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Abstract: A method to identify and mitigate radio frequency interference (RFI) in
microwave radiometrypased on the use of a spectrum analyzer has been developed. This
method has been tested WiIAROLS L-band airborne radiometer data that are strongly
corrupted by RFI. RFI is a major lirmg factor in passive microwave remote sensing
interpretation. Although the 1.400.427 GHz bandwidth is protected, RFI sources close to
these frequencies are still capable of corrupting radiometric measurements. In order to
reduce the detrimental effectd RFI on brightness temperature measurements, a new
spectrum analyzer has been added to the CAROLS radiometer system. A post processing
algorithm is proposed, based on selective 8lteithin the useful bandwidth divided into
subbands Two discriminantanalygsbased on the computation of kurtosis &utlidian
distances have been compared evaluated and validated in order to accurately separate the
RF interference from natural signals.
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1. Introduction

In recentyears,severalstudies have revealed the highly detrimental influence of radio frequency
interference (RFI)on microwave observations of the Earth, especially in the case of spatial
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radiometry [1]. This kind of perturbation corrupts the recorded signaigs tdeteriorating the data
quality to variable degrees which, in some cases, render it unu$aklg@resence of strong RFI is
particularly noticeable over continental surfaces, but has also been ohsgtvedrecently launched
SMOS satelliteover the oean [2].

At low frequencies (kband), the soil moisture (SM) fraction has a negatigaed dependence on the
brightness temperature (Tb) ofKi%, with its exact value depending on soil type, vegetation cover,
surface roughness and other factors. The SMatiometer has been designed to measure the surface
soil moisture, with a specified radiometric error of less th&y @epending on the nature of the target
and its position in the instrument field of view. The SM retrieval error is predicted to betlamed%,
as required by the hydrology community [2]. Small levels of RFI, producing only a few Kelvin in terms
of equivalent radiometric signal, would thus cause the soil to appear dryer, which in turn would be
interpreted as lower recent rainfall, ogher recent evaporation. The large spatial scale of satellite
measurements could be a second factor contributing to an increase in the presence of RFI.

The future SMAP satellite [3] will benefit from current RFI studies: this mission is designed to
analy® the full protected bandwidth (which cannot be done by SMOS), in order to mitigate RFI
effects on brightness temperature (Tb) measurements, by identifying and eliminating-tadsib
which are affected by RFI.

RFI detection and mitigation have alreddgen studied and reported in several papers, most of
them are related to radio astronomy [#]band [5] and kband [68] Earth surface remote sensjng
among those studies, seveaat based on the analysis of real airborne dafd[9Recently, differst
methods were developed and evaluated, based on the identification of RFI in radiometric
measurements. The analysis of kurtosis thresholds applied to Tb measurements [12], or to the first anc
secaond U, V Stokes parameters,]®], has also been evaluated contaminated data detection in the
time domain.

An alternativeappoach, in the frequency domaiis based on the identification of RFI in the
radiometric spectrum [135], followed, if possible, by a spectral blanking,, the elimination of the
corresponding contaminated data from the specttuimhoped that thiapproachwhich is an attempt
to preserve only the cleaned datéll drastically reduce the amount of radiometric data lost in spatial
missions such as SMAP.

Various studies based dime spectral analysis of RFI signals have been made in the past. In [6] the
authors demonstrated the ability of an ADD (Agile Digital Detector) to detect and remove RFI from
microwave measurements. The ADD performance was experimentally verified undesllednt
laboratory conditions, and in the field near to commercial air traffic control radar. In [7], the authors
tested a double RFI detector based on a kurtosis parameter computation, under equivalent conditions
These tests have been conducted with dedaired from grounttased radiometers or from laboratory
measurements. In addition, recent airborne radiometer campaigns were carried out with the aim of RFI
surveys in the USA [16].

In France, in the context of validation campaigns for the SMOS misiienCAROLS L-band
radiometer [17] was installed onboard the French AfPResearchaircraft and operated during the
2007 to 2010 ACAROLS campaignso. These first
certification of the instrument and to thelidation of the data quality, and, at the end, to the
acquisition of different types of brightness measurements over oceanic and land surfaces(in the
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west of France). During all the different flights, mainly over the land, we observed the prekence o
high level RFI perturbations, continuous as well as pulsed. These perturbations were not really
expected because of the supposed protected observation bandwidth. We analyzed the corrupted signa
and attempted to mitigate them [10]. In addition to oualysis, we decided to build and add the
CAROLS airborne radiometer, and operated this new system during the last flight of the last
campaign. In this paper, we present a study that we have conducted in order the analyze the RF
present in thé.-band specum (1,400 1,427 MHz) using this small but helpful database. The aim of
this study was the validation of the new analyzer rather than the validation of the algorithms used to
interpret the data, and more particularly the data acquired close to high &1 are

Although instruments obtaining similar spectraisolved data have been deployed in previous
more extensive airborne campaigns, the results to be shown, though limited, are of interest becaus
they are measured in geographic areas in that have neteshadied previously with a radiometer
having spectral resolution.

