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Abstract
This SFCG report presents global surveys of RFI levels observed by operational L-band sensors
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1. Introduction
This SFCG report describes the radio frequency (RF) environment experienced by five L-Band
spaceborne sensors operating in the Earth Exploration-Satellite Service (EESS) .

Service
EESS (active)

Frequency allocation
1 215 – 1 300 MHz

EESS (passive)

1 400 – 1 427 MHz

Sensor
AQUARIUS scatterometer
SMAP scatterometer
AQUARIUS radiometer
SMAP radiometer
SMOS radiometer (MIRAS)

The band 1 215-1 300 MHz is allocated on a primary basis to the EESS (active) and the
radiolocation service, and the band 1 240-1 300 MHz is also allocated on a primary basis to the
aeronautical radionavigation service. Systems operating under the EESS (active) allocation
cannot claim protection from systems operating in the radiolocation or aeronautical
radionavigation services in these bands. However, from the perspective of the active sensors
operating in the EESS (active) emissions from the terrestrial radars operating in the radiolocation
and aeronautical radionavigation services are RF Interference (RFI) to these sensors.
The band 1 400-1 427 MHz is allocated on a primary basis exclusively to the EESS (passive), the
space research service (passive) and the radio-astronomy service (Figure 1). All emissions are
prohibited in this band according to the ITU-R Radio Regulations (RR) footnote No. 5.340. In
addition, the ITU-R Resolution 750 (WRC-07 and rev. WRC-15) addresses the compatibility
between the EESS (passive) and the relevant active services operating in the adjacent bands.
Resolution 750 determines the limits for unwanted emissions of IMT systems brought into use in
the 1427-1452 MHz mobile service band, and identifies the recommended maximum unwanted
emission levels applicable to the whole range of ITU-R services allocated in the adjacent bands.
This resolution also urges administrations to take all reasonable steps to ensure that the
recommended maximum levels are not exceeded, noting that EESS passive sensors provide
worldwide measurements that benefit all countries.
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Figure 1: ITU-R Frequency allocations in the 1 400-1427 MHz range and adjacent
frequency bands
Observations in L-Band from spaceborne sensors are fairly new for scientific user communities.
These systems allow accurate global observations of surface emissions originating from land and
ocean surfaces since the atmosphere is almost transparent in this spectral range. The sensitivity to
changes of the water content in the soil and the salinity in the oceans is high for low microwave
frequencies when compared to the one obtained for measurements at higher frequencies provided
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through operational sensors. The all-weather-all-surfaces capabilities address the needs of a large
range of user communities and applications.
The following sections describe the RFI as measured by spaceborne active and passive sensors
operating in their allocated EESS frequencies in L-Band. Sections 2 and 4 present the RFI
scenarios detected by the radar scatterometers of Aquarius and SMAP missions, respectively.
Section 3, 5 and 6 present the RFI scenarios detected by the radiometers of Aquarius, SMAP and
SMOS missions. Also presented for comparison, it is shown the RFI environment observed by
both, the scatterometer and radiometer of the AQUARIUS mission, and also of the SMAP
mission.
The information provided in this SFCG Report may be useful for the design of future spaceborne
sensors in L- band.
Relevant ITU-R documents
•

RESOLUTION 750 (REV.WRC-15): Compatibility between the Earth exploration-satellite
service (passive) and relevant active services;

•

RECOMMENDATION ITU-R RS.2017-0 (2012): Performance and interference criteria
for satellite passive remote sensing;

•

RECOMMENDATION ITU-R RS 2106-0 (2017): Detection and resolution of radio
frequency interference to Earth exploration-satellite service (passive) sensors;

•

REPORT ITU-R RS.2315-0 (2014): Global survey of radio frequency interference levels
observed by the Aquarius scatterometer at 1 260 MHz and Aquarius and soil moisture and
ocean salinity radiometers at 1 413 MHz;

•

REPORT ITU-R RS.2336-0 (2014): Consideration of the frequency bands 1 375-1 400
MHz and 1 427-1 452 MHz for the mobile service – Compatibility with systems of the
Earth exploration-satellite service (EESS) within the 1 400-1 427 MHz frequency band;

2. Aquarius Scatterometer observed RFI
2.1

Description of Aquarius Scatterometer

Aquarius is a microwave remote sensing instrument designed to obtain global maps of the surface
salinity field of the oceans from space, and it is flown on the Aquarius/ Satélite de Aplicaciones
Científicas-D (SAC-D) mission, a partnership between the USA National Aeronautics and Space
Administration (NASA) and Argentina Comisión Nacional de Actividades Espaciales (CONAE).
Aquarius successfully launched in June 2011. The Aquarius instrument is a combination
scatterometer and radiometer operating at 1.26 GHz for the scatterometer (active sensor) and at
1.413 GHz for the radiometer (passive sensor). Even though the primary instrument for
measuring salinity is the radiometer which responds to salinity because of the modulation salinity
produces on thermal emission from sea water, the scatterometer provides a correction for surface
roughness (waves) which is one of the greatest unknowns in the retrieval.
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The Aquarius scatterometer maps the world every 7 days. The Aquarius scatterometer is a 1.26
GHz, total power scatterometer designed to acquire radar backscatter signals to estimate oceansurface roughness. The spaceborne scatterometer operates at an altitude of 657 km and inclination
of 98 deg. The Aquarius scatterometer, co-points with the primary radiometer subsystem, to
actively estimate ocean roughness and enable this temperature correction. The radar scatterometer
collects fully polarimetric returns and they are summed to represent the total ocean backscatter.
The range bandwidth is 4 MHz. The linearly frequency modulated (FM) pulses have a pulse
duration of 1 millisec and bandwidth of 4 MHz. Three beams from an offset –parabolic reflector
provide a 280 km width swath. The 2.9m x 2.5m offset parabolic reflector with three feeds
produces inner, middle and outer 3 dB beam widths of 6.5 deg, 6.7 deg, and 7.1 deg, respectively.
An illustration of the three beams of the Aquarius scatterometer and the three footprints on the
Earth is shown in Figure 2. Each of the three beams is pointed at different nadir angles in order
for the footprints to cover 390 km across track on the ground. The radar cycles among the three
beams every 60 milliseconds.
Following the June 2011 launch and activation of the Aquarius instrument, RF interference (RFI)
was observed to be present globally in the Aquarius scatterometer band 1258-1262 MHz.
Onboard RFI flagging was available but is not sufficient for removing RFI effects for further
processing, so an RFI detection and filtering algorithm was developed for ground data processing.
Most RFI over the ocean has been effectively removed, and a substantial amount of RFI has been
removed over most land areas. It should be noted that this algorithm to remove RFI from the data
still results in a degradation of the results in comparison to data samples obtained in an RFI-free
environment. It is noted that the global survey maps of observed RFI at 1260 MHz herein shows that
certain land areas are contaminated with RFI. This land area RFI has no impact on Aquarius
measurements to estimate sea salt salinity and it is not known to what degree this RFI impacts sensor
measurements of soil moisture such as those obtained by SMAP.

