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Abstract—Statistics of radio frequency interference (RFI) ob-
served in the band 1398–1422 MHz during an airborne campaign
in the United States are reported for use in analysis and forecasting
of L-band RFI for microwave radiometry. The observations were
conducted from September to October 2008, and included approx-
imately 92 h of flight time, of which approximately 20 h of “tran-
sit” or dedicated RFI observing flights are used in compiling the
statistics presented. The observations used include outbound and
return flights from Colorado to Maryland, as well as RFI surveys
over large cities. The Passive Active L-Band Sensor (PALS) ra-
diometer of NASA Jet Propulsion Laboratory augmented by three
dedicated RFI observing systems was used in these observations.
The complete system as well as the associated RFI characterization
approaches are described, along with the resulting RFI statistical
information and examinations of specific RFI sources. The results
show that RFI in the protected L-band spectrum is common over
North America, although the resulting interference when extrapo-
lated to satellite observations will appear as “low-level” corruption
that will be difficult to detect for traditional radiometer systems.

Index Terms—Microwave radiometry, radio frequency
interference.

I. INTRODUCTION

THE CORRUPTION of microwave radiometer observa-
tions by radio frequency interference (RFI) is a major

concern for current and future systems, and extensive research
in this topic has been reported in recent years (e.g., [1]–[10].)
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The current experience of significant RFI corruption of the
observations of the SMOS radiometer [8], as well as the up-
coming deployment of the Aquarius and SMAP missions [11],
[12] motivate studies of the properties of the RFI environment
as well as the performance of a variety of RFI detection and
mitigation approaches.

A recent work [7] has reported results from an airborne
L-band RFI observing system in Europe and Australia. The
hardware utilized in [7] was capable of implementing algo-
rithms for pulsed RFI detection using either a “pulse” or a
full-band “kurtosis” detector, and statistics of RFI occurrences
were described. However, the system used in [7] includes
no frequency resolution, so that the detection of continuous
interference of small to moderate intensity is limited. [9], [10]
also report on airborne RFI observations in Europe that include
both kurtosis and frequency resolution, but over a smaller set of
observations than those of [7].

This paper presents new information on the RFI environ-
ment based on an airborne campaign conducted in conjunction
with the Soil Moisture Active/Passive Validation Experiment
2008 (SMAPVEX08 [13]) to compile extensive RFI environ-
ment statistics, including observed RFI amplitude and source
frequency characterization in the United States. The com-
plete campaign included approximately 92 flight hours from
September 20 to October 19, 2008. Only approximately 28 of
these hours (see Table I) are considered in what follows due to
the reduced utility of the remainder for RFI studies. The ex-
cluded portions consist of repeated overflights of soil moisture
validation sites in Iowa or in Delaware, as well as an initial
transit flight from Grand Junction, CO to Iowa when the full
RFI observing system was not operated. Repeated observations
of a geographic region are excluded given the goal of compiling
statistics that are representative of a large geographical area.
Fig. 1 illustrates the flight path for the remaining observations
included in the study (excluding the 10/6/08 flight over the
Delaware soil moisture site which is treated separately in what
follows), and shows that the coverage of a moderately large
geographic area is achieved by this data set. Total detected RFI
levels in horizontal polarization are also illustrated in Fig. 1
when integrated to a 40-km spatial scale in a manner to be
described in Section V.

Three RFI detecting and mitigating systems, the L-band
interference suppressing radiometer (LISR) of Ohio State Uni-
versity (OSU) [1]–[3], [5], the agile digital detector (ADD, [4])
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TABLE I
SUMMARY OF THE FLIGHTS USED IN RFI ANALYSIS

Fig. 1. Flight path utilized in RFI analysis (excluding 10/6/08 data). Geolocated RFI information at 40-km spatial resolution, horizontal polarization; colorscale
in Kelvin.

of the University of Michigan (UM), and the “Analog Double
Detector” (ADD) system [6] of NASA Goddard Space Flight
Center (GSFC) were included in the campaign. These backend
systems simultaneously observed intermediate frequency (IF)
signals provided by the passive/active L-Band sensor (PALS) of
Jet Propulsion Laboratory (JPL) [14], [15] installed on a Twin
Otter aircraft.

