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Abstract— Transmissions from ground-based systems in
C and X Bands present a significant challenge to the
use of these bands for passive microwave remote sensing
from aircraft and satellites. Because future missions plan
to continue to use these frequencies, it is important to
characterize and understand the nature of interference in
as much of the candidate spectrum as possible. This paper
presents a statistical analysis of interference observed in the
continental United States using six months of data collected
from the C and X Band channels of the WindSat microwave
radiometer. Our findings are consistent with those of pre-
vious studies by Li ef al. and Njoku et al, which are based
on data obtained from AMSR-E using somewhat similar
center frequencies and bandwidths. Results show significant
RFI at C band, including brightnesses in horizontal and
vertical polarizations in excess of 330 K, while X band
RFI is less obvious through direct examination of measured
linearly polarized brightnesses. Evidence of lower levels of
RF1 is provided through use of the spectral and polarization

indices of Li et al., which reveal likely RFI contributions
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at X band as well. Further confirmation of X band RFI
is obtained through analysis of the polarimetric channels,
which are shown to provide direct evidence of RFI in
contrast to the linearly polarized channels. A temporal
analysis of the largest C band RFI sources is also provided

in an attempt to further understand their properties.

Index Terms— Radio Frequency Interference, Microwave

Radiometry, Land Remote Sensing.

I. INTRODUCTION

Access to spectrum in C and X bands is essential
for passive microwave remote sensing of the Earth from
air- or space-borne platforms. Legitimate transmissions
from ground-based systems are already known to present
a significant challenge to the use of these bands for
remote sensing. The problem for space-borne systems
has been initially characterized in the 6.925 GHz and
10.65 GHz channels of AMSR-E, which have band-
widths of 350-MHz and 100-MHz respectively [1]-[2].
With an integration time of 2.6-ms and instantaneous
fields of view (IFOV) of 43 x 75-km and 27 x 48-
km for C and X Bands respectively, both frequencies
were found to be significantly limited by radio frequency

interference (RFI). Some RFI was strong enough to be
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detected as excessively high brightness temperatures.
However, additional RFI too weak to be detected as
excess brightness temperature was revealed by other
methods. For example, it was shown that weak RFI
could be identified by geophysically unexpected “spec-
tral indices” — i.e., differences in observed brightness
between C and X Band channels — or by unexpectedly
large “polarization indices” — i.e., evidence of strong
polarization. In addition, consideration of both annual
means and standard deviations of the spectral indices
was proposed in [2] as a possible method for producing
an RFI “mask” for excluding contaminated regions from
geophysical retrieval analyses.

Because future missions will use similar frequencies
and bandwidths [3], it is desireable to characterize and
understand the nature of RFI in as much of the candidate
spectrum as possible. One outcome of such studies is
related to the development of improved methods for
eliminating RFI corrupted data, particularly data con-
taining low-level RFI contributions, from geophysical
analysis of measured brightnesses in post-processing.
Although the studies of this paper are indirectly related
to this goal, the focus of the current paper is on under-
standing properties of RFI sources themselves, including
their temporal, spectral, and polarization properties, as
well as their spatial distribution. Such knowledge of
the RFI environment as observed from space is critical
for the development of new technologies for real-time
interference mitigation in future spaceborne radiometers.

To contribute to this understanding, an analysis of
RFI observed in six months of observations in the
C and X Band channels of WindSat is provided in
this paper. WindSat is an Earth-orbiting polarimetric
radiometer with characteristics which are similar but
not identical to AMSR-E [4]. It is the primary payload

