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Abstract— The receiver for the Small Radio Telescope
(SRT) is being upgraded to a new, digital receiver to enable
interfer ometry experiments.Part of our summer work was
to test and debug this new receiver. Initial testswere done
by observing the Sun using a short baseline of about 50
feet. During the recenthigh solar activity, the baselinewas
increasedto about 200feet.To compensatefor the deviation
fr om the typical solar behavior, we studied the effects
of limb brightening and sunspotson the cross-correlation
values. Additional summer work involved the layout and
design of the new ground control unit for the SRT.

I . INTRODUCTION

The Small RadioTelescope(SRT) is beingupgradedto
aninterferometrybasedreceiver. Thiswill allow students
to easily perform interferometryand interactively learn
radio astronomy. The systemisn't completeandstill in
the testing stage.Much of the work presentedhere is
to checkfor the validity of the cross-correlationvalues
obtainedfrom the new receiver on observingthe Sun.
There were several factors that causedthe values to
deviate from the theoretical value and those will be
discussedin the paper. Some work was also done in
designinga new groundcontrol unit for theSRT so that
it candrivemotorsthatrun in bothazimuthandelevation
at the sametime. For this we are planning to use a
PWMPAL which hasthecapabilityof doingbackground
countingof pulsescomingoutof themotors.In addition,
an analogto digital converter will be usedto measure
the currentgoing throughmotors.

I I . PREVIOUS WORK

The SRT has beensuccessfullyusedin interferometry
usinga Yagi-UdaArray andanotherSRT. Both methods
are adding interferometersand require a setup of a
circuit in order for the signalsto correlatethemselves.
In order for the experiment to work, the power level
of the signal coming from the antennasshould be the
same.In addition the power on-sourceand power off-
source should also be the same. Once everything is

set up properly, you seefringes which signify that the
interferometeris working properly.

Beforeexperimentingwith the new receiver, the adding
interferometerwas set up. This was done to get a
generalfeeling of interferometrybeforethe muchmore
complicatedway was used. The fringes obtainedare
shown in �gure 1, but this wasonly duringthedaytime.
As the day progressedthe fringes disappearedbecause
the baseline,distancebetweenthe antennas,visible to
the Sun increased.It is also believed that the Sun was
very quite during the time of the experiment.

Fig. 1. fringesseenwith the addinginterferometer

I I I . THE NEW RECEIVER

The following sectionswill talk in detail aboutthe new
receiver for the SRT.

A. Design

Theblock diagramandpictureof thereceiver areshown
in �gure 2 and3 respectively. All the hardwareneeded
hasbeenput into onebox.Thesystemhasamotherboard
which communicatesto the hardware using USB 2.0
and runs under Linux Gentoo.The systemis capable
of performing interferometry and thus has an inbuilt
correlatorthat operatesin real time. For the correlation
to be fast enough,a Digital Signal Processor(DSP)



has been used to crunch the fast fourier transforms
necessaryfor thecalculationof cross-correlation.All the
embeddedcode in the DSP is written in assemblyand
C. Furthermore,thereceiverhasa GPStiming capability
which is yet to be testedand still in the development
stage.

Fig. 2. Block diagramof the receiver

The motherboardhasa network card which opensport
22 for sshto theoutsideworld. This will enablestudents
to accessthe systemremotely and not go through the
processof settingup theSRT at thereschoolor college.
Studentsmight want to seewhetherthe SRT is actually
moving whenthey commandit to do so andthis canbe
doneby settingup a webcamerato point at theantenna.

Fig. 3. Pictureof the receiver

B. Interface

The previous interface was written in Java. Although
Java is portable to multiple operatingsystems,its ex-
ecutionspeedis slow as comparedto other languages.
Java is ideal for windows, but whenit comesto linux it

is betterto useGTK. A screenshotof the new interface
is shown in �gure 4. It is pretty much the sameas the
previous oneexcept that it hasan interferometrymode.
This lets you seethe correlationvalues,phasevalues,
andalsothe spectrumfrom both the signals.

Fig. 4. The new interface

IV. SETUP

Our setupis shown in �gure 5. We areusingone �x ed
SRT andanothermobile SRT.

Fig. 5. Pictureof the setup

We changedthepositionof the mobileSRT for variable
baselines.The receiver box was kept in the trailer and
thesignalsfrom theSRTs cameinto thereceiver through
coaxial cables.Since the mobile SRT is very far from
the trailer, the signal coming from it was delayedand
we compensatedfor this in software. Due to possible
degradationin the signal, we also put in three Local
NoiseAmpli�ers (LNAs) to increasethe strengthof the
signal.



V. RESULTS

The new receiver was tested by analyzing the data
obtainedon tracking the Sun.The graphsof the cross-
correlationandphasevaluesarepresentedin thissection.
In order to compensatefor the deviations in the ideal
behavior, we createda model for �tting the theoretical
datato matchthemeasureddata.In addition,we present
somesimple algorithmsthat can enableus to calculate
importantparameterssuchas the azimuthbetweenan-
tennas,the distancebetweenantennas,and the sunspot
area.

A. Theory

Cross-correlationis the standardmethod to determine
the extent to which two signalsarecorrelated.

Let ������� and �

����� be the signalscoming from the two
antennas.Then �

�
	�� and �
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	�� aretherespectivefourier
transforms.Thesecalculationsaredonein theDSPusing
an ef�cient algorithm.