The next section describes the instrument configuration in
more detail, including the capabilities of each of the RFI
systems, as well as the calibration methodology. Section III
reviews the RFI detection and mitigation approaches applied,
and observations for a set of specific RFI sources are then
described in Section IV to provide further illustration of system
capabilities and the RFI environment. The methods used to
compile statistical information and the associated results are
then discussed in Section V. A final analysis and overall con-

clusions are provided in Section VI. Note that portions of these
results have been described previously [16]–[18], but this paper
provides the first joint statistical analysis of the results from all
the RFI observing systems in the campaign.

II. SYSTEM CONFIGURATION

A. PALS

PALS ([14], [15]) of JPL has been deployed in several remote
sensing field campaigns in the past and has provided important
information regarding the use of combined radar/radiometer
instruments for observing several geophysical quantities while
emphasizing soil moisture and sea surface salinity measure-
ments in particular. Only the radiometer portion of PALS is
considered here.
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Fig. 2. Twin Otter aircraft (left) and RFI monitoring backend systems (right).

The PALS configuration for the campaign used a dual-
polarized L-band patch array antenna having a two-sided 3-dB
beamwidth of approximately 20◦, similar to the configuration
described in [14] and directed to produce a nominal 40◦ inci-
dence angle on the earth surface. The antenna was mounted
in a rear-facing orientation on the underside of a Twin Otter
aircraft (Fig. 2) that was typically flown at altitudes ranging
from 3 000 to 10 000 ft. Navigation data recorded by the PALS
system is used in data processing to provide latitude, longitude,
yaw, pitch, roll, and altitude information to enable footprint
geolocation.

The relevant portion of the PALS radiometer front end has
dual channels for the two polarizations; measured RF signals
are filtered to occupy a 3-dB bandwidth of 1400–1420 MHz
and are down converted by PALS to the 190–210 MHz 3-dB
bandwidth IF signals provided to the RFI observing systems.
The PALS frequency response has a ∼1397.5–1422.5 10-dB
bandwidth, and a ∼1392–1426 MHz 20-dB bandwidth. These
filter responses are somewhat wider than those used for satel-
lite systems such as SMOS, making full-band PALS observa-
tions more susceptible to sources in bands slightly below the
1400–1427 MHz protected region. However, this filter response
combined with the frequency resolution of the RFI observing
systems is advantageous as it allows characterization of such
sources.

PALS observations are switched through a sequence of
internal load and noise diodes as well as the antenna inputs;
a basic measurement is performed for 300 μsec out of a
350 μsec interval (the remaining 50 μsec is reserved for PALS
radar measurements.) 12 of these 350 μsec measurements com-
prise one state observation lasting 4.2 ms (of which only 3.6 ms
are used by the radiometer.) A sequence of 12 of these 4.2-ms
intervals (50.4 ms) is repeated; the first seven intervals are
antenna observations, while the remaining five involve internal
reference load and noise diode measurements. The resulting
final duty cycle of antenna observations is 50%. Control signals
indicating the beginning of an integration period and the inter-
nal switch state are provided to the digital backend systems to
synchronize operations.

B. OSU LISR

After an additional down conversion stage to translate the
200-MHz IF center frequency to 27 MHz, OSU LISR samples

the IF at 100 MSPS using two 10-bit A/D converters (one for
each polarization), and passes the resulting samples into an
FPGA processor. The 50 MHz of bandwidth sampled for each
polarization represents frequencies from 1385 to 1435 MHz. In
the FPGA, samples from the two polarizations are combined
into a single complex datastream occupying the bandwidths
−50–0 MHz (vertical polarization) and 0–50 MHz (horizontal
polarization.) A first pulse detection statistic is also computed
by integrating the power of the time domain complex signal
over 64 samples (0.64 μsec) and then “max-holding” this power
over a 266.24 μsec integration period [5], [19]; the max-held
quantity is recorded by the LISR computer for use in pulse
detection postprocessing. The goal of this algorithm is the
detection of pulsed interference of pulse durations comparable
to the 0.64-μsec interval used.