on the U.S. Department of Defense Coriolis satellite,
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which was launched in January 2003 and is now in an
840-km circular sun-synchronous orbit. The WindSat C
Band channel is centered at 6.8 GHz with a 125-MHz
bandwidth, a 5-ms integration time, and a 40 x 60-km
IFOV in vertical (V) and horizontal (H) polarizations.
The X Band channel is centered at 10.7 GHz with
a 300-MHz bandwidth, 3.5-ms integration time, and
a 25 x 38-km IFOV, measuring V, H, and the third
and fourth Stokes parameters, referred to as “U” and
“4” in this paper. Thus, WindSat observes somewhat
different segments of the C and X Band spectrum, and, in
contrast to AMSR-E, is fully polarimetric at X Band. The
WindSat frequency channel at C band is approximately
the same as the lower third of the AMSR-E C Band
channel; if RFI sources are non-uniformly distributed in
frequency, this smaller bandwidth should be expected to
modify the total amount of RFI observed compared to
AMSR-E, and also can be viewed as providing improved
spectral resolution when attempting to classify particular
RFI source frequencies. The WindSat X Band channel is
about three times wider than the corresponding AMSR-
E channel, so that RFI differences should be expected
at X band for WindSat compared to AMSR-E if X
band RFI sources are uniformly distributed in frequency.
The availability of fully-polarimetric X Band data from
WindSat provides additional opportunities for detection
and characterization of RFIL

WindSat observations of the continental United States
and coastal waters from the months of September 2003
through February 2004 are utilized. This spatial region
is attractive for analysis due to the public availability
of information on many ground-based transmitters in C
and X bands, so that “matchups” of source information
with WindSat data can be performed in the future. Also,
a study of C and X band RFI based on these databases

has already been performed, and the results of this paper
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can be compared against existing simulations [5].
Following an approach similar to [1]-[2], we search for
RFI using excess absolute brightness temperature as well
as unexpected spectral and polarization indices. In order
to present a concise characterization of this large dataset,
we use maps of mean and extreme (maximum/minimum)
values. The extreme value cases are useful in producing
conservative spatial maps of possible RFI locations for
use in future matchup studies. Comparison of mean
and extreme metrics also provides some insight into
temporal behavior (i.e. intermittency). We extend this
approach by exploiting fully polarimetric measurements
at X band to reveal additional RFI and evidence of
preferred directions of emission in RFI detections. A
related effort analyzing RFI in WindSat data on a global
scale is also in progress [6]; however the goals of the two
studies are distinct in that the related effort is focused
on RFI removal for retrieval applications rather than on

analyses of RFI statistical properties as in this paper.

II. METHODOLOGY

WindSat “sensor data records” (SDRs) for the period
September 2003 to February 2004 are used in this study;
the SDR data are from data release 1.6.1 These data have
been calibrated following the process described in [4],
and include an antenna pattern correction operation in
order to produce accurate third and fourth Stokes bright-
nesses. Because the WindSat antenna feeds have slightly
different instantaneous fields of view, a collocation and
resampling process is utilized in generating the SDR
brightnesses. This implies that the brightness results
presented are not instantaneous observations, but rather
have been interpolated among nearby observations in the
resampling process. In addition, the data considered here
are averaged to the resolution of the C band channel; this

is implies that the X band data illustrated are additionally
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spatially averaged beyond the original X band antenna

beam pattern.

For this analysis, the data are spatially requantized to
a grid which is rectilinear in latitude and longitude. Each
point in the grid defines a pixel for which the brightness
temperature statistics are computed. The grid has spacing
equal to four times the mean spacing of the swath
data obtained from the 1.6.1 SDRs. A significant spatial
overlap in both the original and requantized data remains
due to oversampling in the SDR data, particularly in
the along-track direction (mostly in latitude for the
WindSat orbit.) The chosen factor of four is desireable
in that small spacings tend to produce results that are
somewhat redundant (being finer than the resolution
of the instrument), whereas larger spacings reduce the
spatial resolution of the data beyond that achieved by
the instrument. The resulting grid has a spacing of 0.124
degrees in latitude and 0.568 degrees in longitude, and
contains 210 by 105 points in the region 24 to 48 degrees
North latitude, 65 to 125 degrees West longitude.

Due to WindSat orbit, antenna, and swath properties,
the “duty cycle” of observation for any given point on
the Earth is very low. To verify that the sampling was
at least approximately uniform over the surface of the
Earth, we calculated the probability density function
(PDF) of the number of observations per grid point. An
“observation” was defined as follows: for each SDR, the
grid point nearest the record geophysical location was
determined, and then this grid point (and no other) was
declared to have been observed. We found that each grid
point was observed at least 500 times over the six-month
period; i.e., ~ 3 times/day on average, and that all grid
points were sampled between 500 and 600 times over
that period. Thus, the results for all grid points observed

should have roughly the same statistical significance.

