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tionThe frequen
y range 962 to 1213 MHz is allo
ated to air
raft radio navigation, mainly used by 
ivilianDistan
e Measuring Equipment (DME) and a 
ompatible military Ta
ti
al Air Navigation (TACAN) system.The air-to-ground transmissions are 
on�ned to the 1025 to 1150 MHz range, and the 962-1024 and 1151-1213 Mhz bands are for the ground to air portion of the servi
e. Sharing this band is the radar transpondersystem whi
h uses 1030 MHz for ground-to-air interrogation and 1090 MHz for air-to-ground responses.Sin
e many air
raft transmitting in the 1025-1150 MHz band are line-of-sight to Green Bank, this frequen
yrange is quite full of strong signals during most of the day. This report is an a

ount of various experimentsaimed at understanding the details of signals in this pie
e of spe
trum and attempts to remove them fromradio astronomy data.The DME system uses a time delay method for measuring the distan
e from an air
raft to a ground station.The air
raft begins determining its distan
e by transmitting short pulse pairs at a maximum rate 150 pulsepairs per se
ond on the re
eive frequen
y of the sele
ted ground station. After a �xed 50 mi
rose
ond delayfrom the re
eived pulse time the ground station transmits a pulse pair ba
k to the air
raft on a frequen
yeither 63 MHz higher or lower than the air
raft transmission frequen
y. By measuring the delay betweentransmitted and re
eived pulses, less 50 mi
rose
onds, the air
raft's DME unit 
an determine it's distan
efrom the ground station. This gives the slant-range distan
e rather than horizontal distan
e, but the latter
an be 
omputed from knowledge of the air
raft's altitude and the elevation of the ground station. On
ethe air
raft has established a steady dialog with the ground station it slows its pulse rate to a maximumof 24 and 30 pairs per se
ond. Sin
e up to 100 air
raft 
an simultaneously use the same ground station onthe same frequen
y, the air
raft transmitters jitter their pulse transmission intervals to avoid lo
king ontoground station pulses intended for other air
raft. See Kline [2℄ and Forssell [1℄ for more details.TACAN uses the same pulse timing stru
ture as DME, but it adds azimuth information to the ground-transmitted pulse intensities. The 
ivilian DME ground stations are generally 
o-lo
ated with VHF Omni-Range (VOR) stations, whi
h provide the azimuth information. VOR operates in the 108 to 118 MHzband.2 DME Signal Chara
teristi
sDME transmission frequen
ies are 1 MHz apart. There are 126 air
raft transmission 
hannels running from
hannel 1 at 1025 MHz through 
hannel 126 at 1150 MHz. There are two transmission modes for ea
h
hannel. In mode X the ground station transmission frequen
y is 63 MHz below the air
raft transmissionfrequen
y for 
hannels 1-63 and 63 MHz above the air
raft frequen
y for 
hannels 64-126. In mode Y theground frequen
y is 63 MHz above the air
raft frequen
y for 
hannels 1-63 and 63 MHz below the air
raft1



