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I nt roducti on

Any technique for renoving radio frequency interference (RFlI) fromradio
astronony data nust take into account nodifications to the interfering signa
by propagation conditions between the transmitter and the radio telescope. In
particular, a signal nay arrive by way of several propagation paths, which can
have considerable differences in delay and direction of arrival. This paper
describes an initial study of a radar signal received by the G een Bank

Tel escope (GBT) froman air surveillance radar transmitter 104 kil ometers

sout h- sout hwest of the telescope. Radar is especially useful for propagation
studi es because it transmts short pulses in a narrow beam whi ch sweeps in

azi mut h.

The radar studied was an ARSR-3 Air Surveillance Radar transmtting at 1292.01
MHz. The pul se length was 2 microseconds with an average repetition rate of
about 340 Hz. The azimuth sweep rate was 5 revol utions per nminute, and the

azi nmut hal beamni dth was approximately 1 degree. The pul se transm ssion tines
varied by 100-ni crosecond increnments froma constant interval in a repeating
sequence of [0, 4, O, 3, 1, 2, 1, 3]. A 10 MHz bandw dth baseband si gnal was
recorded at 20 negasanpl es per second with an 8-bit sanpler. The radar
carrier appeared in the baseband spectrum at about 5.8 MHz. The data spanned
a 5-second period begi nning about 1.1 seconds before the radar beam passed
over the GBT.

Pul se Si gnature

A typical pulse signature sanpled by the 8-bit A/D converter is shown in
Figure 1. The pul se was distorted somewhat by the |ong propagation path of
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Figure 1. Pul se signature sanpled by the A/D converter

A weaker del ayed pul se can be seen about 3 mcroseconds after the

due to scattering near the GBT.

104 km
mai n pul se,

The pul se shown in Figure 1 was recorded when the radar beam was severa
beamm dt hs away fromthe direction of Geen Bank. The GBT receiver was
saturated by pul ses received when the beam passed over the GBT. Even at their
strongest, the pulses did not appear to blind the receiver. They just caused
clipping of the waveform peaks.

Pul se Filter

pul se sensitivity was obtained by convolving the data with a function
An approximtion to a pulse filter

Better
that closely matched the pul se signature.
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Figure 2. Gaussian fit to a pulse spectrumfor the purpose of deriving a pul se
convol ution function
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Figure 3. Pulse in Figure 1 filtered by the function shown in Figure 2

was derived by a rough fit of a gaussian curve to the power spectrum of the
pul se as shown in Figure 2.

The data were broken into 64 kB bl ocks, Fourier transforned, multiplied by the
frequency domain filter function, and the transformed back to the tine domain.
The convolved tine series of the pulse shown in Figure 1, squared to get power
as a function of time, then |ooks like the data in Figure 3. The filter
function can probably be tuned a bit for a better bal ance between signal-to-
noi se ratio and pul se resol ution

Pul se Arrival Tines

Al'l 5 seconds of the data were then filtered and searched for identifiable
separate pul ses above nost of the highest random noi se peaks. The differences
bet ween expected and neasured pul se arrival tines are shown in Figure 4. The
first part of the data run was found to have a constant pulse arrival tinme by
assum ng a pulse repetition rate of 341.4142 pul ses per second. The drift in
arrival times toward the end of the 5 seconds of data was due to either a
drift in the radar timng generator or the internal clock of our data

acqui sition board of about 60 parts per nmllion in frequency. This drift was
renoved enpirically with a polynomal tine correction function fitted by eye
to the arrival tines.
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Figure 4. Pulse arrival tine delays for the full data set.

At | east three features in Figure 4 stand out. First, pulses at a constant
del ay of about 35 m croseconds were present during the full length of the data
set. This is due to the fact that we saw pul ses fromthe radar even when the
radar beam was pointed well away from Green Bank. Since the receiver
saturated with the beam pointed in our direction, we cannot determ ne the
relative strengths of the sidel obes, but they were at | east 30 dB bel ow the
mai n beam

The second notable feature of Figure 4 is that the earliest pulses were not
the nost prevalent. The shortest distance, great circle, diffraction path
fromthe radar to the GBT nust have produced the earliest arriving pul ses.



