& emote sensing

Article

A Time-Domain Simulation System of MICAP L-Band
Radiometer for Pre-Launch RFI Processing Study

Tianshu Guo 12, Xi Guo %, Cheng Zhang ?, Donghao Han 2, Lijie Niu 2, Hao Liu %>* and Ji Wu 2

check for

updates
Citation: Guo, T.; Guo, X;; Zhang, C.;
Han, D.; Niu, L.; Liu, H.; Wu, J. A
Time-Domain Simulation System of
MICAP L-Band Radiometer for
Pre-Launch RFI Processing Study.
Remote Sens. 2021, 13, 3230. https://
doi.org/10.3390/rs13163230

Academic Editors: Isaac Ramos

and Adriano Camps

Received: 3 July 2021
Accepted: 11 August 2021
Published: 14 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

The School of Electronic, Electrical and Communication Engineering,

University of Chinese Academy of Sciences, Beijing 100049, China; guotianshul6@mails.ucas.edu.cn (T.G.);
xi_guo@hotmail.com (X.G.)

The Key Laboratory of Microwave Remote Sensing, National Space Science Center,

Chinese Academy of Sciences, Beijing 100190, China; zhangcheng@mirslab.cn (C.Z.);
handonghao@mirslab.cn (D.H.); liulijie@mirslab.cn (L.N.); wuji@nssc.ac.cn (J.W.)

Correspondence: liuhao@mirslab.cn

Abstract: Microwave Imager Combined Active and Passive (MICAP), which is a package of active
and passive microwave instruments including L/C/K-band radiometers and L-band scatterom-
eter, has been approved to be taken onbord the Chinese Ocean Salinity Mission. The L-band
one-dimensional synthetic aperture radiometer (L-Rad) is the key part of MICAP to measure sea
surface salinity (SSS). Since radio frequency interference (RFI) is reported as a serious threat to L-band
radiometry, the RFI detection and mitigation techniques must be carefully designed before launch.
However, these techniques need to be developed based on the knowledge of how RFI affects complex
correlation, visibility function, and reconstructed brightness temperature. This paper presents a
time-domain signal modeling method for the simulation of interferometric measurement under
RFI’s presences, and a simulation system for L-Rad is established accordingly. Several RFI cases
are simulated with different RFI types, parameters, and positions; and the RFI characteristics upon
L-Rad’s measurement are discussed. The proposed simulation system will be further dedicated to
the design of RFI processing strategy onboard MICAP.

Keywords: microwave radiometry; synthetic aperture radiometer; time-domain signal modeling;
radio frequency interference (RFI); microwave imager combined active and passive (MICAP)

1. Introduction

Sea surface salinity (SSS) plays an important role in energy exchange between the
ocean and atmosphere. SSS is also a key parameter for tracking the global water cycle and
global climate change. It is theoretically feasible to measure SSS by L-band (1.4-1.427 GHz)
radiometry, because it features a sufficient sensitivity of radiometric measurements to the
change of salinity in oceans [1,2]. Until recently, three satellite missions have been launched
to measure SSS, including SMOS [3], Aquarius/SAC-D [4], and SMAP [5]. The Microwave
Imager Combined Active and Passive (MICAP) [6,7] is one of the primary payloads of
Chinese Ocean Salinity Mission. It has the capability of L/C/K multi-band passive and
L-band active measurements, and can simultaneously retrieve sea surface salinity (SSS),
sea surface temperature (SST), and wind speed (WS).

Radio frequency interference (RFI) signals are unwanted electromagnetic emissions
that degrade the performance of a receiver, which generally introduces an offset in the
reconstructed brightness temperature and thus, hampering the retrieval of geophysical
parameters. As the electromagnetic spectrum becomes increasingly crowded, X-band [8],
C-band [9], and K-band [10] space-borne passive microwave remote sensors have been
reported to be affected by RFI. L-band instruments are especially sensitive to RFI, as issued
by SMOS [11,12], SMAP [13,14], and Aquarius [15]. It can be foreseen that MICAP will
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encounter RFI contaminations unavoidably, and it is imperative to design RFI detection
and mitigation strategy for the radiometers of MICAP.

SMOS does not utilize any dedicated hardware to detect and mitigate RFI in orbit.
Many on-ground processing methods have been developed for the RFI detection and
mitigation, including the DOA estimation method [16,17], the subspace method [18],
the visibility-domain method [19], and so on, to detect and mitigate RFI. An important
feature of the Aquarius approach to RFI processing strategy is rapid sampling [20]. The
fundamental sample period of Aquarius is 10 ms, far less than the Nyquist rate (more
than 5 s). Thus, many samples can be obtained in the time it takes for the radiometer to
move one-half the width of its along-track footprint. Moreover, an on-ground time-domain
RFI detection and mitigation method [21] is adopted by Aquarius. SMAP is the first
mission to include a complex digital backend in spaceborn microwave radiometer system,
which enables additional RFI detection and mitigation capabilities in spectral and statistical
domain, together with on-ground processing [22,23]. CubeRRT [24] has the capability of
real-time on-board detection and mitigation of RFI. CubeRRT adopts spectral and statistical
domain methods similar to SMAP [25]. Most of the existing studies on RFI detection and
mitigation aim on real aperture radiometers [26]. Only a few works target on synthetic
aperture radiometes [27].

