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Each issue we feature one of our Tech-
nical Committees to share with the
community their mission, objectives,
and activities. Here we present a con-
tribution from the Frequency Alloca-
tions in Remote Sensing (FARS) Tech-
nical Committee. As explained in the article, FARS represents the in-
terests of our community in regards to use of the radio frequency
: spectrum. Please contact the Chair or Co-Chair (authors of the article)
if you have an interest in participating in this Technical Committee.

The Frequency Allocations in Remote Sensing (FARS)
Technical Committee (TC) was formed in 2000 as
a means for the IEEE Geoscience and Remote Sensing
Society (GRSS) community to discuss spectrum man-
agement issues that affect the remote sensing field and
to provide a unified interface to the regulatory world.
Presently, FARS members include 84 engineers and sci-
entists representing government, academic and indus-
trial entities across 10 countries.

Spectrum management has become an important
issue for many members of the GRSS. Increasingly over
the past decade, members of GRSS engaged in passive
and active microwave remote sensing have been coping
with corrupt measurements due to radio frequency inter-
ference (RFI). Accordingly, the charge of the FARS TC is:

To interface between the GRSS membership and the
frequency regulatory process, which includes educating the
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membership of current frequency management issues, pro-
cesses and influencing regulatory efforts by organizing a
GRSS response. We coordinate GRSS technical recommen-
dations and responses to regulatory organizations. We track
current and future user spectrum requirements, investigate
potential interference issues and promote the development of
RFI detection and mitigation techniques.

As the usable spectrum gets increasingly crowded,
the GRSS FARS community has taken a pro-active
approach to deal with interfering sources. It is impor-
tant not only to keep track of the constantly changing
frequency allocations but also develop active interfer-
ence detection and mitigation approaches to measure
usable data in our spectrum of interest. The next section
summarizes frequency allocation issues and interfer-
ence observed by passive remote sensing instruments.
Section 3 briefly describes the interference detection
algorithms developed by the GRSS community, before
summarizing recent and upcoming FARS activities in
the last section.

At an international level, use of the radio frequency
spectrum is regulated by the International Telecom-
munication Union (ITU). Changes to the Radio Regu-
lations are adopted at the World Radiocommunication
Conferences (WRC), held every three to four years. At
every WRC, a worldwide table of allocations is agreed
upon by the member administrations of the ITU, and is
established among the different ITU regions.
Allocations are meant to accommodate one or
more services within a shared frequency bands by
coordinating their respective applications to mini-
mize harmful reciprocal interference. Frequency allo-
cations offer users an overview of the Radio Frequency
environment and guidelines under which to operate in
each particular band. Compliance with the ITU table
is only required at an international level, while each
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country is free to modify the
ITU table for services within
its borders [1].

Each allocated service is gen-

BANDS (GHZ) SCIENTIFIC OBSERVATIONS SPACEBORNE INSTRUMENTS

TABLE 1. RFI-THREATENED PASSIVE EESS FREQUENCY ALLOCATIONS.

Soil moisture, sea surface
Salinity, sea surface wind,
vegetation index

Soil moisture, sea surface
temperature, precipitation

Precipitation, cloud liquid
water, sea surface wind
speed, sea surface tem-

Precipitation, cloud liquid
water, snow cover, sea sur-
face wind speed, sea ice

Atmospheric water vapor,
Sea surface wind speed,
sea ice, precipitation, snow

Precipitation, cloud liquid
water, snow cover, sea sur-
face wind speed, sea ice

SMOS,
Aquarius, SMAP

AMSR-2, WindSat

TMI, AMSR-2, WindSat
GPM GMI

JASON-2 AMR, AMSR-2,
WindSat

SSM/I1, JASON-2 AMR, TMI,
AMSR-2, GMI, AMSU-A

AMSU-A, SSM/I, TMI, AMSR-2
JASON-2 AMR, WindSat,
SSM/1S, GPM GMI

High; out of band emis-
sions mostly from air
surveillance radars.

Moderate (especially
over the U.S.A))

Moderate (especially
over Europe)

Moderate; potentially
from satellite TV service
signals.