Figure 2: Illustration of Three Footprints of Three Antenna Beams of Aquarius
Scatterometer

2.2

Observation of RFI by the Aquarius Scatterometer at 1260 MHz
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The Aquarius scatterometer radar alternates horizontal (H) and vertical (V) transmit and receive
polarized pulses, and interleaves noise-only measurements on each polarization. The echo data
has HH, VV, HV, and VH transmit-receive polarizations, and nH and nV noise-only receive
polarizations. During every other nV measurement, a noise diode injects a signal into the receive
path which raises the apparent nV noise floor. Figure 3 shows the timing sequence of the
Aquarius instrument.
Individual RFI sources can be identified from the Aquarius scatterometer RFI data using the
spatial and temporal resolution. The observed RFI effects can be compared with the predicted RFI
effects.
Figure 4 shows a complementary cumulative distribution curve (1-CDF) of RFI levels observed
Jan-Mar 2013 and the update during Jan-Mar 2015 for the continental U.S. The receiver gain
from the antenna feeds to the ADC input is about 67 dB, so for example if the RFI level is -10
dBm at the ADC input, then the signal level at the antenna feeds if -76 dBm, or -106 dBW.
Figure 5 and 6 show the RFI maps of the observed noise for CDF value 99.9 % in Region 1for
observations in the first quarter of year 2014 and in the first quarter of year 2015, respectively.
Figure 7 and 8 show the RFI maps of the observed noise for CDF value 99.9 % in Region 2 for
observations in the first quarter of year 2014 and in the first quarter of year 2015, respectively.
Figure 9 and 10 show the RFI maps of the observed noise for CDF value 99.9 % in Region 3 for
observations in the first quarter of year 2014 and in the first quarter of year 2015, respectively.
The expected RFI signal levels generated from RFI and source/receiver modeling can be
compared to the RFI levels Aquarius actually observes. Analyses like these can aid in studies of
RFI effects on future L-band satellite missions, and in studying the terrestrial L-band RFI
environment as it evolves in the near future. Because of the reciprocity of the antenna gains, the
observed RFI levels into the Aquarius scatterometer can be used to estimate the RFI levels into
the ground radars from the spaceborne radar.

Figure 3: Timing Sequence of Aquarius Instrument
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Figure 4: 1-CDF Distribution of observed noise power at scatterometer ADC input for
North America during Jan-Mar 2013 (left) and Jan-Mar 2015 (right)

Figure 5: Map of observed noise power (99.9 %) at Aquarius scatterometer ADC input for
Europe and Northern Africa (Region 1) (1st Quarter of Year 2014)

13 September, 2017

Page 6 of 41

REP SFCG 34-2R2

Figure 6: Map of observed noise power (99.9 %) at Aquarius scatterometer ADC input for
Europe and Northern Africa (Region 1) (1st Quarter of Year 2015)
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Figure 7: Map of observed noise power (99.9 %) at Aquarius scatterometer ADC input for
North America (Region 2) (1st Quarter of Year 2014)

Figure 8: Map of observed noise power (99.9 %) at Aquarius scatterometer ADC input for
North America (Region 2) (1st Quarter of Year 2015)
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Figure 9: Map of observed noise power (99.9 %) at Aquarius scatterometer ADC input for
Asia (Region 3) (1st Quarter of Year 2014)

Figure 10: Map of observed noise power (99.9 %) at Aquarius scatterometer ADC input for
Asia (Region 3) (1st Quarter of Year 2015
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3.