The L-band radiometer of MICAP is a one-dimensional synthetic aperture radiometer
(L-Rad). L-Rad plans to process RFI with the time-domain, frequency-domain, and space-
domain methods. To avoid the full-band data products with long integration time being
contaminated by RFI, the rapid sampling using a 10-ms integration time and the spectral
filtering dividing full-band into thirteen sub-band (2-MHz bandwidth) are employed by
L-Rad. After removing those rapidly sampled sub-band samples identified as RFI, the
remaining samples are averaged to build data products. However, due to the conflict
between the huge transmission data volume and the limited downlink bandwidth, it is
impossible to transmit all rapidly sampled sub-band data products to the ground. Thus, it
is essential to develop in-orbit RFI processing strategy. For instance, the data anomaly that
larger than three units of sensitivity (either at correlation level, or brightness temperature
level) is marked as RFI contamination. Those labeled data is discarded after multi-domain
decision, and the potentially remained RFI is left for the on-ground processing. RFI
detection and mitigation are especially difficult for the synthetic aperture radiometers.
Since the 3-dB beamwidth of each element antenna must cover the alias-free field of view
(AF-FOV), the RFI sources are more likely to be captured by the antennas. This feature
generally results in a lower antenna gain, making it difficult to detect RFI in temporal
domain [26]. In addition, the complex correlation measured by the synthetic aperture
radiometer is usually realized by calculating the cross power of low-resolution quantized
baseband IQ sampled signals, which reduces the interference to noise power ratio (INR)
and further increases the difficulty of RFI detection.

The instrument data products of MICAP L-Rad include complex correlation, calibrated
visibility function, and reconstructed brightness temperature. How RFI affects those data
products is extremely important to the proper design of RFI detection and mitigation
strategy. In general, the simulation for synthetic aperture radiometers is based on the
Fourier relationship between the brightness temperature and visibility function [28,29].
However, this kind of simulation is not suitable for RFI study, since it does not have the
capability to depict the temperal and spectral features of different RFI signals. To study
how RFI affects the data products of MICAP L-Rad and design in-orbit RFI detection and
mitigation methods, a time-domain simulation system that emulates entire receiving chain
of MICAP L-Rad is proposed accordingly. The simulation system is established following
the specific configuration of MICAP L-Rad, and the RFI signals are modeled at IF stage for
reducing the computational complexity of the simulation system.

This paper is organized as follows. The system design of MICAP L-Rad is presented
in Section 2, including hardware configuration, digital subsystem, and the preliminary
in-orbit RFI processing strategy. In Section 3, a time-domain signal modeling is proposed
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for the simulation of MICAP L-Rad. Several RFI cases are simulated and discussed in
Section 4, and the basic RFI characteristics observed by MICAP L-Rad are summarized.

2. System Architecture of MICAP/L-Rad

MICAP is a package of active and passive microwave instruments including L/C/K-
band radiometers and L-band scatterometer. Both active and passive instruments of
MICAP share a parabolic cylindrical reflector, as shown in Figure 1a. Passive instruments
consist of three one-dimensional synthetic aperture radiometers that operate in L-band,
C-band, and K-band, respectively (L/C/K-Rad). As the antenna elements are aligned to be
perpendicular to the satellite flight direction, a cross-track synthetic aperture is realized,
resulting in a swath width that larger than 950 km. Figure 1b shows the observation
schematic diagram of MICAP. The main specifications of L/C/K-Rad are shown in Table 1.
The L-Rad maps global SSS, and the C/K-Rad measure SST. The active instrument is an
L-band digital beam forming scatterometer (L-SCAT) for WS measurement. SST and WS
are used to improve the accuracy of SSS retrieval.
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Figure 1. (a) The structure diagram of MICAP. (b) The observation schematic diagram of MICAP.
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Table 1. Main Specifications of L/C/K-Rad.

Instrument L-Rad C-Rad K-Rad
Frequency 1.4135 GHz 6.9 GHz 18.7 GHz
Bandwidth 25 MHz 200 MHz 200 MHz

Polarization H,V,T3 HV HV

Incident angle 30~50° 30~50° 30~50°
Radiometric resolution
@ sampling interval 0.15K @75 km 0.5 K @15 km 0.5 K @15 km

(boresight)

Spatial resolution
(along-track)

Spatial resolution 50~100 km 25~50 km 25~50 km
(cross-track)

75 km 15 km 15 km

2.1. MICAP L-Rad System

L-Rad measures the visibility function [30] of the obsevation scene at L-band, that is,
the correlation coefficient between the signal received by every two antenna feeds, as well
as the system equivalent noise temperature of each receiver. As shown in Figure 2, the
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MICAP L-Rad system consists of 10 H/V polarized antenna feeds, 10 L-band receivers,
5 digital front ends, and a digital back end.