frequen
y for 
hannels 64-126. Hen
e, in mode Y the ground station transmissions are in the air-to-groundband. To avoid 
onfusion between air
raft and ground station transmissions on the same frequen
y and todis
riminate pulses from random interferen
e, pulses are always transmitted in pairs. From the air
raft inmode X the pulses are 12 mi
rose
onds apart, and in mode Y they are 36 mi
rose
onds apart. From theground transmitter the pulses are 12 and 30 mi
rose
onds apart in modes X and Y, respe
tively. Mode X isused mu
h more frequently than mode Y.The transmitted pulses are approximately gaussian in shape as a fun
tion of time with a half-amplitude(voltage)-full-width of 3.5 mi
rose
onds. V (t) / e�0:5(t=�)2 = e�2:7726(t=W )2 (1)where t is time, and W is the full-width-half-maximum pulse width in the same units as t. Hen
e, from vanVliet et al [3℄ the individual pulse frequen
y spe
trum will then be gaussian in shapeV (f) / e�0:5(!�)2 = e�3:5597(fW )2 (2)where f is frequen
y in units of inverseW . The voltage spe
trum full-width-half-maximum is then 0:8825=W ,or 0.252 MHz. The power spe
trum full-width-half-maximum is 1=p2 times that, or 0.178 MHz.The peak pulse power from a transmitter on a large jet air
raft is 300 watts. Manufa
tures of air
rafttrans
eiver 
laim useful a range of about 550 km (300 nauti
al miles) [7℄, but air
raft altitude and theseparations between ground stations on the same frequen
y will often limit the range to less than 300 km.Smaller air
raft use peak powers on the order of 50 watts, whi
h limits their ideal range to about 250 km.Smaller air
raft 
y at lower altitudes and have a shorter line-of sight distan
e to the ground station. Anair
raft at 1700 meters (5000 feet) altitude 
an expe
t a range of less that 100 km. The \standard servi
evolumes" [8℄ have radii of 130 nauti
al miles (240 km), 40 nm (74 km), and 25 nm (46 km) for high altitude(18,000 to 45,000 feet above ground level), low altitude (1,000 to 18,000 ft AGL) and terminal (1,000 to 12,000ft) 
ategory DME stations, respe
tively. Some DME fa
ilities are paired with airport lo
alizer transmitters.Lo
alizers are similar to VORs but are designed to work in a limited azimuth se
tor 
entered on the approa
hpath to an airport runway. Ground transmitter peak power is between 100 and 1000 watts, depending onthe station's intended servi
e.In the measurements des
ribed below I found that the peak power threshold for dete
ting a single pulse,with a moderate number of false dete
tions, is about ten times the average noise power in a 0.25 MHz re
eiverbandpass 
entered on the pulse 
arrier frequen
y. This threshold 
orresponds to a power of 6:9�10�16 watts,or -151.6 dBW at the GBT re
eiver input with a noise temperature of 20 Kelvins. If we assume a transmitterpower of 300 watts, a transmitting antenna gain of 0 dBi, and a GBT sidelobe gain of -15 dBi, the maximumfree-spa
e distan
e at whi
h a single pulse 
an be dete
ted is about 2500 km. The dete
table range of a50-watt pulse is about 1000 km. Negle
ting atmospheri
 refra
tion, the zero-degree horizon line-of-sightdistan
e to an air
raft at 35,000 feet altitude is about 360 km so any air
raft DME transmitter whose lineof sight to the GBT is above the horizon will generally be dete
table in the GBT output with a signal �ltermat
hed to the pulse bandwidth. An air
raft with a 300-watt transmitter at 500 km distan
e would bedete
table below the horizon if its di�ra
tion loss is less than 14 dB.As a 
omparison, the quoted re
eiver sensitivity of the AMS Model 1118/1119 DME ground stationsystem is -117 dBW for 70% replies, and its minimum antenna gain is +8 dBi [5℄. If we again assume a 0dBi transmitting antenna and 300 watts transmitted power, this 
orresponds to a useful line-of-sight rangeof 660 km. This is very 
lose to the 
laimed useful range of a 300 watt air
raft trans
eiver.3 Measured Pulse PropertiesFigure 1 shows the 
omposite spe
trum seen by the GBT in the frequen
y range of 1085-1222 MHz at thelow end of the tuning range of the 1.15-1.72 GHz,L-band re
eiver. This spe
trum was measured on February20, 2004 between 12:00 and 14:00 EST. It 
overs DME 
hannels 65 through 126 and the frequen
ies of their
orresponding mode X ground transmitters above 1150 MHz. The air-to-ground portion of this spe
trumis shown expanded in Figure 2. DME signals 
an be seen in every 
hannel ex
ept below 1096 MHz wherethe radar transponder reply signals at 1090 MHz dominate the spe
trum. A 
areful sear
h for pulses fromground stations above 1150 MHz showed no dete
table DME signals in these data.2



Figure 1: Composite spe
trum measured on the GBT of the top half of the air
raft navigation band (DMEChannels 65 to 126). Ea
h 7-Mhz spe
trum segment is a 5-minute integration normalized to the re
eivernoise power. The segment near 1200 MHz was used as a referen
e spe
trum so it is shown as a 
at line.Hash marks below the spe
trum show the DME 1-MHz 
hannel frequen
ies.