A 1-K FFT is also performed on the data, and provides
1024 output frequencies (512 vertical and horizontal, respec-
tively) every 10.24 μsec. The spectral resolution of the FFT
is approximately 0.1 MHz, finer than most of the expected
RFI sources. FFT outputs are then detected and integrated over
26 output spectra (a 266.24 μsec interval). Processing and
output delays in the FPGA limit the observation to 266.24 μsec
out of the available 300 μsec. The final LISR data unit thus
consists of the power in 512 frequency channels for each
polarization integrated over 266.24 μsec and reported in 32 bits,
with an additional sample reporting the pulse detection statistic
for this time period. The relatively high data rate of LISR also
requires measurement dropouts associated with writing data to
the internal storage system. The final net operating duty cycle
of LISR is approximately 25% as compared to the 50% duty
cycle of PALS antenna observations. A method for improving
this duty cycle to the full 50% has been developed and will
be utilized in future flights. However, the reduced duty cycle
is not expected to produce a major impact on RFI statistical
information due to the relatively low velocity of the Twin Otter
aircraft, so that one footprint (and any associated RFI source) is
typically observed for up to 30 s.

C. UM ADD

Similar to LISR, the UM ADD samples incoming horizon-
tal and vertical polarization signals at a 17–37-MHz IF with
eight-bit precision at 110 MSPS. Both polarization signals are
then passed through eight-channel digital sub-band filters, and



3362 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 49, NO. 9, SEPTEMBER 2011

cross-correlations between the polarizations are also computed
[4]. The kurtosis [4] of each vertical and horizontal polarization
sub-band signal is computed for purposes of RFI detection.
In addition, full-band versions of the vertical and horizontal
polarization signals are also cross-correlated and each of their
kurtosis values is computed as well. Only the full-band kurtosis
detection results are considered in this paper; these data are
available for the full 50% duty cycle of the PALS antenna.

D. GSFC ADD

Unlike OSU LISR and UM ADD, the GSFC ADD observes
IF signals provided from PALS without an additional down con-
verter, and observes only in horizontal polarization. A tunnel
diode detector with more than 20 MHz of video bandwidth
is used to provide rapid sampling of the IF signal power;
tunnel diode outputs are then passed to a video amplifier with
a 125-kHz bandwidth. The GSFC-ADD system records 16-bit
samples of this detected video at a 500-kHz sampling rate. In
addition to this rapidly sampled power information, the GSFC
ADD also includes a second detector system to produce a
“pseudo-kurtosis” quantity [6] that is similar to the full-band
kurtosis information recorded by the UM ADD. Due to these
similarities, only the second moment data of the GSFC ADD
system is utilized in what follows; these data are also available
for the full 50% duty cycle of the PALS antenna.

E. Calibration

Data sets were recorded separately by each RFI observing
system and by PALS, and were combined in postprocessing.
Each data system included a GPS-based clock so that data
sets could be aligned in time. Internal calibration standards
using PALS reported internal calibration load brightnesses were
applied to each data set individually, as well as a subsequent
external calibration based on observations of water bodies.
Since slight differences in assumptions about these quantities
were used by the individual teams, a final cross-calibration was
performed using PALS reported brightness temperatures from
the 10/6/08 flight as the standard to which the remaining data
sets were adjusted. The resulting corrections were found to
be modest (gain corrections less than 2% for LISR and UM
ADD, 7% for GSFC ADD), and produced only small impacts
on observed RFI levels.

III. RFI DETECTION AND MITIGATION

The final joint data set consists of 266.24 μsec by 0.1-MHz
spectrograms from OSU LISR, brightnesses and kurtosis val-
ues for horizontal and vertical polarizations from UM ADD
(resolved in time at 4.1 ms), and horizontally polarized power
sampled at 2 μsec from GSFC ADD. Horizontally and verti-
cally polarized brightness temperatures from PALS resolved at
100 ms are also available for the 10/06/08 flight but were not
available for the other flights utilized. In order to reduce the
data volume, RFI and brightness temperature information was
compiled first for a time interval of 1.5 s, corresponding to one
LISR data file. Only time intervals for which all observing sys-
tems were operating were included (so that the final observing
duty cycle is ∼25% as limited by LISR.)