Feed Array & Receiver Digital Subsystem

10 Feeds & 10 RF Front Ends

I
L-band Patch Feed

— & & | |FCabl
B

5 Digital Front Ends

h(‘D

Digital Front End Digital Back End

L-band Dual-pol

Receiver
iber-Optic
LO Signal Injected Noise Link * LVDS
LO & Noise Source &
Distribution Noise Distribution Satellite Platform
Network Network

Figure 2. MICAP L-Rad system block diagram.

There are 10 antenna feeds in L-Rad, and they are arranged in the layout shown in
Figure 3. The minimum antenna feed spacing (Au) is 0.6125 A, where A is the wavelength of
central frequency (1413 MHz). There are a total of 23 non-redundant correlation baselines
in L-Rad whose lengths are linearly distributed as ! Au (I € {0,1,...,22}). The extent of
AF-FOV in direction cosine is § € [—0.6171,0.6171], which is calculated by 1/Au — 1.

_ 2Au | 2Au Au Au Au, 9Au , 3Au_ | 2Au | 3AU
r r T T

Figure 3. MICAP L-Rad antenna feed layout.

The L-band receiver is a dual-polarization noise injection microwave radiometer
receiver [31]. The primary function of the L-band receiver is to implement calibration,
amplify and filter RF signal, and shift RF signal to IF signal. As shown in Figure 4, each
polarization channel of the L-band receiver contains an RF switch that selects antenna,
matched load, or correlated noise source. Real-time calibration can be realized by injecting
the two-level correlated noise and uncorrelated noise. The receiver shifts the RF signal,
which centered at 1413.5 MHz with 25-MHz bandwidth, to IF signal with single sideband
down-conversion. The LO frequency is 1319 MHz. Thus, the IF signal to be sample by the
digital front end is 94 £ 12.5 MHz.

L-band Receiver

H-Pol
Antenna |

External
Correlated | @
Noise

Source

V-Pol

> 3
Antenna [DF—-(_[

Figure 4. The block diagram of L-band receiver.
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2.2. Digital Subsystem

The primary function of the digital subsystem is to shift IF signal to baseband IQ signal,
divide the full-band signal into 13 sub-band IQ signals, calculate the complex correlation
between each channel of sub-band IQ signal as well as the variance of each channel of the
sub-band IQ signal. In addition, the in-orbit RFI detection and mitigation methods are also
implemented in the digital subsystem. As mentioned before, the correlation coefficient and
system equivalent noise temperature are derived from these data products generated by
the digital subsystem. Figure 5 shows the block diagram of the digital subsystem, which
consists of 5 digital front ends and a digital back end.

Digital Front End

5 Digital Front Ends

FPGA

2 DSP Processors for
H-Polarization
DSP Processor

= DDC P Channelizer Sylcvcl
Digitizer
-|‘ Digital Back End
i Duat Auto-
Signal ﬁ_’ ||
Condi%ioningl T Gl 1 Correlator] FPGA
8-bit ADC Fiber Fiber Low-speed To Digital
i « Correlator | peed | To Digital
i PR Transceiver Transceiver communication | Control Unit
S',g'.jal, = Channel
Conditioning

Fiber
8-bit ADC L- DDC PChannelizer 3level Jl hannels-
Digitizer

Auto- L
Correlator

2 DSP Processors
for V-Polarization

Figure 5. Digital subsystem block diagram.
2.2.1. Digital Front End

Each digital front end processes 2 pairs of H/V-polarization IF channels, and divides
the full-band signal into 13 sub-band signals. In this way, a time-frequency RFI detection
and mitigation method can be implemented. Furthermore, calculating the variance of
sub-band signal is used to calibrate the system equivalent noise temperature. The IF
signals input to the digital front end are sampled by two dual-channel 8-bit ADCs with
a sampling rate of 125 MSaps after signal conditioning. The carrier frequency of digital
IF signals is 31 MHz. A FPGA implements digital signal processing with 4 identical
DSP processors, which consists of a digital down-converter (DDC), channelizer, 3-level
digitizer, and auto-correlator. DDC shifts the IF signal to the baseband IQ signal. DDC
consists of a digital quadrature down-converter using the technique presented in [32], a
47th-order Blackman low-pass FIR filter to eliminate the image spectrum, and a one-forth
decimator to reduce the data rate of the baseband IQ signal to 31.25 MSaps. Channelizer
uses the polyphase channelized receiver technique [33] to evenly divide baseband 1Q
signals into 16 frequency channels. The channelizer is equivalent to a filter bank, whose
amplitude spectrum is showed in Figure 6. The 3-dB bandwidth of these equivalent filters
is 2 MHz. The 25-MHz IF full-band signal occupies 13 frequency channels. A one-eighth
decimator is used to reduce these sub-band IQ signals’ data rate to 3.91 MSaps. These
sub-band IQ signals are digitized to 3-level digitized signals before correlation to balance
hardware resource consumption and the loss of sensitivity [34]. The quantization threshold
of different frequency channels is updated in real-time to achieve an optimal sensitivity [35].
The auto-correlator calculates each multi-level sub-band IQ signal’s variance (p;[m, u]),
which replaces the analog detector to calibrate the system equivalent noise temperature.

pi [m, ”] = 2 Yi [n/ m, ”] “Yi [Tl, m, ”} : 1)
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where N is the samples collected within 10-ms integration time; y;[n, m, u] is the multi-bit
sub-band complex signal; [1, m, u] implies the time index (n € {0,1,...,N —1}), sub-band
index (m € {1,2,...,13}), and correlation baseline index (u € {0,1,...,22}), respectively;
i is the antenna feed index of a correlation baseline. The communication between the
digital front end and digital back end is realized by fiber transceivers. The data transmitted
to the digital back end include 3-level sub-band IQ signals and multi-level sub-band IQ
signal variances.

