoic chamber experiment.

4.2. Input Data

In this scene, background environmental data came from the real non-RFI scene of
the anechoic chamber. The true scene dataset was obtained by adding various RFI source
distributions to the background environmental data. The true RFI distance between two RFI
sources was constant. The true RFI localizations were RFI_¢_position = [¢1, §2] = [0.1, —0.15],
RFI_#_position = [#1, #12] = [0, 0]. The frequency point of RFI-1 was 1410 MHz. The frequency
point of RFI-2 was 1420 MHz. The RFI sources were as follows: A: weak source, 450 K; B:
moderate source, 1200 K; C: strong source, and 5500 K; D: extremely strong source, 10,000 K.
The intensity distribution of the RFI sources is shown in Table 2.

(1) The background environmental data and field of view of MICAP were obtained
through the anechoic chamber experiment of COSM.

(2) The background environmental data and field of view of LASMR were obtained
through the anechoic chamber experiment of COSM.
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(3) Four categories of RFI sources (weak, moderate, strong, and extremely strong) in
different combinations were added to the background environment using 1-D (MICAP),
2-D (LASMR), and data fusion of 1-D and 2-D. All kinds of detection, localization, and
mitigation methods were performed in the experiment environment.

Table 2. Anechoic chamber experiment settings.

Number RFI-1 Intensity RFI-2 Intensity
1. A (450 K) A (450 K)
2. A (450 K) B (1200 K)
3. A (450 K) C (5500 K)
4. A (450 K) D (10,000 K)
5. B (1200 K) B (1200 K)
6. B (1200 K) C (5500 K)
7. B (1200 K) D (10,000 K)
8. C (5500 K) C (5500 K)
9. C (5500 K) D (10,000 K)

10. D (10,000 K) D (10,000 K)

4.3. Verification Data

The RFI true data included localization and intensity, which were used to assess the
RFI localization accuracy and the intensity determination accuracy. The data obtained from
the anechoic chamber without RFI were used to assess the mitigated residual error.

5. Method

In this section, the overview of the method, the least squares criterion used, and
performance evaluation indicators are introduced, respectively, and based on this, the steps
of the fusion method and verification process are summarized.

5.1. Fusion Method Overview

This article proposes a fusion method of RFI detection, localization, and mitigation
by combining MICAP and LASMR. Figure 4 shows that the fields of view of MICAP and
LASMR are different; RFI may be located in different fields of view. This article focuses on
the overlapping FOV of MICAP and LASMR.

Thus, the fusion method takes the following aspects into consideration.

1. Considering that the along-orbit direction (7 dimension) of MICAP is a real aperture
system, the across-orbit direction (§ dimension) is a synthetic aperture system, which has
a higher spatial resolution compared with a real aperture system [12]. LASMR adopts a
synthetic aperture system in both the along- and across-orbit directions, with high spatial
resolution. The fusion method of RFI detection, localization, and mitigation by combining
MICAP and LASMR should construct different objective functions in the along-orbit and
across-orbit directions.

2. Considering that the FOV of MICAP and the FOV of LASMR are different, the
visibility and the brightness temperature are different; MICAP and LASMR should singly
evaluate the mitigating residual performance.

Section 5.1 analyzes how to construct the fusion object function based on the weighted
lease square criterion in the along-orbit direction and the across-orbit direction. Section 5.2
proposes the fusion performance evaluation method. Section 5.3 proposes steps to imple-
ment the fusion method and verification process.

5.2. Fusion Method Based on Weighted Least Square Principle

The fusion method was constructed based on the weighted least square principle
in statistics. Its basic idea is to use the error between measured data and true data as a
constraint condition, and to solve the optimal estimation value that minimizes the error by
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constructing a weighted least square problem, thereby obtaining a more accurate estimation
of the true value.

In this process, observation data of good data quality are given higher weight, while
data of poor quality are given lower weights to ensure the accuracy and reliability of the
fusion results. In the experiment, the weight factor is represented by the measurement
data variance. If the variance is small, it proves that the measurement data are stable and
the measurement data quality is good, in which case a larger weight factor will be given;
otherwise, a smaller weight factor will be given.