DRAFT



IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. X, NO. X, MONTH XXXX 4

III. SPATIAL STATISTICS

A. Linearly polarized channels

Linearly polarized brightness temperatures observed
on the surface of the Earth in both C and X Band
can be expected to remain within the range 70-330 K,
with 330 K being an extremely high upper limit for
geophysical possibility. For the purposes of this pa-
per, temperatures greater than 330 K are considered
unambiguous RFI; this limit also corresponds to the
highest brightness temperature the WindSat radiometer
can accurately measure.

An initial examination of the gridded dataset is pro-
vided in Figure 1, where PDF’s of the mean and maxi-
mum linearly polarized brightnesses computed over the
grid defined in the previous section are illustrated. Land
and sea contributions in these plots are obvious, and
there is no particular evidence of RFI visible except
for the dramatic spike at the high end of the C Band
“max” PDF. These plots show that the possible range of
variations in geophysical brightnesses is large, making
low-level RFI difficult to detect.

Figure 2 shows the mean and maximum C Band
brightness temperatures, displayed as a flat-shaded con-
tour plot, for the entire 6 month dataset and for both po-
larizations. The maximum operation essentially attempts
to locate all evidence of large C band RFI throughout
the 6 month period; information on the temporal vari-
ability of the sources located is not available in this
plot. However, by comparing the mean and max plots,
information on the average temporal behavior can be
obtained: sources of persistent RFI will appear strong
both in the mean and max plots, while more temporally
intermittent sources will appear much weaker in the
mean. All plots show clear evidence of non-geophysical

brightness temperature distributions in the form of lo-
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calized “hot spots,” which are not expected to occur
naturally. Furthermore, many of these hot spots exhibit
unnaturally-bright maximum temperatures (in excess of
330 K) making it almost certain that they are due to
anthropogenic RFI. As in [1]-[2], there also seems to
be some correlation between hot spots and population
centers, although this association is weak, and many
large cities show no evidence of a corresponding hot
spot. Comparison of the max and mean values shows
that both persistent and more intermittent sources are
observed. Results in the two polarizations are similar,
although apparent RFI regions with large polarization
differences in the max values are observed.

Mean observations over sea regions in Figure 2 show
no RFI evidence, but features in the max results do
indicate some variability in sea observations. However,
a closer observation of the features in the H pol max
plot (Figure 2(b)) show that the larger brightnesses
observed are associated with hurricane Isabel, which
moved from the Atlantic toward the coast of North
Carolina during the period Sept. 6-13, 2003. Once these
data are removed, no obvious evidence of at-sea RFI is
obtained.

Similar plots for X Band V and H polarizations are
illustrated in Figure 3. The results are dramatically differ-
ent from C band, in that no obvious RFI is immediately
apparent, either in mean or max plots. Note the AMSR-E
studies [1]-[2] also indicate minimal X Band RFI in the
US, although strong X band RFI was observed in other
global regions. These results are somewhat surprising
given the larger bandwidth of the WindSat X band
channel compared to AMSR-E. However the absence of
obvious RFI in Figure 3 does not necessarily indicate
that no RFI is present. Note the features associated with
hurricane Isabel observed at C band remain apparent the

max plots as well.
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Fig. 1. Probability density functions of C and X band brightnesses. Solid: V, Broken: H.

Next, we consider extreme values of the spectral
index, defined in this analysis as the observed brightness
temperature at C Band minus the observed brightness
temperature at X Band. This index is normally < 5K
for the geophysical signal, and is typically negative.
A spectral index > 5K provides evidence of C band
RFI. The maximum and minimum of the spectral in-
dex are shown in Figure 4 for vertical and horizontal
polarizations. Note the max plot here captures C band

excess emission, because the spectral index is a signed
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quantity, while the min plot captures X band excess
emission; atmospheric effects produce the strong min
values observed in X band horizontal results over the sea.
Comparisons with the absolute brightness temperature
results shown previously suggest that the spectral index
may be a more sensitive test for RFI, as originally found
in [1]-[2], due to the elimination of some geophysical
variability when the difference is computed. Evidence of
X band sources is easily observed in these plots, although

again the number of sources appears smaller than at C
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Fig. 2. C Band brightness temperature maximum and mean values, in K.

band. Methods for developing an RFI mask based on
the mean and standard deviation of the spectral index
have been presented in [2]; no method for removing
RFI from particular observations, rather than through a
masking procedure for a large set of observations, has
been verified.