Figure 2: Expansion of the air-to-ground half of the 
omposite spe
trum in Figure 1. Hash marks below thespe
trum show the DME 1-MHz 
hannel frequen
ies.
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Figure 3: Total power spe
trum of the frequen
y range 1140 to 1150 MHz (DME Channels 116 to 126) usinga log periodi
 antenna dire
ted toward the zenith, 30 se
onds of integration, and 5 kHz resolution.Figure 3 shows the total power spe
trum of the 1140 to 1150 MHz passband measured with a log periodi
antenna pointed at the zenith near the ground at Green Bank. DME signals 
an be seen in at least 7 of the11 
hannels in
luded in this frequen
y range.Figure 4 shows a pair of strong pulses measured at 1142 MHz. These pulses nearly saturated the RFampli�ers so the negative peaks are slightly 
ompressed. Plotted over the pulses are two gaussians with 3.5mi
rose
ond full-width-half amplitude spa
ed 12 mi
rose
onds apart. This parti
ular transmitter appears totrun
ate its pulses somewhat faster than a gaussian 
urve, hen
e the spe
tral bandwidth will be somewhatwider that the values stated in Se
tion 2. Also, the pulses are a 
ouple of tenths of a mi
rose
ond 
losertogether than 12 mi
rose
onds. This may be typi
al of the toleran
es to be expe
ted.Figure 5 shows the Fourier transformed amplitude (voltage) spe
trum of the pulses shown in Figure 4.As expe
ted from the measured pulse shape, the amplitude spe
trum is wider than would be expe
ted froma gaussian pulse shape of 3.5 mi
rose
onds half-amplitude width. Also, the 
arrier frequen
y is about 21kHz lower than the nominal 1142.0 MHz of this transmitter 
hannel. (A manufa
turer's DME trans
eiverbro
hure [6℄ states a frequen
y stability spe
i�
ation of �100 kHz.) The 83 kHz modulation period in thisspe
trum is due to 
oherent beating of the two pulses.Figure 6 shows the phase of the pulse 
arrier a
ross the time of the pulse pair in Figure 4. As expe
tedfrom the 
arrier frequen
y o�set found in the pulse spe
trum, the phase drifts by about 2.2 radians in the 16mi
rose
ond time span of the two pulses. Also note that the phase within one pulse has a slightly paraboli
shape, presumably from a small phase shift in the amplitude shaping 
ir
uitry. Otherwise, the 
arrier phaseappears to be 
ontiguous a
ross the two pulses.Figure 7 shows a fairly typi
al train of pulses from several air
raft at 1144 MHz. There appear to beat least �ve transmitting air
raft in this plot as surmised from the tra
ks of pulse intensity as a fun
tion oftime. Three of the transmissions began in the time interval shown at about 52.5, 53.0, and 57.5 se
onds.Ea
h began with a repetition rate of about 20 pulses per se
ond and then slowed to about 4 or 5 pps. Thisis a 
onsiderably slower pulse rate than the 120-150 and 24-30 pps a
quisition and post-a
quisition ratesdes
ribed in the DME system des
riptions in the literature [1℄ [2℄. A Ro
kwell-Collins Model DME-42/442produ
t bro
hure [6℄ states that it is 
apable of s
anning three DME 
hannels at 12.5 millise
onds per 
hannel\...so the DME samples ea
h 
hannel 27 times ea
h se
ond. Even when 
overing three 
hannels at on
e, it
an lo
k-on in less than one se
ond." This �ts the observed behavior of the three pulse tra
ks in Figure 7.After a
quisition the trans
eiver appears to s
an the 
hannels at a slower rate, possibly to 
onserve power.The dete
tion threshold used in generating Figure 7 is about ten times the average re
eiver noise power4



Figure 4: Strong pulse pair measured at 1142 MHz. The waveform is slightly saturated on negative peaks.The gaussian 
urves are 3.5 mi
rose
onds half-amplitude width and 12 mi
rose
onds apart.

Figure 5: Amplitude spe
trum of the pulse pair in Figure 4. The green (lighter) 
urve is the spe
trumexpe
ted from a pair of gaussian pulses of 3.5 mi
rose
onds amplitude width and 12 mi
rose
onds apart witha 
arrier frequen
y of 1142.000 MHz.
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Figure 6: Carrier phase as a fun
tion of time a
ross the two pulses shown in Figure 4 assuming a 
arrierfrequen
y of 1142.000 MHz. The green (lighter) 
urve shows the phase drift expe
ted from a 
arrier 21 kHzlower in frequen
y.

Figure 7: Pulse intensity vs time at 1144 MHz (DME Channel 121) re
orded on January 27, 2004 with theGBT L-band re
eiver. Individual pulses in ea
h pulse pair are shown.
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Figure 8: The lo
ations of all DME stations found in the Digital Aeronauti
al Information CD data base.The high altitude stations are marked with squares, the low altitude stations are marked with X's, theterminal stations are marked with triangles, and lo
alizer stations are marked with +'s.in the 0.25 MHz bandwidth of the pulse. In Se
tion 2 we 
al
ulated this threshold to be -151.6 dBW at theGBT re
eiver input with a noise temperature of 20 Kelvins. The stated re
eiver sensitivity of a 
ommer
ialDME ground station is -117 dBW [5℄. If we assume that the system noise temperature of the DME station is400 K, then the GBT dete
tion threshold used is about 21.6 dB = 151:6� 117� 10 �Log10(400=20) lower interms of system noise power than is used in the DME station re
eiver. The DME ground station dete
tionthreshold would 
orrespond to a level of about 1.8 on the verti
al s
ale of Figure 7. One might guess thatthis threshold di�eren
e is roughly the signal pro
essing margin used in the DME station re
eiver to avoidfalse dete
tions or dete
tions of distant air
raft interrogating other stations on the same frequen
y.4 Ground Station Lo
ationsFigure 8 shows the lo
ation of all DME stations in the eastern U. S. around Green Bank that are foundin the Navaid Digital Data File of the Digital Aeronauti
al Information CD data base from the NationalAeronauti
al Charting OÆ
e of the Federal Aviation Administration [9℄. Stations with di�erent servi
e radiiand altitude ranges are shown with di�erent symbols.An example of the lo
ations of only stations on the same DME 
hannel is shown in Figure 9. The large
ir
les illustrate the greater range of the high-altitude stations. Around the lo
ation of Green Bank twoirregular 
ontours show the line-of-sight distan
e to an air
raft just above the horizon as seen from the primefo
al point of the GBT for air
raft altitudes of 15,000 and 35,000 feet above sea level. The horizon 
ontoursdo not take atmospheri
 refra
tion into a