Amplltude Spectrums of Channelizer Equivalent Filter Banks

WYY V4 vi

!

Magnitude (dB)

‘\15““‘“‘ \ l.

i

Normalized Frequency (7 rad/sample)

1

2

Figure 6. Amplitude spectrums of channelizer equivalent filter banks.

2.2.2. Digital Back End

The primary function of digital back end is to calculate the complex cross-correlation
(cij[m, u]) between each 3-level sub-band signal as well as the mean (b;[m, u]) and auto-
correlation (a;[m, u]) of each 3-level sub-band signal with the following equations:

1 N-1
cijlm,u] = N zi[n, m,u] - zj[n, m, u]*
n=0
1 N=1
ajlm,u] = — zi[n,m,u) - z;[n,m, u]* (2)
N n=0
b, = LY zn,m,
ilmu) == ) zin,mu
N n=0

where z;[n, m, u] is 3-level sub-band complex signal. These data are used to calculate the
correlation coefficient with the method given by [34].

2.3. In-Orbit RFI Detection and Mitigation Method

The RFI detection and mitigation method planned to use in MICAP L-Rad combines
the time-domain method, frequency-domain method, and space-domain method. It is
implemented in the digital back end. The data products built by MICAP L-Rad can be clas-
sified into two types, one is sub-band correlation, and another is sub-band reconstructed
brightness temperature. The sub-band correlation can be described in three dimensions,
including time domain, frequency domain, and correlation baseline domain. The sub-band
reconstructed brightness temperature is also three-dimensional, including time domain,
frequency domain, and space domain. The RFI detection is based on the outlier identi-
fication, and it is carried out within each data dimension in the first step. Then, these
detection results are judged together in a decider to give out a final RFI detection result.
Since the 3-level cross-correlation can not be averaged over the frequency domain. The RFI



Remote Sens. 2021, 13, 3230

7 of 18

mitigation is implemented in the time domain, after in-orbit RFI mitigation, the sub-band
correlation is averaged over the time domain to reduce the data rate of downlink. These
sub-band correlation data are transmitted to the ground. It is essential for studying the in-
orbit RFI detection and mitigation method to build an instrumental full-chain time-domain
simulation system of MICAP L-Rad.

3. Instrumental Full-Chain Time-Domain Simulation System of MICAP L-Rad

The simulation system emulates how MICAP L-Rad works and is used to study how
RFI impacts on the data products of MICAP L-Rad. For simplicity, time-domain signals are
generated at IF stage directly and IF time-domain signals of each receiver are generated
directly. The time-domain IF signal is considered as a combination of natural radiation
and RFI. The complex correlation and reconstructed brightness temperature are obtained
in the same way as described in MICAP L-Rad signal processing. These IF signals of
natural radiation are modeled with correlated band-limited Gaussian noise signals under
the visibility function constraints derived from the Corbella equation. RFI with different
types, parameters, and positions can be set up in the simulation system, and how RFI
affects the data products measured by MICAP L-Rad can be simulated.

3.1. Visibility Function Generation

Corbella equation [30] describes the relationship between brightness temperature
distribution Tg(¢, ) and visibility function Vj;(u), it can be described as:

Vz](”) = // Tl{j(g’ﬂ)?(_f)e_jznugdgdﬂ
G2+2<1 o
D.D; Tg(&n) — T
Ti&m = \/; W%(M)FL(M)

where

o 7(— u—g) is the so-called fringe washing function, which is determined by frequency
response of the receivers forming the correlation baseline, and is negligible when the
system bandwidth is small [36];

*  fpis the central frequency (1413.5 MHz for MICAP L-Rad);

e (& n) = (sinfcos¢,sinfsin¢) are direction cosine, and (6, ¢) are zenith angle and
azimuth angle, respectively;

* u = D,/Aisthe normalized antenna spacing which represents correlation baseline
length, and Dy is the relative antenna spacing between every two antennas in the
x-axis direction of a correlation baseline in x-axis direction;

. i and j are antenna indexes;

*  F,(¢n)and F,;(¢, ) are the normalized antenna voltage patterns;

* Ty is the physical temperature of the receiver, and is in units of K;

* D;and D; are antenna directivities;

o Ti/j (&, n) is the modified brightness temperature, and is in units of K;

The correlation coefficient measured by each correlation baseline is calculated by:

Vii(u
0£0(u) = l]<)] 4
Tslys : Tsys
where Tgys is system equivalent noise temperature, and it can be described as [37]:

Téys = Tj‘l + T;'ec ®)
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where T/, is antenna temperature measured by one antenna of a correlation baseline; T7,. is
the equivalent noise temperature of one receiver of a correlation baseline.

