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Chapter 1

Introduction

Power patterns are fundamental to radio astronomy. Every arienna or ar-
ray of antennas is designed with a speci c sort of pattern in nind, usually
one which is sensitive only in a narrow direction. Unfortunaely, human
manufacturing techniques are imperfect. Furthermore, eva if an antenna
were built exactly according to design, no antenna can do ramb astronomy
from inside an anechoic chamber, and thus the placement of # antenna in
the eld can also have unintended consequences. Side lobes lwles in the
pattern could result. Thus a need arises for a way of determiimg the power
pattern of an antenna in the eld.

Traditionally, power patterns have been examined in the eld by using
calibrator sources such as the sun, CasA or other bright radi sources. How-
ever, these sources only traverse a limited range of sky anaquire that the
telescope in question be steered.

The solution is to nd an object that goes through most of the known
sky. No astronomical object ts this description, but arti cial satellites
in low Earth orbit (LEO) do over the course of many passes. Thebest
satellites to use for calibration of low frequency bands arg¢he 37 satellites
which are operated by Orbcomm corporation. These satellits transmit a
near constant signal in the 137-138MHz band, which is near th frequencies
used by low frequency arrays (e.g. those probing the epoch o€&ionization).
In addition, over the course of several days, the satellitewill make passes
over all of the sky except for an 45 radius hole centered on the north
horizon. This hole is due to the inclination of the satellites' orbits and
could be remedied by supplementing data from the Orbcomm satllites with
observations of polar orbiting satellites operating in the same band.



Chapter 2

Sources of Error

2.1 Faraday Rotation

2.1.1 Expected Faraday Rotation

Faraday rotation is a phenomenon in which a polarized signais \rotated" as

it passes through an ionized medium. In the case of the Earththis ionized
medium is the ionosphere. The signals from the satellites & circularly

polarized. Although a rotated circle is still a circle, the signals from the
satellites gain an appearance of polarization due to fact tht the antenna is
pointed at the ceneter of the Earth and not the observer. Figue 2.1 shows
the crux of the matter. The angle, will cause the circularly polarized
radiation to be projected into an ellipse depending on , which is simply
90 + elevation. The resulting equation for (assuming a typical satellite
altitude of 800km) is

=sin 1(6378=7178 sin ) (2.1)

The fractional e ect can be calculated by taking the cosine d . Faraday

rotation can be calculated from the following formula:
B Zd

RM = ———
2mct o

Nneds (2.2)

All of this equation is a physical constant, except for the tem inside the
integral. The result of the integral is the column density of electrons. If
we assume that the slant count is the same as thele, then we get the

relation:
TECU
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(2.3)
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Where the TECU is the total electron count in units of 101%e m 2 The
actual angle of rotation, , can be calculated using the following equation:

=RM 2 (2.4)

at frequencies of 137.5 MHz, an angle of 40above the horizon, and a
TECU of 1-30 (possible range at site):

= S _-%0cm
sin40 = 0:64279
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2.1.2 E ect on Data

The e ect of slant angle and Faraday rotation versus satellie altitude is
plotted in gure 2.2.

Faraday rotation therefore can induce a loss of up to 3dB. Ths loss
actually tends to more resemble \noise" in the data. The total electron
count can vary from 1-30 TECU over the course of a single day, rd the
o cial NOAA electron count data is only rated to ITECU, or 1/3 of a
revolution. This uncertainty means that the rotation cannot be predicted
and accounted for, since only a quarter of a revolution wouldcompletely
shift the dropo from one polarization for another. Therefore, we expect
scatter to increase as the satellite moves farther from zeth.

2.2 Satellite Powers

A signi cant problem in this experiment is dealing with the f act that the
satellites do not operate at the same power level. For undetenined rea-
sons, the transmitted power from satellites of the Orbcomm onstellation of
satellites appears to vary by a factor of almost an order of mgnitude.

The di culty in solving this problem arises from trying to de termine
a common location that the satellites would eventually passthrough. The
data in all of the power plots, such as Fig. 4.2 shows an \edge'where
satellites never cross, but all eventually pass through. Tis edge seemed like
an ideal choice for comparing the satellite powers.
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In order to nd this orbit, a crude version of the PREDICT algo rithm,
which generates azimuth, elevation, and range from orbitalelements and
site information, had to be implemented based on the algorihms of Val-
lado (2001). Through careful analysis, the shape of the paswas found to
depend only upon the local hour angle between the right ascestion of the
ascending node of the orbit and the local sidereal time. Lodasidereal time
was adjusted in order to replicate the hole shape seen in theqwer plots.
A single orbit did not produce the hole in the beam pattern. Instead, it
turned out the edge of the hole was determined not by one orbit but a
series of orbit. However, only one type of orbit determined he minimum
altitude at which satellites would cross the northern horizon. This orbit was
determined to cross the horizon near azimuths of 270and 90 and give a
minimum altitude of around 42 at an azimuth of 0 . Fig. 2.3 shows the
critical orbit and two orbits 20  di erent in local sidereal time to illustrate
how multiple orbits lead to the edge in the data.

