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Abstract | For increased sensitivit y in L-band radiome-
try , bandwidths on the order of 100 MHz are desirable.
This will lik ely require activ e coun termeasures to mitigate
RFI. In this pap er, we describ e a new radiometer whic h
coheren tly samples 100 MHz of sp ectrum and applies real-
time RFI mitigation tec hniques using FPGAs. A ¯eld test
of an in terim version of this design in a radio astronom y
observ ation corrupted by radar pulses is describ ed. Mea-
suremen ts of the radio frequency environmen t at L-band
from an airb orne system are also discussed.

I. Intr oduction

Radio frequency interference(RFI) impairs the opera-
tion of L-band radiometers, particularly outside the pro-
tected 26 MHz frequencyband around 1413MHz. How-
ever, bandwidths on the order of 100 MHz are desirable
at L-Band to improve sensitivity in applications such as
soil moisture and oceansalinity sensing.Becausemuch of
the RFI in this band is from radars with pulse lengths on
the order of microseconds,traditional radiometers (i.e.,
thosewhich directly measuretotal power integrated over
time scalesof milliseconds or greater) are poorly-suited
to this task. This motivates the designand development
of radiometers capable of coherent sampling and adap-
tiv e, real-time mitigation of interference.

Since December 2001, we have been working to de-
velop such a radiometer. Our design, described in Sec-
tion I I, is capableof coherently sampling 100 MHz at L-
band, with real-time RFI mitigation implemented using
¯eld-programmable gate array (FPGA) devices. In Sec-
tion I I I, we describe a test of an interim implementation
of our design in an L-band radio astronomy application.

To provide additional information on the radio fre-
quencyinterferenceenvironment at L-band, we have also
been performing surveys with an airborne instrument.
Section IV provides further information on these stud-
ies, while SectionV describesthe instrument usedin de-
tail. SectionsVI and VI I describe survey results, and a
discussionof project implications for L-band radiometry
is provided in Section VI I I.

I I. Radiometer Design

A block diagram of our radiometer is shown in Fig-
ure 1, and a picture of the digital section is shown in
Figure 2. The analogfront end downconverts an 80 MHz
swath of spectrum from L-band to 150 MHz, and sam-
ples this signal at 200 MSPS using 10 bits. Becausethe

Fig. 1. Blo ck diagram of radiometer.

Fig. 2. The interim digital design as used in the November 2002
experiment described in Section I I I. Since then, the ADC has
since been replaced with a smaller custom board. Also, a num-
ber of the Altera APEX-series FPGAs shown here have been
replaced with Altera Stratix FPGAs, including the DIF (whic h
now supports two 50-MHz channels) and the FFT; seetext.

analog IF is in the secondNyquist zoneof the A/D, the
digital passbandis centered at 50 MHz and is spectrally
reversed. The \Digital IF" (DIF) FPGA module down-
converts this to 0 Hz (so now the samplesare complex-
valued), ¯lters to 50 MHz bandwidth, decimates by 2,
and then upconverts to a center frequency of +25 MHz
(still complex). The data emergesfrom the DIF module
in 16-bit \I" + 16-bit \Q" format at 100 MSPS. The
same process is applied to a separate, independently-
tunable 50-MHz swath at L-Band, with the di®erence
that the digital output is centered at ¡ 25 MHz. The two
50 MHz bandsare simply addedtogether to form a single
100 MHz bandwidth signal.

Following the DIF output is a cascadeof FPGA mod-
ules which can be programmed to perform a variety of
functions. Our favored strategy currently is as shown in



Figure 1: mitigation of radar pulsesusing asynchronous
pulse blanking (APB, described below), channelization
into 100-kHz bins using a 1K FFT, frequency domain
blanking, and integration to generatepower spectra.

The APB is designedto detect and blank radar pulses,
which typically are the dominant source of external L-
Band RFI below 1400MHz. Radar pulsesrange from 2{
400 ¹ s in length and occur 1{75 ms apart [1]. To detect
these pulses, the APB maintains a running estimate of
the meanand varianceof the samplemagnitudes. When-
ever a samplemagnitude greater than a threshold num-
ber of standard deviations from the meanis detected,the
APB blanks (sets to zero) a block of samplesbeginning
from predetermined period before the triggering sample,
through and hopefully including any multipath compo-
nents associated with the detected pulse. (A future ver-
sion of this algorithm will probably implement someform
of matched ¯ltering to improve detection performance.)
APB operating parametersare adjustable and can be set
by the user; seeSection I I I for an example.