The primary systems utilized for the detection of unambigu-
ous “pulsed” RFI are the GSFC ADD (horizontal polarization)
and OSU LISR (vertical polarization) measurements. Tests with
the onboard LISR 0.64 μsec pulse detection algorithm showed
relatively poor performance, indicating that the majority of
pulsed interference observed apparently originates from pulsed
sources with longer pulse lengths. Therefore, a second post-
processing pulse detection algorithm was applied at 350 μsec
time resolution (the resolution of the LISR spectrograms). Both
the GSFC ADD and OSU LISR pulse detection approaches are
similar, in that a set of power measurements (integrated over
frequency for OSU LISR) within a time interval are sorted,
and the mean and standard deviation of the lower 90% (lower
95% for GSFC) of the data are computed [2], [19]. The lower
90% or 95% are used in order to reduce the RFI contamination
when calculating the mean and standard deviation. Samples
exceeding a specified number of standard deviations from the
mean power (seven standard deviations for OSU LISR and six
standard deviations for GSFC) are declared pulses and excluded
from subsequent integrations over time. The difference between
total powers including or excluding these samples is then
reported as the level of “pulsed” RFI detected. The false alarm
rate for the OSU LISR detection algorithm is estimated at less
than 0.25% due to the high threshold value used.

A “cross-frequency” algorithm [20] was also applied to the
OSU LISR data after the application of the pulse detector.
This algorithm uses the data versus frequency integrated to
1.5 s (one LISR datafile), using the PALS 10-dB bandwidth
of ∼1398–1422 MHz. For each 1.5-s integration period, the
mean of the lower ∼75% of these data is computed, and
frequencies exceeding this mean by a threshold are classified as
RFI corrupted and excluded from subsequent integrations over
frequency and time. Subsequent integrations over frequency
are weighted by a model of the PALS passband, so that the
RFI levels computed are representative of those for the full-
band observing instruments. The threshold level is nominally
set to 100 K but is increased at the band edges in order to
account for the reduced PALS gain (and increased NEDT) at
these frequencies. The false alarm rate for this approach is less
than 1%, and visual confirmation of the resulting RFI showed
little evidence of significant false alarm impact.

The final RFI detection strategy uses the UM ADD full-
band kurtosis [21]. In this case, deviations of the kurtosis from
its expected value for Gaussian noise were computed at the
4.1-ms time interval of the original data. Samples more than
four standard deviations from the expected value were classified
as RFI; the associate false alarm rate is well below 1%. Detected
RFI levels were again computed by comparing integrations
including or excluding the detected samples. It is expected
that the kurtosis approach should be very sensitive to short-
pulsed RFI [21], [22], as well as other RFI types, although the
sensitivity to more continuous RFI is reduced.

IV. RFI EXAMPLES

Selected examples of observed RFI sources are presented in
this section to provide illustrative examples of the RFI envi-
ronment as well as the joint system capabilities for detecting
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Fig. 3. Geolocated total LISR RFI detected, Oct. 6th, flight, horizontal polarization. colorscale in Kelvin.

Fig. 4. Comparison of horizontally polarized brightness by PALS and three different digital backend systems (top), spectrogram of horizontally polarized
brightness (bottom left), and horizontally polarized brightness versus frequency (bottom right).

RFI corruption. The first examples concentrate on the
SMAPVEX08 soil moisture site observation of 10/6/08 because
PALS data sets were available for intercomparison on this date.
Fig. 3 provides a map of the flight path on 10/6/08, which
consists of repeated passes over a portion of soil moisture
ground truthing sites in Delaware and Maryland. The associated
horizontally polarized RFI level detected by OSU LISR (sum
of cross-frequency and pulse algorithms) is also illustrated,

and shows that significant RFI is present on the edges of each
flight line as well as in other isolated locations. Fig. 4 (top)
presents comparisons of the horizontally polarized brightnesses
from 14:03–14:12 UTC, during which the aircraft is moving
eastward along the fourth line from the north. Fig. 4 demon-
strates the success of the data alignment and calibration, given
the good agreement among the observations of the multiple
systems.



3364 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 49, NO. 9, SEPTEMBER 2011

Fig. 5. Comparison of detected pulsed RFI by PALS, GSFC ADD, UM ADD and OSU LISR. The left panel shows the unprocessed measurements and the right
panel shows the results after RFI mitigation algorithms have been applied.

Fig. 6. Horizontally polarized brightness at 350-μsec time resolution versus UTC (left), spectrogram of horizontally polarized brightnesses at 22.4-msec time
resolution (right).