Orbits that fell within ten degrees of the predicted rise andset points and
3 degrees of the predicted transit altitude were agged in oder to compare
the power of the satellites as the transitted the northern meidian. Each
pass on this orbit was t with a quadratic curve on the points b etween
azimuths of 355 and 5. The intercept of this quadratic curve (i.e. the
power level when transiting the meridian) was then used as tb power level
of the satellite. The resulting satellite powers can be foud in Fig. 2.4.

These powers were taken into account later within the data amlysis.
Unfortunately, the power recorded for each satellite vari@l somewhat on
each di erent pass during which is was measured. This di ereice may be
due to changes at the satellite, gain variations in the receiers, or Faraday
rotation. Unfortunately, these variations cannot be easily accounted for and
therefore they remain a source of error at about the 5-10% lesl in voltage.
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Chapter 3

Power Measurements

3.1 Instrumentation

Figure 3.1 shows the overall experimental setup. The main gal of the
system was to measure the intensity of the satellite power inwo di erent
polariztions.

The antenna used in this experiment was a very simple dipole r&d is
pictured in Fig. 4.3 and elsewhere.

One polarization had data fed through a bandpass ler centeed at 137.5
MHz and the other was sent through a high pass lter at 139 MHz. These
Iters were used to Iter out RFI, primarily from the FM radio  bands.

Each receiver consisted of two mixers, numerous ampli ersand a saw
Iter. The rst local oscillator was set to 732.1MHz in order to pump the
137.5 MHz frequency of the satellites to the center of the sawlter at 869.6
MHz. The second LO at 871.1MHz brought the frequency down to he
IF output of the receiver around 1.5 MHz, making the net mixing e ect
equivalent to a single LO at a frequency of 139 MHz. The net gai of the
receivers was approximately 30dB.

The IF output was then connected to a PC9812 PCI data acquisiion
card (DAC). This card had 5 channels of input, four for data, one for a
trigger/clock signal. The clock signal came from a signal geerator operating
at 8.192MHz. Each receiver used one of the inputs on the dataard, leaving
two unused ports for future experiments. A 1.5 MHz test sigh& was used
when only one channel was in operation in order to verify the mtegrity of
the 2 channel software.



3.2 Data Acquisition

Data was acquired near the Interferometer Control Building at the NRAO
in Green Bank, WV from June 9 through June 17. During that time, 546
individual satellite passses were observed. Satellite oibdata was generated
using the Linux program predict. The computer taking the data was also
equipped with Network Time Protocol, as time errors of greaer than one
second were shown to signi cantly increase systematics inhte data.

3.3 Data Reduction/Calibration

The data acquisition program recorded data consisting of 26 voltage bins.
This data is equivalent to covering frequencies between 13and 138MHz
in 4 kHz intervals. These les were recorded in a binary forma, along
with information on which satellites were overhead at the time the data was
recorded.

This raw data was fed into a program that checked frequencieknown
to harbor satellites for the presence of that satellite whenit was known to
be overhead. A "pass le" was then generated which containedhe altitude,
azimuth and range of the satellite at the time of observationand the voltage
at that particular frequency from both of the input channels.

A number of calibrations had to be performed to turn the raw voltages
from the receivers into useable data. One issue that clearlyneeded to be
tackled was correcting for the range of the satellites. Howeer, this was
fairly trivial to do, as the range of the satellites was alrealy recorded by the
getsatdat program. Using the fact that power falls o as r—lz the satellites
were corrected to the power that should have been received dm reference
altitude of 800km.

The relative powers of the satellites were obtained by the miod de-
scribed earlier or tweaked by hand to make for a more uniform rap. This
source of error was corrected by multiplying by the ratio of each satellites
expected voltage to an arbitrary reference voltage.