The localization of RFI source ¢ dimension was estimated, and the objective function
was as follows:

n (Th—T n Tkl.—Tz
! (T)‘E(:f(f{f)) +§<§<T§>> @

The parameter corresponding to the minimum value in the above equation ¢ was
located in the optimal estimate localization opt, é’l‘i, 512(1 represents the Y-shaped arrays
and one-dimensional array pairs of RFI source localization ¢ measurement data, o (&F)
represents the Y-shaped array variance in the measurement data, o (&) indicates the one-
dimensional array variance in the measurement data, and 7 is the number of data points.

By observing the objective function, it could be concluded that it was a univariate
quadratic polynomial with the minimum value taken at the axis of symmetry, so the
analytical solution of the parameter ¢,p;, obtained as follows, was:

)

The intensity T of the RFI source was estimated, and the objective function was

as follows: ) )
th-1) u (T5-7)

n _ 4
i=1 ‘T(T{() i=1 ‘T(Tf) @

The parameter corresponding to the minimum value in the above equation T was
located in the optimal estimate intensity Topt; T{‘i Té‘i are the measurement data of the
RFI source intensity for Y-shaped and one-dimensional arrays, respectively; o (T¥) is the
variance in RFI intensity measurement data between Y-shaped arrays; o (T§) is the variance
in RFI intensity measurement data between one-dimensional arrays; and 7 is the number
of data points.

The analytical solution for parameter Ty, obtained as follows, was:

Tk Tk
?1{ w4 }

o (Tf) o (1)
Topt == 7 1+ n 2 (5)
o (T T e (T

Because one-dimensional arrays can only perform ¢ dimension synthetic aperture
measurements, when 7 was estimated, only the Y-shaped arrays’ measurement data were
available, and the objective function was as follows:

n (9F— ?
f(17)=2(17117>

L ©

The parameter corresponding to the minimum value in the above equation # was
located in the optimal estimate localization 77opt; 17’1‘1- represents # measurement data of the
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Y-shaped arrays; o (#¥) is the Y-shaped arrays’ variance in the measurement data; and # is
the number of data points.
The analytical solution for parameter 7,pt, obtained as follows, was:

i
=1 | o (79
Hopt = —5—— (7)
o (79)

By substituting the corresponding measurement data and obtaining the parameters
corresponding to minimizing the objective function, a more accurate estimation of the
localization and intensity of the RFI source after fusion could be obtained.

5.3. Fusion Method Performance Evaluation

The localization performance was determined by the localization error index of RFI.
Because the true localization of RFI was known, the root mean square error between the
localization before and after data fusion and the true localization was used as a performance
index to quantitatively describe the quality of the fusion result. The root mean square error
calculation formula was as follows:

~ 2
P_RMSE = M 8)

where N represents the total number of data points, X; represents the localization detected
by the i-th snapshot, and x represents the true localization of the RFI.

The intensity determination performance was determined using the intensity error
index of RFI. Because the true intensity of RFI was known, the root mean square error
between the intensity before and after data fusion and the true intensity was used as a
performance index to quantitatively describe the quality of the fusion result. The root mean
square error calculation formula was as follows:

~ 2
N (Tl- — T)
T _RMSE = N )

where N represents the total amount of measurement data, T; represents the RFI intensity
detected by the i-th snapshot, and T represents the true RFI intensity.

The mitigation residual performance was determined using the brightness temperature
difference between the mitigated RFI and that without RFI added.

RE=F (Vmitigated - Vmw) (10)

where Vyyjtigateq Tepresents the visibility after mitigating RFI, Vy4 represents raw visibility
without RFI added, and F(-) represents inversion.

5.4. Fusion Method Steps and Verification Process

Figure 6 shows the steps of the fusion method.

By using the weighted least square to fuse the localization and intensity determination
results of the one-dimensional linear arrays and two-dimensional Y-shaped arrays, the
accuracies of RFI source localization and intensity determination were further improved.
The specific fusion steps were as follows.
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Figure 6. Steps and verification process of the fusion method.

(1) Different single-snapshot data, including the localization and intensity of the RFI
source, were obtained by using the detection and localization method of two-dimensional Y-
shaped arrays. The i-th set of data from the k-th RFI source was (&£, #X.), similarly obtaining
multiple sets of constant intensity results, where the i-th set of data from the k-th RFI source
was TF.