Aquarius Radiometer observed RFI

3.1

Description of Aquarius Radiometer

The Aquarius radiometer maps the world every 7 days. The radiometer has adequate internal
calibration and good thermal control. It uses two internal reference sources (noise diode and
Dicke load). The primary amplification is done in the receiver front ends (RFEs). There is a
separate RFE for each feed assembly. In the RFE, the two signals from the orthomode transducer
(OMT) (one for vertical polarization and one for horizontal polarization) are amplified and then
combined to form four channels (vertical, horizontal, and the sum and difference of each). The
sum and difference signal are used to compute the third Stokes parameter (i.e. detected with a
square-law detector in the RFE and later subtracted during the ground processing). The first
elements at the input of the RFE are the Dicke switch and its reference load followed by a coupler
to a noise diode that provides the hot load. Together, these are the references used for internal
calibration. The radiometric temperature of the Dicke load must be known with an uncertainty of
<50 mK and the coupled noise temperature must be stable to < 300 ppm, adequate to achieve the
required radiometric stability (0.13 K over 7 days). In addition, this radiometer architecture is
largely implemented using microstrip-based technology, which is a trade-off made to reduce size
and improve thermal control at the expense of increased loss. As with the scatterometer which
shares the antennas with the radiometer, the three beams from an offset parabolic reflector
provide a 390 km width swath. The 2.9 m × 2.5 m offset parabolic reflector with three feeds
produces inner, middle and outer 3 dB beam widths of 6.1 degrees, 6.2 degrees and 6.4 degrees,
respectively.
The Aquarius radiometer returns brightness measurements over most of the Earth, including land
and ice as well as ocean areas. As far as timing for the hardware, the fundamental timing unit is
10 ms (approximately 1 ms for the scatterometer transmit pulse and 9 ms of observation time for
the radiometer). The radiometer and scatterometer operations are alternated so that the two
sensors look at the same piece of ocean nearly simultaneously. The three radiometers (one for
each beam) operate in parallel. During 120 ms, each radiometer collects seven samples (9 ms long
and repeated each 10 ms) looking into the antenna followed by five samples devoted to the
calibration sources (two noise diodes and Dicke load). This 120-ms sequence is then repeated.
However, because of limitations with the onboard data storage, the radiometer cannot download
all of these data. The first and second 10 ms antenna looks are averaged together, as are the third
and fourth. The next three antenna looks are left at the 10-ms resolution. The samples of the
calibration references transmitted to the ground are the average of ten samples.
3.2

Global Survey of Aquarius Radiometer Brightness Temperature

The Aquarius radiometer operations are alternated so that the two sensors look at the same piece
of ocean nearly simultaneously as illustrated in Figure 3, which shows the timing sequence of the
Aquarius instrument. Figure 11 shows the complementary CDF plots (1-CDF) of the radiometer
brightness temperature (BT) in dB K, as observed over North America during January-March
2013 (top image) and during Jan-Mar 2015 (bottom image) for the continental U.S. Figure 12 and
Figure 13 show the RFI maps of the observed radiometer maximum brightness temperature (BT)
in dB K in Region 1 for observations in the first quarter of year 2014 and in the first quarter of
year 2015, respectively. The same colorbar legend is applicable to both figures, as for the next
two pairs of figures. Figure 14 and Figure 15 show the RFI maps of the observed radiometer
maximum brightness temperature (BT) in dB K in Region 2 for observations in the first quarter of
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year 2014 and in the first quarter of year 2015, respectively. Figure 16 and Figure 17 show the
RFI maps of the observed radiometer maximum brightness temperature (BT) in dB K in Region 3
for observations in the first quarter of year 2014 and in the first quarter of year 2015, respectively.
Both the radiometer BT map and the scatterometer RFI level map show that there are regions of
high RFI in eastern North America, Europe, and East Asia, with numerous other high RFI regions
in other land areas.

Figure 11: CDF distribution of observed BT at radiometer input for
North America (Jan-Mar 2013, top) and (Jan-Mar 2015, bottom)
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Figure 12: Map of observed BT at radiometer input for
Europe and Northern Africa (Region 1) (1st Quarter of Year 2014)

Figure 13: Map of observed BT at radiometer input for Europe and Northern Africa
(Region 1) (1st Quarter of Year 2015)(Uses same colorbar as in above figure)
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Figure 14: Map of observed BT at radiometer input for North America (Region 2) (1st
Quarter of Year 2014)

Figure 15: Map of observed BT at radiometer input for North America (Region 2) (1st
Quarter of Year 2015) (Uses same colorbar as in above figure)
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Figure 16: Map of observed BT at radiometer input for
Asia (Region 3) (1st Quarter of Year 2014)

Figure 17: Map of observed BT at radiometer input for
Asia (Region 3) (1st Quarter of Year 2015) (Uses same colorbar as in above figure)
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4. SMAP Radar Observed RFI
4.1

Description of SMAP Radar

The SMAP radar is a 1.215-1.3 GHz, synthetic aperture radar designed to acquire radar
backscatter signals to estimate surface soil moisture. The spaceborne radar is designed to operate
at an altitude of 685 km and inclination of 98 deg to provide an average revisit time of 3 days for
soil moisture globally. The orbit is dawn/dusk sun-synchronous. The SMAP radar co-points with
the radiometer subsystem to actively estimate soil moisture and freeze/thaw state. The radar will
collect dual polarimetric returns (VV, HH, and HV transmit-receive polarizations) at 3 km
resolution. In order to minimize range/Doppler ambiguities with the baseline antenna and
viewing geometry, separate center frequencies are used for each polarization (e.g. 1260 MHz for
V-pol and 1263 MHz for H-pol). The center frequencies are set 3 MHz apart, and the two
frequencies can be selectively set within the 80.5 MHz range of 1217.25-1297.75 MHz to
minimize radio frequency interference (RFI). The range bandwidth of each signal is 1 MHz with
a corresponding 150m line of sight range resolution and a ground range resolution of 250 m,
resulting in a minimum of 12 looks in range for 3 km cells. The linear FM pulses have pulse
durations of 15 microsec and bandwidths of 1 MHz. A 6m diameter reflector is rotated at 13 rpm
to maintain contiguity of the measurements in the along-track direction. The incidence angle on
the surface is near constant at 40 deg, giving a 1017 km swath. The beam from the offset –
parabolic reflector provides a 38 km wide footprint. The 6m offset parabolic reflector produces a
3 dB beam width of 2.8 deg. The beam may be pointed in any direction during spacecraft
maneuvers. Figure 18 illustrates the measurement geometry showing high and low resolution
radar swaths and the radiometer swath.
The SMAP radar returns estimates of backscatter power continuously over most of the Earth’s
surface, including land and ice. The radar operates in two modes: a high-resolution mode for
generating 3 km and 10 km geophysical products, and a low-resolution mode or real-aperture
mode. In the high-resolution mode, each fully sampled radar return is digitized, compressed
using block floating point quantization (BFPQ), recorded by the onboard recorders, and
downlinked for range and azimuth compression processing on the ground. The peak data rate out
of the radar is approximately 30 Mbps. In low-resolution mode, each radar return is incoherently
averaged in range and azimuth, with no range or azimuth compression performed. This averaging
is done on the spacecraft, resulting in 3-km x 30-km cells and a 350 kbps peak data rate. To
reduce the data volume, the high-resolution mode usually operates only over land and favors the
descending (AM) portion of the spacecraft orbit.
As far as timing for the hardware, the PRF for the radar is approximately 3000 Hz. This PRF
applies to both frequencies (or polarizations) which are transmitted sequentially with the V-pol
signal and H-pol signal separated by about 9 microseconds. The PRF varies slightly over each
orbit due to the oblateness of the Earth. The maximum aperture length is 42 milliseconds.
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Figure 18: SMAP Measurement Geometry Showing High and
Low resolution Radar Swaths and Radiometer Swath
4.2