Following the APB is a length-1K complex FFT. The
original implementation had an e®ective duty cycle of
19% (i.e., 19% of the data was FFTed, and the rest is
lost). In January 2003 this module was upgraded and
now achieves » 98% duty cycle. A triangular window
is applied before the FFT. Planned but not yet imple-
mented is a frequency-domain blanking module, which
is similar in concept to the APB, except applied inde-
pendently to each frequency bin. The purpose of this
module will be to exploit the processinggain achieved
through channelization to detect and excise weak, rel-
atively narrowband RFI. The FFT output is processed
through a \sp ectral domain processor" (SDP) module
which computes magnitude-squared for each frequency
bin and computesa linear power averageover many FFT
outputs. Theseresults are passedat a relatively low rate
to a PC via a capture board. Total power can be com-
puted by summation of frequency bins within the dig-
ital hardware, or the sameprocesscan be implemented
within the PC for increased°exibilit y in monitoring RFI,
selectingsubbands,and so on.

Beyond considerationsof RFI mitigation, this architec-
ture has additional advantagesover traditional radiome-
ters. Becausethe noiselevel is positioned in the low-order
bits of the A/D (primarily to allow headroom for strong
RFI), only about 50{60 dB gain is required from the front
end. Relative to radiometers requiring 100 dB or more
of front end gain, this dramatically improvesstabilit y in
the presenceof temperature variations. Also, the ¯nal 50-
MHz-wide IF ¯lter is digital, and signi¯cantly narrower
than the ¯nal analog ¯lter, which is 80 MHz wide. Fig-
ure 3 demonstrates results from an initial stabilit y test
of this designthrough observation of an ambient temper-
ature load (not thermally stabilized.)
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Fig. 3. Noise variance vs. time for the radiometer when terminated
by a matched load at the input. This observation represents
100 s of integration over 14 min elapsed time. No calibration,
temp erature control, or Dicke switching of any kind was em-
ployed.

I I I. On-The-Air Testing at Arecibo

In November 2002,we had an opportunit y to test the
RFI mitigation capabilities of the radiometer by \pig-
gybacking" on a radio astronomical observation at the
Arecibo (Puerto Rico) Observatory. L-band radio as-
tronomy, like remote sensing,is plagued by RFI; in par-
ticular, interference from radars in the 1215{1400MHz
band. Our radiometer was connected to the telescope
through a spare IF output at » 250 MHz, which we up-
converted back to L-band for input into our system. At
the time, we had only one of the two 50 MHz subbands
constructed. The SDP was con¯gured to compute lin-
ear power averagesover 4096 length-1K FFT outputs,
for an e®ective integration time of » 221 ms. After 254
of thesespectra were collected in a FIFO, the data were
transferred to the PC and the experiment terminated.

The APB was con¯gured as follows:
² Trigger on sample magnitudes greater than » 10¾
above the mean.
² Start blanking 100 samples(1 ¹ s) in advance of the
triggering sample.
² Blanking period is 100 ¹ s long.
² Wait at least 44 ¹ s between triggers (attempting to
prevent multiple triggers on the samepulse).
These parameters were selectedbased on some known
properties of a strong radar visible at Arecibo [2], and no
attempt was made to optimize these parameters based
on the observed data.

Measurements were taken at three center frequencies:
1255 MHz, 1300 MHz, and 1350 MHz; in each case,we
performedthe measurement oncewith the APB disabled,
and then again with the APB on. The 1350MHz results
are shown in Figure 4. Thesespectra represent » 10.7s of
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Fig. 4. Mean and max-hold spectra. Top Panel: APB o®; Bottom
panel: APB on.

integration in » 42 ms segments evenly distributed over
» 56 s in real time. Also shown in Figure 4 is the \max
hold" of the 42-ms spectra. The max hold spectra are
computed by taking for each frequencybin the maximum
value observed in that bin over the courseof the exper-
iment. Max hold spectra are useful for revealing bursty
signals (especially radars) which tend to be suppressed
in deepintegrations due to their low duty cycle.