3.2. Time-Domain IF Signal Modeling of Natural Radiation

The time-domain IF signal of natural radiation is generated by the observation scene
without RFI. These signals of natural radiation can be modeled by correlated band-limited
Gaussian noise signals (ej»(t)) constrained by system equivalent noise temperature (Tsys),
bandwidth (B), carrier frequency (fp), and correlation coefficient (0£6). M correlated
Gaussian noise signals are a set of linear combinations of M uncorrelated Gaussian noise
signals. The linear transformation coefficients can be generated with the method in [38].
e12(t) can be generated in the following steps:

3.2.1. Baseband Uncorrelated Band-Limited Gaussian Noise Generation
Two uncorrelated band-limited Gaussian noise signals, a1 (t) and a,(t), with band-

width B and carrier frequency fy, are generated. b{g(t) are baseband IQ signals of a1 ()
after quadrature down-conversion.

3.2.2. Linear Transformation Coefficient Generation

The linear transformation coefficients are derived from the correlation coefficient
matrix (W) as below:

1 0 pcos(f) —psin(h)
B 0 1 psin(f)  pcos(6)
W= pcos(8) psin(0) 1 0 ©
—psin(f) pcos(0) 0 1

The linear transformation coefficient matrix (Z) is the Cholesky factorization matrix of
W and is shown as below:

W=127"
211 0 0
7| 21 22 0

0
0
731 232 z33 O
241 Z42 243 Z4,

@)

4

Each element in Z is the linear transformation coefficient used to generate correlated
noise signals.
3.2.3. Baseband Correlated Band-Limited Gaussian Noise Generation

The baseband correlated band-limited Gaussian noise signals, c{2Q (t), with correlation
coefficient p£60 and bandwidth B, are generated as below:

ci(t) =bi(t) - z1:

c2(t) =bi(t) - zo1 + b(t) - 222 (8)
cy(t) =bi(t) - za1 + b?(t) cz30 +bA(t) 233

c2(t) =bi(t) - zgn + b2(E) - 24+ bA(1) - 243 + BE(H) - 244

3.2.4. Power Setup

d{ ZQ(t) are derived from c{ zQ(t) by resetting the variance to Ts,sBkZ /2, where Z is the
impedance of the circuit, and k is the Boltzmann constant.
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3.2.5. Quadrature Up-Conversion

e12(t) are derived from d{g (t) after quadrature up-conversion to the carrier frequency
of f().

3.3. Time-Domain IF Signal Modeling of RFI

Common RFI sources in L-band can be classified into continue wave (CW) RFI, Chirp

RFI, Pulse RFI, and spread-spectrum (SSC) RFI. Figure 7 shows the spectrograms of these

RFI IF signals. The tunable parameters of these RFI sources at IF stage include:

e CW: carrier frequency (F), power (PEE));

e Pulse: carrier frequency (F), pulse repetition period (T},s,), duty cycle (d) and power
(PrE1);

e Chirp: carrier frequency (F), modulation period (Tcp;;p), modulation bandwidth
(Bchirp) and power (PIIQII—;I);

e SSC: carrier frequency (F;), power (PII{; 1) and symbol rate (S);

Spectrogram of CW RFI IF Signal Spectrogram of Pulse RFI IF Signal
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(a) (b)
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Figure 7. Spectrograms of RFI IF signals. (a) CW RFI (F, = 31.25 MHz, PIIQI; 1 = 1 W); (b) Pulse RFI
(F. = 31.25 MHz, Tjy5, = 2 ms, d = 20%, PYE; = 1 W); (¢) Chirp RFI (Fe = 31.25 MHz, Ty, = 2 ms,
Boirp = 4 MHz, Pil; = 1 W); (d) SSC RFI (F; = 31.25 MHz, S = 4 MSaps, PRy, = 1 W).

Interference noise ratio (INR) describes the relative power of RFI at antenna reference
plane and is defined as below:

Ant
TRFI
Tuvg

B ©)
15 = [ [ Taemdzdy

INR =
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where T4 is the equivalent brightness temperature of RFI at the antenna reference plane;

Tgvg is the average brightness temperature. The distance between the FOV center and
satellite is about 755 km. According to the Friis transmission equation [39], the relationship
between INR and the transmit power of an RFI source with an omnidirectional antenna is
as below: it )
pix. — Tiep k- B- (4cL)
RFI = 12
Ty® -k-B-INR- (47L)? (10)
22
= INR(dB) + 51.87 dBm

The parameters of remote sensors decide the gain and delay of RFI IF signal. The
power of RFLIF signal PEL is calculated by:

P, = |Fi(Errr, 1) | - PRM
= |F(Erer, rFn) | - TRE - B -k (11)
= |F(Errr rer)[* - INR - T - B -k

where |F;(¢,77)|? represents the power pattern of the receiving antenna; (&gry, 7rr;) indi-
cates the position of RFI source. The RFI IF signal phase of both antenna units of each
correlation baseline are modeled as:

¢i = ¢o + LF;(CrF1, RFI)
¢; = ¢o + LF(ErF1, YRFI) + 27U fREIT (12)
_ UERFI+ VYRFI
frRFI

where frr; is RFI frequency; ¢y is initial phase; T is time delay [36] between RFI wavefront
arrival time of two antennas. Because the relative position between RFI source and satellite
changes with time due to satellite flight, (rry, 7rEr) is a function of time. However, satellite
flies so fast that (rry, #rrr) could be considered as constant within a short period. Thus,
the IF RFI signal arrived at antenna units could be modeled as xi,j(t, u,v,ERFL, YRET) With
the corresponding RFI parameters and remote sensor parameters.

3.4. Simulation System

During the simlation, MICAP L-Rad is considered as a set of virtual correlation
baselines with different lengths. The brightness temperature (T (¢, 7)) of observation scene
used to generate visibility function is a typical ocean scene [28], shown in Figure 8. Since
the simulation system is established to study how RFI affects MICAP L-Rad, the gain
differences and phase differences between different receivers are neglected. The simulation
system works in observation mode and calibration mode, shown in Figure 9a,b, respectively.
The signal processing of the simulation system is implemented in the baseband signal
processing unit, and it is the same as the signal processing of MICAP L-Rad as mentioned in
Section 2.2. When the simulation system works in calibration mode, T5 (¢, 17) of observation
mode is replaced with T}(¢,7) = 3 K (Cold sky) and TE(Z,17) = 300 K (Hot source)
successively. The relationship between system equivalent noise temperature and multi-
level auto-correlation is calibrated by the noise injected two-point calibration method.
The calibrated system equivalent noise temperature (Tsl’y]s [m, u]) and correlation coefficient
(0Z26[m, u]) derived from the correlation shown in (2) are used to calculate the calibrated
visibility function (V [m, u)).
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Figure 8. Brightness temperature distribution of ocean. The dark blue region is the cosmic back-
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Figure 9. Simulation system block diagram: (a) observation mode; (b) calibration mode.

A modified G-matrix method is applied to brightness temperature reconstruction
of MICAP L-Rad [40]. Sub-band reconstructed brightness temperature (Tg [, m]) is de-
rived from sub-band calibrated visibility function V[m,u]. Full-band data products, in-
cluding full-band reconstructed brightness temperature (Tg[¢]) and full-band calibrated
visibility function (V[u]), are calculated by averaging sub-band data products over the
frequency domain.

3.5. Functional Verification of the Simulation System

The functional verification of the simulation system is conducted by Monte-Carlo
simulation in the cases that RFI does not exist, and RFI does exist, respectively. The
simulation system can be verified by comparing the statistics of simulator outputs with
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the MICAP L-Rad system specifications When RFI does not exist. When RFI exists, a
two-dimensional sub-band reconstructed brightness temperature map contaminated by
RFI is presented to implement the functional verification.

Figure 10a compares the ideal visibility function with the mean of the simulated
sub-band visibility function generated from 100 Monte Carlo simulations. The absolute
difference is no more than 0.02 K. The theoretical sensitivity of visibility function can be
approximated by [36]:

~ T;ys Tgys
AV = B (13)
where the equivalent noise bandwidth of sub-band (B) is 2.08 MHz, and the equivalent
integration time of 3-level correlation (7) is 10/1.26 ms [35]. Thus, the theoretical sensitivity
of the sub-band visibility function is about 3.17 K. Figure 10b shows the simulated sub-band
visibility function sensitivity of 10-ms integration time calculated with 100 Monte Carlo
simulation results.

Error between Mean of Simulated _S_ul?-.band Vis.ibility Function and Simulated Sub-band Visibility Function Sensitivity(K)
Ideal Sub-band Visibility Function

120 T T T T 0.1 1401
100 —¥— Real Part of Simulated Vi_si_bi.li_ty Functign = 1403 3.8
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@) (b)

Mean of Simulated Sub-band
Visibility Function (K)
Simulation Error (K)

Figure 10. Functional verification of the simulation system. (a) Simulated sub-band visibility function and simulation error
when RFI does not exist. (b) The simulated sub-band visibility function sensitivity of 10-ms integration time.

The full-band reconstructed brightness temperature and sub-band reconstructed
brightness temperature of 1 s integration time within AF-FOV are presented in Figure 11a,b,
respectively. The shade in the figure represents the sensitivity of simulated reconstructed
brightness temperature. theoretical sensitivity of reconstructed brightness temperature can
be approximated by [36]:

-~ \/ Ty, Thys
NEAT =~ By (2N, +1) (14)
where Nj, is the length of the longest correlation baseline in unit of Au. The theoretical
sensitivity of full-band reconstructed brightness temperature and sub-band reconstructed
brightness temperature are 0.43 K and 1.51 K, respectively. The sensitivity of simulated
reconstructed brightness temperature is consistent with the system configurations.