(2) Different single-snapshot data, including the localization and intensity of the RFI
source, were obtained by using the detection and localization method of one-dimensional
arrays. The i-th set of data from the k-th RFI source was é’Z‘i; similarly, multiple sets of
constant intensity results were obtained, where the i-th set of data from the k-th RFI source
was T.

(3) According to Equations (2)—(7), the localization and intensity determination results
of the fusion method were obtained by using datasets (1) and (2). The optimal estimate
localization and intensity determination results of the fusion method were also obtained.

(4) According to Equations (8)—(10), the RFI source localization and intensity estimation
results after data fusion were directly used for RFI mitigation. The mitigation residual
was obtained by subtracting the brightness temperature image after mitigation RFI from
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the ideal background brightness temperature image. The mitigation residual of the fusion
method was significantly reduced compared with the mitigation residual obtained by using
MICAP and LASMR separately.

6. Results and Analysis

In this section, the experimental results under various conditions and the comparative
experimental analysis are introduced, respectively.

6.1. Results

The results before and after the mitigation of case AA (450 K, 450 K) are shown in
Figure 7, where “1-D array background BT image “ represents the brightness temperature
distribution of MICAP under the background of the anechoic chamber. The “1-D array
BT image of scene” represents the addition of RFI-1 and RFI-2 into the background of
the anechoic chamber experiment. The “RFI mitigated TB image” represents using the
step-by-step RFI detection and the step-by-step RFI localization methods [38—42] of RFI-1
and RFI-2 in the background of a anechoic chamber experiment, and using the CLEAN [19]
method to mitigate RFI-1 and RFI-2. All other cases in this article used the same detection,
localization, and mitigation method. The “Residual error image” represents the mitigation
residual results of the scenario containing RFI and the scenario after RFI mitigation.

1-0 array background BT image 1-D array BT image of scene
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Figure 7. Localization and mitigation effects of AA-distributed 1-D synthetic aperture background
BT image, image of scene, RFI-mitigated TB image, and residual error image of MICAP for case AA.

The same RFI detection, localization, and mitigation method obtained an analysis of
the pre- and post-mitigation results of the two-dimensional synthetic aperture radiometer,
as shown in Figure 8.
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Figure 8. Detection, localization, and mitigation effects of AA-distributed 2-D synthetic aperture
background BT image, image of scene, RFI-mitigated TB image, and residual error image of LASMR

for case AA.

The fusion method for MICAP and LASMR described in Chapter 5 was used to analyze
the results before and after using the fusion method, as shown in Figure 9.

: FFImitigated TB images({Using data fusion results)

~ o

RFl mitigated TB images(Using data fusion results)

|
i
0 [ ANAANA] ,.|||

Residual error image({Using data fusion results)

\

R
MM s—rerenmind
Y / e -

L

£

Residual error image(Using data fusion results)

Figure 9. Detection, localization, and mitigation effects of AA-distributed fusion method, RFI-
mitigated TB image, and residual error image of MICAP for case AA. RFI-mitigated TB image and
residual error image of LASMR for case AA.

The single one-dimensional synthetic aperture radiometer (MICAP) and two-dimen-
sional synthetic aperture radiometer (LASMR) RFI detection, localization, and mitigation
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method, as well as the various localization information on RFI obtained using the fusion
method, are shown in Figure 10.

10° RFI-1 localization

45 % -4 RFI-2 localization
<10
6
0 true value
4 1D resalt * 1 true value
N, 1-D result
2-D result
+  fusion results 5
35 1 +  fusion results
3 4
25
E 3
2
1.5 2
]
4
05

ol— . . 2L = ol—e- L . . L o s
0.0996 0.09965 0.0997 0.09975 0.0998 0.09985 0.0999 0.09995 0.1 -0.1514 -0.1512 -0.151 -0.1508 -0.1506 -0.1504 -0.1502 -0.15 -0.1498 -0.1496

Figure 10. Localization results of AA-distributed true value, 1-D result, 2-D result, and fusion result.

By processing through fusion methods, the location became more accurate, and the
residual error was further reduced after mitigation. For example, the peak residual error
before fusion for one-dimensional array fusion was 35 K, and the peak residual error after
fusion was reduced to 13 K.