One last but critical required calibration was the subtraction of bias/noise
from each pass. Initially, this step was not seen as importan However,
when the range correction was rst applied, power at the horzon appeared
stronger than at the zenith, which is not a physical result. The satellites are
at the largest distance near the horizon and have the largestange correc-
tion. At the same time, the satellites have the lowest signalto noise ratio,
and thus the noise becomes extremely ampli ed. This bias wasemoved by



taking a 20 point average of both the rst and last points of each pass, tak-
ing the lowest of these two averages, then subtracting fromhe total power.
Two averages are required in the event that a pass does not staand end
near the horizon, such as at the beginning or end of a data le.

The nal correction applied was:

r Viet
Veal = (Vobs  Vbias) sal k (3.1)
lref  Vsat

All of this data was then rolled into a map with pixels corresponding to
0.1 x0.1 . This 0.1 x0.1 map was then averaged over a ten pixel by ten
pixel box and formed into a 0.5x0.5 map of voltage against position over
the entire sky.

3.4 Results

Figure 3.2 shows the overall beam map from the ICB site with terain over-
layed. The most obvious phenomenon shown by the map is the déct block-
ing of signals by the terrain. The radio dish at 80 azimuth and the mountain
range in the west both t the data nicely. The other obvious result is that
the beam is fairly clean. Visual inspection shows no obviouside lobes. In
fact, the only visible feature of the antenna beam pattern isthe dropo
centered near zero elevation and 1900of azimuth that corresponds to the
direction the dipole is pointing.

One fascinating feature of this diagram is that all of the antennas (both
the dipole and various PAPER antennas) measured by this expement in
several di erent locations around NRAO Green Bank all were pointing in
the wrong direction! The minimum corresponding to the dipole is at 190
azimuth, but the antenna was aligned using an orienteering ompass on true
north. The minimum should have been at 180, implying the antenna was
misaligned by 10. Although the magnetic variation at the site is close to
10 , this variation was already accounted for when aligning theantenna. The
source of this unexplained anomaly is most likely either a lgal magnetic
anomaly in the Green Bank area, or very localized variation die to the
nearly identical groundscreens used on the antennas. Bothxplanations
would apply to all the antennas.

A CST simulation for the simple dipole was available and a meaingful
comparison could be made with the overall shape of the beam. ifures 3.3
and 3.4 show the planes perpendicular and parallel to the diple, respec-
tively. In the perpendicular plane, the simulation and obsevation are in
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Figure 3.1: Block Diagram of Power Mesurement system

good agreement. The observations fall o steeper within 10 of the hori-
zon, but that is easily explained by the presence of various lostructions at
that elevation. The case of the parallel plane is somewhat mm interesting.
A drop-o is still present at low elevation; however, this drop-0 is much
more pronounced and begins at a much higher elevation. In adtion, the
observed power drops o more quickly on the right than on left.

The more rapid drop-o on the right side of Fig 3.4 is easily explained
by the existence of some moderately tall obstructions in th& section of the
sky. Although some of the fall-o is due to obstructions near ground level,
none of these obstructions extend up to the 30 of elevation where the
drop o begins. Therefore, the explanation must lie in the beam pattern
of the antenna itself. The most likely explanation is that the conductivity
chosen for the ground may be incorrect in the CST model used focompari-
son. Intriguingly, a more conductive ground could also exphin the magnetic
anomaly mentioned earlier, but the evidence is far from conlcisive.
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Figure 3.2: Overall power pattern of a N-S dipole at the ICB sie. Overlayed

are important terrain features to scale. The in uence of these features is
quite prominent near the horizon. White shows lowest intendty and blue

shows the highest.
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Figure 3.3: Power pattern of Antenna in the plane perpendicuiar to the axis
of the dipole. A CST Microwave studio model and model obtainel with
satellites in the eld are shown.

11



Plane Paralell to dipole
10 T T T T

— CST
— measured

-20 -

-30

Relative Power (dB)

40 F

-50

-60 1 1 1 1 1
-200 -150 -100 -50 0 50 100 150 200

zenith distance (degrees)

Figure 3.4: Power pattern of Antenna in the plane paralell to the axis of the
dipole. A CST Microwave studio model and model obtained with satellites
are shown.
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Chapter 4

Di erence Measurements

4.1 Instrumentation

Figure 4.1 shows the system used for the di erence measuremes. Essen-
tially, the setup was very similar to that used by the power mesurement
system described previously. Instead of measuring two pot&ations from
one antenna, one polarization was measured from two di erehantennas.

The antennas used for this experiment were simple dipoles i an active
balun with about 15 dB of gain. Each antenna was placed on a mdsatop
a groundscreen. These antennas were spaced approximatel 3. apart
along an approximately North-South axis.