Figure 12 presents a sub-band reconstructed brightness temperature map when satel-
lite flies through RFI source. Columns in the figure present the sub-band reconstructed
brightness temperature map of 1411 MHz sub-band, 1413 MHz sub-band, and 1415 MHz
sub-band, respectively. Rows in the figure present the RFI cases of CW, Chirp, Pulse, and
SSC, respectively. The reconstructed brightness temperatures are obviously contaminated
by RFI in both frequency domain and space domain.
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Figure 12. The sub-band reconstructed brightness temperature map when satellite flies through RFI source. ¢-axis is
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the cross-track direction. #-axis is the along-track direction. Columns in the figure present the sub-band reconstructed
brightness temperature map of 1411 MHz sub-band, 1413 MHz sub-band, and 1415 MHz sub-band, respectively. Rows in
the figure present the RFI cases of CW, Chirp, Pulse, and SSC, respectively.

4. Analysis on Simulation Results

The simulation system is able to assess how seriously RFI affects the observation
of MICAP L-Rad and study RFI detection and mitigation method. Many RFI cases are
simulated with the simulation system. RFI characteristics summarized in [41,42] provide a
useful reference for the proper simulation of RFI cases. For instance, the pulse width of
most pulse RFI is no more than 5 ms; the pulse repeat period of most pulse RFI is between
2 ms and 8 ms; the bandwidth of most narrow-band RFI is no more than 5 MHz. These
parameters are used for RFI signal modeling. Studying how the parameters and positions
of RFI affect the observation of MICAP L-Rad is the main objective of simulation. These
behaviors are discussed based on the Monte-Carlo simulation results.

4.1. How RFI Affects Reconstructed Brightness Temperature

To assess how seriously RFI affects reconstructed brightness temperature, Root-mean-
square error (RMSE) between clean full-band reconstructed brightness temperature and
contaminated full-band reconstructed brightness temperature is used as an assessment
indicator. Firstly, how the power of RFI affects reconstructed brightness temperature is
assessed by setting up RFI sources at the center of AF-FOV and adjusting the power of
these RFI sources. The relationship between full-band reconstructed brightness tempera-
ture RMSE and the power of RFI is shown in Figure 13a. Among all of the parameters of
RFI, power has the most serious impact on full-band reconstructed brightness tempera-
ture. As RFI power decreases, the RMSE decreases linearly. Furthermore, the impacts of
other parameters on the full-band reconstructed brightness temperature are much weaker
than power.

As shown in Figure 12, when the satellite flies through the RFI located in the middle of
the cross-track direction (¢-axis direction), only the reconstructed brightness temperature
within +£5° (3 € [—0.1,0.1]) in the along-track direction (77-axis direction) is affected
by RFI. Beyond +5° (5 € [—0.1,0.1]) in the along-track direction, the radiation from
RFI will be tapered by the antenna pattern. Comparing the results shown in different
columns, it can be found that the reconstructed brightness temperature of the sub-band
without RFI will not be affected by RFI. If the contaminated sub-band reconstructed
brightness temperature is removed, the reconstructed brightness temperature of other
sub-band can still be used, which proves spectrum division is beneficial for RFI mitigations.
Both Chirp RFI and SSC RFI are band-limited signals, and the symbol rate of SSC RFI
is a parameter similar to the bandwidth of Chirp RFI. As bandwidth or symbol rate
increases, the impact of these band-limited RFI on each sub-band reconstructed brightness
temperature weakens. This is because both SSC RFI and Chirp RFI concentrate their
spectral power into a limited spectrum.
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Figure 13. (a) Maximum reconstructed brightness temperature offset vs. RFI power. (b) Reconstructed brightness

temperature RMSE vs. RFI position in the cross-track direction. (c) Reconstructed brightness temperature RMSE vs. RFI

power beyond AF-FOV.

Figure 13b shows the reconstructed brightness temperature RMSE when the RFI
source is placed at different position in cross-track direction. As the power of RFI is the
dominant factor, only Chirp RFI cases are considered in the figure. When RFI locates
within AF-FOV, the radiation of RFI beyond £30° in the cross-track direction is attenuated
by the antenna pattern. Combining Figure 13a,b, how different power of RFI located
within AF-FOV affects reconstructed brightness temperature can be assessed. As shown in
Figure 13c, when RFI locates beyond AF-FOV, the reconstructed brightness temperature
within alise-free FOV is affected slightly. Because reconstructed brightness temperature is
noise measurement, if reconstructed brightness temperature RMSE is lower than 3 unit
of reconstructed brightness temperature measurement STD, the impact of RFI can be
processed on the ground. According to (10), the transmitted power of the RFI source can
be easily calculated by INR. The STD of full-band brightness temperature brightness of
1-s integration time is about 0.4 K. Therefore, If the INR of RFI located within AF-FOV is
smaller than —52 dB, that is, the RFI transmitted power of RFI on the ground is smaller
than —0.13 dBm, the RMSE is smaller than 1.2 K (3 times STD), and the impact of RFI
source on the full-band brightness temperature brightness does not need to be processed
in orbit. If the INR of RFI located beyond AF-FOV is bigger than —35 dB, that is, the RFI
transmitted power of RFI on the ground is bigger than 16.87 dBm, the impact of RFI on
full-band brightness temperature brightness does not need to be processed in orbit.