Moderate; vehicle anti-
collision radars

Low; new sources ob-
served off oil platforms
near the Indian subcon-

erally granted either primary 1.37-1.40*
or secondary status. Secondary 1.40-1.427
.serv1ces shall not.cause harr?lful 6405 e
interference to primary services.
They also cannot claim protec 10.6-10.7
tion from harmful interference
caused by a prlmar?r service; e
hpwever they can cl.alm protec- AT
tion from harmful interference
from sources of the same or oth-
er secondary services. Current 22.21-22.5
Radio Regulations have allocat- 23.6-24
ed frequencies between 9 kHz —
and 275 GHz. It is important e
for GRSS FARS to represent the 36-37
spectrum needs of its commu-
nity at a spectrum management
meeting such as WRC 2027504
& : 51.4-59.3 profiling

*Secondary allocation
**Limited protection

2.1 FREQUENCY ALLOCATIONS
AND RADIO FREQUENCY

Atmospheric temperature

tinent

TOVS (MSU), SSM/T,
AMSU-A, SSM/IS

Moderate: potential for
RFI due to spectrum-
sharing rules at 55-57

INTERFERENCE IN PASSIVE

REMOTE SENSING

Though frequency allocations exist for microwave remote
sensing, RFI is still a significant issue. Table 1 shows a list
of the most relevant frequency bands allocated to passive
remote sensing EESS (Earth Exploration Satellite Service)
[2],[3] with their main scientific uses and their space-
borne sensors which are currently—or are scheduled to
begin—operating in that frequency band. The expected
level of RFI and its sources are also indicated in Table 1.
Except for the secondary 1.37-1.40 GHz allocation and
the 6.425-7.25 GHz limited-protection band, all alloca-
tions are primary.

When the band is shared with other services, RFI
degrades the quality of the remote sensing data. Passive
sensors are especially vulnerable to RFI because of the
very low levels of the detected signal that carries informa-
tion. The last column in Table 1 reports level and likely
sources of observed RFI. Even in protected and non-
shared bands, RFI can still originate from sources emit-
ting in adjacent bands. As noted in Table 1 and the figures
below, even though many of the allocations are primary
or protected, RFI still plagues the incoming brightness
temperature (Tp) signals. Frequency allocations from
82 to 275 GHz were not reported, since the current RFI
threat is low for those channels.

An example of the RFI threats stated in Table 1 is
shown in Fig. 1 which indicates the RFI observed in three
of the most used bands in passive microwave remote
sensing (1.4 GHz, 6 GHz and 10 GHz). Due to differ-
ent spectrum allocation rules in different ITU regions,
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the geographical distribution of RFI varies depending on
the frequency. Data acquired over the United States of
America show corruption in the 6 GHz region, whereas
the United Kingdom and Italy are more affected at 10
GHz. Fig. 1 shows RFI hot spots observed by AMSR-
E in December 2010 and Aquarius in December 2011,
obtained by running a peak hold algorithm over approx-
imately a month of data.

Fig. 1 is a snapshot of the current occurrence of RFI
at the respective frequencies and does not represent the
increase in RFI at various bands over time. There have
been studies indicating a clear increasing RFI trend over
the last decade. A study done by McKague et al. [4] gives
an example of increasing occurrence of RFI at K-band
from 2005 to 2010. Fig. 2 illustrates the temporal evo-
lution of the spectral difference between the brightness
temperature T}, of the AMSR-E 18.7 GHz and 23.8 GHz
channels. A negative value of the T}, difference represents
RFI in the 18.7 GHz channel. The bottom plot (for Janu-
ary 2009) shows an “arc” of RFI observed over the north-
ern regions of United States. This broad arc is attributed
by McKague et al. [4] to reflections off a Direct TV satel-
lite signal, based on the relative position and incidence
angles of the satellites.

Given the presence of interference at bands of interest
to the remote sensing community and the vulnerability of
passive microwave systems to man-made sources, over the
past decade a significant amount of work has been done to
develop RFI detection and mitigation algorithms.
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FIGURE 1. Map showing RFI detected at three different frequencies: RFI at 1.4 GHz as observed by the Aquarius radiometers during Decem-
ber 2011, RFI at 6 and 10 GHz as observed by AMSR-E during December 2010.

FIGURE 2. K-band RFI observed by AMSR-E for July 2005, July 2008
and July 2009. Values shown are the differences between brightness
temperatures between 23.8 GHz and 18.7 GHz in V-polarization. RFI
appears as negative differences < 10 K (courtesy of McKague et al. [4]).

RFI detection, mitigation, and in some cases estimation
algorithms developed for passive remote sensing can be
broadly classified in five categories.

1) Spatial: This class of algorithms detects the presence of
RFI by comparing the pixel under test with its neigh-
boring pixels. This approach is good for high-powered
geographically isolated interference sources.