The cables between the impedance matching circuits were 230and 500
ft in length for the two antennas. These cables were 75 cabls. All other
cables used were 50 cables.

4.2 Data Acquisition - ICB

Data was acquired from July 6-9 on the radio astronomy reseration in

Green Bank, WV. The end result was 272 passes from more than aoden
satellites. Two antennas were used in the hope that the end salt would be
null. That is to say, in an ideal world, two identical antennas measuring the
power from an identical satellite from almost identical postions on Earth

should record identical powers, or powers di erent by a contant systematic

factor.
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Figure 4.2: Percent di erence between the two antenntas. Rd to white
represents a negative dierence; light blue-black are usedo represent a
negative di erence.

4.3 Data Acquisition - PAPER site

Two runs of data were also taken at the PAPER site in Green Bankusing
PAPER antennas sporadically during August 2007 over a totalof about four
days.

4.4 Data Reduction

The data reduction was nearly identical to that used in the pover measure-
ments. However, all of the corrections for bias, range, andaellite powers
were dropped, since the whole point of the di erence measuraent was to
remove those sources of error.

The main di erence came in computing the nal all-sky map of t he beam.
Rather than computing power in two polaritions, the di eren ce between each
channel in the map was computed using the formula:

. 2 (V1 V2
%Difference = W (4.2)

4.5 Data Analysis - ICB

Figure 4.2 shows the di erence between the two antennas. Thenaximum

deviations were 59% and +44% in voltage. The results were not anywhere
near the null that we had expected. Furthermore, the resultswere clearly
dominated by systematic, rather than random features.
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Figure 4.3: The tower believed to responsible for vertical finges

This gure shows four dominant features. The strongest featire, percentage-
wise, occurs between the azimuths of 65and 90 and altitudes of O and
twenty degrees. These deviations are clearly the results ain 85 ft antenna
and a building at those azimuths, and the parallax due to the derent
locations of the two antennas.

The next largest feature spans almost the entire map; howewethis error
is most obvious between the azimuths of 240and 360 degrees. One can
easily observe what appear to be vertical fringes. While thee fringes are less
obvious in the southern part of the sky, careful examinationof the data shows
that they are still present. These fringes are signi cant at about the 10%
level in voltage and 1% level in power. The source of these figes appears
to be the tower depicted in gure 4.3. This tower stretches approximately
40 in elevation from the antenna site, and sits at an azimuth of aound
10, which seems to correspond with the origin of the fringes in gure 4.2.
Scattering o this tower appears to be responsible.

The third feature is the enhancement at an elevation of 25 in most of
the southern half of the sky. A decrement also appears at theaame azimuths
about ten degrees below. The most likely culprit is the cablehousing for
the old NRAO interferometer range, visible in gure 4.4. As above with
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Figure 4.4: A long cable housing believed to be responsibleif the observed
horizontal fringes

the tower, scattering again appears to bear the responsihily for the fringes,
which are of order slightly less than 1% in power. The cable hasing is the
chief suspect since it extends from almost exactly the samezémuth that
the fringe does.

The fourth and nal pattern visible in this plot the enhancem ent in the
northwest and the decrement in the southeast. This error moslikely results
from a warp in the ground screen of one of the antennas. One aehna has a
visibly at groundscreen, however, the other one has a signcant depression
of the groundscreen in the southeast quadrant of the groundseen as visible
in gure 4.5. This depression (most likely caused by an errahgrad student)
would be expected to steer the beam of the northernmost tele®pe towards
the southeast, which would make it less sensitive in the notiwest and more
sensitive in the southeast. This e ect also occured at abouthe 1% level.

4.6 Data Analysis - PAPER site

The results from the PAPER site were much less enlightening. For some
reason, the PAPER antennas generated much more noise thandithe simple
dipole. The source of this noise may have been cable wear ordffact that
the balun had less gain than the one used in the simple dipole.The end
result was that there was only one feature in the data from thePAPER site
that could not be chalked up to variation between the two antennas. Fig.
4.6 shows a di erence map at this site. The one feature that isreal is the
blob between 100 and 200 of azimuth. In fact, it almost looks like a fringe
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Figure 4.5. Antenna and groundscreen. Please note the warmithe nearest
guadrant of the groundscreen
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Figure 4.6: Di erence map between two antennas at the PAPER #e. Blue
is a positive di erence and white is a negative di erence.

