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Abstract— Microwave radiometers operating outside protected front end downconverts an 80 MHz swath of spectrum from L-
portions of the frequency spectrum can be adversely impacted pand to 150 MHz, and samples this signal at 200 MSPS using
by radio frequency interference. In this paper, we describe a 1 pits Note the system can also be operated at frequencies
new radiometer which coherently samples 100 MHz of spectrum . .
and applies real-time RFI mitigation techniques using FPGAs. other than L-band Slmpl}/ by modifying the analog fro_nt .end
Experiments currently in progress to demonstrate the system @& and downconverter sections. Because the analog IF is in the
also detailed. second Nyquist zone of the A/D, the digital passband is

centered at 50 MHz and is spectrally reversed. The “Digital
. INTRODUCTION IF” (DIF) FPGA module downconverts this to 0 Hz (so now

Radio frequency interference (RFI) can adversely impattte samples are complex-valued), Iters to 50 MHz bandwidth
the performance of microwave radiometers operating oetsidecimates by 2, and then upconverts to a center frequency of
protected portions of the frequency spectrum. For L-ban®5 MHz (still complex). The data emerges from the DIF
systems, 27 MHz is protected from 1400-1427 MHz, buhodule in 16-bit “I” + 16-bit “Q” format at 100 MSPS. The
bandwidths on the order of 100 MHz are desirable to improwame process is applied to a separate, independentlyktunab
sensitivity in applications such as soil moisture and oce&0-MHz swath at L-Band, with the difference that the digital
salinity sensing. No protected spectrum is available at @Gutput is centered at 25 MHz. The two 50 MHz bands are
band, and results from the C-band channel of the AMSRimply added together to form a single 100 MHz bandwidth
E sensor on the AQUA satellite are showing signi cant RFsignal.
induced corruption of data [1]. Because much of the RFI at Following the DIF output is a cascade of FPGA modules
L-band band is from radars with pulse lengths on the ordetich can be programmed to perform a variety of functions.
of microseconds, traditional radiometers (i.e., thosectvhi Our favored strategy currently is as shown in Figure 1:
directly measure total power integrated over time scales mitigation of radar pulses using asynchronous pulse btenki
milliseconds or greater) are poorly suited to mitigatingsh (APB, described below), channelization into 100-kHz bins
contributions. This motivates the design and developmént wsing a 1K FFT, frequency domain blanking, and integration
radiometers capable of coherent sampling and adaptive, rda generate power spectra.
time mitigation of interference. The APB is designed to detect and blank radar pulses,

Since December 2001, we have been working to develagich typically are the dominant source of external L-Band
such a radiometer. Our design, described in Section Il, Rl below 1400 MHz. Radar pulses range from 2—4@0in
capable of coherently sampling 100 MHz, with real-timéength and occur 1-75 ms apart [2]. To detect these pulses, th
RFI mitigation implemented using eld-programmable gat&PB maintains a running estimate of the mean and variance
array (FPGA) devices. Section Ill provides information oof the sample magnitudes. Whenever a sample magnitude
demonstrations currently in progress. To provide additiongreater than a threshold number of standard deviations from
information on the radio frequency interference environmethe mean is detected, the APB blanks (sets to zero) a block
at L-band, we have also been performing surveys with af samples beginning from a predetermined period before
airborne instrument. Survey results and plans for operaticthe triggering sample, through and hopefully including any
at C-band are described in Section IV. multipath components associated with the detected puse. (
future version of this algorithm will probably implementrse
form of matched lItering to improve detection performarjce.

A block diagram of our radiometer is shown in Figure 1, andPB operating parameters are adjustable and can be set by
a picture of the digital section is shown in Figure 2. The agal the user.

Il. RADIOMETER DESIGN



Fig. 1. Block diagram of radiometer.

