RFI Survey at the RPA

G. R. Harp and R. F. Ackermann

April30, 2001

Abstract

A surveyofthe accessible skyat the Rapid Prototype Array(RPA) was made using single - dish measurements. We present fullskymaps over the available frequencyrange.

Some i nteresting features include: 1) physicalfeatures blocking the antennas´ view are clearlyseen, such as the hillside and barn, 2) virtuallyallthe man - made radio sources appear to have right hand circular polarization, 3) at anytime there maybe dozens o f satellites in view, even with the limited coverage at the RPA, and 4) the verylarge primarybeamofthe RPA antennas make themsusceptible to polarization distortion at the beamedges. These measurements also provide calibrations for the difference in cable length to each feed ofa given antenna.

Experiment

Fig. 1. Summaryofdata collection technique.

Satellite

Antenna moves

over full range

Digital conversion to complex basis

IF

Collect 2 linear polarizations

Cross correlate

I Q U V

ATA Memo #26

Allthe results presented here are single - dish measurements. The antenna is swept over a grid ofpoints in the horizontal(x) and vertical(y) where - p /2 < x, y< p /2 in steps of

0.015 radians. This provides a coordinate systemwhere the radius is linear in elevation angle, though the image is circumferentiallystretched at large radii. The step size is to be compared with the primarybeamdiameter whose FWHM is ~0.06 radians. In this way, data were acquired over the fullrange ofmotion ofthe antenna drives, while (x, y) points that lie outside ofthis range were skipped.

Throughout the measurements, allseven antennas were moved together and ima ges were acquired fromallantenna. Onlya few highly - reduced images fromRPA7 are presented here. We plan to publish a complete set of^raw~ frequencydependent images on the

ATA software website at http://kitimar.seti.org/intranet/ata/software .

At ea ch (x, y) point, the antenna pauses and acquires data. Data are taken in 10 MHz frequencysteps (the nominalIF bandpass) centered on integer multiples of10 MHz. At each frequency128,000 samples (~4 ms) ofthe IF output are acquired in two polarization s. The sampling rate is 30 MHz (Nyquist = 15MHz) with the nominalIF bandpass covering the range 2.5 - 12.5 MHz. The IF bandpass filter does not have perfectlysharp edges, and the IF signalfalls ˘ 20 dB over 2 MHz on either side ofthe nominalbandpass. Thus there is some overlap between the data we acquire in successive frequencysteps, and a strong feature near e.g. 1555 MHz might appear in both the 1550 and 1560 MHz frequencybins.

The nominalRF bandwidth is 1400 - 1630 MHz, though the cutoffon either side is about

20 MHz wide. Accordingly, 23 - 27 maps can be obtained using a 10 MHz step size.

Extra maps were sometimes obtained at higher and lower frequencies to further test the electronics.

At each frequencyinterval, f , sample s were acquired fromboth linear feeds (X and Y) on each antenna, and zero - lag Stokes parameters were formed fromthe sampled data according to dt E E E E f I y y x x ) ~ ~ ~ ~ ( ) ( * * × + × = ò , (1) dt E E E E f Q y y x x ) ~ ~ ~ ~ ( ) ( * * × - × = ò , (2)

( ) dt E E f U y x

* ~ ~ Re 2 ) ( × = ò , and (3)

( ) dt E E f V y x

* ~ ~ Im 2 ) ( × = ò . (4)

Recallthat the Stokes parameters allhave units ofpower. The first, I , is simplythe total power coming in both feeds. Q and U are measures ofthe linearlypolarized components ofthe radiation, whereas V measures the circularlypolarized component.

Q , U , and V mayallbe positive or negative, with the sign indic ating the sense ofthe polarization. Specifically, V is positive for RHCP and negative for LHCP.

In the present context we are also interested in a few parameters that can be derived from the Stokes parameters. The polarized ( P ) and unpolarized ( N ) components ofthe radiation are given by

2 2 2 ) ( V U Q f P + + = , and (5)

) ( ) ( ) ( fP f I f N - = , (6) while the linearlypolarized component ( L ) is

2 2 ) ( U Q f L + = . (7)

Calibrating the Cable Lengths

On each antenna, the cables coming fromthe X and Y feeds differ bya length lD . As we show below, this difference is typicallyoforder 20 cmand is smallcompared to the correlation length, x , for a 10 MHz bandwidth ( =D= fc /x 30 m). As a result, we need not worryabout correlation loss between the signals coming fromthe two feeds.