Global Survey of RFI Observed by SMAP Radar

The SMAP radar co-points with the radiometer subsystem to actively estimate soil moisture and
freeze/thaw state. The radar collects dual polarimetric returns (VV, HH, and HV transmit-receive
polarizations) at 3 km resolution. Figure 19 shows the RFI map of the observed noise for CDF
value 99.9 % in Region 1 for observations in the first quarter of year 2015. Figure 20 shows the
RFI maps of the observed noise for CDF value 99.9 % in Region 2 for observations in the first
quarter of year 2015. Figure 21 shows the RFI maps of the observed noise for CDF value 99.9 %
in Region 3 for observations in the first quarter of year 2015.

Figure 19. Map of observed noise power (99.9 %) at SMAP radar ADC input for Europe
and Northern Africa (Region 1) (May 2015)
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Figure 20: Map of observed noise power (99.9 %) at SMAP radar ADC input for North
America (Region 2) (May 2015)

Figure 21. Map of observed noise power (99.9 %) at SMAP radar ADC input for Asia
(Region 3) (May 2015)
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5.

SMAP Radiometer Observed RFI

5.1

Description of SMAP Radiometer

The SMAP radiometer maps the world every 3 days. The SMAP radiometer is a 1.413 GHz Dicke
radiometer similar to that used for the Aquarius radiometer, that uses noise injection for
calibration. The radiometer operates with V, H, and 3 rd and 4th Stokes parameter polarizations at
1.413 GHz. Although the U-channel measurement is primarily to assist in the correction of
Faraday rotation effects, it may provide additional science research benefits.
The SMAP radiometer returns brightness measurements over most of the Earth’s surface,
including land and ice. The radiometer operates continuously, generating data at a highresolution rate of 3.2 Mbps and at a low-resolution rate of 750 kbps. The radiometer and radar
operations are simultaneous so that the two sensors look at the same piece of the planet.
5.2

Observation of RFI into SMAP Radiometer

With the increasing use of the electromagnetic spectrum and the number of deployed systems,
there is a growing need to ensure that systems limit emissions into adjacent bands so that
operations in these adjacent bands are not compromised. This is a particular problem for satellite
passive microwave measurements of the Earth. Passive Earth science observations measure the
thermal noise naturally emitted from the Earth, and, as receive-only systems, cannot cause
interference to other systems. They are, however, very susceptible to out-of-band emissions from
adjacent users. Unfortunately, there is a significant example where the deployment of a mobile
service system in an adjacent band has likely denied a properly authorized Earth science passive
system from operating in its allocated band.
On 31 January 2015, NASA launched the Soil Moisture Active Passive (SMAP) satellite to
improve climate and weather forecasts, monitor droughts, and better predict flooding caused by
severe rainfall or snowmelt – information that can save lives and property. SMAP soil moisture
measurements are also allowing nations to better forecast crop yields and improve global famine
early-warning systems. SMAP represents an high investment by the US Government, justified
due to the high value of SMAP measurements and applications.
Based on previous missions that have encountered interference in the 1400-1427 MHz band, such
as the European Space Agency’s (ESA) Soil Moisture and Ocean Salinity (SMOS) mission, the
SMAP mission developed, at considerable cost, techniques to reduce the impact of RFI from
systems operating in adjacent bands. The SMAP microwave radiometer is able to detect RFI that
is localized in time and/or frequency with respect to SMAP measurements in the 1400-1427 MHz
Earth science (passive) primary exclusive allocation. Figure 22 shows where SMAP has detected
significant RFI from both radar and communication systems. Given the exclusive global passive
allocation in the 1400-1427 MHz band, it is assumed that these RFI signals are primarily due to
out-of-band-emissions (OOBE); however, some unauthorized in-band use may also exist. Over
the Americas, both the strength of the detected signals and the probability of occurrence are
relatively low compared to Europe and Asia.
All of these detected OOBE and unauthorized in-band signals degrade SMAP measurements.
Some of them can be removed at the cost of instrument SNR and degradation in soil moisture
sensing performance (See Figure 23). Others cannot be removed, so that soil moisture sensing is
not possible, and SMAP suffers data loss. In particular, there exist specific locations over which

13 September, 2017

Page 18 of 41

REP SFCG 34-2R2

SMAP cannot differentiate OOBE from natural thermal emissions, rendering this data unusable so
that SMAP is denied access to the Earth Exploration Satellite Service (passive) spectrum. One
such location where this is likely is Japan (Figure 24) where the measured brightness temperature
is higher than physically possible. The SMAP RFI detectors cannot distinguish between OOBE
and natural signals, particularly when the OOBE are generated by multiple terminals distributed
over SMAP’s field of view. This situation becomes a law-of-large numbers problem whereby the
OOBE start to look like Gaussian noise that is indistinguishable from thermal noise except for the
high amplitude. In this situation, SMAP is blind.