Our paper is organized as follow&ection2 presents the radiometer and spectrum analyzer system,
Section3 presents our analysis of the radiometric data, and more particularly theglaitee close to
high RFI areas, an@ection 4 presents two different RFI mitigation algorithms based on subband
filtering. All of these were tested with the CAROLS 2009 database, the results of which are presented
in Section5. Finally, our results are stussed irsection6.

2. The CAROLS Radiometer and theAdded Spectrum Analyzer Sysém
2.1.CAROLS Radiometer

The receiver was designed and built as a copy of the EMIRADII [18] radiometer constructed by the
DTU (Danish Technical University) team, and wdsted to the French ATR42 research aircraft. It is
a fully polarimetric correlation radiometer with direct sampling (using the subsampling concept
described in [18] enabling the measurements of the four Stokes parameters describing the observed
electric fields. The detailed characteristics of CAROLS were presented in [17], and only its main
characteristics are summarized here. The radiometer is calibrated using internal loads and a pulse
noise diode, which adds approximately 16@o its input. This seip ensures the system ability to
carry out regular internal calibrations, and allows the radiometer to calibrate any phase difference
between the two input channels preceding the digital correlator.

Table 1 Specifications of the CAROLS radiometer

Radiometer Total power
Frequency 1.400 1.427 GHz 160 dB bandwidth)
Frequency sampling 139.4 MHz
Stability 0.1 Kover 15 mn
Sensitivity 0.1 K for 1 s integration time
Integration 1msand 1.8 5
Calibration Internal load and noise diode
Antenna Poter horn (no sidelobe) with 37HPBW
Temperature regulation 45C £0.1 K
(analog front end)
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The stability, accuracy and linearity of the radiometer were fully analyzed in the laboratory (see
Zribi et al, [17]) using a cryogenic load, and lead to the specifications described in Table 1.

2.2.Spectrum Analyzer $stem

The architecture of the spectrum analyzer (SA) developed for the CAROLS campaigns is presented
in Figure 1. The first element is a high resolution analog to digital converter (ADC), followed by a
field programmable gate array (FPGA) whosle is to perform digital signal processing.

Figure 1. Block diagram of the CAROLS radiometer and (FFT) spectrum analyzer. The
red connection was not fully operational during the 2009 CAROLS campaign.

CAROLS RADIOMETER

ACQUISITION SYSTEM

The SA uses the principle of direct RF samplinige Bnalog signal is bandwidth limited and it can
be sampled and digitized immediately after the front end amplification and filtering stages. This
techniqueis used to replace the use of mixer and oscillator local by a veryvadgéand analog to
digital converter (ADC). Then, the band of interest (1.427 GHz) can be translated down to
2129 MHz by using a frequency clock to 23@Hz. The converteclock has been carefully chosen
with a phase noise below 150 dBc/Hz (@ MBz) to conform tothe ADC specfication. The
de-multiplexed outputs allowed to keep only one sample outfofir after digitization. The RF signal
can be perfectly reconstructed, without loss of information, if the sampling frequency is greater than
twice the bandwidth of the signating sampled, according to Nyquist principle.

Following this first step, the demux output is multiplied by a symmetrical window funcdtena(
Hamming function) to prevent truncation artifacts. The digital signal processing consists in the
computationof a Fast Fourier transform (FFT), followed by the power spectrum estimation and
accumulationThe sampling rate into the FPGA is set to 58.25 MHz. A 4K FFT process takes place
into the FPGA, each FFT is then performed in 7u82The frequency resolutios 14.22 KHz. We
havechosen@ 24 i ntegration, the FPGA was providing

Connected to the H channel of the CAROLS radiometer slant antenna during the present campaign
the SA allowsone to recordthe modulusof integrated spectraaccording to the specifications
described in Table 2 below.
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Table 2 Spectrum analyzer specifications
Frequency bandwidth 1.3978 1.4268 GHz
Number of integrations 1,024
Recording time 72.01 ms
FFT 4K points
Windowing Hamming
Resolution of the FFT 14.16kHz

