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Abstract—Corruption of C-band microwave brightness obser-
vations by radio-frequency interference (RFI) has been reported
in recent data from orbiting radiometers; methods for mitigating
these effects are of great importance for the design of future space-
borne microwave radiometers. One approach that has been sug-
gested involves the use of multiple subchannels at C-band as op-
posed to a single channel; the use of multiple subchannels allows
RFI to be detected and mitigated by analyzing relationships among
subchannel brightnesses. While this approach has been utilized in
previous airborne measurements, demonstrations of the RFI mit-
igation performance achieved have been difficult to obtain. To ad-
dress this issue, an enhanced airborne system for observing radio-
frequency interference effects on C-band microwave radiometers
was developed, and is described in this paper. The system includes
a traditional microwave radiometer with four C-band subchan-
nels, so that RFI removal is possible using a subchannel mitiga-
tion algorithm. In addition, the system includes a digital receiver
with the capability of providing high temporal and spectral resolu-
tion observations of interference. This high-resolution data allows
improved understanding of RFI sources to be obtained, and also
allows analysis of subchannel mitigation algorithm performance.
Observations using the system in a test flight near Wallops Island,
VA are described. Results show the four subchannel approach gen-
erally to be effective in mitigating the observed RFI sources, al-
though examples are also illustrated using the digital receiver data
to demonstrate failure of this approach. While studies of the digital
receiver data alone could be performed to demonstrate further im-
provements in RFI mitigation, issues with this initial dataset limit
the extent of such studies. Nevertheless, the results obtained still
demonstrate qualitatively the improved RFI mitigation that can be
achieved in brightness observations through the use of digital re-
ceivers.

Index Terms—Microwave radiometry, radio-frequency interfer-
ence (RFI).
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I. INTRODUCTION

THE ABSENCE of a protected portion of the spectrum
at C-band [1] makes radio-frequency interference (RFI)

a major concern for C-band microwave radiometry. The
C-band channel of the Advanced Microwave Scanning Ra-
diometer—EOS (AMSR-E) on the Aqua satellite has already
shown major corruption of data over a large percentage of
global land mass [2]. Recent data from the WindSat satel-
lite [3], [4] also shows significant corruption of the C-band
channel. C-band channels remain highly desirable however
due to their improved sensitivity to soil moisture, sea surface
temperature, and other environmental parameters compared to
higher frequency channels. The Conical Scanning Microwave
Imager/Sounder (CMIS) instrument of the National Polar-or-
biting Operational Environmental Satellite System generation
of satellites includes a C-band channel [5], but clearly some
form of RFI mitigation will be required in order to produce
reliable C-band data [6]. Possible strategies include the use of
multiple frequency channels as opposed to a single channel
[7], more rapid time sampling of the incoming data, or the use
of digital receiver technologies to achieve improved RFI reso-
lution both in time and frequency. While such strategies have
been applied in radio astronomy for some time [8], predicting
the performance of these approaches for Earth observations is
difficult without a detailed understanding of the existing RFI
environment.

To address this issue, a combined analog/digital radiometer
for airborne experiments was designed and developed through
a collaboration of the National Oceanic and Atmospheric
Administration’s Environmental Technology Laboratory
(NOAA/ETL) and The Ohio State University. The radiometer is
based on the Polarimetric Scanning Radiometer/CX (PSR/CX)
of NOAA/ETL, with the addition of a new downconversion sec-
tion so that tuned radiometric observations throughout C-band
are possible. A portion of the intermediate frequency (IF) signal
after downconversion is coupled to a digital receiver developed
at Ohio State; the combined PSR and digital backend system
is termed the C-band Interference Suppressing Radiometer
(CISR) in what follows. CISR is capable of providing highly
detailed information on RFI properties as well as implementing
simple RFI mitigation strategies in real time.

Sections II provides a brief discussion of RFI issues for
traditional microwave radiometers, while Sections III and
IV describe a basic block diagram of the system developed
and the digital receiver subsystem, respectively. Experiments
involving observations near Wallops Island, VA, are described
in Section V, and results are summarized in Section VI.
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II. RFI ISSUES FOR MICROWAVE RADIOMETERS

The design of a traditional microwave radiometer is based on
the assumption that the observed signal consists only of thermal
noise. Because the goal of radiometry is to estimate accurately
the mean power of the incoming thermal noise, integration pe-
riods on the order of milliseconds or longer are desirable in order
to reduce uncertainty. Only the mean power estimate after this
integration period is of interest, so a traditional radiometer will
not record information within an integration period. In addition,
the use of large bandwidth channels is desired in order to further
reduce uncertainty in the estimate of mean power. Because nat-
urally emitted thermal noise varies very slowly with frequency
in most cases, measurements from channels with similar center
frequencies are deemed identical, and single-channel observa-
tions are sufficient to represent a large portion of the spectrum.