However, lD also introduces a p hase shift, l p f / 2 l D = D , (8) between the X and Y signals. As seen in (1) - (4), the phase shift has no effect on I and

Q , but mixes the signalbetween U and V . To unmix these signals, we applya simple transformation after the fact f f D - D = ¢ sin cos V U U , (9) f f D + D = ¢ cos sin V U V . (10)

In general fD is frequencydependent, and a different value is used at each frequency step. Because x<<D l , it is sufficient to use the same fD throughout a single frequency interval. This provides a great simplification, since otherwise it would not be possible to unmix the U and V signals after formation ofthe Stokes parameters.

The transformation (9) - (10) requires knowledge of lD , which we determine byobserving satellites with known polarization characteristics. For example, Solidaridad F2 (1533

MHz) and Iridium(1626 MHz) are both known to transmit RHCP radiation. By observing one satellite, we can determine lD up to an integralnumber ofwavelengths, N.

The second satellite provides N.

Using this method lD was determined for each antenna. However, preliminary examination ofthe resulting skymaps showed that allofthe observed satellites at the

RPA had a dominant circular polarization. This fact was then used to further refine lD byminimizing )( f U ¢ at allfrequencies (see eqs. (9) - (10)). In allcases, the refinement procedure changed lD byno more than 1 cm. The estimated error in our determination of l D is 0.5 cm. The values of lD for each antenna are shown in figure 2.

Antenna RPA1 RPA2 RPA3 RPA4 RPA5 RPA6 RPA7 l D (m) - 0.081 0.186 - 0.021 3.270 - 0.234 0.296 - 0.048

Fig. 2. The cable length diff erence, lD , between the two polarizations on each RPA antenna, as determined fromsatellite polarization data.

RPA4 presents an interesting anomaly. Here lD is 10 times higher than on anyother antenna. A discus sion with GeoffBower revealed that one ofthe cables on RPA4 had been damaged and was replaced bya different cable, which was about 3 mlonger than the original. This provides an excellent verification ofour methods.

Total Power

Figure 3 shows a map o f )( fI over the entire accessible skyas measured with RPA7.

This map took approximately2.5 days to acquire. To enhance the visibilityofweaker features in the image, we plot m p I I = , where m I is the measured intensity. ( p I is the electric field amplitude.) The data at each frequencystep are plotted on a monochromatic scale whose hue is related to frequencyas indicated bythe color bar. Twentyfive false color images are th en superimposed to formfigure 3.

Here the angular projection has zenith at image center and the horizon is indicated bythe white circle. The linear relationship between elevation angle and pixelposition is indicated bythe scale at the bottom. The no rth - south axis runs verticallyin the figure, with north at the top and east on the left. Allthe skymaps presented below were analyzed in the same way, unless specified otherwise.

There are manyfeatures to understand in figure 3. Features with intense color have a narrow bandwidth, hence are man - made. Features that appear almost grayin color are broadband, and have nearlythe same intensityat allfrequencies. For example, the white blob in the lower left hand corner is a region where the telescope p oints toward the hillside. The broadband features allhave a slightlyreddish tinge because the telescope gain decreases slightlyas a function of frequency.

Fig. 3. Totalpower, )( fI , as measured fromRPA7.

There are three types of features associated with satellites (or aircraft). The circular

shapes on the lower left are satellites in the geosynchronous belt. These features stayput

long enough to be fullymeasured, and their shape is indicative ofthe primarybeam. The

narro w stripes running fromnorth to south are moving satellites. These satellites move

slowlyon the time scale ofa single scan line, but quicklyon the time scale ofthe entire

map. Such satellites intersect the primarybeamin one scan line, but disappear before the

antenna returns for the next scan line. Hence, the streaks are as long as the primarybeam

width, but onlyone scan line wide. There are also a few point - like features. These could

be fast moving LEO´s, satellites that infrequentlypulse thei r power output, or possibly

aircraft.

Unpolarized Radiation

The polarization sensitivityofthe RPA offers an opportunityto decompose figure 3 into

its naturaland man - made components. The unpolarized component ( )( fN ) of figure 3

is p lotted in figure 4.

Here we have artificiallyenhanced the contrast in the image relative to figure 3. Note

that the image is almost monochromatic, because most unpolarized sources are

broadband. (The color features are obviouslyartifacts related to the brightest satellites.