ount, but refra
tion extends the e�e
tive line-of-sight range byonly 5 to 10%. For a full set of single 
hannel DME lo
ation maps see the web sitehttp://www.gb.nrao.edu/ r�sher/DME/dme sta map.html
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Figure 9: The lo
ations of DME 
hannel 121 (1144 MHz) stations. The high altitude stations show 240 kmrange 
ir
les. The low altitude station show 74 km radius 
ir
les, the terminal stations are en
losed in 46 kmradius 
ir
les, and the lo
alizer stations are drawn with 20 km radius 
ir
les. The irregular 
ontours aroundGreen Bank show the line-of-sight horizons of the GBT prime fo
us point for two di�erent air
raft altitudes.5 Pulse Dete
tion and Statisti
sTo generate a test data set under 
onditions 
lose to typi
al GBT observing I ran a series of on-o� s
anson the radio sour
e 0952+176 whi
h has a 
ontinuum 
ux density of about 1.4 Janskys and a narrow HIabsorption line at 1147.5 MHz with a depth of about 15 mJy [14℄. These observations used 8-bit basebandsampling of a 10 MHz bandwidth 
entered on 1147 MHz. This passband in
luded DME 
hannels 119 (1141MHz) through 126 (1150 MHz) plus 
hannel 118 at the lower edge of the band and a bit of spe
trum abovethe air-to-ground frequen
y range. Ea
h on-sour
e and o�-sour
e s
an was 5 minutes long, and there were12 on-o� pairs from whi
h a total on or o� integration time of 54 minutes was obtained. A few data re
ordswere spoiled by sampling glit
hes and a blast of wideband interferen
e that lasted a 
ouple of minutes. Theobserving session ran from about 05:24 to 07:37 EST (13:29 to 15:42 LST).These data were pro
essed in one-minute 
hunks, whi
h was the �le size into whi
h the data a
quisition
omputer divided the 8-bit samples. The A/D input level was su
h that the noise voltage rms value spannedabout four A/D levels. The sample interval was 50 nanose
onds (20 MS/s). The spe
trum looked roughlylike the one in Figure 3 ex
ept with a 
enter frequen
y of 1147 MHz.The �rst major signal pro
essing step was to s
an every one-minute data �le for pulses and 
reate alist of pulse times and intensities for ea
h DME 
hannel in the spe
trum. The pulse dete
tion s
heme wassimilar to the methods des
ribed in Zhang et al [11℄ [12℄ and Singhal [13℄, whi
h was to Fourier transformone-megasample (50 millise
ond) data lengths into the frequen
y domain, apply a mat
hed �lter to ea
hDME frequen
y, transform ba
k to the time domain, square to get power, and sear
h this power sampleseries for peaks above a 
hosen threshold. After some experimenting with false dete
tions on random noise,the 
hosen threshold was set to 15 times the median power value in the �rst 50-millise
ond sample of ea
hDME 
hannel. This was roughly 10 times the average power level in a 
hannel �lter passband between pulses.Pulse peaks were then found starting with the strongest one. Data in a 15-mi
rose
ond window 
enteredon the found peak were set to zero so that this pulse and surrounding data would not be dete
ted in theremainder of the peak sear
h. This window was small enough to allow the se
ond pulse in a 12-mi
rose
ond8