The addition of RFI to the observed channel violates the
noise-only assumption, and causes serious problems for a
traditional radiometer. Although interference can take a variety
of forms, in many cases RFI can be expected to be localized
either in time (i.e., pulsed type interference) or frequency
(narrowband interference), or in both domains. If only a small
number of such “localized” interfering sources are present, a
large portion of either the observation time or bandwidth may
contain no interference. However, the traditional radiometer is
unable to separate the corrupted and uncorrupted portions of
the observation, and therefore may produce corrupted data even
with only limited RFI. Because RFI will always increase the
mean power when compared to that of the geophysical back-
ground, postprocessing of the data can be applied to eliminate
abnormally high observations. However, lower level RFI can
be difficult to separate from geophysical information, making
parameter retrievals problematic. Note that an interferer with
a large amplitude but small temporal duty cycle and/or small
bandwidth can appear as low-level RFI when averaged over
time and frequency.

A simple way to extend the RFI mitigation capabilities of
the traditional radiometer is to increase either the temporal
sample rate or the number of frequency channels in the system.
These approaches can be implemented in an analog fashion
by simple extensions of the traditional radiometer, and the
complete dataset recorded for postprocessing to eliminate
RFI at finer temporal and spectral resolution. However, the
number of channels that can be implemented using an analog
approach is limited, given that additional hardware must be
added for each new channel. The temporal sampling rate that
can be achieved is also limited by both the radio-frequency
(RF) hardware and the data acquisition subsystem, since the
amount of data to be stored eventually becomes unmanageable.
Use of digital receiver technologies can address some of these
issues: the implicit high temporal sampling rate of a digital
receiver allows temporally localized sources to be resolved.
In addition, a fast Fourier transform (FFT) operation can be
performed in real time to obtain a much larger number of
frequency channels than is possible using analog subchannels.
However, the data rate of such a system is also much larger
than that of the analog approaches. To reduce the data rate, an
RFI mitigation processor can be added to the digital receiver to
implement simple time- and/or frequency-domain mitigation
algorithms in real time. The resulting “RFI-free” data are then
integrated over time and/or frequency to produce a manageable

Fig. 1. Simplified block diagram of PSR/CXI front-end and downconverter
stages.

Fig. 2. Simplified block diagram of digital receiver.

final output data rate. The digital receiver developed at Ohio
State is based on such an architecture.

III. SYSTEM BLOCK DIAGRAM

The PSR/CX instrument of NOAA/ETL has been deployed
in several previous airborne remote sensing campaigns [9],
[10], and provides well-calibrated brightness measurements
along with a variety of possible scanning patterns during flight
operations. For the experiments of this paper, a new downcon-
verter section was added to the PSR/CX system; the modified
radiometer including the downconversion section is referred to
as PSR/CXI in what follows.

Fig. 1 is a simplified block diagram of the RF and down-
converter sections of PSR/CXI. These components are located
inside a sophisticated positioner in the aircraft to allow a high
degree of control over the antenna look direction while keeping
all components in a temperature-controlled enclosure. The
front-end filter has upper and lower 3-dB cutoff frequencies of
5.75 and 7.55 GHz, respectively; the filter has only three poles,
so the roll off beyond these frequencies is relatively slow. This
wide filter enables measurements to be performed over a range
of C-band frequencies. Although only a single antenna input
is illustrated for simplicity, the PSR/CXI radiometer observes
both vertically and horizontally polarized brightnesses. Internal
calibration sources are also omitted in Fig. 1 for simplicity.

Following the initial filtering and gain components, a por-
tion of the input is coupled off to a new downconversion stage
of the PSR/CXI. The remainder of the input is passed on to
the existing PSR/CXI direct detection receiver [7], which oper-
ates with four analog subchannels (5.8–6.2, 6.3–6.7, 6.75–7.1,
and 7.15–7.5 GHz) and provides dual-polarized observations
in all subchannels, with fully polarimetric observations in the
6.75–7.1-GHz subchannel. These multiple subchannels provide
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TABLE I
TIME HISTORY OF TEST FLIGHT ON OCTOBER 8, 2004

some measure of RFI mitigation, as discussed in Section VI, but
remain large analog channels ( MHz bandwidth) com-
pared to the bandwidth of likely RFI sources. These channels
are referred to as PSR “main channels” 1 through 4 in the re-
mainder of this paper.

To reduce the possibility of out-of-band interference, the
downconversion stage first passes the incoming signal through
a filter with a 3-dB bandwidth identical to that of the front-end
filter, but with a much more rapid out-of-band cutoff (eight
poles as opposed to three in the front-end filter). The down-
conversion step utilizes an image reject mixer that provides a
minimum of 20-dB upper-sideband rejection. The IF center
frequency is 125 MHz, and the local oscillator is capable of
tuning from 5.4 to 7.5 GHz. The IF output is amplified and
then filtered to both 10- and 100-MHz bandwidths. Both these
outputs are passed through a logarithmic amplifier/detector,
power integrated, and recorded by the PSR computer. The
100-MHz channel is also passed through a linear amplifier,
and a portion of this signal is coupled to CISR, while the
remainder is detected, power integrated, and recorded by the
PSR computer (PSR postamplification section not shown in
Fig. 1). Although the PSR/CXI samples and records both hori-
zontal and vertical polarizations after the linear amplifier, only
the vertical channel is passed on to CISR. Because the CISR
system described in the next section provides higher spectral
and temporal resolution than the 10- and 100-MHz analog
channels of PSR, tuned channel results recorded by the PSR
computer will not be discussed further in this paper. Additional
discussion of results from these channels is provided in [11].