Figure 4.7: 360 panorama around the dipole believed to be experiencing
fringing. Edges correspond approximately with NNE direction. Note the
knoll in the SE.

due to scattering. From the point of view of one of the antenna, there is
a rather sizeable knoll at that location, as can be seen in thgpanorama in
Fig. 4.7. The top of the knoll had nothing metallic o which th e signal
could scatter, but not far on the other side of the knoll, a doule fence was
present. This fence is shown in Figure 4.8. The second antearnwas located
much farther away from the knoll.

Two factors indicate that the fence may not be the answer. Fist, there
is the fact that the topmost fringe is at almost the same elevdion as the
peak of the knoll. Conceivably, the \fringes" could just be the result of the
hill blocking the signal to one of the antennas. The section bthe fringe
where there is an increase in signal where the hill should beldcking can be
explained by the fact that the satellite signals are very we& in that section
of the sky. The second factor is the fact that the fence is de ritely well
over the crest of the hill, such that it was not immediately obvious for an
observer standing at the top of the thickly-wooded hill. The position of the
fence yields a high probability that any scattering o the fence would be
blocked by the intervening hill.

4.7 Discussion

Overall, these results are very promising. Except for the paallax e ect,
none of the e ects observed by using the reference antenna \saexpected.
Furthermore, testing in an anechoeic chamber would never h& produced
any of the e ects either.

19



Figure 4.8. The fence that may be responsible for the fringesbserved in
gure 4.6

A few questions, however, remain. For instance, while scaéring can be
seen to produce fringing in one or both antennas, why it prodees fringing
in the dierence is unclear. Both antennas should show fringng, but in
slightly di erent locations. The fringes visible in Figure 4.2 may in fact be
the superposition of fringes from the two antennas.

Another unanswered question is how one determines the in{si beam
pattern of a single antenna. While the satellite method can verk for this,
it is severely limited by systematic errors that are dicult to control (see
discussion above). Once the pattern of a single antenna is &blished, how-
ever, that antenna can be used as a reference antenna for anyher antennas
in an array or for an array as a whole.
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Chapter 5

Future Research

5.1 Observing Faraday Rotation

Although Faraday rotation was treated as a source of noise irthe measure-
ments obtained here, these Orbcomm satellites actually preide an opportu-

nity for high precision characterization of Faraday rotation. At 137.5 MHz,

signals are very sensitive to Faraday rotation. Faraday roation is normally

measured from GPS satellites operating in the 2 GHz range, wibh are much

less sensitive to changes in the electron content of the atnsphere. One pos-
sibility for a future project would be to simulatneously measure the electron
count using one of the Orbcomm satellites and one of these GP$&atellites.

The GPS satellite would yield a coarse value of the electronaunt and the

Orbcomm satellites would yield a ne value, perhaps more acgrate than

has been obtained in the past.

5.2 Better reference antenna

While the simple dipole used for some of these measurementsas strong
signal and a clean beam, it had several drawbacks that could & improved
upon in the future. The main issue is that the antennas are vey imsy
and prone to damage. For instance, grabbing the antenna by th the dipole
elements could easily shift the position of the element or sap the wire that
connects it to the balun. One improvement implemented over he course of
this experiment was to attach balsa shims to each dipole eleent to prevent
them from sliding or rotating, but this improvement is only a temporary
measure. A sturdier antenna would greatly improve the expeiment as it
could be used as a reference antenna for many future di ererecexperiments.
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5.3 Expanding the number of elements

The main justi cation for this project is its applicability to arrays of an-
tennas which are di cult to impossible to measure for beam paétterns in a
laboratory setting. A number of designs are currently underconsideration
(PAPER, FASR, SKA, MWA, Lofar) which would have many dipoles laid
out over many kilometers. This method of using LEO satellites to deter-
mine beam patterns in the eld could easily be extended to arays. Since
these arrays will not t in any anechoeic chamber in existene, the satel-
lite method is a viable alternative to using celestial soures and provides
additional bene t with the large fraction of the sky covered.
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Chapter 6

Conclusion

This experiment has shown numerous applications of LEO salites to the

beam patterns of low frequency radio instruments. This progct demon-
strated the viability of using satellites to determine the overall beam pat-
tern of low frequency antennas. This project also showed nuerous instances
where nearby buildings and objects caused deviations acresalmost the en-
tire beam due to scattering. Furthermore, the alignment of a number of
antennas was discovered to be faulty. This method clearly sbws promise
for aiding in the setup and calibration of future low frequecy radio arrays.
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