pair to be dete
ted but wide enough to suppress most of the wings of strong pulses. The �nal pulse list wassorted by pulse time for further analysis and for use in blanking pulses in the original data set.During the analysis of pulse statisti
s the strongest pulses were found to a�e
t the entire 10-MHz spe
trum
ausing false dete
tions in 
hannels other than the one 
ontaining the transmitted pulse. To remove thisspurious e�e
t from the analysis the sorted pulse lists were sear
hed for strong pulses, and all pulses in other
hannels within �ve mi
rose
onds of ea
h strong pulse were deleted from the list.The �lter applied to ea
h DME 
hannel frequen
y was 
hosen by visually mat
hing the envelope of thespe
trum shown in Figure 5 to a gaussian fun
tion. This fun
tion had a full-width-half-maximum width of0.25 MHz in the voltage domain. This 
orresponds to a power noise equivalent width of 0.188 MHz. If a DMEpulse transmitter were as mu
h a 0.1 MHz o� in frequen
y, as is permitted in at least one manufa
turer'sspe
s, the �lter response would be down by about 4 dB, but most of the pulses appear to be within about30 kHz of the nominal 
hannel frequen
ies.We expe
t pulses to arrive in pairs, either 12 or 36 mi
rose
onds apart for mode X or Y, respe
tively.This should be evident in a histogram of adja
ent pulse separations. Figure 10 shows four su
h histogramsfor one minute of measurements of four di�erent DME 
hannels. All four 
hannels show a 
lear peak at 12mi
rose
onds, and 
hannel 126 shows a small number of mode Y pulses at 36 mi
rose
onds. The nearestground station assigned to 
hannel 124 is in Be
kley, WV so there is a lot of a
tivity on this 
hannel. Thelarge number of pulses at spa
ings other than 12 mi
rose
onds may be due to e
hoes of strong pulses fromterrain around Green Bank as des
ribed in Se
tion 7. Several 
hannels in the spe
trum survey from 1100to 1150 MHz showed a ba
kground pulse spa
ing distribution whi
h was essentially independent of spa
ing.The sour
e of these pulses remains to be investigated.Figures 11 and 12 show examples of the distribution of the number of pulses dete
ted in one �ve-minutes
an as a fun
tion of pulse intensity between the dete
tion threshold and the pulse saturation limit of theGBT re
eiver for eight DME 
hannels. The solid and dashed lines in these plots show the di�eren
e betweenall dete
ted pulses and only pulses that have dete
ted neighbors near 12 mi
rose
onds away. The di�eren
egives an upper limit on the number of false dete
tions due to random noise or sour
es of non-DME pulses. Aninteresting feature of these plots is that the number of known pulse pairs per logarithmi
 intensity intervaldoes not appear to be rising steeply with de
reasing intensity near the dete
tion limit. This is fairly typi
alof most of the data in this two hours of GBT observations.Two important questions to ask are how mu
h power remains in pulses below the dete
tion threshold,and is this suÆ
ient to see in the spe
trum with dete
ted pulses removed? To answer these questions weneed to assume a number distribution for the undete
ted pulses as a fun
tion of intensity. Assuming a powerlaw log(n(I)no ) = � log� IIo� (3)or n(I)no = � IIo�� (4)then the total power in the undete
ted pulses will bep =Xi n(Ii) Ii =Xi no � IiIo�� Ii (5)If we do the summation using logarithmi
 intervals in Ii of 0.1 for various values of � we get the values ofp=Io shown in the se
ond 
olumn of Table 1. For example, for � = 0, if Io is the pulse power dete
tionthreshold and no = 1, the 
umulative power from all pulses below the threshold will be 4.9 times the powerin one pulse at the threshold level. For values of � � �1 the summation in Equation 5 will diverge at lowintensities, and su
h a distribution will give in�nite power without a low intensity 
uto�. Sin
e ea
h DME
hannel will be o

upied by a �nite number of air
raft su
h a divergen
e is not possible in pra
ti
e.To determine limits on the number of pulses under the dete
tion threshold that 
an be tolerated in anastronomi
al spe
trum let's assume a �ve-minute integration with a spe
tral resolution of 20 kHz (5.2 km/sat 1.15 MHz). The rms noise power in ea
h spe
tral 
hannel will be 4:1�10�4 times the total noise power inthe 
hannel. From experiments with the GBT data we know that most pulses 
an be dete
ted at a level of15 times the average noise power in the bandwidth of the pulse. The width of one pulse is 3.5 mi
rose
onds9



Figure 10: Distribution of adja
ent pulse spa
ings for four DME 
hannels measured for one minute near06:22 EST on January 27, 2004.
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Figure 11: Number distribution of dete
ted pulses as a fun
tion of pulse intensity for DME 
hannels 119-122in a �ve minute s
an re
orded at 06:22 EST. The solid lines show all dete
ted pulses, and the dashed linesshow only pulses that are paired with another between 11 and 13 mi
rose
onds away. On the left side ofea
h plot are plotted the pulse number distribution limits to remain undete
ted in a �ve-minute integrationas des
ribed in the text. The star marks the limit if all unblanked pulses are at the dete
tion threshold. Thehorizontal straight line is for a number density index of � = 0, and the sloped lines are for � = �0:5 and�0:75.
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Figure 12: Same as Figure 11 ex
ept for DME 
hannels 123-126.
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Table 1: Undete
ted pulse residual power and limits on the number of pulses per se
ond in the interval justbelow the dete
tion threshold in a 300-se
ond integration for di�erent pulse intensity distributions� p=Io N(Io)=se
ond+inf 1.0 7.80 4.9 1.6-0.25 6.3 1.2-0.50 9.2 0.85-0.75 17.9 0.43so the power in one pulse averaged over the 300 se
ond integration is 15�3:5�10�6=300 = 1:75�10�7 timesthe noise power in the pulse bandwidth. Hen
e, there 
ould be 4:1� 10�4=1:75� 10�7 = 2343 pulses at thedete
tion threshold (7.8 per se
ond) without signi�
antly a�e
ting the spe
trum. If the undete
ted pulseintensities were distributed with a power law of � = �0:5, then there 
ould be 2343=9:2 = 255 pulses (0.85per se
ond) in the �rst interval below the dete
tion thresholds and more at weaker intensities a