With the APB o®,we observe strong RFI at 1330and
1350 MHz (these are in fact transmitted from the same
radar), plus a few other frequencies. The front end of
the telescope's receiver is driven into compressionwhen
the 1330/1350MHz radar is pointed near Arecibo, which
occurs every » 11 s and accounts for the ragged max
hold spectrum. When the APB is turned on, we seea
dramatic improvement in the sensethat large portions of
the spectrum are salvaged. In this case,we found that
» 5% of the data was blanked by the APB.

Note that 1330/1350MHz radar is not completely sup-
pressedby the APB. The reasonfor this is that the ver-
sion of the APB algorithm used here assumesthat only
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Fig. 5. Time domain total power. Top: APB o®; Bottom: APB
on.

one radar is present at a time. As a result, a relatively
weak radar pulse can distract the APB from a stronger
radar pulse occurring later within the speci¯ed blank-
ing period. This shortcoming hassubsequently beencor-
rected.

Figure 5 shows total power in 50 MHz bandwidth as
a function of time. The » 11 s rotation period of the
1330/1350 MHz radar is clearly evident in the APB-o®
data. When the APB is turned on, the radar appears
to be completely removed. The performanceappears to
be better in this casebecausethe residual shown in the
lower panel of Figure 4 is limited to a very small faction
of the processedtime-frequency space,and thus becomes
insigni¯cant comparedto the total noisepower available
in the band. We conclude that even simple blanking
schemesasusedhereshow great promise for usein total-
power radiometry.

IV. L-band RFI Sur vey

Although initial results from the Arecibo measurement
are promising, further improvements should be possible
through appropriate choicesof the parametersof the RFI
mitigation algorithms. Choosing these parameters as
well as designing new mitigation strategies requires de-
tailed information on properties of the RFI environment.
Information on the RFI environment over a range of ge-
ographical locations is alsoof interest for developing and
testing mitigation strategies for a future satellite borne
sensor.

To addressthis issue,surveys of RFI in the frequency
range 1200-1800 MHz have been performed from an
airborne platform. The data were collected using a
portable instrument known as the L-Band Interference
Surveyor/Analyzer (LISA), which was developed at the
Ohio State University ElectroScienceLaboratory in 2002.



LISA includes two complementary subsystems: an o®-
the-shelf computer-controlled spectrum analyzer and a
customwidebandhigh-dynamic-rangecoherent-sampling
receiver. The former is useful for understanding the dis-
tribution of RFI over large frequencyspansand long time
periods, whereas the latter provides waveform capture
capability with high temporal resolution. The data dis-
cussedwas taken in an initial test °igh t above the mid-
Atlantic coast of the US. Although the digital receiver
backend of the radiometer discussedin Section I I could
alsoprovide waveform capture capability, the LISA wide-
band receiver was based on an earlier radio-astronomy
system due to time and scheduling issues.

A technical report including additional details about
LISA and the measurements described below is available
from the authors.

V. Instr ument ation and Experiment Conditions

LISA is designed to observe and record RFI in the
1200{1800 MHz band. The antenna unit consists of a
nadir-facing cavit y-backed planar spiral antenna with an
integrated custom RF front end including ¯ltering and
calibration circuitry . The antenna has a very broad
pattern (approximately \cos µ") and is reasonably well-
matched over the spanof the observations reported here.
The antenna unit is connected to an equipment rack
mounted in the aircraft cabin by a long and fairly lossy
coaxial cable. Although the cablelossdegradesthe sensi-
tivit y of the instrument, the resulting gain pro¯le wasan
important factor in preservingthe linearit y of the system
while observing strong RFI. Since one of our goals was
to coherently sample RFI waveforms, this consideration
wasparamount, but comesat the expenseof the system's
abilit y to detect weak RFI.

Inside the equipment rack, a portion of the 1200-
1800MHz signal is coupled to a PC-controlled spectrum
analyzer. The spectrum analyzer is used to perform
either a \max hold" or \linear average" measurement.
The remainder of the signal is delivered to the custom-
designedcoherent sampling subsystem. This subsystem
usesa direct-conversion receiver to tune (under PC con-
trol) anywhere between 1200 MHz and 1700 MHz. \I"
and \Q" signals at basebandare low-pass ¯ltered with
» 7 MHz cuto® and sampled at 20 MSPS, yielding a
digitized bandwidth of » 14 MHz. The output samples
are queuedin a 16K-sample-long¯rst-in-¯rst-out (FIF O)
bu®er, providing 819.2 ¹ s of contiguous signal capture.
The FIFO contents are acquiredby meansof the PC par-
allel port. During the test °igh t, the coherent sampling
system was successively tuned through center frequen-
cies of 1250; 1264; ¢¢¢; 1698 MHz, with 5 acquisitions in
a period of approximately 5 secondsbeforetuning to the
next center frequency.