Because the noise signalscales as the square root ofthe totalpower, and some ofthe

noise is uncorrelated between the two polarizations, the brightest satellites can generate

these features.)

There are two bright noise like l inear features indicated byarrows in the figure. These

are the sun, which passed through the telescope´s view twice during the measurement.

Around the circumference ofthe image, five blobs appear. These are: at 12 o´clock a

stand oftrees, at 2 o´cloc k the telephone pole, at 4 o´clock the barn, at 7 o´clock the

hillside, and at 10 o´clock the welder´s shed.

Fig. 4. The unpolarized component of fig. 3.

Circular Polarization

Figure 5 displays the circularlypolarized intensity( )( fV ) fromfigure 3. Allthe narrow

band sources were found to have a predominant circular polarization. This is easily

understood, since the ionosphere would introduce a Faradayrotation into linearly

polarized signals fromsatellites, hence the satellit e builders always choose to transmit

circularlypolarized light. Note that circular polarization makes an excellent

discriminator against naturalradio sources, as none ofthe broadband features of figure 4

appear in figure 5.

Notice that there are no re d features in figure 3. This is because the frequencyrange in

the vicinityof1420 MHz is protected for radio astronomyapplications. Indeed, we

observe no polarized features for anyfrequencybelow 1520 MHz (green in figure 5).

Fig. 5. Circularlyp olarized component of figure 3.

The satellites in figure 5 can be identified both bytheir positions and their frequencies.

The geostationarysatellites (blue - green ovals) include Solidaridad F1 and F2 which

transmit in the vicinityof1540 MHz. The lig ht blue stripes are GPS, which show up in

the 1580 MHz frequencyslice. Note that the GPS satellites move slowlyenough that

theycan appear in multiple scan lines. Because this image was acquired with north - south

scan lines rastered fromright to left, we see that most ofthe GPS satellites were caught as

theytraversed fromsouth to north.

The deep blue stripes are probablyIridium, as these features appear most stronglyin the

1620 MHz frequencyslice. The dark blue points occur at 1640 MHz. This is above the

expected frequencyrange for the Iridiumpager pulse. (Indeed, theyare slightlyabove

the nominalRF bandpass. However, an examination ofthe bandpass shows there is still

significant sensitivityat the frequency.) We have not identified the se features (nor the

green points), but theyare probablyfast moving LEO´s which remain in the primary

beamfor the duration ofonlyone pixel. Some ofthese points are quite intense however,

and indicate a verystrong unidentified radio source which des erves further study.

Fig. 6. The data fromfigure 5 are replotted, this time using a color scale that

distinguishes RHCP fromLHCP radiation.

The Stokes parameter )( fV allows us to distinguish RHCP fromLHCP radiation

according to i ts sign (positive and negative, respectively). This is done in figure 6, where

the frequency - integrated intensityof )( fV is displayed. Here the color scale is used to

distinguish RHCP (red) fromLCHP radiation (blue). We see that vir tuallyallthe

satellites transmit RHCP radiation. There seems to be no particular reason for this,

except perhaps convention among the satellite makers.

Linear Polarization and Polarization Purity

As mentioned above, allthe man - made radiation we measur e has a predominant circular

polarization. In our measurements, the linearlypolarized component is at least 7 times

smaller than the circularlypolarized component everywhere in the image. A contrast

enhanced displayof )( fL is depict ed in figure 7. This figure closelyreflects figure 5,

with the notable difference that there is fine structure present in the images ofthe

geostationarysatellites. Close inspection reveals that this fine structure is also present in

some ofthe GPS and Iridiumstripes.

Because satellites are point sources, this fine structure must be an artifact ofthe

measurement device. It turns out that the RPA antennas do not have constant

polarization sensitivityover their entire primarybeam. This is easilyun derstood by

examining their physicalstructure. The four metaltubes that support the feed tend to

scatter linearlypolarized radiation that is aligned with their axis. Let us choose a

coordinate systemwhere the x - axis is aligned with one set ofsupport tubes, while the y -

axis is aligned with the other set.

Fig. 7. Contrast enhanced displayofthe linearlypolarized component ofthe radiation.

When the dish is aimed directlyat a satellite, symmetryrequires that the x - and y -

polarized radiation i s scattered in equalamounts, hence circular polarization is preserved.