Final observations with the 100-MHz channel cover the range
5.5–7.7 GHz. A total of 22 100-MHz channels result; these
channels provide tuned observations throughout C-band without
requiring a dramatic increase in receiver hardware. These chan-
nels are referred to as PSR “tuned channels” in what follows.

IV. DIGITAL RECEIVER (CISR)

A. CISR Capabilities

Digital backends for RFI mitigation in microwave radiom-
etry have been under development at The Ohio State Univer-
sity since 2002 [12]–[16]. A block diagram of the CISR dig-
ital backend is illustrated in Fig. 2; this backend is physically
located in a rack in the aircraft cabin. The CISR digital re-
ceiver measures the incoming 100-MHz bandwidth of a PSR
tuned channel through the use of two ten-bit, 200 megasample-
per-second (MSPS) analog-to-digital converters (ADCs). The
choice of ten bits in the ADC components is designed to retain
high dynamic range so that large RFI sources will not produce
saturation. Each ADC is used to sample 50 MHz of the incoming
bandwidth from 125–175 MHz; the 75–175-MHz IF bandwidth

accordingly is split into 75–125- and 125–175-MHz channels.
The latter is directly passed to a CISR ADC, while the former
channel is upconverted to 125–175 MHz before being sampled.

Processing of the sampled data is implemented in field-pro-
grammable-gate-array (FPGA) hardware, allowing flexibility in
the RFI algorithms to be applied. The current procedure digi-
tally filters each of the ADC outputs to 50 MHz, then combines
the channels into a 100-MHz bandwidth signal sampled into I/Q
data at 100 MSPS (10-ns resolution). This first processor stage is
referred to as the “digital IF” (DIF) processor. The first RFI mit-
igation strategy, referred to as “asynchronous pulse blanking”
(APB), is implemented with the DIF in a single FPGA. The APB
algorithm attempts to remove high-amplitude temporal data in
real time through a simple detection and blanking procedure;
see [14]–[16] for detailed information. Outputs of the DIF/APB
component are then passed through a 1024-point FFT opera-
tion, so that 1024 100-kHz channels are obtained approxi-
mately every 10 s. FFT outputs are passed through a detection
operation and integrated for a user-controllable time period in
an FPGA component referred to as the “spectral domain pro-
cessor” (SDP). The SDP processor also has the capability of
performing a “max-hold” operation on the incoming data in-
stead of integration. Finally, a “capture card” is included for
facilitating data transfer through a high-speed digital I/O card
(National Instruments PCI-DIO-32HS) to a data recording and
control computer.

To increase flexibility in the digital receiver, an ethernet in-
terface was implemented to each FPGA component for setting
parameters of the suppression algorithms. This interface allows
the APB, FFT, power detection, and/or max-hold/integration op-
erations to be begun or suspended by the control computer as
the receiver is in operation. Although a variety of observational
modes are possible, the basic configurations of interest are as
follows:

• Mode 0: Integration, APB off;
• Mode 1: Integration, APB on;
• Mode 2: Max-Hold, APB off;
• Mode 3: Max-Hold, APB on;
• Mode 4: Capture.

Varying the APB status enables the effectiveness of the APB
algorithm to be investigated. The max-hold configurations are
of interest because these operations are typically much more
sensitive to time localized RFI than integration. However, re-
sults from these modes are omitted in this document to sim-
plify the discussion. The final “capture” mode refers to passing
through raw DIF data without implementing APB, FFT, or SDP
algorithms. Because no integration occurs in the capture mode,
the data rate is extremely large, and the resulting duty cycle of
observations low. However this configuration (temporal sam-
pling of the incoming field at 10-ns resolution) can be extremely
useful for identifying temporal properties of RFI sources.

In what follows, CISR data will be presented primarily in
terms of 1024-point spectra obtained from within a single PSR
tuned channel. These results will be grouped according to the
PSR tuned channel from which they originate, and labeled as
“CISR channel 1–22” results, even though each such channel
contains 1024 subchannels.

B. Interface to PSR/CXI

Because it is the PSR/CXI data acquisition computer that
controls oscillator tuning in the downconverter, the CISR and



JOHNSON et al.: AIRBORNE RFI STUDIES AT C-BAND 1977

PSR/CXI computers must be interfaced. To make this interface
as simple as possible, a simple one-bit “trigger” signal was used.
This TTL-level pulse is sent from the PSR/CXI control com-
puter to the CISR computer whenever a tuning operation has
been completed and measurements should begin. In addition,
both computers include highly accurate onboard clocks, syn-
chronized through the IRIG-B standard, so that knowledge of
the local oscillator frequency for a particular CISR measure-
ment is obtainable by matching times to the recorded PSR/CXI
data.

