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tProte
tion of radio observatories from RFI from ground-based transmitters gen-erally relies on great 
ir
le path di�ra
tion 
al
ulations to predi
t signal strengthsat the radio teles
opes. However, signal propagation over long distan
es and overrough terrain is 
onsiderably more 
omplex than the two-dimensional models as-sume. This is a brief des
ription a study of radar signal propagation paths that wehave been 
ondu
ting at Green Bank. Signal re
e
tions from surrounding terrain,air
raft, and rain showers have been observed with extra propagation delays up toseveral hundred mi
rose
onds and wide range of dire
tions of arrival. Propagationlosses through indire
t paths 
an sometimes be 
omparable or o

asionally lessthan the great 
ir
le path loss. The ranges of delay and dire
tions of arrival haveimpli
ations for the signal pro
essing requirements of RFI 
an
ellation te
hniquesnow under study.1 Introdu
tionRe
ent interest in signal pro
essing te
hniques for 
an
eling radio frequen
y interferen
e(RFI) in radio astronomy re
eivers [1℄ has prompted us to better understand the proper-ties of signals in frequen
y bands used for observations with the 100-meter Green BankTeles
ope (GBT). One signal of parti
ular interest 
omes from an FAA air surveillan
eradar antenna near Bedford, Virginia, about 104 kilometers to the south-southeast ofGreen Bank, transmitting on the frequen
ies of 1256 and 1292 MHz. Be
ause of theexpansion of the universe, atomi
 hydrogen radiation at 1420.4 MHz from some distantgalaxies is Doppler shifted to the frequen
ies of this radar. Hen
e, we would like to �ndways of observing this 
osmi
 radiation in the presen
e of the radar signals.Our �rst look at the mi
rose
ond time stru
ture of the radar signal re
eived bythe GBT showed that the strongest part of ea
h pulse was not at its leading edge asone would expe
t if the dire
t great 
ir
le path had the lowest path loss. Apparently,an indire
t path due to re
e
tions from high terrain was produ
ing a stronger signalfrom the radar than was the dire
t path so we set out to understand the propagationmodes in more detail. To do this we 
onstru
ted a bistati
 radar map from the re
eivedpulse intensity as a fun
tion of delay from the dire
t pulse arrival time and the inferreddire
tion of the sweeping radar beam as des
ribed below.The radar signal is pulsed with a pulse length of 2 mi
rose
onds, an average repetitionrate of about 340 pulses per se
ond, and a peak transmitted power of several megawatts.The pulse transmission times are jittered by several hundred mi
rose
onds in a repeatingpattern as des
ribed in [2℄ to resolve distan
e ambiguities. The radar antenna has ahorizontal beam width of 1 degree and rotates about a verti
al axis at 5 RPM (12se
ond sweep period). The forward gain of this antenna is roughly 40 dB, but pulses1



Figure 1: Distribution of measured pulse delays from the inferred dire
t-path arrivaltimes in data re
orded from the GBT. The 
urvature near the end of the graph is dueto sample 
lo
k drift that was 
orre
ted in the data analysis.
an be seen with the � �15 dBi far sidelobes of the GBT during most of the 12-se
ond sweep from radar antenna sidelobes that probably have an average gain of about�10 dBi. When the radar beam is pointed in the dire
tion of the GBT the indu
edpulse voltage ex
eeds the linear range of the GBT re
eiver for the duration of the pulse,but the re
eiver re
overs immediately after the re
eived pulse voltage falls within itslinear range.2 Terrain Re
e
tion MapsFigure 1 shows the distribution of measured pulse delays from the dire
t path arrivaltime as a fun
tion of time from the beginning of the 5-se
ond data stream re
orded fromthe GBT's 1.2-1.7 GHz re
eiver. Ea
h dot in this �gure is a dis
ernible pulse power peaksigni�
antly above thermal noise from the re
eiver. The radar antenna beam passed overthe GBT at about 1.3 se
onds into this data set. Noti
e that the biggest 
luster of pulseso

urs before the radar beam is pointed dire
tly at the teles
ope and at delays greaterthan about 40�s. The width of the radar beam in this plot is about 0.033 se
onds. Thelong horizontal stripe of points in Figure 1 is due to a strong re
e
tion at a delay of40�s that is visible through the radar antenna sidelobes when it is pointed well awayfrom the radio teles
ope.The pulse arrival times shown in Figure 1 may be mapped onto geographi
 
oor-dinates by assuming that ea
h pulse lo
us falls on the interse
tion of three surfa
es:the delay ellipsoid with the GBT and the radar antenna at the fo
ii, the verti
al planethrough the radar beam, and a horizontal plane at the elevation of the GBT. The hori-zontal plane assumption is not stri
tly 
orre
t sin
e the re
e
tion points are not at thesame elevation, but the error is small for delays greater than about 10�s.Figure 2 shows the same data mapped onto the horizontal plane. The small 
lusterof points near the top of the map is very likely an air
raft re
e
tion. All other featuresin this map are due to re
e
tions from high terrain. The heavy 
luster of points to2