6.2. Comparison and Verification

According to the different energy distributions of RFI, MICAP, LASMR, and fusion
methods were used to carry out RFI detection, RFI localization, and RFI suppression. The ¢
and 7 dimension true location and detection error of RFI, the true intensity and detection
error of RFI, and the suppression residual of RFI are shown in Table 3.

Table 3. Detection, localization, and mitigation results under different experiment conditions.

Num- Intensity Residual

ber RFI-1  RFI-2 4 ¢-Error Ll n-Error Intensity (K) Error (K) Error (K) Method
True
[0.1, —0.15] 0 [0, 0] 0 [450, 450] 0 0 value
B [5.2528 x 1075, [442.9808, [7.0192, }
[0.0999, ~01512] 1.1749 x 10~2] [0, 0] 0 428.2634] 21.7366] 6.0813 1-D
_ [0, [0,
1 A A B [3.6268 x 1074, [451.8538, [1.8538, ;
[0.099, —0.1498] 5606 « 10-4] 5'%‘5’]X 5‘(1)(7)‘f§]x 472.7692] 22.7692] 0.8460 D
[4.0596 x [4.0596 x 1-D and
00999, —0.1499)] [3.7148 x 1075, 1075, 1075, [449.3511, [0.6489, [1.9754, 2_]"‘3
R 55241 x 1079] 43133 x 4.3133 x 470.1507] 20.1507] 0.7648] .
—4 —4
104 104 fusion
True
[0.1, —0.15] 0 [0, 0] 0 [450, 1200] 0 0 value
B [1.1439 x 1074, [448.2988, [1.7012, }
[0-1001, ~0-1505] 44619 x 1074] [0, 0] 0 1.1846 x 10°] 15.4470] 4.7697 1D
_ [0, [0,
5 A B B [1.0896 x 1074, [451.6264, [1.6264, ;
[0.0999, —0.1498] 2.2606 x 1074] 21'33,2 x Z-ngEJX 1.2255 x 10°] 25.5020] 0.6152 D
[1.0149 x [1.0149 x 1-D and
00999, —0.1503] [6.5222 x 1075, 1075, 1075, [448.0629, [1.9371, [2.9739, 2_%
R 3.1690 x 1074] 2.0298 x 2.0298 x 1.1996 x 10°] 0.4432] 0.5748] fosi
107°] 105] usion
True
[0.1, —0.15] 0 [0, 0] 0 [450, 5500] 0 0 value
B [6.8681 x 1075, [447.0948, [2.9052, }
[0.0999, —0.1500] 9.0817 x 1075] [0, 0] 0 5.4835 x 10%] 16.5090] 4.5906 1D
3 A C [3.6268 x 1074, [454.0960, [4.0960,
[0.0996, 015001 3 7665 10-5] [0, 0] 0 5.5246 x 10°] 24.6294] 0.6842 D
_ [0, [0, 1-D and
B [1.1079 x 1075, [447.9541, [2.0458, [1.4410, g
[0.0999, —0.1500] 5 7ees' q-s] 29372 x 2.5372 x 5.4984 x 10°] 1.5607] 0.2979] 2D
107°] 107°] fusion
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Table 3. Cont.
Num- . Intensit Residual
ber RFI-1  RFI-2 4 ¢-Error Vi n-Error Intensity (K) Error (K}; Error (K) Method
[0.1, —0.15] 0 [0, 0] 0 [450, 10,000] 0 0 True
value
3 [1.3880 x 1075, [446.2804, [3.7196, }
[0-1000, 015001 53156 10-5] [0, 0] 0 9.9833 x 10°] 16.5090] 48671 1D
4, A D 3 [1.4477 x 104, [459.9269, [9.9269,
01001, =015001 5 7665  10-5] [0, 0] 0 1.0026 x 104] 25.8676] 0.7757 D
5 [0, 1-D and
3 [1.3698 x 105 [0, [447.9229, [2.0771, [1.4410, g
[0.0999, —0.1500] 57663 10-5] 558199 5.5819 x 9.9907 x 10°] 9.2813] 0.5119] 2D
1077] fusion
[0.1, —0.15] 0 [0, 0] 0 [1200, 1200] 0 0 True
value
- [8.8616 x 1074, [1.1351 x 103, [64.9144, i
01009, —015001 7 £459  10-5] [0, 0] 0 1.1947 x 10°] 5.3119] 12.1854 1D
[—2.5372 x [2.5372 x
_ [1.0896 x 10~4, 1074, 1074, [1.1979 x 10, [2.0740, :
5 B B 00999, 014981 55606 x 1074 5.0745 x 5.0745 x 1.2582 x 10°] 58.1646] 21379 D
1074 1074]
[—3.5521 x [3.5521 x 1D and
(01002, —0.1500] [1.0596 x 1074, 1075, 1075, [1.1937 x 10, [2.0740, [7.3098, 2D
A0S, 1.8291 x 1079] 5.0745 x 5.0745 x 1.2492 x 10°] 49.2069] 2.0825] ;
10-4] 10-4] fusion
[0.1, —0.15] 0 [0, 0] 0 [1200, 5500] 0 0 Irue
value
3 [1.3880 x 1073, [1.1894 x 103, [10.6152, i
01000, 015021 5 3645 10-4] [0, 0] 0 5.4422 % 10°] 57.8065] 122051 1D