3. Presentation of theRadiometric Data and Spectra

3.1.CAROLSFlight

A special flight of the ATR42 research aircraft, operated by SAFIRE, was carried outNay29
2009.Figure 2 illustrates the flight path ovesuthwest France. The aircraft fleat a constant altitude
of 3,000 m above the ground between Toulouse and the Atlantic Ocean which are about
235km apart. A large amount of measurements made along the transect was disturbed by interferenc
in both H and V polarizations [10]. Pulsed RFusmes appeared clearly during most of the flight, as
well as two poinlike sources producing continucuave (CW) RFI, which strongly disturbed the
radiometric measurements. The latter sources were situated close to the city of Auch, and to the

mili €Camtyr & dOo Es sGEL, Mdodands TestrCdngearéa in(the vicinity of the western
extremity of the flight path (south of Bordeaux).

Figure 2. CAROLS flight path on 29 May 2009. The portion of the flight indicated by the

red arrow was dedicated the use of a spectrum analyzer, in combination with the
CAROLS radiometer.
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During this flight, radiometric spectra were acquired during both legs of the journey (from Toulouse
to the Atlantic and from the Atlantic back to Toulouse), using two samplewuencies. For the
purposes of this study, we chose to analyze the data corresponding to the second part of the flight only
in order to ensure homogeneity of the analysis. Moreover, this leg of the flight was more strongly
disturbed by RFI, as the slaaitenna was facing towards the south where the sources were situated.
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3.2.Data from theSpectrum Aalyzer

Figure 3 represents the data collected during the spectral analysis flight. To plot this figure, each
frequency channel was first calibrated: veed samples acquired regularly looking to an internal load
source (~310 K), with and without an internal noise source (adding 140 K), which allow us to have
two points for calibration line definition and then Tb estimation. An external cryogenic loadse@s u
for the noise source evaluation and for cable loses estim@tienspectral variations were plotted as a
function of time from the@ceanto Toulouse (from the left to the right of the figure).

Figure 3. Time-Frequency representation of calibrated Hbues, during the flight from
the Atlantic Ocean to Toulouse city (France)
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During land survey several peaks corresponding to the presence of three distinct types of RFI can
be identified: pulsed RFI sources in the frequency range 11448 GHz, mitted by military and
civil radars, CW RFI in a narrow band (CEL), and CW RFI occupying the full bandwidth (Auch).
Because the latter form of RFI is distributed over the full bandwidth of interest, it was not possible to
restore the correct values for TBetween 9:07 and 9:23, disturbance is present near 1.426 GHz,
probably due to the antennas situated in the vicinity of Alibbse antennas were identified and are
known to have a central éssion frequencies betweend427.1 and 14279 MHz, with H or V
polarization.

Additional disturbances can be seen between 9:28 and 9:30, corresponding to the switching on anc
off of a visible camera, thus revealitige strong sensitivity of radiometric measurements to other
onboard instruments. Moreover, vertical amgizontal strips are observed &igure 3 independently
to the RFI The vertical ones, which are not regularly spaced in time, are probably due to intrinsic
variations of natural Th. The horizontal srage due to the calibration versus frequencies whictes
slightly from one frequency to another.
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Some other featusecan be seen on this figure where no obvious RFI is present. Some of these
vertical featurs are due to natural variatignthe horizontal one could be due to tiredependent
calibration foreach channel.

In Figure 4a), a pulsed RFI source is represented during the ocean 8upv&ty before the
beginning of the transect shown in Figurér@ selected these spectrum over sea because it is easier to
discriminate small pulsed RFI from natural esion). A peak of 5K, centered on 1.418 GHz, is
clearly visible. This pulse occurred several times during the flight, and its intermittent spectrum can be
seen in the left half of Figure 3 at the same frequency.

Figure 4. Spectral samples correspondimg(&) Pulsed RFI(b) full band CW RFI and
(c) narrow band CEL RFI. In each figure, the red curve corresponds to the unpolluted
(natural) radiometric spectrum
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Figure 4b,c) illustrates calibrated temperature values as a functbfrequency, for the two areas
corresponding to Auch and the CEL, respectivE€lgncerning the perturbations detected in the Auch
area, strong RFI can be seen over the entire bandwidth, with a very strong peak at 1.415 GHz. We
observe RFI in this locatioms a consequence of the presence of two transmitters with central
frequencies close to 1.428 GHz. These types of transmitter, emitting frequencies close to those of the
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protected Eband, are present throughout France. A map of their locations is promifts]. In the

case of the CEL perturbations, the RFI is limited to a small band centered aré0®&dvHz, with an
approximately 3 MHz bandwidth. The brightness temperatures over the remaining parts of the
spectrum appear to be close to 260 K, which Ehoorrespond to natural emission.