Finally, we consider extreme values of the polarization

index P, defined as

T u—Tpyv

= )]
Te.u+TB,v

where T i and T'py are the brightness temperatures
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of the H and V polarizations respectively. The extreme
values of P = 41 and P = —1 correspond to obser-
vations which are completely H-polarized or completely
V-polarized, respectively. Since geophysical signals over
land are normally only weakly polarized, a large positive
or negative value of P suggests anthropogenic RFIL.
Figure 5 plots the observed maximum and minimum
values P over the entire six month dataset; note the
values illustrated are the base-ten logarithm of the result.

The C Band channel results show evidence of both
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Fig. 3.

unnatural horizontal and vertical polarization, some of it
coincident with RFI hot spots observed above. Sources
with excess horizontal polarization are more numerous,
while vertical excess values are more difficult to classify
due to the strong vertical polarization associated with
bodies of water. X Band shows similar results although
to a much smaller scale than at C band. Note the color
scales at X band have been modified in order to enhance

contrast in the plots.

June 27, 2005

R
120°W 108°W

100 150 200 250 300

(d) X Band H, Mean

X Band brightness temperatures (Linear Polarizations) max and mean values, in K.

B. X band Correlation Channels

Figure 6 illustrates the mean and max X Band bright-
ness temperatures for the correlation channels “U” and
“4”. For geophysical sources, these channels respond
to the degree of azimuthal asymmetry of the medium
under view, and the magnitude and sign of the brightness
measured depends on the relative azimuth orientation
between the medium and the satellite azimuthal obser-
vation angle. The values of the correlation channels due

to geophysical mechanisms may be either positive or
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Fig. 4. Max and min maps of the spectral index (C Band brightness temperature minus the X Band brightness temperature), in K.

negative, but in either case are expected to be very
small for land regions. For this reason, statistics of the
magnitudes of these channels were computed, so that
RFI could be more easily identified as a large value. A
notable feature in Figure 6 is the apparent high bright-
ness coincident with coastlines in the |4| results. This is
thought to be due to a slight mis-alignment of the left-
and right- circularly polarized antenna patterns leading
to imperfect cancellation in computing the fourth Stokes

parameter as the beams pass from water to land or vice-
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versa. Evidence of this possibility was obtained from an
analysis which showed that ascending and descending
passes over coastal regions seem to produce fourth-
Stokes brightnesses of similar magnitudes but opposite
signs, as would be expected due to an antenna pattern

alignment issue.

Figure 6 reveals a much greater number of apparent
RFT hot spots than observed in the X band linear channel
analyses; the number of sources observed appears more

similar to those seen in the C Band results. These
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(c) X Band, V excess, base-10 logarithm of (Max —P)

Fig. 5. Extreme values of the polarization index P.

results indicate that the correlation channels can be used
as a much-more sensitive indicator of RFI than the
linear channels, because these channels should remain
small under all geophysical conditions for almost all
land regions when RFI is absent. This is in contrast to
the X band linear polarizations, for which geophysical
variations can cause large variations in brightnesses,
making RFI contributions more difficult to distinguish.
These results are evidence that low-level RFI is almost

certainly present the X band linearly polarized channels,
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120°W 108°W 96°W 84°W 72°W

120°W 108°W 96°W 84°W 72°W

(d) X Band, H excess, base-10 logarithm of (Max P)

even though it was not easily detected in the linearly

polarized channel studies.