However, ifthe dish points to one side ofthe satellite, even when the satellite remains in

the primarybeam, then the symmetryis broken. Generallyone polarization (either x or

y) willbe preferentiallyscattered, introducing a net linear polarization into the

measurement. To support this analysis, we present in figure 8 a contrast enhanced plot of

) ( f U where, as in figure 6, positive values of )( fU are displayed in red while negative

values are blue. To further simplifythe display, we show onlythe 1540 MHz frequency

slice.

Fig. 8. Displayofthe 1540 MHz frequencyslice ofthe linearlypolarized radiation.

There are three quadrupole - lik e structures visible in figure 8, one ofwhich is identified

bythe white arrow. The black center ofthe indicated structure is the position of

Solidaridad F2. The black center indicates that when the antenna is pointed directlyat

the satellite, then th e measured radiation is purelycircular. However, when the antenna

pointing is displaced in a direction of45 degrees relative to this center (parallelto one of

the feed legs) then a linear polarization is introduced into the measurement, which we

arbitr arilycall^X~ polarized. Ifthe antenna displacement is at ˘ 45 degrees, then the

sense ofthe linear polarization is reversed, i.e. it becomes ^Y~ polarized.

We note that such polarization distortion is evident onlybecause the primarybeamis so

large. Ifwe were using a much larger dish, then we could make measurements ofthe

satellite onlyfor smallangular displacements frombore sight. In this case, the distortion

(which varies quadraticallywith displacement) would be greatlyreduced. Hence we

h ave discovered yet another wayin which the performance ofsmalldishes is

qualitativelydifferent fromthat oflarge dishes.

Theoretical SkyMap

Because the radiation properties ofmost satellites are wellcharacterized, we can model

this radiation and c ompare it with our experiments. This is done in figure 9. Here the

map labeled Experiment is the frequency - integrated power taken fromfigure 3 on a false

color scale. The color bar at right is linear in power, and notice that we have suppressed

display ofbackground noise bysetting a threshold (5%) below which the intensityis

plotted as black. The power scale is arbitrary, and chosen such that the geostationary

satellites have approximatelythe same power value in experiment as theydo in theory.

The map labeled Theoryis courtesyDavid DeBoer, shows a calculation ofthe expected

skyflux at the front - end ofan RPA antenna assuming matched polarization (RHC) from

published radiated powers. The ^streaked~ signals have been generated to resemble the

me asured data and show just the power present in the scan that would intersect near bore

sight fromIridiumand GPS. For Iridium, the power levelwas set byassuming values

ranging fromthe ringer tone to modest traffic.

Fig. 9. Comparison of frequency - integrated circularlypolarized radiation (Experiment)

with a modelskymap generated frompublished power values (Theory). The color bar

maps to a linear power scale with a peak power of0.0013 mW for the Theorymap. The

Experiment scale is also linear, but its peak value is arbitrary.

There are a couple points ofinterest. In the experimentalmap, there are four

geostationarysatellites while in the theoreticalmap there are onlythree. This

demonstrates the importance ofusing actualRFI measurement s in characterizing the fluid

situation ofsatellite communications. Secondly, the experimentalmeasurements of

Iridiumnever have quite as high power as those predicted bytheory. This might be

because ofthe frequencydependence ofthe experimentalgai n, which we have not

corrected for. Clearly, future experiments should performthis correction.

Conclusions

What conclusions can we draw fromthis data that relate to the ATA? First we note that

there is no specific time scale associated with man - made s ignals. We have observed

signals that varywith time scales ofminutes, hours, or not at all. Another point is that

these maps can be looselyinterpreted as a kind ofsnapshot ofthe skyat the RPA. From

this we conclude that there are dozens ofsatelli tes in the skyat anyone time. With the

much wider bandwidth ofthe ATA, this number might approach 100! This should be

kept in mind in the consideration ofRFI excision techniques.

Finally, the wide primarybeamofthe ATA antennas might make the ATA susceptible to

polarization distortion toward the edges ofthe primarybeam. Note that the ATA antenna

has a clear aperture and should be much less susceptible to polarization distortion than

the RPA´s prime focus design. However, the broken symmetryof the ATA Gregorian

design willlikelyfavor one linear polarization over the other, especiallywhen the

antenna is pointed ^above~ the source in the verticalplane.

It seems likelythat when performing narrow - field polarization maps (as with a

correlator), the ATA willhave comparable ifnot better polarization uniformitythan other

telescopes employing larger dishes. However, ifone attempts to utilize the entire ATA

primarybeamfor polarization dependent measurements, the polarization sensitivitywill

h ave to be carefullycalibrated.