Figure 22. Global map of Percent of SMAP data lost due to RFI in the 1400-1427 MHz
Passive Band (Horizontal Polarization).
RFI arises from adjacent band radar and communication systems. The SMAP false alarm rate is
5%; detection rates >10% are definitely due to non-thermal sources (indicated by dark red areas).
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Figure 23. Regional maps of eastern Asia show maximum detected brightness temperature
(in Kelvins) by SMAP in the 1400-1427 MHz Passive Band (Horizontal Polarization).
The color scale has been saturated at 280 K to emphasis values exceeding expected geophysical
range. The left panel shows the max-hold brightness temperature without RFI filtering and the
right panel shows with RFI filtering performed in ground processing algorithms. Note the
persistent dark red areas (and anomalous blue areas) over Japan where SMAP’s state-of-the-art
RFI filtering techniques is unable to perform.

Figure 24: Detection rate of observed RFI in Asia and Japan (with color scale spanning 0100% detection rate).
SMAP is unable to observe in the protected 1400-1427 MHz band in Japan, parts of China and
several other countries.
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6.

SMOS Radiometer Observed RFI

ESA’s Soil Moisture and Ocean Salinity (SMOS) mission was launched on November 2, 2009
and became operational in May 2010. The main scientific objective of SMOS is to observe soil
moisture over land and sea surface salinity over oceans. The SMOS mission is based on a sunsynchronous orbit (dusk-dawn 6am/6pm) with a mean altitude of 758 km and an inclination of
98.44°. SMOS has 149-day repeat cycle with a 3-day revisit-cycle. As soon as SMOS data
analysis began in 2009, it became clear that there were Radio Frequency Interferences (RFI)
distributed worldwide, in particular over large parts of Europe, China, Southern Asia, and the
Middle East. Figure 25 shows a graphic representation of the EESS (passive) allocation and
neighboring services in L-Band.
Three dedicated (passive) L-Band missions, namely ESA’s SMOS (2009-), NASA’s Aquarius
(2011-2015) and SMAP (2015-) missions, have provided or still provide global measurements of
brightness temperatures, soil moisture and ocean salinity. Even though SMOS, Aquarius and
SMAP all operate in the same spectral region, L-Band, they differ in technology, spatial and
temporal resolution, measurement accuracy and availability of ancillary data. All three missions
are characterised by different requirements and feature different measurements techniques.
Whereas SMOS was designed to provide data for both ocean salinity and soil moisture, Aquarius
and SMAP focus on only one of those products. Consequently, the three missions provide
complementary data sets and scientific and operational applications benefit from their synergistic
use. Thanks to their temporal sequence in being launched merged data sets will cover
approximately the decade from 2010 to 2020.

SMOS
Wanted signal
(Brightness temperature
from natural sources)

Interference signal
From active service stations

Lower Adjacent Band (ACTIVE)
Radiolocation Service (R1-2-3)
Fixed Service (R1)
Mobile Service (R1)

EESS Passive
Also SRS passive
and RA

Upper Adjacent Band (ACTIVE)
Space Ops Service (R1-2-3)
Fixed Service (R1-2-3)
Mobile Service (R1-2-3)

frequency
RFI SOURCES IN THE PASSIVE BAND
1400 MHz

1427 MHz

* OUT-OF-BAND & SPURIOUS EMISSIONS from ACTIVE
Services in ADJACENT BANDS
* EMISSIONS from UNAUTHORISED Services IN-BAND

Figure 25: EESS(passive) allocation and neighboring services in L-Band
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6.1

Description of SMOS Radiometer

SMOS has a single payload on board, which consists on a Microwave Imaging Radiometer using
Aperture Synthesis (MIRAS). MIRAS is a passive microwave 2-D interferometric radiometer
comprising a central structure, the hub (1.3 m diameter), and three deployable arms extending up
to 8 meters in diameter that are holding 69 equally distributed antenna elements.The
interferometry technology has been developed for radio-astronomy and provides the opportunity
to measure at a spatial resolution suitable for the global measurements required. Interferometry is
used to address the constraint (in space) that the antenna size is proportional to the wavelength
and the spatial resolution achieved, hence synthetic aperture and interferometric processing are
required for space applications addressing the Earth’s water cycle.
SMOS measures the brightness temperature emitted from the Earth at L-band over a range of
incidence angles (0 to 55º) across a swath of approximately 1000 km with a spatial resolution of
35 to 50 km. MIRAS has the functionality to provide measurements in dual and full polarisation,
with the latter being the mode in which MIRAS is presently operated. The multi-angular viewing
capability of SMOS allows for the simultaneous retrieval of soil moisture and vegetation optical
depth over land.
The SMOS brightness temperatures are the so-called Level 1 data products, based on which two
level 2 data products are retrieved, namely the Level 2 soil moisture and Level 2 ocean salinity. A
key requirement in the design of the receivers was the rejection of signals outside the 1400-1427
MHz passive band. The SMOS radio frequency (RF) band pass filter response actually
implemented on board the satellite is shown in Figure 26. The center frequency of the filter is
1413.5 MHz with a -3dB bandwidth of 20 MHz. Furthermore, additional rejection is achieved due
to the overall receiver selectivity response (complete receive chain): 32dB at 1400MHz and 77dB
at 1397 MHz.