Evidently a |l onger path had a | ower propagation |oss since the pulses fromthe
radar antenna sidel obes were nost apparent at an extra delay of about 35

m croseconds. The plots below will show that this | ower propagation |oss was
produced by a reflection fromthe high nmountain ridge about 8 km west of the
GBT. A great circle plot of the terrain profile in the direction of the radar
shows that the GBT is about 400 neters bel ow the el evation of the nearest
diffraction obstacle about 12 km away. The nmountain ridge west of the GBT

i ncl udes Bal d Knob, the second hi ghest peak in West Virginia.

The third notable feature of Figure 4 is the cluster of pulses around 1.1
seconds into the data sanple. This was the tinme when the radar beam passed
over Green Bank, and we saw reflections fromlocal terrain features in
addition to the directly arriving pulse.

Geonetric interpretation of Arrival Tines

The pul se delay can be interpreted as a physical |ocation of the reflecting
obj ect by assuming that only one reflection is involved. The reflection point
is then the intersection of three surfaces: the | ocus of constant delay, which
is an ellipsoid with the GBT and the radar antenna at the focii; the vertica
pl ane of the radar beam and the horizontal plane at the assumed altitude of
the reflector. Figure 5 is a map of the intersection point solutions for al

of the pulse delays shown in Figure 4, assuming that the reflector altitude is
the sane as the altitude of the GBT.
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Figure 5. Reflection point |ocations conputed from pul se arrival delays and
the radar beam azinuth. The GBT is at the intersection of the two | ong dotted
lines, and the radar is at the small cross near the bottom of the diagram
The radar azimuth sweep during the 5-second data set is from about 325 to 115
degr ees.



The heavy ellipse in Figure 5 is the |locus of constant delay of about 35

m croseconds due to pulses fromthe radar antenna sidel obes reflected fromthe
ri dge west of the GBT. The weaker inner ellipse is the near-zero-delay |ocus
of the direct path fromthe radar to the GBT. The cluster of points to the
nort hwest of the GBT corresponds to high terrain in this direction. O her
features could be either terrain reflections or aircraft in the area. The
small cluster farthest north is alnost certainly froman aircraft.

Figure 6 is an expanded plot of the strongest pulses fromthe area northwest
of the GBT. These pulses were nore than ten tines the intensity of the
weakest pul ses shown in Figure 5. The band of points running fromthe | ower

| eft corner of Figure 6 to the top center corresponds to the ridge of high
peaks shown in the contour map of Figure 7. The scales of the two maps in
Figures 6 and 7 are about the sane. An accurate overlay of the radar returns
on the contour map shows that the three clusters of points near the top of
Figure 6 coincide nicely to the individual peaks on the ridge.
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Figure 6. The geonetric interpretation of the delays of the strongest pul ses
received fromlocations to the i nmedi ate nort hwest of the GBT.

Since the azinmuth of the radar beam and the pul se delay zero point nust be

inferred fromthe data, these are two free paraneters that were enpirically
deternmined by fitting the point locations in Figure 6 to terrain features in
Figure 7. The match of returns to nountain peaks appears pretty convincing,
but keep in mind that this is not based on accurate zero-point calibrations.
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Figure 7. Contour map of the terrain to the west and north of Green Bank. The
GBT is located slightly to the northeast of the 'K in the large word
" GREENBANK" and bel ow the small print "National Radi o Astronony GCbservatory."

Pul se Intensity Distribution

Rel atively strong pul ses were seen to be coming froma nunber of reflection
points in the terrain around the GBT so there was not a completely dom nant
reflection point. Figure 8 shows the pulse intensity as a function of delay.
A directly arriving pulse had a delay of zero. The pul ses at about 43

m croseconds saturated the GBT receiver so these were probably 10 to 20 dB

hi gher than neasured. The pul ses around 5 m croseconds delay nmay al so have
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Figure 8. Pulse intensity as a function of delay fromthe pulse arriving
directly fromthe radar for the data set shown in Figures 4, 5, and 6.



been saturated but not as severely. Quite strong pul ses can be seen out to a
del ay of 135 microseconds. Mst, if not all delayed pulses were fromterrain
reflections. The group of returns at 430 nicroseconds is probably from an
aircraft.