6. B C 3 [1.4470 x 104, [1.2054 x 103, [5.4376,
0-1001, =0.15001 5 76’ 10-5] 10,01 0 5.5647 x 10°] 64.6948] 1.6182 2D
01000, 01500  [LO375x 10°%, [’51'82115 x [5'%‘}45 x [1.1945 x 10%, [5.5120, [4.0999, 1']23_]%“1
A 2.7663 x 10~5] ’ ’ 54722 x 10°] 27.8484] 0.9106] :
0] 0] fusion
[0.1, —0.15] 0 [0, 0] 0 [1200, 10,000] 0 0 True
value
3 [3.9964 x 103, [1.1935 x 103, [6.4887, }
[0-1000, 015011 39415 10-4] [0, 0] 0 9.9422 x 10°] 57.7842] 12.0188 1-D
7. B D [1.4470 x 104, [1.1972 x 103, [2.7948,
[0-1001, =015001 5 7663  10-5] (0,01 0 1.0060 x 104] 60.3195] 1.5442 D
- [0, [0, 3 1-D and
3 [2.2944 x 1075, [1.1931 x 103, [2.6948, [4.0315, g
0-1000, =0.15001 5 7¢es" s 10-5] 25372 x 25372 9.9762 x 10°] 23.8132] 0.8735] 2D
107°] 107°] fusion
[0.1, —0.15] 0 [0, 0] 0 [5500, 5500] 0 0 True
value
3 [9.1128 x 10~%, [5.2013 x 103, [298.7401, )
[0.1009, ~0.1500] 5 5 s [0,0] 0 5.4618 x 10°] 38.2244] 56.5578 1-D
[-2.5372 x [2.5372 x
_ [1.4470 x 1074, 1074, 1074, [5.4863 x 103, [13.6773, :
8. c c (01001, 015001 5 7663 10-5]  5.0745 x 5.0745 x 5.7588 x 10°] 258.8316] 9.2858 D
1074 1074]
[—1.6238 x [1.6238 x 1D and
01001, —0.1500] [1.4470 x 1074, 1075, 1075, [5.3872 x 10, [13.6773, [27.2677, 2D
AO0L =0 2.7663 x 107] 5.3790 x 53790 x 5.6454 x 10°] 145.3620] 8.9380] fosi
1074] 1074] usion
[0.1, —0.15] 0 [0, 0] 0 [5500, 10,000] 0 0 True
value
3 [2.7401 x 1073, [5.4576 x 10°, [42.3698, i
00999, 015051 907 » 10-4] [0, 0] 0 9.7254 x 10°] 274.5951] 54.9054 1D
[—2.5372 x [2.5372 x
_ [1.4470 x 1074, 1074, 1074, [5.4886 x 10°, [11.3719, :
o ¢ D [0-1001, 015001 5 7663 10-5]  2.5372'x 25372 x 1.0247 x 10'] 247.3988] 8.5998 D
1074 1074]
[—1.0656 x [1.0656 x 1D and
01001, —0.1500] [1.4470 x 1074, 1074, 1074, [5.4826 x 103, [11.3719, [12.5556, 2D
UL R 27663 x 10~5] 25372 x 25372 x 1.0071 x 104] 71.2938] 6.2873] (o
1074] 1074] usion
[0.1, —0.15] 0 [0, 0] 0 [10,000, 10,000] 0 0 True
value
B [9.1128 x 1074, [9.4527 x 103, [547.2665, i
01009, —015001 7 497 10-5] [0, 0] 0 9.9336 x 10°] 66.4243] 549054 1D
[—2.5372 [2.5372 x
3 [1.4470 x 10~*, 1074, 1074, [9.9769 x 10%, [23.1413, :
10. D D 01001, 015001 5 7663« 10-5]  5.0745 x 5.0745 x 1.0473 x 10%] 472.8677] 17.0032 D
1074 1074
[—2.3343 x [2.3343 x 1D and
01001, —0.1500] [1.4470 x 1074, 1074, 1074, [9.7270 x 10, [23.1413, [12.5556, 2D
UL 27663 x 10~°] 55312 x 55312 x 1.0159 x 104] 159.4105] 16.4704] ;
10-4] 10-4] fusion
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The localization (true value ¢ = 0.1) result errors of one-dimensional synthetic aper-
ture radiometer, two-dimensional synthetic aperture radiometer, and the fusion method
proposed in this article, obtained using the step-by-step localization method, are shown
in Figure 11. The fusion method had improved localization accuracy compared with one-
dimensional synthetic aperture radiometer. When weak sources existed, the fusion method
improved the localization error compared with the two-dimensional synthetic aperture
radiometer. When two moderate sources existed, the fusion method reduced the localiza-
tion error compared with the two-dimensional synthetic aperture radiometer. When strong
sources and extremely strong sources existed, the fusion method reduced less significant
localization errors compared with the two-dimensional synthetic aperture radiometer.