The data sets shown are those following application of the
associated RFI detection and mitigation strategies, which pri-
marily show the absence of RFI during this interval of time.
However, larger differences at time ∼14:08 are observed, with
the OSU LISR mitigated data showing brightness up to ∼10 K
lower than those of the other systems. An examination of the
LISR spectrogram in the lower portion of Fig. 4 shows the
presence of narrowband RFI near a frequency of 1407 MHz
(14:08 UTC). The bottom-right plot of brightness temperature
versus frequency at 14:08 UTC shows narrowband RFI exceed-
ing 1000 K near 1407 MHz as the source of the ∼10 K change
in the full-band brightness temperature. The source producing
this emission remains to be identified, but would be difficult to
distinguish from natural geophysical variations without the use
of frequency resolution due to its narrowband and continuous
nature.

Example observations of a pulsed RFI source near the eastern
edge of the flight path are provided in Fig. 5; strong RFI
near time 15:55 UTC is observed in the unprocessed data for
all instruments, which is then successfully mitigated by all
the detection algorithms applied (right). Note that the PALS
system also employs a pulsed RFI detection strategy similar
to that described in Section III and applied at 0.1-s time
resolution. The good agreement of the mitigated data from the
multiple observing systems even during transition from land
to water surface observation at later times (i.e., greater than

Fig. 7. Pulsed RFI detected by 350-μsec pulse blanker corresponding to
Figs. 5 and 6 over a time interval less than 1 s.

15:57 UTC) provides further evidence of the fidelity of the
intercomparison.

Additional analysis of this source using OSU LISR data is
provided in Figs. 6 and 7. The left-hand portion of the former
“zooms” the 350 μsec LISR data set in time near the RFI
source, and the associated spectrogram is shown in the right
plot. The pulsed interference observed is of a broad band nature,
and exceeds 30 000 K full-band brightness temperature in some
cases when resolved at 350-μsec time resolution. An additional
higher time resolution plot in Fig. 7 shows an apparent pulse
repetition interval of approximately 102 ms. Again, the source
of these emissions remains unidentified.

The remaining examples considered arise from the transit
and dedicated RFI observing flights; the 10/6/08 observations
are excluded from the statistical analyses to be reported in
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Fig. 8. Spectrogram of horizontally polarized brightness during New York
City overflight (prior to application of cross-frequency mitigation algorithm and
pulse detection algorithm) Oct. 7th.

Section V due to the repeated observations of a small geograph-
ical area that they represent.

The October 7th flight included a direct overpass of New
York City (see Fig. 1). Fig. 8 is the OSU LISR spectrogram
in horizontal polarization for the portion of the flight including
an overpass of Manhattan. This spectrogram shows a very
strong source from 1398 to 1400 MHz; additional analysis of
the spectrogram at frequencies down to 1390 MHz shows a
set of ∼2-MHz wide interferers suggestive of a channelized
communications systems. This application is consistent with
frequency allocation regulations in the United States. Numer-
ous other in-band sources are also observed including apparent
frequency modulated sources near 1414 (14:00–14:03 UTC)
and 1420 MHz (14:06–14:09 UTC). Fig. 9 illustrates full-
band brightness temperatures before and after application of
RFI mitigation algorithms for this period with the UM ADD,
GSFC ADD, and OSU LISR data sets, respectively. Full-
band brightnesses exceeding 1000 K are observed in the top
and the middle panels of Fig. 9, primarily due to the strong
impact of the 1390–1400 MHz sources, with only a moderate
impact of the pulse and kurtosis detection algorithms due to
the more continuous nature of these sources, for which the
interference to noise ratio (before calibration) is approximately
−3 dB. OSU LISR data in the bottom panel of Fig. 9 was
computed using only the frequency range 1400–1422 MHz (for
this time period only), so that the strong communications source
was excluded, and a maximum “full-band” brightness for this
spectral range of ∼450 K is obtained. Subsequent application of
pulse and cross-frequency detection algorithms to this strategy
produces the RFI mitigated results of Fig. 9 (bottom) that
appear more realistic. Fig. 10 summarizes the pulsed (left) and
cross-frequency (right) detected RFI levels for this portion of
the flight; low-level pulsed RFI is observed throughout, while
the impact of cross-frequency detected RFI exceeds 1 K in only
a few time intervals. These results demonstrate the ability of the
combined system to detect and remove RFI even in challenging
environments.