Figure 26: SMOS RF filter response
The instrument topology and imaging geometry for nominal measurement mode is shown in
Figure 27. The satellite control utilises local normal pointing and yaw steering. The normal to the
face of the instrument (the +xA axis) is offset from the nadir direction by a 32 degree tilt in the
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orbital plane (i.e., a pitch rotation). Yaw steering ensures that the trajectory of all targets is
parallel to the ground track velocity vector. Strong RFI can affect measurements thousands of Km
away from the antenna source, as can be shown in Figure 28.

Figure 27: SMOS observation mode geometry

3186 km

Figure 28: SMOS field of view

6.2 Global Survey of RFIs observed by SMOS Radiometer in the 1400-1427 MHz band
RFI, originating from active man-made emitters, disturbs the natural microwave emission in the
L-band frequency rendering the satellite observations in some cases unusable for retrieving
SMOS data products in its presence. Naturally occurring radiation emitted by the Earth is very
low compared to the active signal added by these emitters, but even low levels of RFI added to
the signal will cause difficulties in distinguishing between natural and man-made radiations and
will have a strong impact on the overall data quality and interpretation of the measurements.
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Hence limiting the effect of RFI and detecting RFI sources is essential to ensure adequate quality
in the retrieved data products as well as for the identification of the RFI emitters.
Due to the large number of interference instances detected by SMOS over the world, RFIs
represent a major concern for the mission. ESA has set up a dedicated SMOS RFI team to
perform regular RFI monitoring worldwide, and that analyses SMOS data for detection, geolocation and characterisation of the RFI sources. The RFIs are sorted per country and stored in an
RFI database. The global RFI catalogue is a key tool to support the interference reporting process
established with the different Administrations. The ESA SMOS RFI team is mainly based at the
ESA’s facilities at the European Space Astronomy Center (ESAC, Madrid (Spain)).
The impact of interference in SMOS science data is also analyzed and monitored by the SMOS
RFI team at the Centre D’Etudes Spatiales de la Biosphere (CESBIO, Toulouse (France)).
Amongst other activities related with RFI detection and mitigation, CESBIO maintains a SMOS
blog where RFI probability maps are posted bi-weekly since the beginning of the mission.
The two main tools used for the assessment of RFI contamination worldwide are:
•

RFI probability maps. The Level-2 soil moisture processor allows retrieving statistical
information of the SMOS pixels affected by RFI and this data can be presented as
probability maps of RFI occurrences during typically two weeks. The RFI detection
included in soil moisture retrieval algorithms allows detecting strong emitters but also
weaker sources. Strong sources are detected when their BTs are outside of the geophysical
expectation range. This range uses variable thresholds dependent of the minimum/
maximum physical earth surface temperature within the antenna footprints. The basis of
probability maps is to count the number of BTs considered as contaminated per pixel and
orbit and to accumulate counters from the beginning of the mission in daily global files
maps. The color bar in the scale ranges from red (1), indicating that RFIs are always
present and means that no BT measurements were kept at all during 15 days, to deep blue
(0), indicating none to very low probability of interference, and thus almost all BT
measurements were kept as usable for retrieval. Intermediate values (from 0 to 1) indicate
certain proportion of RFI presence but do not tell when the occurrences appeared within
the time window considered. For the 15 days time window illustrated in these maps, a
probability of 50% (green) is equally obtained by 7.5 days of continuous strong emissions
followed by 7.5 days of no emission at all or by alternating one day with strong RFI
followed by one day RFI off or any other combinations. Figures 29 and 30 Error!
Reference source not found. show the RFI probability maps in January 2010 and July
2017, respectively. By comparing both figures, it is noticeable the improvement observed
in the RFI situation over Europe and part of Asia. However strong interference is still
being detected in the Middle East region and East Asia.

•

RFI brightness temperature maps: RFIs can be characterized according to their
position, brightness temperature and persistence. This is done identifying the local
maxima in each snapshot using adaptive thresholds on the brightness temperature (BT)
and the BT gradients. The RFI characterization for SMOS observations from 20 July to 3
August
2017
is
shown
in
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Oceania, 4, 1%
Africa, 27,
7%
Middle East, 63, 16%
America, 62, 16%
Europe, 58, 14%

Asia, 184, 46%

. The color of each RFI is proportional to its averaged BT. As RFI BTs are the sum of the
natural thermal noise and the artificial emission, BT lower than 300K are not represented.
The maximum of the color-bar is fixed at 10000K in all images for consistency, but in
many cases stronger RFI are present. The size of each point is proportional to RFI
persistence in SMOS data, i.e. the number of times the RFI was detected. Because of
SMOS polar orbit, RFIs at high latitudes tend to be bigger, since they are observed more
often.

Figure 29: Probability Map of sustained RFI occurrence in Jan 2010 (source: @ESA ESAC)
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Figure 30: Probability Map of sustained RFI occurrence in Jul 2017 (source: @ ESA ESAC)

Figure 31: Worldwide RFI brightness temperature from 20 July to 3 Aug 2017 (source: @
CESBIO CNES)

The RFI situation is continuously monitored worldwide. The joint efforts of ESA, SMOS
scientific community and the cooperation of the national administrations have resulted in a
noticeable improvement of the RFI scenario worldwide.
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RFI status (monitoring June 2017):
- 1945 persistent RFIs have been detected. A RFI is considered “persistent” when it has
been detected in 25% of the passes for a given reference time (typically one month). In
regions with heavy RFI pollution, the criteria to identify “persistent” RFIs is increased up
to 70% instead of 25%;
- 80% of these persistent RFI sources are now OFF (i.e. they have disappeared
spontaneously after few weeks, or they have been switched-off by national regulatory
authorities as a response to ESA reporting on harmful interference cases);
- 20% of the persistent RFI sources (398 RFIs) are still ACTIVE.