ordingto the power law. The tolerable pulses per se
ond in the interval just below the dete
tion threshold forvarious values of � are given in the third 
olumn of Table 1, and the total pulse number limits are plottedin Figures 11 and 12.The limits shown on the left side of the plots in Figures 11 and 12 show that the unblanked pulses are
lose to being dete
table in the astronomi
al spe
tra for the more a
tive DME 
hannels measured. Theassumptions that went into the 
al
ulation of these limits may be a bit pessimisti
. In an on-o� observingpro
edure the average pulse power will tend to 
an
el, and the one-sigma intensity limit is probably a bittoo stringent. Nevertheless, the unblanked pulses are of some 
on
ern, and improvements in pulse dete
tionsensitivity may be worth pursuing. For a given pulse intensity distribution, the number of tolerable pulsesbelow the dete
tion threshold is inversely proportional to the threshold intensity.6 Signal Intensity vs DME Station Distan
eOne might expe
t to measure lower average signal intensities on DME 
hannels where the nearest groundstation is farther away. To test this assumption I plotted the relative average intensity, summing all pulses,as a fun
tion of nearest station distan
e. The results are shown in Figures 13 and 14 for all 
hannels shownin Figure 2 above 1100 MHz in the �ve minutes on ea
h spe
trum segment.A notable feature of Figure 13 is that relatively strong signals 
an be seen for stations out to 500kilometers distan
e, parti
ularly for high-altitude stations. There may be saturation e�e
t in the intensity ofsignals from nearby stations so the upper envelope of the distribution may be somewhat suppressed at shortdistan
es. As expe
ted, the signals asso
iated with low-altitude stations are generally weaker than thoseasso
iated with high-altitude stations. Keep in mind that all signals are not 
oming from air
raft that areinterrogating the nearest station so we 
an draw 
on
lusions only from trends in these �gures and not fromindividual data points. For example, the intensity assigned to the terminal station at a distan
e of about470 km might be due to signals from air
raft that are interrogating more distant stations.In ten of the measured DME 
hannels signals were dete
ted from mode Y transmissions as inferred fromprominent groups of pulse spa
ings near 36 mi
rose
onds. Sin
e this mode is infrequently used, these pointsare given a di�erent symbol in Figures 13 and 14. Five of these 
hannels did not have mode Y stations listedin the NACO data base. Either the data base is in
omplete, or we are left to puzzle about the origin of thesesignals.The see how the DME signal power in ea
h 
hannel varies over a 
ouple of hours the total power of allpulses that have pairs at 12 mi
rose
onds spa
ing in one-minute intervals are plotted in Figures 15 and 16.These data are from the January 27, 2004 GBT run on quasar 0952+176. The 
hannels with the greatestDME pulse power tend have a more 
onstant power than the ones with less power. This is likely due tothe fa
t that the 
hannels with less DME power have fewer air
raft 
ontributing pulses, and o

asionally noair
raft are visible in these 
hannels. There is a general tenden
y for the total pulse power to in
rease with13



Figure 13: Relative average signal power in �ve minutes as a fun
tion of the distan
e to the nearest DMEstation from Green Bank for all DME 
hannels above 1100 MHz shown in Figure 2. The high, low, terminaland lo
alizer station symbols are the same as in Figures 8 and 9.