V. EXPERIMENT DESCRIPTION

A. Instrument Configuration

Only data for which both CISR and PSR/CXI information
was available are discussed here, in particular only the verti-
cally polarized C-band measurements. As stated previously, the
PSR/CXI instrument also recorded 100-MHz tuned horizontally
polarized channels, but these were not sampled by CISR during
the flight. The majority of the data to be presented were ob-
tained from conically scanned observations (i.e., the antenna is
rotated in azimuth at a fixed speed) at a fixed incidence angle of
55 from nadir (when in level flight). One set of observations
in “stare” mode is also presented; in this case, the antenna is
maintained at a fixed, forward-looking azimuth angle, again at
a fixed incidence angle of 55 . The antenna 3-dB beamwidth is
approximately 10 for all observations.

The tuned LO was swept continuously throughout the flight,
with each of the 22 channels being observed for approximately
38 ms; a complete sweep of channels required approximately
836 ms. During the 38-ms observation of a particular channel,
approximately 20 ms was utilized for antenna observations,
while the remainder was utilized to observe internal calibration
sources. When in conical scan mode, the PSR/CXI antenna
rotation period was typically 2.9 s, so that approximately 3.5
sweeps were performed per antenna “scan” (i.e., rotation).
The resulting combined spatial and spectral sweeping process
makes interpretation of the tuned data somewhat difficult, as
will be discussed in Section VI.

The CISR mode (i.e., “average, APB off,” etc.) was switched
every four sweeps, or slightly more than every rotation of the
antenna. In CISR modes 0 to 4, a base temporal resolution
of 1.3 ms was utilized, with 12 1024-point spectra (either
integrated or max-held) obtained in 15.75 ms following each
PSR/CXI trigger. In the capture mode, a 128 K capture (1.3 ms)
was recorded for each PSR/CXI trigger. CISR required approx-
imately 2 s to record measured data to the onboard harddrives
following a sweep of modes 0 to 4.

B. Calibration of PSR Main and Tuned Channels

The PSR main channel data to be reported was “quick-cali-
brated” using the external hot and cold loads of the PSR scan
head; this procedure is expected to produce brightnesses typi-
cally accurate to within approximately 2 K. Standard deviations
of 10-ms noise diode measurements after calibration are approx-
imately 0.4 K. Data recorded by the PSR computer from the
100-MHz linear channels can also be calibrated in this fashion,
although reduced observation time of the external loads is avail-
able per channel due to the continuation of the tuning process
during cal target observations. Test examining the noise diode

data recorded by the PSR computer for the linear tuned chan-
nels showed typical standard deviations of 0.8 K, as should be
expected given the smaller bandwidth of these channels. How-
ever, for tuned frequencies near the edge of the PSR front-end
filter bandwidth (i.e., GHz and GHz), calibration
accuracy was much worse and standard deviations increased
up to 7 K or higher, due to the reduced system gain at these
frequencies.

C. Calibration of CISR Data

Calibration of the 1024 CISR channels in a given 100-MHz
tuned PSR channel is also affected by both the continual tuning
process and reduced gain at the front-end band-edges, as well as
the fact that CISR observational modes may be switched during
a calibration target observation. Calibration of CISR data is pri-
marily of interest initially for the “Average, blanker off” mode,
since here the data obtained is similar to standard radiometer
observations. Unfortunately, the combination of tuning frequen-
cies and changing CISR modes resulted in reasonable calibra-
tions being obtained only for subsections of the flight described
below, as well as for a subset of PSR tuned channels 1–22. Also
noise-diode measurements are not available for evaluating CISR
calibration performance. However, standard deviations of in-
dividual channels within the CISR 1024-point spectrum were
found to be on the order of 20–30 K, consistent with the re-
duced bandwidth of these channels. Although this is extremely
high when considering geophysical quantities, CISR calibrated
data will be used primarily for evaluating the contribution of
large, narrowband RFI sources to the PSR main channels. In
these situations, the obtained calibration accuracy can remain
acceptable.

Due to the limited size of the calibrated CISR dataset, CISR
data in Section VI will be shown primarily as raw data, with cal-
ibrated results presented only in Section VI-C. The small size of
the calibrated CISR dataset also limits the extent to which RFI
detection and mitigation performance using the digital receiver
data alone can be quantified. For this reason, the primary use of
digital receiver data in the next sections will be in determining
basic properties of the RFI sources observed, as well as in eval-
uation of the performance of the PSR main channel mitigation
algorithm.