The RFI sources have been significantly reduced in particular over Europe and America. The
strongest RFI (BT > 1000 K) are located Asia (137 RFIs) and the Middle East (47 RFIs), while
most of the RFIs in Europe, America and Oceania are RFI with moderate strength (BT < 1000 K).
It should be noted that strong RFIs are masking in some cases other RFI sources underneath and
therefore the total number of RFIs detected is increasing. Figure 32 shows the distribution of
interference worldwide as per June 2017. The distribution of active RFIs per area and strength is
presented in Figure 33.

Oceania, 4, 1%
Africa, 27,
7%
Middle East, 63, 16%
America, 62, 16%
Europe, 58, 14%

Asia, 184, 46%

Figure 32: Distribution of SMOS RFI per Areas (status June 2017)
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SMOS DETECTED WORLDWIDE: ACTIVE RFIS PER CONTINENT (JUNE 2017)
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Figure 33: Distribution of SMOS RFI per Areas, showing interference strength in terms of
measured brightness temperature (June 2017)
An overview of the evolution of the RFI situation from 2010 to 2017 in the different areas is
presented in the following figures: Europe (Fig. 34), America (Fig. 35), Africa (Fig. 36), Asia
(Fig. 37) and Middle East (Fig. 38). The legend for the numbers in the different country-columns
is as follows:
•
•

RFI OFF (green) indicate the number of persistent RFIs that have been detected and that
currently are OFF, either switched-off after reporting harmful interference to the National
Spectrum Management Authorities or spontaneously ending of RFI emissions;
RFI ON (red) indicate the number of persistent RFIs that are active (status June 2017).
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Figure 34: Status of SMOS RFI in Europe (June 2017)
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Figure 35: Status of SMOS RFI in America (June 2017)
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Figure 37: Status of SMOS RFI in Asia (June 2017)
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Figure 38: Status of SMOS RFI in the Middle East (June 2017)

6.3

Examples of the Evolution of the RFI Scenario in Different Areas

Improvements in North America
There has been a significant improvement in North America in part after the upgrade of the radar
network in Canada to reduce the levels of unwanted emissions in line with the recommended
levels in ITU-R Res. 750 . Reducing the level of unwanted emissions has an immediate positive
impact on SMOS data. Figure 39 shows the improvement observed in the RFI probability maps
and in the sea surface salinity retrievals in the Northern latitudes after reducing RFI
contamination in North America.
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Figure 39: Evolution of SMOS RFI over North America
Top: SMOS RFI probability map over North America after refurbishment of L-Band radar systems in Canada.
Bottom: Retrieved Sea Surface Salinities. The plots on the left correspond to May 2011 and the plots on the right
correspond to May 2012. May 2011 images clearly suffer from RFI and exhibit unrealistic low sea surface salinity in
the northern seas.

Evolution of global RFI statistics over land
Figure 40 shows the evolution from 2010 to 2017 in the percentage of pixels affected by
interference. Pixels flagged with strong RFI have decreased by 11% over the mission life time
due to successfully switching off strong sources.
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Figure 40: Evolution of the number of SMOS pixels over land affected by RFI from 2010 to
2017 (credits: R. Oliva, ESAC/ESA)_
Cases of very strong RFIs that pollute the measurements in extensive areas
There have been some cases in which a single RFI source was so strong that could blind the
instrument and even cause the full loss of data. In the example showed in Figure 40, a very strong
interference was observed over central Europe for several months, and this RFI emission was
active in most of the passes. The cause was due to an old radar operating very close to 1400 MHz
and transmitting very high power. The characterisation and geo-location of the interference was
key for ESA to report the case to the national spectrum regulatory authorities and thanks to a
close cooperation this RFI case could be resolved. .

February
2013

Figure 41: SMOS RFI in Central Europe showing a very strong RFI that was first detected
in Oct ‘12 and finally switched-off in Feb ‘13
SMOS radiometer has detected in several occasions cases of extremely strong RFIs and in some
cases the RFI source has only been observed for short periods of time or only during some passes.
Typically these RFIs are due to in-band emissions in the 1400-1427 MHz range. The
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identification of the RFI source can be troublesome and the RFI reporting process is time
consuming. Figure 41 shows the example observed in 2017. A very strong RFI located in north of
Africa is impacting the science data over most Central Europe. The RFI has been observed ON
and OFF since April 2017, and mainly during descending passes (i.e. this suggests that the RFI
emitter has directivity towards north). The case has been reported to the authorities and
investigations are on going.

Figure 42: SMOS RFI showing a very strong RFI located on North Africa and having
impact in the observations over an extensive area. Left: ascending passes, Right: descending
passes during the period 13 to 27 July 2017
Examples of RFI improvement in several areas
Several examples of the RFI situation before and after the intervention of the National Spectrum
Management Authorities are presented in the figure below (UK, Spain).
Before

After

Figure 43: Cases of RFI improvement after cooperation of the National Spectrum
Management authorities (United Kingdom and Spain)
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Sudden increase of RFI sources in certain areas
In some cases it has been observed sudden increases in RFI instances in areas that before were
free of RFI. This is the case of several new RFI cases that have been detected in Africa and South
America. However the best example has occurred in Japan, when sudden increase in RFIs has
been observed in September 2011, covering the most populated areas in the country (See Figure
43). The RFIs appeared when a new direct broadcasting satellite system initiated the emissions in
two new channels in Ku-Band (12 GHz). It happens that the home-TV receive systems have the
intermediate frequency (IF) for these two channels overlapping the 1400-1427 MHz
EESS(passive) band. The RFI is detected in extensive areas that are polluted by the aggregate
contribution of radiations coming from the IF circuits of home-TV receivers installed
countrywide. The problem seems to be linked to malfunctioning equipment and/or installations
with insufficient isolation of the IF circuits and cables. The case has been reported and it is being
investigated by the Japanese Spectrum Authorities (MIC) over Japan .