2) Temporal: These algorithms compare brightness tem-
perature samples in the time domain. They work best
for radar-type pulsed signals and are generally opti-
mal when the integration period of the radiometer is
matched to the offending interference pulse width [5].
The RFI source needs to be above the noise floor of the
measured signal for a successful detection.

3) Spectral: For Continuous-Wave (CW) narrowband

RFI sources a spectral algorithm gives optimal perfor-

mance. The algorithm compares spectral bands with its

neighboring bands for anomalously high signals.

Statistical: These algorithms are based on measuring

higher order statistical properties of the signal to gauge

its normality. They are non-trivial to implement, but
have the capability to detect low-level interference de-
pending on the type of interfering source.

5) Polarimetric: These algorithms take advantage of the
polarimetric nature of some interfering source to dis-
tinguish it from the natural emission.

Fig. 3 gives an example of the different types of algo-
rithms. As the diagram suggests, various algorithm classes
can be combined to deal with different types of interfering
sources. Though RFI detection algorithms have been built
and developed for many missions over a wide spectrum,
missions in the L-band have been the most active in pur-
suing RFI mitigation strategies. Between the current and
upcoming space-borne missions, NASA’s Aquarius mis-
sion, ESA’s SMOS (Soil Moisture Ocean Salinity) mission
and NASA’s SMAP (Soil Moisture Active Passive) mission
have implemented pre-launch and post-processing algo-
rithms to deal with RFI. Even though all these three mis-
sions operate in the protected L-band, previous airborne
missions have shown that RFI still occurs at this frequency
(also seen in Fig. 1).

The Aquarius radiometers employ a purely temporal
approach also known as “glitch” detector [6-8], closely
related to the pulsed RFI detection method. The algo-
rithm integration time was optimized to deal with early-
warning radar sources with pulses of similar width [9].
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FIGURE 3. A five dimensional Venn diagram [16] illustrating the different classes of RFI detection and mitigation algorithms and their
combinations. Two (red), three (blue), four (green) and five (grey) classes combinations are possible. The algorithms clockwise from top left
are: Pulse Detection (Temporal) [8], 3rd/4th Stokes RFI Detection (Polarimetric, courtesy of Skou et al. [10])), Spectrogram for CW signals
(Temporal + Spectral), Kurtosis (Temporal + Spectral + Statistical, courtesy of Ruf et al. [17]).

The algorithm is fairly easy to implement, but it is inher- at the third and fourth Stokes parameters of the incom-
ently biased and can only detect RFI above the noise floor ing signal and any deviation away from zero (as seen
of the radiometer, potentially missing RFI coming from in Fig. 3 polarimetric). Another algorithm proposed by

continuous sources. Fig. 1 shows that it performs satis- Misra et al. [11] takes advantage of the smooth geophysi-
factorily by picking up sources around the Europe, China cal variation of brightness temperature with respect to
and the Middle East. incidence angles, and detects deviations from a smooth

The SMOS mission employs a unique interferometric fit. The SMOS mission has been very active in identify-
technique for measuring brightness temperatures. This ing the interference sources at L-band, geo-locating them
results in an RFI detection approach that is a combination and turning them off. This has led to more complicated
of spatial, temporal (or angular) and polarimetric algo- algorithms that not only detect RFI sources but attempt to

rithms. The algorithm proposed by Skou et al. [10] looks locate them as well [12].
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Among the L-band space-borne missions, the upcom-
ing SMAP mission has been the most aggressive in pur-
suing advanced detection and mitigation strategies for
RFI affecting its passive sensor. The SMAP mission has
designed a combination of temporal, spectral and statisti-
cal algorithms for RFI mitigation [13]. SMAP employs spec-
tral sub-bands, and measures the higher order moments
for each spectral/temporal grid to measure kurtosis. The
algorithm is a very sensitive tool for low-powered signals,
especially pulsed-type [14], though it suffers from central-
limit conditions when subject to RFI from multiple types
of sources. The algorithm is also resource intensive, as it
significantly increases the data bandwidth of the radiom-
eter downlinked for post-processing. Another penalty for
implementing such an aggressive RFI detection/mitigation
back-end is the cost of the system to the SMAP project [15].

There are many other detection algorithms aside from
the ones mentioned above for dealing with RFI in passive
microwave radiometry. Initial RFI algorithm development
was of the spectral nature using analog sub-bands [18],
these were later replaced by digital backends [19] to offer
more flexibility and higher number of channels. Though
these simple algorithms are fairly effective, they result in
a high data bandwidth. Other innovative statistical tech-
niques have also been developed such as negentropy [20],
wavelets [21], Shapiro-Wilk [22], Anderson-Darling [23] to
deal with interference.