4. RFI Mitigation Alg orithm Using Subband Fitering

In this section we present two algorithms, designed to eliminate those parts of the spectrum
corrupted by RFI. We applied in order to recover Tb values free from tbenct of RFI. In order to
identify the presence of RFI. An easy approach consists in dividing the spectrum into different
subbands and then applying different criteria to each subband, so as to classify the samples according
to whether or not they aidfected by RFI.The application of these algorithms reqaitiee definition
of thresholds over which samples are supposed to be corrupted. Each threshold was chosen empiricall
after different tests applied on the whole data set.

4.1.AlgorithmsBased orthe dGaussianitpHypothesis: Generalize8pectralKurtosis

Kurtosis [19] is defined athe normalized form of the fourttentral momen M, of a distribution,
€

expressed byhe ratio: b,= s_g where, is the second central moment guglis the fourth central
moment of a statistical distributiob, is equal to 3 for a Gaussian distribution (natural emission), and
the deviation of this ratio from its constant value of 3 is an indicator of the presence of non Gaussian
noise ( RFI). For example, the kurtosis of pulsed Wi a duty cycle lower thaB0% s greater than
3, and this property can be used to flag an-&ffitaminated subbandsing a secalled generalized
spectral kurtosigSK) parametef20,21]. This criterion can be applied to each of the dodnds, for
every radiometric sample. In tipeesent study, we chose to eliminate data wispsetralkurtosiswas
greater or lower thafour timesthe standard deviatiai®TD).

A drawback of using the kurtosis parameter is that it has a blind spot for sinusoidal and chirp
interference signals wita 50% duty cycle. Nevertheless,akurtosisalgorithm was found by [22] to
be the most suitable for normality analysis, we decided to test this method in our study, despite the
limitation resulting from a low number of samplé®r these algorithms wewdded the spectrum in
only eightsubbands to evaluate thligaussianit§of each sample.

4.2.AlgorithmBased on the EuclidiaDistance

The Euclidian distance [23] is a useful technique for determining the similarity of a sample to a set
of values measurefdom a collection of known samples (training basis). In our application, the known
samples are those considered to be uncorrupted by RFI (clean samples). The greater the Euclidia
distance between the clean and the evaluated samples, the greater ith@odikef the evaluated
sample is interpreted as interference noise. The Euclidian distance is defined as:

D, (x)= v(x- &) (x- &) (2

where pis the mean signal strength of a clean sample, and x is the evaluated samplbe Q@leant
samples () have been empirically determined, we compute thes&lues for each suband of all the
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spectra, the average (mD and standard deviation (gD of all Dy, and then apply a mask to the data
for which the values of [p exceed mly + 2sDy .

One dravback of this method (that was already proposed and tested in [14]) is the need to define
one (or many if ocean survey data are present in the databaseleRfridatabase, before evaluating
the extent to which the remaining data is corrupted. This regairte makes the Euclidian method
difficult to apply during operational procedures. It was nevertheless tested during our campaign, as it
has the potential of providing a good comparative reference, which could be used to evaluate the
efficiency of subbanddivision.

5. Results

The comparison of different RFI mitigation algorithms, using real data, is not a straightforward
task. In the absence of aa priorié knowledge of the data corruption level and the brightness
temperature of the natural scene, we caly ase indirect methods to estimate the efficiency of these
algorithms. Nevertheless, one possible approach is to visually characterize this efficiency, since strong
RFI can easily be identified. Additional information is provided by the quantity of rdataining,
after elimination of the samples found to be RFI; a further clue is given by the mean of the final Th
value, which should be as low as possible.

5.1.Kurtosis Mask

In the case of the kurtosis algorithm, we computed the kurtosis for each subbamsdbbands
exceeding the applied threshold were not included in the brightness temperature computation. The
kurtosis algorithm needs a large amount of data, to be efficient. In our study, suthb&nds we
were limited to 256 values per subband, @nslas not possible to increase the numbeswif#bands
without damage. This is a significant limitation of this criterion. The results obtained with this method
are shown irFigure 5

Figure 5. Spectral filtering using the kurtosis filter, and with gpectrum divided into 8ubbands
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