1l l] | II

B 7 8
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m One-dimensional 7x10

localization result error 610
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Two-dimensional 4x10
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localization result error 3104
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localization result

0

error(this article)

Figure 11. Localization result errors of the three methods.

The determined RFI-1 intensity accuracy errors of the one-dimensional synthetic aper-
ture radiometer, the two-dimensional synthetic aperture radiometer, and the fusion method
proposed in this article are shown in Figure 12. The fusion intensity determination error was
significantly reduced compared with the one-dimensional synthetic aperture radiometer.
When strong sources and extremely strong sources existed, the fusion intensity determina-
tion error increased compared with the two-dimensional synthetic aperture radiometer.

Through the above 10 sets of the RFI experiment, it can be concluded that the mini-
mum RFI mitigation residual range after the fusion of a one-dimensional synthetic aperture
radiometer was 1.441 K, and the maximum value was 27.2677 K. The minimum RFI mitiga-
tion residual range before fusion of the one-dimensional synthetic aperture radiometer was
4.5906 K, and the maximum value was 56.5578 K, mainly affected by the energy distribution
of RFI sources. For example, when weak sources and strong sources were distributed simul-
taneously, the mitigation residual of RFI was small, and when strong sources or extremely
strong sources were distributed simultaneously, the mitigation residual of RFI was large, as
shown in Figure 13.
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Figure 12. Detection intensity errors of three methods.
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Figure 13. Comparative analyses of mitigation residuals before and after fusion of one-dimensional
synthetic aperture radiometer.

Through the analysis of the above 10 sets of RFI experiments, it can be concluded
that the minimum RFI mitigation residual range after the fusion of the two-dimensional
synthetic aperture radiometer was 0.5119 K, and the maximum value was 16.4704 K. The
minimum RFI mitigation residual range before the fusion of the two-dimensional synthetic
aperture radiometer was 0.6152 K, and the maximum value was 17.00328 K, mainly affected
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by the energy distribution of RFI sources. For example, when weak sources and strong
sources were distributed simultaneously, the mitigation residual of RFI was small, and
when strong sources or extremely strong sources were distributed simultaneously; the
mitigation residual of RFI was large, as shown in Figure 14.