An additional example of a very strong RFI source is pro-
vided in Fig. 11, recorded during a portion of the October

Fig. 9. Comparison of horizontally polarized brightness for the time interval
of Fig. 8 prior to and following UM Kurtosis detection and mitigation algorithm
(top), GSFC pulse detection and mitigation algorithm (middle), and cross-
frequency mitigation algorithm (bottom.).

18th flight that passed within 1.5 km of a Digital Television
(DTV) Channel 52 transmitter in Springfield, MO. Channel 52
transmitters in the United States at this time used frequencies
698–704 MHz, so that the second harmonic of the transmis-
sion occupies 1396–1408 MHz. Clear evidence of this second
harmonic is observed; this information can be used to assess
the level of second harmonic emissions from the transmitter.
Note that following the DTV transition in the United States,
698–704 MHz is no longer allocated to television transmis-
sions, but rather to personal communications systems. How-
ever, the example remains illustrative of the potential effects
of second harmonic emissions into L-band. Fig. 12 illustrates
the individual full-band horizontally polarized observations of
the UM ADD, GSFC ADD, and OSU LISR systems, and again
shows the difficulties of detecting and mitigating this strong
source using pulsed or kurtosis approaches when the full-band
data alone are used. In this case, the use of the ADD frequency
sub-band channels would be more appropriate, as their use
permits the RFI to be isolated in particular sub-bands and
then mitigated by selective removal of the contaminated sub-
bands. The cross-frequency strategy, which discards much of
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Fig. 10. OSU LISR detected pulsed (left) and CW (right) RFI corresponding to Figs. 8 and 9.

Fig. 11. Spectrogram of horizontally polarized brightnesses during Spring-
field, MO overflight (prior to application of cross-frequency mitigation algo-
rithm and pulse detection algorithm) Oct. 18th.

the radiometer bandwidth in some portions of the observation
is more successful in removing this source, although some
apparent interference remains.

An additional analysis of this source is reported in Fig. 13,
using the known antenna location and transmit power, as well
as a description of the PALS antenna pattern and orientation.
Received brightness temperatures predicted by the Friis trans-
mission formula versus range are found to provide a reasonable
match to the measured data. An assumption of a second har-
monic suppression of 98 dB, which falls within legal limits,
was used to produce these results.

V. RFI STATISTICS

While the RFI examples presented in Section IV provide
some evidence of both strong and weak RFI sources and
their properties, the extensive data set obtained prohibits an
exhaustive examination of all RFI events. Statistics of RFI
levels detected by pulsed algorithms (GSFC and OSU LISR
for horizontal and vertical polarization, respectively) cross-
frequency (OSU LISR) and full-band kurtosis (UM ADD)
approaches were compiled using 32416 datapoints representing
1.5-s time integrations. Fig. 14 plots the resulting RFI distribu-

tion functions in terms of the percent chance (vertical axis) of
exceeding the RFI level specified on the horizontal axis.

The pulsed algorithm curves show significant RFI corruption
that is stronger in vertical polarization at low RFI levels but
more similar between polarizations at larger RFI levels. The
sum of pulsed and cross-frequency detected RFI is represented
by the OSU “total” curves, showing that significant cross-
frequency RFI is also present, and that RFI levels exceeding
1 K at these scales is experienced ∼7 to 8% of the time,
while RFI exceeding 10 K is experienced ∼1% of the time.
Full-band kurtosis detected RFI is slightly larger than that of
the OSU system at RFI levels < 0.5 K, possibly indicating
the presence of short pulses for which the full-band kurtosis
approach is more sensitive. Alternatively, the full-band kurtosis
detected RFI is less than the LISR total at high RFI levels, likely
due to the algorithm’s reduced sensitivity for more continuous
RFI types.

Averaging these observations to larger spatial scales is desir-
able in order to predict RFI levels for satellite missions. This
is because an analysis of the Friis transmission formula for
satellite observations shows that it is the “density of interferers”
that is relevant for predicting RFI corruption, even given the
differing antenna patterns, etc. between ground and space-
based observations. Instantaneous PALS antenna observations
typically represent a footprint of ∼1.84× 0.87 km at the
nominal flight altitude of 3 km. Averaging these observations
over along track distances of 40 km provides spatial scales in
one dimension representative of a satellite antenna footprint
diameter. However, the cross-track dimension of this averaged
spot remains < 1 km; an additional assumption that the regions
of interest are statistically homogeneous over a 40-km cross-
track scale is then required for predicting expected satellite RFI
levels. This assumption is believed preferable to an integration
over a satellite footprint area, given the limited amount of data
available and the variety of geographical regions that would be
combined in such a process.