D. Flight Plan

The observations described in this paper were performed
onboard a U.S. Navy P-3 research aircraft during a test flight
on October 8, 2004 prior to departure of the aircraft for the
AMSR-E Antarctic Sea Ice (AASI) cal-val campaign on Oc-
tober 9. Table I provides information on the portions of the test
flight plan to be discussed. Fig. 3 illustrates the geographical
region observed as well as the flight track; note the Wallops
Flight Facility (WFF) and NDBC buoy 44 009 are marked
with black circles in the figure. As can be seen in Table I, the
flight plan included low-altitude (i.e., approximately 2000 and
5000 ft) circles over WFF after takeoff from WFF at 16:13
UTC, followed by a climb to approximately 18 475 ft for
observations over NDBC buoy 44 009 (located approximately
26 km from the shore) in a hex-cross pattern, followed by three
steep rolls for PSR observations of the sky, then return to WFF
through a gradual descent in “stare mode,” landing at 18:01. In
Fig. 3, the flight portion from WFF to the buoy is along the
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Fig. 3. Regional map of test flight area, including flight track as well as
Wallops Flight Facility and NDBC buoy 44009 (black circles).

Fig. 4. Calibrated brightnesses observed in four PSR main channels for
forward-looking portion of a 2000-ft altitude circle over WFF.

more northerly path as indicated by the arrows in the figure,
while the return to WFF follows the more southwestern track.
Overall the observed dataset contains a variety of useful scenes
for RFI investigations, including both land and near-coastal re-
gions. The images of PSR/CXI conically scanned data to be il-
lustrated will be presented in terms of time and scan angle; these
should not be taken as geographic images given possible varia-
tions in the aircraft heading, pitch, roll, and altitude. Although
complete geolocation of these data is possible, the relatively
simple flight plan allows basic interpretation of these images
without significant difficulty.

The following sections present and discuss subsets of the
measured data for the major sections of the flight plan, including
a portion of the low-altitude circles over WFF, a portion of the
hex-cross pattern over the buoy, and a portion of the stare-mode
data on return to WFF.

VI. RESULTS

A. Low-Altitude Circle Over WFF

1) PSR Main Channel Images: Fig. 4 illustrates PSR/CXI
scan images for the four main channels (5.8–6.2, 6.3–6.7,

Fig. 5. “RFI corrected” brightnesses from Fig. 4.

6.75–7.1, and 7.15–7.5 GHz, labeled channels 1 to 4, respec-
tively) during a circle at approximately 2000-ft altitude over
WFF. The color scale is calibrated brightness temperature in
Kelvins, and the forward-looking portion of the conical scan is
shown. Due to the varying aircraft heading during this circle
flight, a direct correlation of the scan image to a geographical
image should not be expected. However the image clearly
contains both land and water observations, with strong RFI
evident due to the large differences among channels in some
image portions. All four channels contain evidence of RFI at
some location, with brightnesses up to 9516, 3106, 966, and
3473 K observed in channels 1 through 4, respectively. Channel
3 appears the least corrupted of the channels.

Using data from the four PSR main channels, it is possible to
attempt to remove RFI using the algorithm described in [7]. This
algorithm consists of a series of chi-squared and threshold tests,
successively labeled the “four-point tests,” “three-point tests,”
and so on in what follows. Each test is based on both a bright-
ness thresholding procedure as well as examination of a least
squared error linear fit to the observed brightnesses versus fre-
quency. If a particular test is passed, the algorithm exits, and
typically replaces brightnesses deemed corrupted with the pre-
diction from the accepted linear fit. More specifically, steps in
the algorithm are as follows:

• Four-point test: Test is failed if
– any of the four brightnesses are outside a specified range R, or
– the absolute value of the slope of a linear fit to all four channel

brightnesses exceeds a threshold S, or
– the total squared error of the linear fit exceeds a threshold E.

The algorithm exits if the test is passed, and no channels are deemed
corrupted. Otherwise proceed to three-point test.
• Three-point test: Four subtests are performed:

– In each subtest, a three-point least squares fit is performed to the
brightness data with one of the four channels removed.

– Conditions for failing a subtest are identical to those for failing the
four-point test, including the threshold test applied to the three channels
utilized.

– The subtest is also failed if the point not utilized in the linear fit has
a brightness less than that predicted by the linear fit minus a threshold
D.
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Fig. 6. Time histories of selected CISR normalized spectra corresponding to PSR main channel images in Fig. 4.

– Three-point test is failed if no subtest is passed.
– If one or more subtests are passed, the subtest with the minimum

squared error in the linear fit is chosen, and the excluded channel from
that test declared corrupted.

– Brightness of the corrupted channel is replaced by prediction from
the linear fit.
• Two-point test: Six possible pairs of points among the four channels
are examined in six subtests:

– In each subtest, a two-point linear fit is performed to the selected
pair of brightnesses.

– Conditions for failing a subtest are identical to those for failing the
four-point test; note the total squared error is always zero in this case.

– The subtest is also failed if either or both of the points not utilized
in the linear fit have brightnesses less than the average of the two se-
lected brightnesses minus a threshold D.

– Two-point test is failed if no subtest is passed.
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– If one or more subtests are passed, the subtest with the smallest
brightness difference between the two selected channels is chosen, and
the excluded channels from that test declared corrupted.