Figure 9 shows the neasured pulse intensities as a function of conputed
azimuth as seen fromthe GBT of the reflection points for pulses with del ays
greater than 50 m croseconds. This delay cutoff elimnates the pul ses conming
fromthe radar antenna si del obes that appear to be sneared over a w de range
of azimuths as seen in Figure 5. Hence, the directly arriving pul ses and the
strongest reflected pulses are not shown in Figure 9. The strongest
reflection not in this figure is froman azinuth of about -75 degrees.

Because of the large distance to the radar antenna, the azinuth resol ution
fromthe GBT is not terribly good, but the wide distribution of azinmuths seen
in Figure 9 is real. The azinmuth profile of a single reflection point can be
seen fromthe paraboloid-l1ike arcs of points. More distant reflections from
t he GBT have narrower arcs.
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Figure 9. Pulse intensity as a function of inferred azinuth of the radar
pul se reflection point as seen fromthe GBT for pulses with delays greater
than 50 m croseconds for the data set shown in Figures 4, 5, 6, and 8. Zero
azinmuth is north and +90 degrees is east.

Ti me W ndow BI anki ng

Two straightforward bl anking techni ques were tried on the data set, tine
wi ndow bl anki ng and detected pul se bl anking, to determ ne whether the radar
signal can be effectively removed fromthe spectrum

In the tests that follow spectra were integrated over chosen intervals in the
data by form ng spectra with FFT's of overl appi ng 2048-dat a- sanpl e sets and
accurul ati ng the power spectra. The data-sanple sets overlapped by 50% (1024
sanpl es) to reduce the sensitivity |oss due to mssing correlations between
adj acent sanple sets. Tinme w ndow bl anki ng was i npl enented by not
accumrul ati ng spectra that had any of their input data extending into the tine
interval to be bl anked.

Fi gure 10 shows the unbl anked spectrum accunul ated over the 0.3-second
i nterval when the radar beam was cl osest to the Green Bank azi muth.
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Fi gure 10. Unbl anked spectrumintegrated over to tinme when the radar beam was
sweepi ng over the GBT, between 0.95 and 1.25 seconds into the data. The
intensity scale is in units of tel escope system noi se power.

Figure 11 shows the spectrum accunul ated over this sane interval but with tine
wi ndow bl anki ng begi nni ng 20 ni croseconds before and endi ng 150 mi croseconds
after the first pulses arrive fromthe radar. About 10% of the spectra were
rejected in this integration. This tinme w ndow can be conpared with the tine
di stribution of pulses shown in Figure 8. Figure 11 shows that even with a
few weak pulses fromaircraft reflections around 430 ni croseconds included in
the spectrum no trace of the radar signal can be seen. The reference
spectrumused to normalize the data in Figures 10 and 11 was an accunul ati on
of spectra over the full 5-second data set that fell outside of a tine w ndow
from 20 m croseconds before to 500 m croseconds after the first-arriving

pul ses. The rnms noise anplitude is about what is expected for a 0.3-second
integration and 10-kHz spectral resolution
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Figure 11. Spectrumw th data bl anked for 150 m croseconds after the earliest
arriving pulses. The spectrumwas integrated between 0.95 and 1.25 seconds
into the data as in Figure 10. The intensity scale is in units of tel escope

system noi se power.



The robustness of the tinme w ndow bl anking was tested by reduci ng the bl anking
wi ndow wi dth to include nore radar pulses in the integration. Evidence of a
radar spectral feature did not show up until the end of the bl anki ng wi ndow
was reduced to about 100 m croseconds after the first-arriving pulse. 1In
Figure 8 you can see that quite a few noderately strong pul ses beyond 110

m croseconds could be included without distorting the spectrum O course, an
i ntegration over nany radar rotation periods would uncover the spectra
signature of these pulses so they do need to be bl anked.

Integration of spectra over the full 12-second interval of the radar sweep
still needs to reject the weak pulses fromthe radar antenna sidel obes, as
will be shown bel ow. However, these spectra will tend to dilute any residua
radar signal coming from pul ses outside of the blanking tinme window. The
rejection tests associated with Figure 11 are about the npbst stringent that we
can nake with the present data.