Each algorithm implementation has its pros and cons.
The future of RFI detection though is dealing with larger
bandwidths with on-board mitigation. As the number of
interfering sources increase over higher frequencies, the
need for a wide bandwidth multi-channel statistical spec-
trogram also increases. Adding more spectral channels and
higher order moments make downlinked data-rates unfea-
sible. Thus the current technology push is for the devel-
opment of on-board mitigation of these large bandwidth
products to manage data-rates.

Current and future RFI detection algorithm issues, increas-
ing RFI trends, spectral corruption were presented recently
at the GRSS-sponsored 13th Specialist Meeting on Micro-
wave Radiometry and Remote Sensing of the Environment
(MicroRad 2014). Topics ranged from a Ka-band radiom-
eter design, RFI observed at 37 GHz, approaches to RFI
detection in and mitigation for the upcoming Soil Mois-
ture active Passive (SMAP) mission, development of on-
board mitigation technologies and development of new
algorithms for already operational sensors.

This year, the International Geoscience and Remote
Sensing Symposium (IGARSS) held at Quebec City will
include a full session with ten oral presentations named
“Radio Frequency Interference Management and Spec
trum Allocation for Remote Sensing”. The focus of the ses-
sion will be broader than previous years, encompassing

RFI detection and mitigation techniques, methodologies
employed in related disciplines such as radio astronomy,
and spectrum management issues.

The FARS Committee annual meeting will follow the
“Radio Frequency Interference Management and Spectrum
Allocation for Remote Sensing” session. Many important
spectrum related issues will be discussed, including contri-
butions to the upcoming WRC planned at the end of 2015.
Among the agenda items for WRC-15 relevant to passive
microwave remote sensing, there are allocations in the
10-17 GHz range to the fixed-satellite service, in the 20-26
GHz range to the mobile-satellite service and above 15.7
GHz to aeronautical mobile and radio navigation services
that have the potential of creating RFI issues. Other topics
of discussion at WRC-15 will include the fragmentation of
the frequency allocations to remote sensing of the 71-106
GHz spectral regions. This is an important opportunity for
the GRSS community to be able to provide a contribution
to the regulatory process. Both member and non-members
are cordially invited to join the meeting, contribute to the
discussion, and get involved. The FARS Committee warmly
welcomes new members. Anyone interested in joining the
committee should contact one of its co-chairs, Sidharth
Misra and Paolo de Matthaeis.

[1] (2014, Apr. 9). Radio spectrum allocations. [Online]. Available:
http://www.spectrumwiki.com/wp/allocations101.pdf

[2] National Research Council. Handbook of Frequency Allocations and
Spectrum Protection for Scientific Uses. Washington, D.C.: National
Academies Press, 2007.

[3] National Research Council. Spectrum Management for Science in the
21st Century. Washington, D.C.: National Academies Press, 2010.

[4] D. McKague, J. Puckett, and C. Ruf, “Characterization of K-band
radio frequency interference from AMSR-E, WindSat and SSM/1,”
in Proc. Int. Geoscience Remote Sensing Symp., Honolulu, HI, July
25,2010, pp. 2492-2494.

[5] S. Misra, P. N. Mohammed, B. Guner, C. S. Ruf, J. R. Piepmeier,
and J. T. Johnson, “Microwave radiometer radio frequency inter-
ference detection algorithms: A comparative study,” IEEE Trans.
Geosci. Remote Sens., vol. 47, no. 11, pp. 3742-3754, 2009.

[6] S. Misra and C. S. Ruf, “Detection of radio frequency interference
for the aquarius radiometer,” IEEE Trans. Geosci. Remote Sens., vol.
46, 10. 10, pp. 3123-3128, 2008.

[7]J. T. Johnson, G. A. Hampson, and S. W. Ellingson, “Design and
demonstration of an interference suppressing microwave radi-
ometer,” in Proc. IEEE Int. Geoscience Remote Sensing Symp., 2004,
vol. 3, pp. 1683-1686.

[8] D. M. L. Vine, P. de Matthaeis, C. S. Ruf, and D. D. Chen, “Aquar-
ius RFI detection and mitigation algorithm: Assessment and
examples,” I[EEE Trans. Geosci. Remote Sens., vol. 52, no. 8, pp.
4574-4584, 2014.

[9] J. R. Piepmeier and F. A. Pellerano, “Mitigation of terrestrial ra-
dar interference in L-band spaceborne microwave radiometers,”
in Proc. IEEE Int. Geoscience Remote Sensing Symp., Denver, CO,
2006, pp. 2292-2296.