18

mitigation residuals (K)

B Two-dimensional mitigation residual
4

B Two-dimensional mitigation residual 2 -

after fusion method(this article) . L L
o [l mm E. Hw
1 2 3 4 5 6 7 8 9 10

Number of experiments

Figure 14. Comparative analyses of mitigation residuals before and after fusion of two-dimensional
synthetic aperture radiometer.

7. Conclusions

When two weak sources are combined, the fusion method improves the RFI local-
ization accuracy and detection intensity accuracy, and reduces the mitigation residual
errors. However, at this time, due to the significant influence of background noise on the
one-dimensional arrays, the step-by-step RFI detection sequence changed, resulting in a
larger detection intensity variance, and the fusion method detection intensity results tended
to be biased towards the two-dimensional arrays’ results.

When combining weak sources and moderate sources, the fusion method improved
RFI localization accuracy and detection intensity accuracy, and decreases mitigation resid-
ual errors. When a weak source was combined with a strong or extremely strong source,
the RFI localization accuracy of the strong or extremely strong source processed by the
fusion method was determined by the localization accuracy of the two-dimensional arrays.
The localization accuracy of the weak source increased, the detection intensity accuracies
of the two sources improved, and the mitigation residual error decreased. Due to the small
influence of background noise on the two-dimensional arrays, the localization variance of
the strong or extremely strong source was minimal.

When there were strong and extremely strong sources, the variance in the two-
dimensional arrays’ localization dataset was minimal. The fusion localization results of this
source were basically determined by the localization results of the two-dimensional arrays,
but this does not mean that the mitigation residual error of the two-dimensional arrays was
minimal. It can only indicate that background noise had little impact on the localization of
the two-dimensional arrays at this time, resulting in almost identical localization results for
each snapshot.

When two moderate-intensity sources were combined, as is similar to the case of weak
sources, the detection intensity results of the fusion method tended to be biased towards the
two-dimensional arrays’ results. The localization accuracy of the one-dimensional method
improved and the localization accuracy of the two-dimensional method decreased, resulting
in a smaller mitigation residual error. When a medium intensity source was combined with
a strong or extremely strong source, similarly to a weak source, the localization accuracy of
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the strong source or extremely strong source processed by the fusion was determined by
the localization accuracy of the two-dimensional arrays. The method localization accuracy
of the moderate source increased, and the detection intensity accuracy of the two sources
increased while the mitigation residual error decreased.

When two strong sources, two extremely strong sources, or a combination of strong
sources and extremely strong sources were used, the localization accuracy of the fusion
method was determined by the localization accuracy of the two-dimensional arrays. The
detection intensity accuracy of the one-dimensional arrays was decreased. The detection
intensity accuracy of the two-dimensional arrays was increased. The mitigation residual
error was decreased.

In summary, the mitigation residual error of the fusion method can be reduced.

However, the fusion method using the least square criterion also has problems
and shortcomings. The fusion method using the variance in one-dimensional and two-
dimensional measurement data as their weights is not applicable. For example, when
locating strong sources or extremely strong sources, if the influence of background noise
can be ignored at this time, resulting in minimal variance in the localization results, then
the fusion method can be dominated by the set of data. When two sources with the same
intensity are combined, the order of step-by-step RFI detection changes under the influence
of noise, resulting in a significant difference in the detection intensity of the same payload
on the same RFI source. Continuing to use variance as the data fusion weight would then
cause the fusion results to deteriorate.

In the future, some research and applications will be focused on the following areas.
According to the characteristics of each snapshot, each data point in the dataset should
be more appropriately weight to improve the accuracy and stability of the weighted
fusion results. We should choose more suitable data fusion algorithms to improve the
localization and intensity accuracies of fusion results. Developing new algorithms for
different scenarios may require different data fusion methods. Suitable data fusion methods
can be selected based on actual scenarios to improve the localization and intensity accuracies
of the fusion results.

The method proposed in this article has been validated through real experiments in an
anechoic chamber, and can be applied in orbit after the launch of the salinity satellite. Due
to the ideal experimental environment described in this article, there will be complex envi-
ronments such as ocean, land, and sea land in the future in orbit, and various parameters
of the algorithm need to be modified and improved.
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