Note that the locations of “hot spots” in Figure 6
do not seem to be well correlated with the C Band
hot spot locations. Furthermore, comparison of the max
and mean results suggests that these emissions may be
temporally intermittent in most cases, although some
persistent sources are observed as well. However another
possibility that can influence the mean results is a relative

azimuthal effect caused by variations in the WindSat
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Fig. 6. X Band brightness temperatures (Correlation Channels), mean and max of amplitudes, in K.

observation angle and any preferred azimuthal angle of

RFI sources.

To provide some evidence of relative azimuth effects,
we investigated several of the hot spots visible in Fig-
ure 6(c) in greater detail. Most exhibit no consistent
directivity. However, a source in the vicinity of Dins-
more, California (latitude 40.25 to 40.5 North, longitude
123.0 to 123.5 West), was seen to exhibit these effects.
This is demonstrated in Figure 7, which plots all U

and 4th Stokes parameter observations falling within
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the above defined grid, versus the WindSat azimuthal
observation angle. The data are separated into ascend-
ing (mostly northward looking) and descending (mostly
southward looking) portions of the orbits. Ascending
observations clearly show much stronger polarimetric
brightnesses (maximum values greater than 20K) than
descending observations, and the ascending observations
also show strong variations with the relative azimuthal
angle. The WindSat orbit results in the majority of

ascending observations being recorded in the approx-
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Fig. 7. X Band U observations for a directional source, vs. azimuth angle.

imate time period 9 to 11 AM local time, while the
majority of the descending observations are recorded
in the approximate time period 10 to 11:30 PM local
time. However, the aft portion of the ascending swath
also observes this source in a southerly direction in the
morning overpass. Results from these data are consistent
with the descending observations in Figure 6(c), although
a smaller of data points is available from the aft portion
of the swath. An additional possible source of the az-
imuthal variations is a correlation between the WindSAT
azimuthal observation angle and the lat-long coordinates
of the observed pixel over several orbits. For example, if
all WindSat observations in Figure 7 near azimuth angle
5 degrees were found have nearly identical spatial loca-
tions within the defined spatial grid of this source, the
spatial separation between the WindSat observation and
the interference source could be important in the results
of Figure 7. However, no such consistent dependencies
were observed. Thus it appears that directional effects
of RFI sources can be observed in satellite observations.
Some evidence of these effects was also provided in [1],

where differences between ascending and descending
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overpass data were noted.

Although these results suggest that large polarimetric
channel brightnesses or strong azimuthal variations of
brightnesses can be useful indicators of RFI, the vari-
ations observed with azimuthal angle make it difficult
for detection to be performed on a single measurement
at a single azimuthal angle. In addition, typical satellite
orbital geometries do not produce multiple azimuthal
angle observations of a single location in one overpass,
making a time history of data required in order to
perform RFI analyses. This results in an RFI “masking”
type procedure as has been discussed previously [1]-
[2]. However the sensitivity of the RFI mask should
be improved through use of the polarimetric channels.
Use of the these channels for detecting low-level RFI
contributions to linearly polarized brightnesses remains
an interesting concept, and will be considered in more

detail in future work.

DRAFT



IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. X, NO. X, MONTH XXXX 12

IV. TEMPORAL ANALYSIS OF LARGE C BAND RFI

SOURCES

In this section we examine aspects of the temporal
behavior of the interference observed, particularly for
the largest C band sources. Due to the large quantity
of data and sparse temporal sampling of this 6 month
dataset, this is best done in a statistical manner. Due
to the difficulty in detecting low-level RFI contribu-
tions, the analysis to follow focuses on the large source
contributions where total measured brightnesses exceed
330 K. We refer to a single observation of a brightness
temperature in excess of 330 K as an “excess brightness
event” (EBE). Since EBEs were observed only in the
C Band data, only the C Band data are analyzed.
Furthermore, we note that this analysis is sensitive only
to the strongest RFI; there are numerous cases of RFI at
levels adversely affecting radiometry that are undetected
in this analysis simply because the recorded brightness
temperature is less than 330 K. However the analysis
performed remains consistent with the goal of analyzing
temporal and spatial properties of the strongest RFI

sources observed.