Fig. 2. Digital backend; the vertical cascade of three dirboards near the left hand side contains the dual ADC sest{apper and lower boards) and
the digital channel combination and Itering section (certteard). The APB section for removing temporal pulses is aigolémented on the center board.
Following the vertical cascade to the right is the FFT preogsthen the SDP section for power computation and integraiperations. Finally a “capture
card” provides the interface to the PC. Microcontrollers aflso included on each card (the smaller attached circuitdboaith ethernet cables) to enable
PC setting of internal FPGA parameters through an ethertetface.



Following the APB is a length-1K complex FFT, which * — Weasured FFT Varance (L1
achieves approximate88%duty cycle in performing the FFT N " Menaured FFT Variance (L1024
computations A triangular window is applied before the FF 10" i e L e Ry ance (1L=4096)

Planned but not yet implemented is a frequency-domain blar EERA , i

ing module, which is similar in concept to the APB, excef 1°f ey : i E

applied independently to each frequency bin. The purpose . ' o

this module will be to exploit the processing gain achieve o} TR . o B

through channelization to detect and excise weak, relgtives R NE

narrowband RFI. The FFT output is processed through= .| N

“spectral domain processor” (SDP) module which comput v

magnitude-squared for each frequency bin and computesreit . M

a linear power average or a “max-hold” operation over mai G ' .

FFT outputs. These results are passed at a relatively lav r ™

to a PC via a capture board. Total power can be comput

by summation of frequency bins within the digital hardware

or the same process can be implemented within the PC "¢ 10* 10° 10° 10° 10° 10° 10’

increased exibility in monitoring RFI, selecting subband Number of FETs Integrated

and so on. Fig. 3. Noise variance vs. time for the radiometer when terrathdty a
Beyond considerations of RFI mitigation, this architeeturmatched load at the input. This observation represents 10@iegration over

has additional advantages over traditional radiometees. Bl4 min elapsed time. No calibration, temperature control, @k®iswitching

. ,g . . .~ of any kind was employed.
cause the noise level 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. Relatiyge|l known L-band sources are available, and a calibration
to radiometers requiring 100 dB or more of front end gairs thhrocedure can be developed involving observation of colder
dramatically improves stability in the presence of tempee  sky regions and the moon. A set of experiments are curremtly i
variations. Also, the nal 50-MHz-wide IF lter is digital, progress to observe the contributions of astronomicalcssur
and signi cantly narrower than the nal analog Iter, which 35 they pass through the antenna pattern. Results with and
is 80 MHz wide. Figure 3 demonstrates results from agjthout the APB algorithm should provide information on the
initial stability test of this design through observatioham gyccess of this approach.

ambient temperature load (not thermally stabilized.) Neeal A similar radio astronomy observation was performed using
performance of the system is observed as the integratidocberan earlier receiver prototype at the Arecibo observatory in
in increased from approximately 1Gsec up to approximately pyerto-Rico [4]-[6]. Results qualitatively showed a dréima

10 sec. The real time elapsed during this measurement Wagpact of the APB in reducing the in uence of a nearby radar
approximately 14 minutes. system.

Ill. EXPERIMENTS IV. RFI SURVEYS

Several experiments with this receiver are in progress toWhile initial results from the radio astronomy and ground-
demonstrate its effectiveness for RFI mitigation. Althbugbased measurements are promising, further improvements
“remote sensing” observations of the environment are ehould be possible through appropriate choices of the pa-
interest, performing such measurements from the groundrameters of the RFI mitigation algorithms. Choosing these
L-band can be dif cult due to antenna size and associated fparameters as well as designing new mitigation strategies
eld issues. An experiment similar to that of [3] is currgnth  requires detailed information on properties of the RFI envi
progress in which a large saltwater pool is observed. Unlikenment. Information on the RFI environment over a range of
[3], this experiment was designed to operate in the far- elgeographical locations is also of interest for developing a
with a 1.2 m re ector antenna located on the roof of théesting mitigation strategies for a future satellite boseasor.
ElectroScience Laboratory. In addition, a complete exern To address this issue, surveys of RFIl in the frequency
calibration procedure was developed in which the pool areange 1200-1800 MHz have been performed from an airborne
was covered alternately with absorbing and re ecting matemplatform. The data were collected using a portable instru-
als. See [4] for further information on this measurement. Ahent known as the L-Band Interference Surveyor/Analyzer
present, the limited size of the pool area causes corruptjon (LISA), which was developed at the Ohio State University
other environmental sources, making an accurate calioratiElectroScience Laboratory in 2002 [7]. LISA can include up
dif cult. to two complementary subsystems: an off-the-shelf compute