Figure 44: SMOS Brightness temperature observations over japan on 21 Sep 2011 (Left)
and on 9 October 2011 (Right). Clear unnatural excess of BT is observed in the right image.

6.4

RFI Detection

SMOS L1c products provide geolocated measurements of BT. These measurements integrate the
radiation received at the satellite every 1.2 s. The SMOS team at ESAC (ESA facilities in Spain)
regularly scans these SMOS images and the probability maps presented in the previous section for
new RFI sources. Whenever a RFI is detected, a semiautomatic algorithm analyzes several SMOS
passes over that area. The objective of the algorithm is to estimate, as best as possible, the onground location of the RFI and its BT intensity.
A pre-requisite to successfully switching off RFI sources is precisely locating their position. The
current algorithms locate RFI sources with an accuracy of only a few kilometres. This has greatly
improved working with over 50 national spectrum management authorities to switch off RFI
sources. Even though SMOS spatial resolution (35–55 km) is not very adequate for this purpose,
the algorithm relies on the large amount of observations to improve the accuracy of the
geographical co-ordinates of the antenna emitter. Considering that during one pass, each point onground is measured several times under different incidence angles (as the satellite moves forward)
and that at least two weeks of measurements over that region (i.e., ~10 passes) are used to infer
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the RFI position, the final accuracy of this technique is better than 5 km in the majority of the
cases. (See Figure 44)

Figure 45: Example of SMOS RFI detection (source: R. Oliva @ ESA ESAC)

6.5

RFI Source analysis

Man-made emissions within the passive band are observed by SMOS as strong point source
emissions. The RFI is observed as a brightness temperature (BT) intensity that exceeds the
emission radiated by natural sources. The maximum BT due to natural sources is the physical
temperature of the source and the maximum ground temperature ever recorded so far is ~338 K
(65 °C). Therefore, BTs values >340 K indicate that there is a man-made transmitter in the band
without any doubt. RFI emissions can be categorized as low, moderate, strong or very strong as
follows.
•
•
•
•

Low RFI emissions have levels similar to natural sources and are difficult to detect,
leading to incorrect physical retrieval.
Moderate RFI emissions are easily detectable but their effects are circumscribed to the
on-ground emitter’s location. The quality of the data will be negatively affected, with less
data available for the retrieval leading to less accuracy (See Figure 45).
Strong RFI emissions influence larger areas through the secondary lobes tails, which
need to be discarded for scientific retrieval, thus leading to a significant data loss. (See
Figure 43)
Very strong RFI emissions essentially hide the full SMOS field-of-view and can blank
out any natural signal over a range of several hundreds of kilometers, causing significant
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loss of data for scientific retrievals. In this respect, there were observed occasional but RFI
recurrent flares in Europe that were able to saturate some of SMOS receivers. (See Figures
41 and 46). The plot shows the measurements of the SMOS absolute reference radiometer
for the same orbit. It can be seen how the very strong RFI emissions can saturate the
detector.

Figure 46: SMOS images showing detection of moderate RFI point source emissions

Figure 47: SMOS images showing the impact of very strong RFI emissions.

Type of RFI sources
The RFI sources observed by SMOS can be grouped into two main categories:
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•
•

Illegal in-band emissions in the protected band. These are caused by unauthorized
radiolinks, TV and FM broadcast stations, wireless monitoring cameras, malfunctioning
DECT phone terminals, and more.
Excessive unwanted emissions from systems operating in the adjacent bands. So far
most of these RFIs are caused by out- of- band emissions of radar systems. The spurious
emissions from systems operating in adjacent bands are also a common source of
interference.

The type of emission causing the interferences cannot be confirmed based on the SMOS data
alone. The feedback received from the national authorities is key to being able to better
characterise the RFI source and establish some statistics and to further improve the interference
detection, mitigation, and cancellation techniques.
ESA and the SMOS team have devoted considerable effort to increasing awareness among the
different countries and organizations regarding the negative impact of RFI in the scientific return
of space mission and to identify and report unauthorised emissions so that the national authorities
can switch-off their emissions. This effort has led to several improvements in the RFI situation
worldwide, but the situation is far from being acceptable. There has been significant improvement
of the RFI scenario over Europe, where ESA member states are making great efforts to reduce the
number of RFI sources that are contaminating SMOS observations. A good cooperation to reduce
or mitigate the RFI situation has been also provided by other administrations, such as Canada and
United States, and a general improvement has been observed over China.
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7. Summary of Observed RFI
Within this document have been presented RFI as observed globally by two L-band spaceborne
active sensors in the EESS (active) band 1215-1300 MHz (i..e. Aquarius and SMAP), and three
L-band spaceborne passive sensors in the EESS (passive) band 1400-1427 MHz (SMOS,
Aquarius and SMAP).
Global maps of observed RFI levels in dBm are shown for the EESS (active) Aquarius and SMAP
scatterometers at 1260 MHz. Global maps of observed BT in dB K are shown for the SMOS and
Aquarius radiometer. Instances of high RFI are shown for the SMOS and SMAP radiometers.
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In cases where RFI sources cannot be switched off, it is very important to ensure that the RFI
sources are detected and flagged accordingly. RFI filtering methods are continuously improving
and evolving, however even low levels of RFI added to the signal may cause difficulties in
distinguishing between natural and man-made radiations and will have a strong impact on the
overall data quality and interpretation of the measurements.

------------
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