Figure 14: Same as Figure 13 ex
ept for a longer distan
e range. There are very few mode Y stations andfew mode Y signals dete
ted so these are given a separate symbol. No stations were listed in the NACOdatabase for �ve of the mode Y 
hannels in whi
h signals were dete
ted. These are plotted on the right sideof the �gure. 14



Figure 15: Total DME pulse power with 12 mi
rose
ond pulse spa
ing in one-minute intervals for DME
hannels 119-122 as re
orded on January 27, 2004 on the GBT.time as one might expe
t in the early morning hours as more air
raft begin their 
ight s
hedules.7 E
hoesThe broad distribution of pulse spa
ings shown in the top right panel of Figure 10 
ould be due to e
hoesof strong pulses from surrounding terrain as were measured in pulses from a ground-based air surveillan
eradar [10℄. To test this hypothesis average pulse power pro�les were 
omputed in a number of one-minuteintervals for the strongest pulses that did not saturate the re
eiver system. The results for the two DME
hannels with the largest number of strong pulses are shown in Figures 17 and 18. Figure 18 is for the sameDME 
hannel as the top right panel of Figure 10. All of the pro�les show strong eviden
e of e
hoes out to adelay of about 70 mi
rose
onds. This agrees well with the distribution of radar pulse delays shown in Figure11 of [10℄. E
ho pulse intensities relative to the dire
t pulses range from about -20 dB at small delays to lessthan -40 dB, whi
h is the dete
tion limit of these measurements. The red tra
e in Figure 18 shows what
ould be an isolated single re
e
tion at a delay of about 45 mi
rose
onds.
15



Figure 16: Total DME pulse power with 12 mi
rose
ond pulse spa
ing in one-minute intervals for DME
hannels 123-126 as re
orded on January 27, 2004 on the GBT.

16



Figure 17: Average pulse pro�les at 1148 MHz (DME 
hannel 124) in one minute s
ans re
orded at 05:24(red), 06:11 (green), 06:33 (blue-green), 07:06 (violet), and 07:27 (orange) EST of January 27, 2004. Onlyisolated pulses in a 2-dB range of amplitudes just below GBT re
eiver saturation were in
luded in theaverages.

Figure 18: Average pulse pro�les at 1145 MHz (DME 
hannel 121) in one minute s
ans re
orded at 05:24(red), 07:06 (green), and 07:27 (blue-green) EST of January 27, 2004. Only isolated pulses in a 2-dB rangeof amplitudes just below GBT re
eiver saturation were in
luded in the averages.17



8 Pulse Blanking in the Integrated Spe
traTo remove DME signals from the data the list of dete
ted pulse times in ea
h one minute re
ord were usedto set blanking windows in the raw sampled data. Ea
h blanking window was 12 mi
rose
onds wide, andit was applied to ea
h dete
ted pulse, in
luding a small fra
tion of false dete
tions due to random noise.This is similar to the blanking method des
ribed in Zhang et al [11℄. A dete
ted pulse in any of eight DME
hannels (1143-1150 MHz) resulting in blanking data for the full 10 MHz bandwidth. In the January 27data this resulted in a blanked data fra
tion ranging from 0.5 to 1.1% of the data samples with the fra
tionin
reasing with time over the 05:24 to 07:37 EST observing period. A smaller fra
tion of data 
ould beblanked if one-megahertz se
tions were pro
essed separately, blanking only on pulses pulses from one DME
hannel at a time. However, this adds the 
ompli
ation of stit
hing the spe
tra ba
k together seamlessly, andstrong pulses from adja
ent 
hannels that splatter a
ross the spe
trum may not be blanked as e�e
tively.Even in the busiest part of the day the data lost probably will not be greater than about 2% with full 10-MHz spe
trum blanking. Simultaneous pro
essing of wider bandwidths would lose proportionately greaterfra
tions of data.One 
onsequen
e of blanking small windows of sampled data is that power is lost, and extra sidelobes willbe generated on narrowband signals. The fra
tion of power lost and the total power in the sidelobes will beequal to the blanking fra
tion. One or two per
ent usually will not a�e
t the astronomi
al data signi�
antly,but this e�e
t needs to be kept in mind. In prin
iple, one 
an 
ompute and 
orre
t for the sidelobe patternand power loss from the known blanking pattern, if the extra 
omputational load is warranted.Figure 19 shows the total power spe
trum of one minute of data. Strong DME signals 
an be seen in thetop spe
trum, without blanking, in four of the 
hannels, and weak signals 
an be seen in at least three others,not in
luding the 
hannel at 1142 MHz. The middle tra
e shows the spe
trum from the same data withpulse blanking. To the noise level of this spe
trum, all of the blanked DME signals have been suppressed.There are still a few RFI signals in the spe
trum, but most of them are quite narrow and 
an be ex
ised bydeleting one to three spe
tral 
hannels around ea
h narrow spike as shown in the bottom spe
trum. Noneof the narrow spikes are likely to be asso
iated with the DME signals.To test how well pulse blanking works on long astronomi
al integrations the data from two, two-hourobserving sessions of the quasar 0952+176 were run through the blanking algorithms. The sessions were onJanuary 27, 2004 from 05:24 to 07:38 EST (13:29-15:43 LST) and February 23, 2004 from 17:32 to 20:01EST (03:25-05:54 LST). This radio sour
e has a 
ontinuum 
ux density of about 1.4 Janskys and a narrowHI absorption line at 1147.5 MHz with a depth of about 15 mJy. The observing sequen
e was alternately 5minutes on sour
e and 5 minutes o�. The total on- plus o�-sour
e integration times in the sessions were 108and 140 minutes, respe
tively. The data were summed with weighting of ea
h spe
trum by the inverse ofthe square of the estimated system temperature for ea
h ten-minute on-o� s
an pair. The weighted systemtemperature estimates in ea
h session were 21.8 and 23.4 Kelvins, respe
tively. The se
ond session wasobserved at lower elevation angles.Figures 20 and 21 show the integrated spe
tra from the two observing sessions with and without pulseblanking and narrowband spike removal. The verti
al s
ale is in fra
tion of the system noise power. Theweak absorption feature at 1147.5 MHz 
an be seen in the blanked spe
tra. There is a hint of residual DMEsignal in the strongest 
hannel frequen
ies as we expe
t from the analysis in Se
tion 5, but this doesn't a�e
tthe dete
tion of relatively narrow spe
tral features very mu
h.Figures 22 and23 show the di�erential Doppler shift in the HI line frequen
y between the two observingsessions. The 
ombined spe
trum in these �gures has had the February 23 spe
trum shifted by the expe
ted52 kHz before taking the weighted average of the two spe
tra. The verti
al s
ale in Figure 23 is shownapproximately in Janskys. The 
ontinuum level around 0.95 Jy is less than the published 1.4 Jy, but themeasured peak line depth to 
ontinuum ratio is quite 
lose to the published value of 0.013 by Kanekar andChengalur [14℄.9 Computational Requirements and Future WorkAll of the signal pro
essing des
ribed in this report was done on a Xeon general purpose pro
essor with a 
lo
kspeed of approximately 2 GHz. The 
omputationally intensive 
ode was written in C/C++, and the main18