IEEE GEOSCIENCE AND REMOTE SENSING MAGAZINE JUNE 2014



[10] N. Skou, J. E. Balling, S. S. Sobjaerg, and S. S. Kristensen, “Sur-
veys and analysis of RFI in the SMOS context,” in Proc. IEEE
Int. Geoscience Remote Sensing Symp., Honolulu, HI, 2010, pp.
2011-2014.

[11] S. Misra and C. S. Ruf, “Analysis of radio frequency interference
detection algorithms in the angular domain for SMOS,” IEEE
Trans. Geosci. Remote Sens., vol. 50, no. 5, pp. 1448-1457, 2012.

[12] R. Oliva, S. Nieto, and F. Felix-Redondo, “RFI detection algo-
rithm: accurate geolocation of the interfering sources in SMOS
images,” IEEE Trans. Geosci. Remote Sens., vol. 51, no. 10, pp.
4993-4998, Oct. 2013.

[13] J. R. Piepmeier, J. T. Johnson, P. N. Mohammed, D. Bradley, C.
Ruf, M. Aksoy, R. Garcia, D. Hudson, L. Miles, and M. Wong,
“Radio-frequency interference mitigation for the soil mois-
ture active passive microwave radiometer,” IEEE Trans. Geosci.
Remote Sens., vol. 52, no. 1, pp. 761-775, Jan. 2014.

[14] R. de Roo, S. Misra, and C. Ruf, “Sensitivity of the kurtosis sta-
tistic as a detector of pulsed sinusoidal RFI,” IEEE Trans. Geosci.
Remote Sens., vol. 45, no. 7, pp. 1938-1946, 2007.

[15] J. R. Piepmeier, Pers. Commun.

[16] S. Misra, “Development of radio frequency interference detec-
tion algorithms for passive microwave remote Sensing,” Ph.D.
dissertation, Atmos. Ocean. Space Sci. Dept., Univ. Michigan,
Ann Arbor, M], 2011.

[17] C. S. Ruf, S. Misra, S. Gross, and R. D. de Roo, “Detection of RFI
by its amplitude probability distribution,” in Proc. IEEE Int. Geo-
science Remote Sensing Symp., Denver, CO, 2006.

[18] A. . Gasiewski, M. Klein, A. Yevgrafov, and V. Leuskiy, “Interfer-
ence mitigation in passive microwave radiometry,” in Proc. I[EEE
Int. Geoscience Remote Sensing Symp., 2002, vol. 3, pp. 1682-1684.

[19] B. Guner, N. Niamsuwan, and J. T. Johnson, “Performance study
of a cross-frequency detection algorithm for pulsed sinusoidal
RFI in microwave radiometry,” IEEE Trans. Geosci. Remote Sens.,
vol. 48, no. 7, pp. 2899-2908, 2010.

[20] D. Bradley and J. M. Morris, “On the performance of negentropy
approximations as test statistics for detecting sinusoidal RFI in
microwave radiometers,” IEEE Trans. Geosci. Remote Sens., vol. 51,
no. 10, pp. 4945-4951, Oct. 2013.

[21] A. Camps and J. M. Tarongi, “RFI mitigation in microwave
radiometry using wavelets,” Algorithms, vol. 2, no. 3, pp. 1248~
1262, 2009.

[22] B. Guner, M. T. Frankford, and J. T. Johnson, “A study of the
Shapiro-Wilk test for the detection of pulsed sinusoidal radio fre-
quency interference,” IEEE Trans. Geosc. Rem. Sens., vol. 47, no. 6,
pp. 1745-1751, 2009.

[23] J. M. Tarongi and A. Camps, “Normality analysis for RFI detec-
tion in microwave radiometry,” Algorithms, 2009.

GRS

19

From Imagination to Market

“IEEE Standards Online
gives us access to
up-to-date standards
with minimal effort.”

— Leading Technology Company =

IEEE Standards Online

Your Direct Connection to IEEE Standards

Continuous access to the comprehensive and growing collection

of IEEE Standards.

Access tomorrow’s draft standards first and get a jump on

the competition

[7]  Find a standard quickly with fast and comprehensive search
and retrieval features

7] Immediate updates and automatic email alerts

[7]  Substantial savings over purchasing individually

Free Trial!

Experience IEEE —
request a trial for your company.

www.ieee.org/standardsonline

JUNE 2014 |EEE GEOSCIENCE AND REMOTE SENSING MAGAZINE

73