For the experiment described here, LISA was installed

in NASA's P-3 research aircraft, which is based at the
Wallops Flight Facilit y (WFF) located at Wallops Is-
land, VA. The LISA antenna unit was mounted in the
tail radome. The loss due to transmission through the
radomeis unknown (hence,not taken into account in the
calibrated measurements presented here) and may be an-
other factor degrading sensitivity.

The data presented below were collected during a sin-
gle °igh t on January 2, 2003in the vicinit y of the WFF. 1

The °igh t consistedof two phases. In Phase I, the air-
craft °ew a pattern consisting of mostly straight lines
at approximately 20,000ft over open ocean,a short dis-
tanceeastof the Maryland / Delawarecoast. In PhaseI I,
the aircraft °ew along an east-west track in the vicinit y
of Exmore, VA (approx. 37:5± N lat, 75:7± W long) at
2000ft, returning along the sametrack.

VI. Spectr um Anal yzer Resul ts

Phase I Results (20,000 ft over Open Ocean): Sum-
mary results for 1320{1420MHz using the spectrum an-
alyzer are shown in Figure 6. Immediately apparent is
the profusion of RFI below 1370MHz. Someof the RFI
is quite strong, generating bursts of power well above
¡ 40 dBm at the antenna terminals in somecases. It is
also clear that most or all of the detected interference
is bursty in nature. This is can be deduced by noting
the relative lack of detections in the linear averagetrace
relative to the max hold trace. The signals that are ap-
parent in the linear averagetrace are most likely strong,
pulsed signalsthat were reduced,but not eliminated, by
averaging. Considering that the much of the spectrum
below 1400MHz is allocated for ground-basedradar, the
observed data suggestthat most of the observed signals
are in fact radars.

Important to note is that this data represents only 18
passesthrough the spectrum over a 74 min time period.
Since the transmit duty cycle of most radars is on the
order of 0.1%, it is likely that there are a great many
additional pulsesthat aremisseddueto the low observing
duty cycle.

The apparent RFI visible between1395{1407MHz in
Figure 6 is to date unidenti¯ed. Certainly, no external
RFI is expectedin the 1400{1427MHz band, but neither
doesthe observed RFI appear to be internal.

Although spacelimitations precludetheir presentation
here, spectra covering the entire 1200{1800 MHz band
with various resolution bandwidths were obtained and
similarly analyzed. No signi¯cant external RFI was de-
tected above 1420MHz in this data.

1LISA was also operated during the January 2003 portion of the
Wakasa Bay (Japan) AMSR-E campaign, including portions of the
transit °igh t from WFF. At present, analysis of data from these
°igh ts is not yet complete.
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Fig. 6. Summary spectrum analyzer results for 20,000 ft. Top:
Max hold, antenna; Midd le: Linear average, antenna; Bottom:
Linear average, calibration load minus 5 dB for clarit y. Power
in 100 kHz referenced to antenna terminals. The bottom trace
represents 10% of the integration time of represented in the
antenna traces.

PhaseII (2,000 ft over Exmore, VA): Summary results
for spectrum analyzerobservations areshown in Figure 7.
Relative to the PhaseI data, there are fewer signalsde-
tected, and thosethat remain seemweaker. This may be
becausemuch more of the surfaceof the Earth is within
line of sight (LOS) from 20,000 ft relative to 2,000 ft,
resulting in a greater number of detectable transmitters
within LOS as well.

Although not apparent in Figure 7, scansusing other
spectrum analyzercon¯gurations (wider resolution band-
width) revealedRFI in the 1395{1407MHz rangesimilar
to that seenin Figure 6. As in the PhaseI data, no ex-
ternal RFI was detected above 1420MHz.