Figure 2: Re
e
tion point lo
ations 
omputed from pulse arrival delays and the radarbeam azimuth. The GBT is at the interse
tion of the two long dotted lines, and theradar is at the small 
ross near the bottom of the diagram.the north-west of the GBT is from a high mountain range in this dire
tion. The mostprominent ellipse in the map is due to radar antenna sidelobes that are visible froma strong re
e
tion at a high point in the mountains. Ea
h small 
luster of points inFigure 2 
an be 
learly identi�ed with a spe
i�
 terrain feature on a topographi
 mapoverlay to a resolution of a few tenths of a kilometer. In fa
t, the two free parameters inthis data interpretation, the radar beam antenna dire
tion at the beginning of the dataset and the dire
t pulse arrival time o�set, were �ne tuned by mat
hing many pulse
lusters with their terrain 
ounterparts.3 Di�erential Delays and Azimuths of ArrivalNearly all RFI subtra
tion te
hniques that might be employed in radio astronomy willneed to a

ount for the range of delays and dire
tions of arrival of ea
h signal seen by aradio teles
ope. Pulse blanking s
hemes must 
over the full delay spread of the arrivingpulses. Coherent 
an
ellation te
hniques must use adaptive �lters that 
an mat
h thedelay spread of the multipath propagation. The 
on
ept of pla
ing an antenna sidelobenull in the dire
tion of an interfering signal is often too simplisti
 be
ause the samesignal 
an arrive from many widely spa
ed dire
tions. Coherent nulling must be donein a 
ombined temporal-spatial domain.The radar data shown in Figures 1 and 2 
an be replotted to show the delay anddire
tion-of-arrival distribution that 
an be expe
ted for signals with long travel dis-tan
es in mountainous terrain su
h as that around the GBT. These plots are shown in3



Figure 3: Pulse intensity as a fun
tion of delay for the pulses shown in Figures 1 and 2Figures 3 and 4. Strong terrain re
e
tion delays extend to about 140�s, and the air
raftre
e
tion is at 430�s. The dire
tions of arrival span more than 180o. Ea
h ar
 in inFigure 4 
orresponds to one re
e
tion point as the radar beam sweeps over it. Narrowar
s are from distant points, and wide ar
s are from points 
loser to the GBT. Pulseswith delays less than 50�s have been suppressed in Figure 4 be
ause their apparentazimuth spread is arti�
ially large.4 Air
raft and Rain Shower Re
e
tionsThe great 
ir
le path and terrain re
e
tions are the dominant propagation paths forRFI from distant sour
es, but the high sensitivity requirements of radio astronomy 
anmake even high loss paths troublesome. Two of these paths, re
e
tions from air
raftand rain 
ells, were seen in some other radar data re
orded with low-gain antennas atGreen Bank. Both are dete
table out to delays of at least 800�s. Signals from these twore
e
tion media 
ould be quite strong for periods of time when an air
raft or storm isnear the teles
ope, and 
an
ellation of these re
e
ted signals with adaptive te
hniqueswill be 
hallenging be
ause of the rapidly 
hanging amplitudes and delays. We are stillworking on quantifying the importan
e of these RFI re
e
tion paths.Figure 5 shows two gray-s
ale plots in geographi
 
oordinates relative to the lo
ationof the GBT of radar e
hoes re
orded one minute apart. The thin ar
s above and to theleft of the terrain e
hoes are e
hoes from air
raft. The re
e
tions from the air
raftjust above 
enter in the top plot is strong enough to show radar antenna sidelobes. Inthe bottom plot of Figure 5 you 
an see that all of the air
raft e
hoes have moved ordisappeared, and one or two new ones have appeared. It is hard to follow the motionof individual e
hoes with just two plots, but a series of �ve su
h maps shows the tra
ksof about ten air
raft in the area plotted.On one of the days that we re
orded data from this radar there happened to be rainshowers in the area. Figure 6 shows two radar maps re
orded six minutes apart whi
hshow di�use e
hoes from �ve or six rain 
ells to the north of the GBT. By 
omparingthe two maps you 
an see that in the six minutes between them the northern-most 
ells4



Figure 4: Pulse intensity as a fun
tion of inferred azimuth of the radar pulse re
e
tionpoint for pulses with delays greater than 50 mi
rose
onds. Zero azimuth is north and+90 degrees is east as seen from the GBT.have dissipated, and a strong new 
ell has appeared 
loser and the the north-west of theGBT.Of 
ourse, a great deal is known about radar e
hoes from air
raft and rain showersso there is nothing terribly new in these data. However, they do point out that thebusiness of RFI mitigation with signal pro
essing te
hniques is more 
omplex thanone might think. Substantial progress in this �eld is going to require parallel studiesof intrinsi
 signal 
hara
teristi
s, long distan
e propagation e�e
ts, and sophisti
atedsignal pro
essing te
hniques.Referen
es[1℄ Fridman, P. A., & Baan, W. A., 2001, \RFI MItigation Methods in Radio Astron-omy," Astron. & Astrophys., 378, 327.[2℄ Fisher, Ri
k, 2001, \Analysis of Radar Data from February 6, 2001,"http://www.gb.nrao.edu/ r�sher/Radar/analysis.html
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Figure 5: Radar e
hoes plotted in geographi
 
oordinates relative to the GBT. Thedisplay on the top was re
orded one minute earlier than the one at the bottom. Ar
sthat move or appear on only one display are e
hoes from air
raft.6
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Figure 6: Radar e
hoes plotted in geographi
 
oordinates relative to the GBT. Thedisplay on the top was re
orded six minutes earlier than the one at the bottom. Thedi�use e
hoes near the 
enter of the maps are rain showers.7