4.2. How RFI Affects Correlation

Cross-correlation is the principal correlation data product of MICAP L-Rad, as shown
in Equation (2). In the ocean observation scene at L-band, The cross-correlation measured
by long correlation baseline is inherently small. Thus, the impact of RFI on the cross-
correlation of long correlation baseline is more serious. To study how RFI affects cross-
correlation, the sub-band cross-correlation amplitude offset generated by RFI is normalized
to the corresponding radiometric sensitivity. This sensitivity-normalized offset is used as a
threshold that whether the RFI can be ignored by in-orbit RFI processing or not.

Figure 14 presents the normalized sub-band cross-correlation offset when satellite flies
through a Chirp RFI, where the results are shown in different baselines and RFI locations. If
RFI exists, there will always be a few correlation baselines contaminated by RFI. Comparing
the results illustrated in Figures 12 and 14, it can be easily found that the reconstructed
brightness temperature offset caused by RFI is more obvious than the cross-correlation
offset. It can be explained by the fact that the transformation from visibility function to
brightness temperature concentrates the radiation power of RFI. Because the reconstructed
brightness temperature is more sensitive to RFI than the visibility function, it is more
efficient to detect RFI with the reconstructed brightness temperature. In addition, the
impacts of power and bandwidth of RFI on sub-band cross-correlation are opposite. This



Remote Sens. 2021, 13, 3230

16 of 18

1401
’é‘ 1403
S 1405
T 1407

g 1400
S 1411

g 1413
(L 1415
B 1417
81410
2 1421
0 1423

1425

is because the wider the bandwidth of RFI is, the smaller the power distributed into each
sub-band is.

Normalized Sub-band Cross-correlation Offset Normalized Sub-band Cross-correlation Offset Normalized Sub-band Cross-correlation Offset
Chirp RFI, F =1413MHz, TRP=2ms, B=4MHz, INR=-53dB, (Oﬂ On) Chirp RFI, F =1413MHz, TRP=2ms, B=4MHz, INR=-53dB, 10 O) Chirp RFI, F =1413MHz, TRP=2ms, B=4MHz, INR=-53dB, (20n 0“)

1401 08 1am
T 1403 <1403
§ 1405 § 1405
< 1407 < 1407
& 1409 3 1409
8 1411 8 1411
g 1413 21413
L 1415 I 1415
21417 2 1417
81410 81419

04 21401 2 1421
@ 1423 @ 1423
1425 1425

10

10 13 16

19 10 13 16 19

Correlanon Length (A u) Correlatlon Length (A u) Correlatlon Length (A u)
(a) (b) ()
Normalized Sub-band Cross-correlation Offset Normalized Sub-band Cross-correlation Offset Normalized Sub-band Cross-correlation Offset
Chirp RFI, F =1413MHz, TRP=2ms, B=4MHz, INR=-50dB, (00 On) Chirp RFI, F =1413MHz, TRP=2ms, B=4MHz, INR=-50dB, 10 0) Chirp RFI, F =1413MHz, TRP=2ms, B=4MHz, INR=-50dB, (20n On)

1401
T 1403
i
& 1400
<

S 1411

93‘- 1413
L 1415
E 1417
5 1419
2 1421
o 1423

1425

10 13 16
Correlanon Length (A u)

(d)

1401 1401
1403 1 g
S 1405 £ 1405
< 1407 < 1407
S'1409 05 21409
“’ 1411 $ 1411
U 1413 g 1413
u. 1415 0 (L 1415
21417 2 1417
8§ 1410 81410
£ 1421 05 g 1421
@ 1423 0 1423

1425 1425

10

10 13 16 19
Correlatlon Length (A u) Correlatlon Length (A u)

(e) ()

19

Figure 14. Normalized sub-band cross-correlation offset. The INR of RFI in 1-2 row is —53 dB and —50 dB, respectively.
The positions of RFI in 1-3 column are (0°,0°), (10°,0°), and (20°,0°), respectively.

5. Conclusions

This paper presents an instrumental full-chain time-domain simulation system of
MICAP L-Rad. By time-domain IF signal modeling, the simulation system can emulate
how RFI impacts the complex correlation and the corresponding reconstructed brightness
temperature. According to the simulation results, some constraints on RFI processing
strategy are proposed. The power and location of RFI are found to be the dominant
parameter that affects MICAP L-Rad measurement. If RFI locates within AF-FOV, the RFI
with power more than —0.13 dBm needs to be detected in orbit. If RFI locates beyond
AF-FOV, the RFI with power more than 16.87 dBm needs to be detected in orbit. In addition,
the spectrum division realized by digital processing technique in MICAP L-Rad is effective
on RFI detection. As reconstructed brightness temperature is found to be more sensitive to
RFI than complex correlation, it is promising to use reconstructed brightness temperature
as an RFI indicator. The corresponding three-dimensional RFI processing strategy will be
carefully devised in a following study:.
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