EBE statistics for the gridded data were compiled;
Figure 8 shows the PDF of C Band EBEs over the entire
6 month dataset. A few interesting conclusions can be
observed from this plot. First, we note that only a tiny
fraction of the grid points ever exhibit EBEs, and that
no grid point shows EBEs on every observation. Only
about 1% of all locations exhibit EBEs ever, and only
about 0.01% of all locations exhibit EBEs most of the
time. The highest rate of occurrence of EBE’s was about
70%, and further analysis showed this result to occur
in only one grid point in vertical polarization. Second,
we note that the EBE statistics are roughly the same

for both linear polarizations. Third, we observe that the
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PDF seems to be exhibiting a power law behavior. This
is likely a function of the WindSat observational process,
the gridding procedure used in generating the dataset, as
well as the original RFI sources; further studies would
be required in order to establish a theory predicting a
power law relationship of this type.

Figure 9 shows the rate of C band EBEs per grid point
in map form. We note here that EBE activity seems to
be limited to relatively few geographical regions such as
Los Angeles, CA; Seattle, WA; Tucson, AZ; Washington,
PA; Winston-Salem, NC; and Connecticut, to name a
few. We further note that areas of EBE activity do not
appear as discrete “spikes” with respect to the grid, but
rather as a distribution over a relatively large number
of adjacent grid points. This is not surprising given the
influence of the antenna pattern and the gridding process.

We note one more interesting feature of Figure 9, most
easily seen in the horizontal polarization results. The
region bordering the Mississippi River from the Southern
tip of Illinois to the Northern border of Louisiana shows
concentrated EBE activity in this Figure. A somewhat
similar feature is seen running North-South through
Utah and Idaho, which very closely follows the path of
Interstate 15. Other similar linear features can be seen
in central Texas and California. These results suggest
that one source of EBEs may be associated with radio
frequency systems in use along these transportation cor-
ridors. Similar observations were obtained with AMSR-E

data in [1].

V. CONCLUSIONS AND FUTURE WORK

In this paper we presented the results of a statistical
analysis of RFI observed in the Continental United
States, using six months of data collected from the C
and X Band channels of WindSat. Our findings are

consistent with those presented in [1]-[2], which are
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Fig. 9.

101, and so on.

based on data from AMSR-E. We find that whereas
much strong RFI is visible at C Band, no unambiguously
detectable RFI is easily observed in the X Band V or H
channels. The X band correlation channels (U and 4)
however reveal copious RFI. This is further confirmed
using nominally more sensitive criteria based on spectral
and polarization indices. In all cases, a significant but

imperfect correlation with population density and ground

June 27, 2005

(b) Horizontal Polarization

Fraction of C Band observations exhibiting EBEs, per grid point. The color bar is labeled in log, scale; i.e., “—1" corresponds to

transportation corridors is noted. Comparison of max and
mean data suggests that many of the RFI sources are
persistent. Harder to establish is the actual variability
of the RFI, because of the sparse temporal sampling of
the Earth’s surface. We observed at least one instance
in which an X band RFI source was seen to exhibit
strong directivity in azimuth. In terms of geographic

distribution, we confirm the findings of [1] that RFI is
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observed primarily within the United States, with much
less evidence seen in Canada, Mexico, or at sea.
Although previous methods for developing RFI masks
appear applicable to this dataset as well, no obvious
means for detecting low-level RFI in single observations
is available at present. The strong sensitivity of the cor-
relation channels to land-based RFI suggests that further
work should examine use of the correlation channels,
as well as the spectral indices, for development of such
algorithms. Matchup studies against existing databases
of RFI sources will be used in future studies to examine
possible techniques. However, improved knowledge of
RFI source temporal and directional properties beyond
those available in existing databases would also assist in
this process. Because the data analyzed are brightness
temperatures integrated over very large bandwidths for
a few milliseconds, it is not possible to observe the
waveform(s) of the observed RFI. Coherently-sampled
waveform data would be very helpful in identifying the
source(s) of the RFI and further resolving spectral and
temporal characteristics, which are potentially useful for
developing mitigation techniques. For this reason, we
have embarked on a project to collect coherent waveform
data in parallel with airborne radiometric measurements
at C Band [7]. Data have already been collected over
portions of the United States and are currently being

analyzed.
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