An alternate means for veri cation at L-band involves obeontrolled spectrum analyzer and a custom wideband high-
servation of astronomical sources. Because the sky is alimay dynamic-range coherent-sampling receiver. The former is
the far- eld, a large antenna aperture can be applied toilmbtaiseful for understanding the distribution of RFI over large
improved discrimination against corrupting objects. $ave frequency spans and long time periods, whereas the latter



provides waveform capture capability with high temporal ACKNOWLEDGMENTS
resolution. To date the LISA instrument has acquired dataThis work was supported in part by NASA “Instrument

in 14 ights, including an initial test ight above the mid- |ncybator Program” project NAS5-02001 and in part by the
Atlantic coast [8], a ight from the Wallops Flight Facility National Science Foundation (NSF) under Award No. AST-

in Virginia to Monterey, California, ights over the Pacic 138263.

ocean from Monterey to Kona, Hawaii, and from Wake Island
to Yokota Japan, and 10 ights over regions in the vicinity of
Japan [9]. The latter ights occurred as part of the “Wakaga)
Bay” campaign in Japan to serve as a validation of AMSR-
E meteorological measurements. Although the digital kexei 2]
backend of the radiometer discussed in Section Il can also
provide waveform capture capability, the LISA wideband
receiver was based on an earlier radio-astronomy system
to time and scheduling issues.

Analysis of the data from these measurements shows tfht
several interference types were observed, including nouser
air-traf ¢ control radars similar to those previously dissed, [5]
other radars, and communication systems. Results als@sugg
that a simplel=R? propagation law is typically reasonable[s]
for predicting expected RFI levels to be observed from air- o
space- platforms. A simulation of APB algorithm performanc
while varying the underlying parameters (i.e. blanking thjd
threshhold level, etc.) has been performed using the LISA
data [10]. Results show the algorithm to be fairly robust if§]
eliminating a variety of pulsed sources. Technical rep[8}s
[9] including further details about LISA and the resultingtal
are available from the authors.

Developing interference mitigation methods for C-banﬂo
radiometers will also require an improved knowledge of the
C-band RFI environment. Although some information is avail
able from aircraft- [11] and space-based [1] radiometdrs, t[11]
temporal and spectral resolution of this data is insuf tien
to provide detailed signal properties. To address thiseissu
a project has been initiated to operate the digital receivaf
described in Section Il at C-band in aircraft measurements
[12]. These measurements will be performed in collabonatio
with the Environmental Technology Laboratory of NOAA,
by use of the Polar Scanning Radiometer (PSR) system [11]
as the “front-end” in these experiments. Results from these
measurements will indicate the degree to which the APB
section is successful at C-band, as well as provide new
information on the C-band RFI environment.

(9]

V.

Current results of the project suggest that simple time-
and/or frequency blanking strategies can allow radiometri
measurements in many portions of the spectrum. For L-band
in particular, the predominance of air-traf ¢ control rada
makes time-blanking an effective strategy. The measurtsmen
currently in progress should provide an indication as to the
degree to which radiometric accuracy is impacted by active
RFI suppression. Updated results from these experimetits wi
be presented at the conference. Finally, continued surveys
of the RFI environment remain important, so that mitigation
algorithms can be continually re ned and updated as new
source information is obtained.

IMPLICATIONS

e
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