– Brightness of corrupted channels are replaced by the average of
the two selected channel brightnesses.
• One-point test: Choose channels with brightnesses in the range R.
Replace all channel brightnesses with the minimum of these in-range
brightnesses. If no channel has a brightness in the range R, flag all
channels as corrupted.

Fig. 5 plots the PSR main channel images from Fig. 4 after
this algorithm has been applied. Parameters utilized were
130–310 K for the range , 3 K/GHz for the slope threshold ,
3.38 K for the fit error threshold , and 1.3 K for the deviation

. Note the latter two parameters should be proportional to the
expected standard deviation of the observed brightnesses when
used for other datasets. Results show a dramatic reduction of
obvious RFI, and detailed examination shows the capabilities
of this algorithm at detecting and removing RFI even on the
scale of a few Kelvin. In the 4576 pixels of Fig. 4, the algorithm
concludes that only 12.5% contain no interference, while 27.5%
have one subchannel corrupted, 27% have two subchannels
corrupted, and 33% have three or more subchannels corrupted.
While these specific numbers depend strongly on the algorithm
parameters utilized, as well as the accuracy of the PSR quick-
look calibration, it is clear that the image of Fig. 4 contains a
significant amount of RFI, and that the subchannel algorithm
is relatively successful in detecting and removing this RFI.
However, results will be shown in Section VI-C to illustrate
the limitations of this algorithm when all four main channels
simultaneously contain RFI contributions.

2) CISR Data: In order to examine CISR data from the 22
tuned channels, the effects of LO tuning must be considered. It
should be noted that the possibility exists for the tuned channels
to fail to observe RFI recorded by the PSR main channels be-
cause the local oscillator was not tuned appropriately for the RFI
frequency when the source was in the antenna pattern. Also, it
is not possible to form scanned images similar to those of Fig. 4
for these channels because each image pixel is recorded at a dif-
ferent center frequency in the tuning process. While it is possible
to examine the time history of a specific CISR channel, succes-
sive measurements of a given channel can be time separated by
as much as 836 ms, again making correlation of a channel time
history to the PSR main channel scan images difficult.

To address this issue, an interactive data analysis tool (IDAT)
was developed. This tool overlays symbols on the main PSR
channel scan images that indicate the tuned channel observed
in a particular image pixel. It is then possible for the user to se-
lect a pixel and examine the particular PSR tuned channel and
CISR measurements corresponding to that pixel. The connec-
tion between the PSR and CISR channel time histories is thus
established through this tool.

Although IDAT makes it possible to examine possible sources
of RFI observed in the PSR main channel images, it is not pos-
sible to demonstrate use of this tool in a paper document. For
this reason, CISR data will be illustrated through time history
plots, with IDAT results reported in the discussion.

CISR spectra time histories are presented as color images,
with frequency on the horizontal axis and “sample number” on
the vertical axis; data in the plots represent the mean of the 12

1.3-ms spectra acquired after a PSR “trigger.” While not con-
tiguous in time due to both LO tuning (short time delays) as
well as changes in the CISR mode (longer time delays), the time
histories illustrated do occur within the time period of the cor-
responding PSR main channel image.

Due to the difficulties with calibration of all CISR data, re-
sults are presented in terms of data divided by its mean over the
corresponding set of samples. This mean is actually computed
over the lower 90% of samples only in an attempt to remove any
RFI induced bias effects on the mean value used in the normal-
ization. These normalized data are then converted to decibels in
the images shown; a value of zero decibels throughout the image
indicates no deviation from the mean, while other values can
indicate significant deviations typically caused by RFI, but also
potentially caused by geophysical brightness changes. However,
RFI effects are readily detected due to their localized behavior
in frequency as opposed to geophysical effects.

CISR “average, blanker off” spectra are illustrated in Fig. 6
for a subset of the 22 tuned channels; channels excluded from
the figure did not show obvious RFI contributions on the scales
utilized for the figure. Strong wideband interferers are observed
near 6190 and 7480 MHz, while more narrowband sources
occur at several frequencies. In some cases, these sources are
obvious in multiple “samples” in the image, while in others,
they are obvious only in a small subset of samples, or even
only one sample. A few low-level geophysical variations are
also observed, corresponding to a near-uniform brightening or
darkening of the image in a given sample; analysis using the
IDAT tool shows these effects to be related to the land and water
portions of the image. It is also noted that CISR results near the
channel lower and upper frequencies (i.e., left- and right-edges
of each plot) as well as at the band center (i.e., 50 MHz from the
left-hand frequency in a given plot), experience more variation
due to reduced CISR IF gain near these locations. Overall
however, these images are useful for interpreting properties of
the RFI sources encountered in the PSR main channel images.