Fig. 15 presents the RFI distribution functions following
the 40-km linear integration (101 remaining points). Results
are qualitatively similar to those in Fig. 14, except that the
percentage of points having lower level RFI is somehow in-
creased. CW RFI levels occur more frequently than pulsed RFI



PARK et al.: AIRBORNE L-BAND RFI OBSERVATIONS FROM THE SMAPVEX08 CAMPAIGN 3367

Fig. 12. Comparison of horizontally polarized brightness prior to and following UM Kurtosis (top left), GSFC pulse detection (top right), and OSU cross-
frequency mitigation algorithm (bottom).

Fig. 13. Brightness versus distance of PALS/ADD from KOLR transmit-
ter compared with predictions of the Friis transmission formula (labeled
“modeled”).

at large power levels, although the largest cases are dominated
by the specific sources considered in Figs. 8 and 11. In general,
these results show that RFI at low to moderate power levels
is not uncommon in the United States, and must be addressed
if radiometric data is to have sufficient quality for precision
scientific applications.

Due to these issues, the NASA SMAP mission is currently
implementing a digital backend to enhance the detection and
mitigation of RFI. This system will include time-, frequency-,

Fig. 14. RFI distribution functions detected in vertical and horizontal po-
larizations by OSU LISR, UM ADD, and GSFC ADD (32416 1.5-s time
intervals.).

and kurtosis-based strategies as considered in this experiment.
However, the 512 spectral channels per polarization achieved
by OSU LISR are not practical for a satellite downlink, so that a
reduced number of spectral channels (currently baselined at 16)
will be used. In order to assess the potential performance
of such a system for detecting frequency localized RFI, an
additional study was performed using the 101 40-km inte-
grated LISR spectrograms. The spectrograms were integrated in



3368 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 49, NO. 9, SEPTEMBER 2011

Fig. 15. Histogram for the campaign of RFI levels detected in vertical and
horizontal polarizations by OSU LISR, UM ADD, and GSFC ADD. Results
for 40-km spatial integration (101 40 km spatial intervals).

Fig. 16. Histogram for the campaign of total RFI levels detected in vertical
and horizontal polarizations by OSU LISR. Results for OSU in-band channels
and averaged 10 channels (101 40-km spatial intervals).

frequency to produce ten 1.5-MHz channels (the center 15 MHz
of the PALS passband to reduce passband effects), and the
cross frequency algorithm applied to this reduced resolution
data set. In this process, additional Gaussian noise of 4 K
was added to each of the 10 subchannels in order to model
the expected SMAP radiometer sensitivity of 1 K in the full-
band observation. The resulting RFI distribution function is
compared with that using the full spectral resolution in Fig. 16.
The general similarity of the detected RFI levels shows that
the reduced spectral resolution approach should be successful
in detecting and mitigating RFI of the type observed in the
campaign of this paper.

VI. CONCLUSION

RFI observations from an airborne campaign covering geo-
graphically diverse portions of the United States were presented
in this paper. The multiple digital backends included in the
campaign each provided distinct RFI detection and mitigation

approaches, and each was shown to provide advantages for
particular source types. The value of multiple frequency chan-
nels, as opposed to the previous European/Australian campaign
results reported in [7], was also demonstrated. Selected RFI
examples including both strong and weak sources were exam-
ined, and included definitive observation of second harmonic
emissions from a licensed source operating under legal limits.
The statistical information presented in Section V showed
that RFI corruption of L-band radiometer observations at low
to moderate power levels is likely in the United States; for
example, RFI exceeding 1 K is forecasted to occur in 10%–20%
of observations. The difficulties in detecting such low-level RFI
with traditional radiometer approaches motivate the use of ded-
icated RFI strategies in future satellite missions such as SMAP.
Note that these results are consistent with currently available
RFI information from the SMOS mission, for which only the
largest RFI sources (i.e., > ∼50–100 K) are easily detectable
at present, and which are largely absent from the continental
United States. Future work with SMOS observations will be
required to address approaches for detecting and removing this
low-level RFI and its effect on SMOS science applications.
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