VI I. Coherent Capture Resul ts

Coherent sampling was used at 20,000 ft (during
Phase I) only. To identify RFI in the captured data,
each 16K sampleblock wasvisually examinedin the time
domain as a single trace representing all 14 MHz of cap-
tured bandwidth. Eight interference-bearing blocks were
unambiguously identi¯ed out of 615 total acquisitions.
In all 8 cases,summarized in Figure 8, the interference
consisted of a single pulse of either 2 ¹ s or » 60 ¹ s
duration, plus resolved multipath in two cases. It ap-
pears that 6 separate radars are involved (the 3 pulses
at 1341.4MHz being from sameradar, apparently). The
center frequenciesare all within the » 50 MHz span be-
tween 1315.5MHz and 1365.8MHz. It is interesting to
note that the radars seemto belong to one of two types:
a pulsed CW type generating the » 2 ¹ s pulses, and a
chirp ed CW type generating the » 60 ¹ s pulses. The
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Fig. 7. Summary spectrum analyzer results for 2,000 ft. Top:
Max hold, antenna; Midd le: Linear average, antenna; Bottom:
Linear average, calibration load minus 5 dB for clarit y. Power
in 100 kHz referenced to antenna terminals. Note that the
terminator trace represents 10% of the integration time of rep-
resented in the antenna traces. The reason for the slight change
in the levels of the lower two traces relativ e to Figure 6 is not
known.

Freq BW Length Power Remarks
MHz MHz ¹ s dBm
1315.5 1.0 2 ¡ 56 CW
1320.5 1.0 2 ¡ 54 CW
1341.4 1.0 2 ¡ 56 CW
1341.4 1.0 2 ¡ 47 CW, multipath
1341.4 1.0 2 ¡ 45 CW, multipath
1341.5 2.0 55 ¡ 44 Chirp
1342.5 1.4 60 ¡ 54 Chirp
1365.8 1.4 60 ¡ 55 Chirp

Fig. 8. Detected pulses from coherent sampling data, sorted by
center frequency. \P ower" is peak, referenced to the antenna
terminals. \F req," \BW," and \Length" are all approximate.

pulsed CW type is familiar from similar observations at
Columbus, OH and Arecibo, PR [2], where these radars
are known to be used for long-range air tra±c control.
The chirp ed CW type is familiar from similar observa-
tions at Arecibo [1], where a modulation similar in pulse
length and bandwidth wasobserved from an L-88A radar
mounted on an Aerostat (balloon) for interdiction of drug
smuggling.

Note that the detected pulses all exhibit power be-
tween¡ 44 dBm and ¡ 56 dBm at the antenna terminals.
This does not infer that weaker pulsesare not present,
only that they were not detected. Weaker pulses can
be detected by channelizing the 14 MHz passbandinto
subbands of » 1 MHz (approximately matched to the
observed bandwidth of known radars). This improves



the detection sensitivity by at least 10 dB. When we at-
tempted this, we found three additional pulsesfrom the
1365.8MHz radar, but no new radars.

VI I I. Implica tions

The results of Section I I I demonstrate that a simple
time \blanking" strategy implemented in a high-dynamic
range, high samplerate radiometer may signi¯cantly re-
duce the impact of radio frequency interference on L-
band brightness measurements. Further experiments to
quantify the level of interferencemitigation observed as
well as total radiometric performance are planned for
2003. In addition, recent data from the AMSR-E instru-
ment (on the Aqua satellite) C-band channel has shown
problems with RFI; applications of similar strategies to
radiometersoperating at C-band arecurrently under con-
sideration.

RFI survey results in SectionsVI and VI I suggestthat
radar is the dominant problem (although perhapsnot the
sole problem) below 1400 MHz. Some of these radars
were found to be very strong and, despite being well
out-of-band, could potentially a®ect total-p ower mea-
surements in the » 1413MHz protected band depending
on the quality of ¯ltering provided by the radiometer.
To observe outside the protected band (for example, to
improve sensitivity by increasing bandwidth), it is cer-
tainly better from a dynamic range perspective to use
the spectrum above the band as opposed to below it.
However, we stressthat we have not ruled out the possi-
bilit y that weak yet signi¯cant RFI is present on either
sideof the protected band. Although the spectrum below
the protected band is much much worsefrom a dynamic
range perspective, other considerationsapply. In partic-
ular, we note that pulsesassociated with any given radar
are present only » 0:1% of the time. In other words,
the spectrum below 1400 MHz is mostly available in a
\time-frequency occupancy" sense.Thus, this spectrum
canbemadeavailable for radiometry with e±ciency close
to 100%by detecting and blanking radar pulses.
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