Analysis with the IDAT tool shows the 6190-MHz source
to be correlated to the strong RFI in PSR main channel 1 at
times near 16:40:15, 16:41:49, and 16:44:00. CISR observed
sources at 6207 and 6265 MHz appear correlated to the PSR
main channel 1 and 2 images around time 16:43:00 as well.
Sources at 6387 and 6740 MHz are related to the PSR main
channel 2 RFI response around 16:41:30, while the wideband
source at 7480 MHz appears in the PSR main channel 4 image at
times from 16:43 to 16:44. Narrowband sources near 7171 and
7224 MHz produce smaller observable contributions in both the
PSR main channel 3 and 4 images, particularly in the water por-
tions of these images at times 16:40:15 to 16:41:49.

CISR results from the “average, blanker on” mode were also
examined for this dataset. In most cases, little difference be-
tween the “blanker on” and “blanker off” results were observed,
suggesting that the majority of the RFI sources encountered
are not pulsed transmissions. However, “blanker on” results in
tuned channels 1 and 2 were found to show a reduction in RFI
compared to the “blanker off” mode. Fig. 7 plots a compar-
ison of “blanker on” and “blanker off” results for this portion
of the flight, in a subset of tuned channel 1 frequencies. To
emphasize pulsed transmission effects, these results are illus-
trated in terms of the maximum of the 1.3-ms CISR data in a
given bin, divided by the mean of those data. Results clearly
demonstrate a dramatic reduction in RFI sources near 5558,
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Fig. 7. Ratio of maximum to mean CISR channel results in a portion of tuned
channel 1, for the dataset of Fig. 6.

5562, and 5590 MHz, suggesting that these sources are pulsed
transmissions. Further analysis of the CISR “capture” mode data
confirmed the pulsed-nature of these transmissions; location of
pulsed sources in this portion of C-band ( GHz) is consis-
tent with U.S. frequency allocations [17].

Further interpretation of these results can be obtained through
a comparison of CISR observations with a database of known
emitters in this area [6]. Although only an initial examination
has been performed at this point in time, it appears that the
majority of the observed sources are consistent with proper-
ties known from their registrations. Additional studies regarding
such database “matchups” are currently in progress.

B. Portion of Hex-Cross Lines Over Buoy

Fig. 8 illustrates PSR main channel brightnesses for a portion
of the hex-cross overflight of NDBC 44 009. This portion of the
flight follows a northwestward track and includes the buoy lo-
cation; the aircraft heading was approximately uniform during
the period of the image shown, and the altitude was approxi-
mately 18 475 ft. For this sea scene, strong RFI (up to 834 K
in channel 1, 488 K channel 2, and 499 K in channel 3) is
still observed. Analysis of the PSR data following geolocation
shows these sources apparently to be located on ships in these
heavily used shipping lanes, as well as continued reception of
land-based sources. PSR images after applying the four channel
RFI removal algorithm are not shown, but performance is sim-
ilar to that of Fig. 5 in that all obvious RFI sources and even ap-
parent low-level sources of a few K are detected and removed by
the algorithm. In this case, the reduced level of RFI in channel 4
is obvious, and the level of RFI detected in this channel (though
up to 16.5 K in some cases) is dramatically less than in the other
main channels. The subchannel algorithm classifies only 2% of
the examined 4312 pixels as RFI-free, while 8.25%, 39.75%,
and 50% are classified as containing RFI in one, two, or three
or more subchannels. Again these specific numbers are highly
dependent on the algorithm parameters utilized, but it is clear
that the scene considered contains significant RFI corruption.

CISR normalized spectral plots in Fig. 9 show a large number
of wideband sources located from 6 to 6.4 GHz, along with
wideband sources near 6850 and 6930 MHz. The relatively uni-
form spacing of wideband sources observed from 6 to 6.4 GHz

Fig. 8. Calibrated brightnesses observed in four PSR main channels for
forward-looking scan of portion of hex-cross flight over NDBC buoy 44 009.

suggests a set of communications channels, each of approx-
imately 25-MHz bandwidth. Again these observations appear
consistent with properties of registered sources in the area. Nar-
rowband sources are observed at numerous frequencies, again
sometimes in a large number of temporal samples and some-
times in only a small set (or even one) sample. The single large
response observed in channel 2 again is reduced in blanker on
observations, and is therefore believed to be a pulsed source.

Analysis with the IDAT tool shows the large brightnesses in
PSR main channels 1 and 2 to be correlated primarily to the
wideband sources below 6.3 GHz (for PSR main channel 1) and
from 6.2 to 6.7 GHz (for PSR main channel 2). The narrow-
band sources from 6750 to 6850 MHz, as well as the wideband
source at 6850 MHz, contribute to the larger PSR main channel
3 brightnesses observed in the earlier part of image. CISR results
for tuned channels 18 to 22 do not show obvious RFI contribu-
tions on the scales of the images shown, as should be expected
from the reduced level of RFI in the PSR main channel 4 image.
However, the narrowband source observed near 7130 MHz in
Fig. 9 does produce low-level contributions to this channel that
are not easily removed by the four channel algorithm. Further
discussion of this situation is provided in the next section.