Det ect ed Pul se Bl anki ng

We coul d avoid the problem of continuously measuring radar pulse arrival tines
to m crosecond accuracy to synchronize a bl anki ng wi ndow by sinply throw ng
away spectra that contain a detected pulse. To test the effectiveness of this
scheme we started with the unbl anked spectrum i ntegrated when the radar beam
is not pointed very close to the GBT as shown in Figure 12. The fact that we
see the radar spectral signature in this spectrum says that we cannot sinply
bl ank our spectroneter when the radar beamis pointed near the direction of

t he GBT.
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Figure 12. Unbl anked spectrumintegrated over to time when the radar beam was
poi nted away fromthe GBT, between 1.6 and 5 seconds into the data. The
intensity scale is in units of tel escope system noi se power.

When we rejected all spectra in which we detected a radar pulse with an
anplitude greater than 1.5, using the sanme pulse filtering techni ques

descri bed above, we get the spectrum shown in Figure 13. Only about 0.4% of
the spectra were rejected, and little, if any inprovenment can be seen in the
bl anked spectrum Figure 14 shows the nunber distribution of neasured pul se
anplitudes near the tail of the random noi se distribution. Further reduction
of the rejected pulse cutoff will reject a rapidly increasing fraction of
spectra due to random noise. An artificial hole in the spectrum can be
created with random noi se rejection because spectra with noise peaks at the



filtered frequency will be selectively thrown out. Hence, this pulse
rejection scheme is not robust.
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Figure 13. Spectrumwi th data bl anked when a pul se was detected above a | eve
of 1.5 units on the intensity scale shown in Figures 8, 9, and 14. The
spectrumis integrated between 1.6 and 5 seconds into the data as it was in
Figure 12. The intensity scale is in units of tel escope system noise power.
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Figure 14. Distribution of neasured intensity peaks in the data set after
filtering as described in connection with Figures 2 and 3. The horizonta
scale peak intensity of 1.0 corresponds to O dB on the vertical axes of
Figures 8 and 9. The square, X, and circle correspond to frequency domain
filter center frequencies of 4.7, 5.84 (radar frequency), and 6.5 MHz,
respectively.

Figure 15 shows an integration over the 0.3 seconds when the radar beam was
poi nted close to the GBT using detected pul se bl anking only. About 25 db of
radar signal rejection was achieved, as can be seen in a conparison with
Figure 13, but the | ow anplitude pulses that slip under the detection

t hreshol d produced an unacceptabl e radar signal in the spectrum

Det ect ed pul se bl anki ng probably does have a place in radar rejection, in
combi nation with time wi ndow bl anki ng, for rejecting transient pulse
reflections that fall outside of the selected time w ndow.
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Figure 15. Spectrumw th data bl anked when a pul se was detected above a | eve
of 1.5 units on the intensity scale shown in Figures 8, 9, and 14. The
spectrum was i ntegrated between 0.95 and 1.25 seconds into the data as in
Figures 10 and 11. The intensity scale is in units of tel escope system noise
power. Note the change in vertical scale from previous figures.

Prelim nary Concl usions

Fromthis initial analysis of a small bit of radar data there are a nunber of
points learned that will affect our work on mtigating RFl at the GBT with
bl anki ng and cancel i ng techni ques:

1. To observe redshifted hydrogen near the radar frequency, sinply blanking
the recei ver when the radar beam passes over Green Bank is not sufficient. A
nore conpl ex technique of isolating echo-free data between radar pulses is
required.

2. Reflections fromthe highest terrain around Green Bank can produce a
stronger signal than the nore direct signal path fromdistant transmtters to
t he GBT.

3. Any RFI canceling techniques will need to account for nulti-path signa
propagation arriving froma wi de range of azinmuths and with differentia
del ays of nore than 100 m croseconds.

4. Time wi ndow bl anki ng does appear to be quite effective, and a | arge
fraction of the tine between radar pul ses can be used for high sensitivity
spectral |ine neasurenents.

5. Detected pulse blanking is not a usable technique on its own, but it can be
used to reject noderately strong, |ong-delay pulse reflections that fal
out side of the selected blanking tinme w ndow.