Figure 19: Total power spe
tra 
omputed for one minute of data re
orded at 07:23 EST on January 27, 2004on the GBT. The spe
tra 
ontain 8192 
hannels (1.2 kHz 
hannel spa
ing). The top (blue-green) tra
e iswithout blanking. The middle (green) tra
e is with blanking, and the bottom (red) tra
e is with blankingand narrowband signal removal.

Figure 20: Averaged (ON - OFF) / OFF spe
tra for all of the January 27 data. The bottom (blue-green)spe
trum is without blanking and the top (green) spe
trum is with blanking and narrowband spike removal.19



Figure 21: Averaged (ON - OFF) / OFF spe
tra for all of the February 23 data. The bottom (blue-green)spe
trum is without blanking and the top (green) spe
trum is with blanking and narrowband spike removal.

Figure 22: Averaged (ON - OFF) / OFF spe
tra for all of the data with blanking and narrowband spikeremoval. The bottom (green) spe
trum is from January 27 middle (blue-green) spe
trum is from February23, and the top (violet) spe
trum is the average of all data with the February 27 spe
trum shifted by theexpe
ted di�erential Doppler shift. The spe
tra are o�set verti
ally by a small amount for 
larity.20



Figure 23: Same as Figure 22 but expanded around the 1147.5 MHz HI absorption feature and with theverti
al s
ale in Janskys. The spe
tra are o�set verti
ally by a small amount for 
larity.FFT 
ode was reasonably well optimized to avoid ineÆ
ien
ies su
h as redundant 
oeÆ
ient 
al
ulations.With this pro
essing environment �nding DME pulses in the data required about 52 minutes of CPU time forone minute of 20 MS/s data. Computing integrated power spe
tra with pulse blanking and a 25% overlapin FFT input data required about 8.5 minutes of CPU time for ea
h minute of data. The pulse-�nding
omputation time might be redu
ed by a fa
tor of two or three with better algorithms, but this will stillbe a fa
tor of 30 or so slower than real time, and it will s
ale linearly with pro
essed bandwidth. Hen
e, aroutinely useful system for observing in the presen
e of DME interferen
e will require dedi
ated hardware,su
h as one or more of the largest FPGA 
hips.More sensitive pulse dete
tion will help remove weaker pulses that are probably leaking into the pulse-blanked spe
tra shown in this report. The �lter used to optimize pulse dete
tion is reasonably 
lose tooptimum so the only route for weaker pulse dete
tion is an antenna and RF ampli�er system that has ahigher signal-to-noise ration on DME signals. If we assume that the GBT has a sidelobe gain of -15 dBi anda system temperature of 20 Kelvins, then one 
an realize about 8 dB in
rease in SNR with a +6 dBi antennagain and a system temperature of 400 Kelvins. Plans to try su
h a re
eiving system for this purpose are nowunderway.Referen
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