C. Stare Mode During Transit Back to WFF

The “stare mode” data obtained during transit from the at-sea
measurements back to WFF offer interesting possibilities for
analysis. These data are advantageous in that no scanning of
the antenna is performed, so that a sweep of spectrometer chan-
nels can observe similar geographical locations if the aircraft
velocity is moderate. Here data from this portion of the flight is
used to highlight the advantages of the digital receiver system in
detecting and removing RFI contributions; only a small subset
of the measured data is illustrated.

Sample PSR main channel data are shown as a line plot in
Fig. 10; this approximately four second portion of the data was
taken during descent to the WFF airport at altitudes decreasing
from 2700 to 2500 ft. This portion of the flight occurs over
the Chincoteague Bay, and includes an all sea scene. Strong
RFI contributions are observed in channels 1 and 2, with
brightnesses larger than 180 K, while brightnesses in the other
channels are in the more reasonable range of approximately
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Fig. 9. Time histories of selected CISR normalized spectra for portion of flight shown in Fig. 8.

165 K. Also included in this plot are results following the PSR
RFI removal algorithm; the algorithm detects RFI in channels 1
through 3, and therefore replaces all channel brightnesses with
those obtained from channel four. Although this is considered
a failure of the algorithm, these results illustrate the possibility
of simultaneous RFI corruption of three or more of the PSR
main channels.

Analysis of CISR data similar to that illustrated previously
can be used to detect and classify the RFI sources that con-
tribute to PSR main channels one through three. Properties of

the sources observed are similar to those reported earlier. How-
ever, in this case, a large narrowband source near 7110 MHz
is also observed; this source is located near the PSR channel
four 3-dB band edge of 7.15 GHz. For this particular portion of
the flight, an acceptable calibration of the CISR data is avail-
able; Fig. 11 plots CISR calibrated brightnesses for the “av-
erage, blanker off” mode in a portion of tuned channel 17. This
data corresponds to the location of the vertical line marked in
Fig. 10. The narrowband source near 7110 MHz when resolved
in frequency is observed to produce a brightness of approxi-
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Fig. 10. “Stare mode” PSR main channel data during descent to WFF. Results
are shown before and after the PSR RFI mitigation algorithm is applied. Vertical
line near time 18:00:12 marks the time of the data illustrated in Fig. 11.

Fig. 11. Calibrated CISR data from tuned channel 17 at the location of the
vertical line in Fig. 10. The vertical lines here mark the frequency boundaries
within which an RFI source is “detected.”

mately 2600 K, easily classifiable as RFI. An estimation of the
effect of this source on PSR channel four can be obtained by
computing the mean brightness of the CISR spectrum with and
without this source; here the region between the two vertical
lines in Fig. 11 is excluded in the latter case. Results show this
source to contribute on the order of 3 K to PSR main channel
four. In this case, the retention of the channel four brightness by
the PSR RFI removal algorithm is in error, but this error is not
easily detected due to the low-level nature of the RFI source.
However, when resolved in frequency by the digital receiver,
this source is easily classified as RFI and can be removed.

VII. CONCLUSION

Joint deployment of the PSR/CXI and CISR systems has pro-
vided a useful dataset for detailed examination of RFI sources
and mitigation techniques at C-band. The joint dataset contains
observations of a variety of scenes, including strong and weak
RFI environments. The data clearly show the possibility of
significant corruption of measured brightnesses for wideband
channels throughout C-band, with the higher frequencies typi-
cally observing less but still appreciable corruption. Although
the multiple subchannel removal algorithm of the PSR was
found generally to perform well, cases existed where RFI
contributions occurred in all subbands, so that correction was
no longer possible. This is a particular problem when at least
one of these bands contains only low-level RFI, so that it
may be mis-classified as containing a geophysical brightness,
eventually leading to parameter retrieval errors.

Though issues with the experimental configuration precluded
a detailed quantitative study of the RFI removal performance
achieved by the digital receiver, the data obtained neverthe-
less demonstrated qualitatively the advantages of the digital
receiver’s higher spectral resolution. It is clear that a large
fraction of the RFI sources observed should be able to be
detected and removed easily given the digital receiver’s high
spectral resolution. Additional analyses are in progress to
further quantify the RFI detection and mitigation effectiveness
of the digital receiver, and to determine the ability to which
the RFI environment can be forecast through knowledge of
registered emitter properties.

Continued deployment of the system is also planned in order
to provide observations over a wider range of environments;
future campaigns will utilize a slower scan rate for the antenna,
as well as a smaller number of CISR modes in order to allow
improved calibration of digital receiver data. Inclusion of
additional digital backends which utilize “moment detection”
strategies for RFI detection [18] are also planned in future
deployments. Such strategies may yield superior detection
performance to enhanced time/frequency resolution for wide-
band sources producing low-level, noise-like emissions (such
as those currently under development for “ultra-wideband”
communications systems). It is hoped that results from these
studies will guide development of improved RFI detection
and mitigation technologies for future spaceborne microwave
radiometers.
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