We calculatethe crossspectrum:
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Summingover frequency with delayconstantwe get:
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Normalizing the data we get the �nal correlationand
phaseas
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The cross-correlationof the two signalsfrom the anten-
nas is sameas the visibility function of the Sun. This
function dependson the vector distancebetweenthe
antennas,which is oftenreferredto asthebaseline.If the
Sun is assumedto be a uniform disc, then the visibility
function, B , is givenby B
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3

��P ��� 1st
orderbesselfunction, Q

� baselinein wavelengths,and
?�� angularradiusof the Sun.This function is plotted
in �gure 6, which alsoshows the dif�culty of gettinga
high correlationvalue for large baselines.

For a particularbaseline,thevisibility functionwill vary
with time becausethe earthis rotating.This causesthe
effective baseline,thedistancebetweenantennasasseen
from the Sun,to change.The measuredbaseline,actual
distancebetweenthe antennas,becomesequal to the
effective baselinewhentheSunis in sucha positionthat
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Fig. 6. Graphof the visibility function

thesignalscomingfrom it arenot delayed.At this point
the correlationvalue from the graphshouldcorrespond
to themeasuredvalue.All this workswell assumingthat
the Sun is a uniform disc, but in reality therearesome
deviationsfrom the ideal behavior.

B. Measured Values

We started taking data with a 53 feet baseline.This
gave us reasonablyhigh correlationvalueswhich was
suf�cient to test for the systemsaccuracy. There were
several dif�culties with the mobile SRT, but we were
still able to get enoughdatafor comparsions.Figure 7
shows four curvesfor the53 feetbaseline:day183,189,
190,and191.Theexperimenton day190wasstartedat
a later time which is why we seea dip in thebeginning.
The curvesshown wereobtainedby �tting the datato a
third degreepolynomial.

A goodtestof whetherthe systemis accurateor not, is
to checkfor consistency in thecurve. Clearly thecurves
follow almostthe sameshapeandthe slight differences
canbe accountedfor changein activity of the Sun.The
graphsfor day203andday204weretakenat a 200feet
baseline.From �gure 1, you would expect the values
to be less than 0.1, but they are almost four times of
that. This is becausethe Sun was highly active during
thesedays.Herealsoyou seeconsistency in the curves,
whichsuggeststhesystemis fairly accurate.Remarkably
thecorrelationvaluesduring this high solaractivity was
about0.7 with a 53 feet baseline.

Thevaluesshown in �gure 7 areactuallythemagnitude
of correlation values. In reality, cross-correlationis a
complex numberand thushasan associatedphase.The
phasevaluesfor day183andday189areshown in �gure
8a and 8b respectively. As we will see later sections,
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Fig. 7. Measuredcorrelationvalueson differentdays

thesevaluesclosely match the theoreticalvalue of the
phase.On increasingthebaselineto 200 feet, theperiod
of thephasebecamevery small andwasonly visible on
zoomingin the graph.

3.5 4 4.5 5 5.5 6

x 10
4

-200

-150

-100

-50

0

50

100

150

200
phase values Day 183

p
h

a
s
e

time in seconds

3 3.5 4 4.5 5 5.5 6

x 10
4

�200

�150

�100

�50

0

50

100

150

200

time in seconds

p
h

a
s
e

phase value on Day 189

(a) Measuredphasefor day 183 (b) Measuredphasefor day 189

Fig. 8. Phasevalueson Day 183 (a) andDay 189 (b)

C. Analysis

The �rst step in analyzingthe data is to calculatethe
theoreticalvalueof the correlationandphase.This was
doneby writing a programin C that could generatethe
theoreticalcorrelationand phasefor any day. Figure 9
shows the theoreticaland measuredcorrelationvalues
alongwith the theoreticalandmeasuredphase.

As canbe seenfrom the �gure, the phasevaluesmatch
very well, but the correlationvalueshave a huge dif-
ference. It is believed that this difference is because
of the limb brightening in Sun and the noise in the
receiver. Limb brightening is when the energy of the
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Fig. 9. Comparsionof measuredandtheoreticalvalues

Sun at the edgesincreasesand thus deviates from the
uniformdiscmodel.We tried to compensatetheseeffects
in the program,but it is dif�cult to do so becauseof
the large receiver noise.Since the Sun was very quite
during that time, the noise in the receiver hasa much
more pronouncedeffect. Thus it is better to model the
Sunduring its high activity whenthereceiver noisegets
overshadowed by the high signalenergy.

This happenedduring the week of 18th July when a
sunspoton the Sun was so large, that it was visible
from the naked eye. Sunspotsare areason the Sun's
surface that have a lower temperaturethan the rest of
the surroundings.But in terms radio brightness,these
areaarevery bright andemit a lot of energy.

The correlationvaluesfor day 203 are shown in �gure
10. As you can see the measuredvalue has a totally
different shapethan the actual value. The next section
describesthe modeling techniquesthat were used to
compensatefor limb brightening,sunspoteffects, and
the receiver noise.

D. Modeling the data

After careful observation of the data for the 53 feet
baseline,weconcludedthatthecurvedropsmorerapidly
than expectedtowards the end of the day. A possible
reasonfor this is the long baselinein theSun's frameof
reference.Thus to model the data,it is betterto ignore
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Fig. 10. Measuredandtheoreticalcorrelationfor day 203

the points during that time and focus on somewherein
the middle.

We decidedto model the data for day 203 using 1250
pointswhichcorrespondsto 12500secondsasthesystem
recordsdataevery 10 seconds.The parametersinvolved
in modelingthe Sunare; thicknessof limb brightening,
relativeenergy dueto thelimb brightening,sunspotarea,
and relative energy due to the sunspot.The areaof the
sunspotfor day 203, 22nd July, 2004 was found to be
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Thus, theoretically, the sunspothasa radiusof 0.019h .
Initially wemodeledthedataby assumingsomearbitrary
values for the other parameters.When we knew how
eachvalueaffectedthecurve,wewroteaprogramto �nd
the minimum modelbasedon the leastsquaredistance.
The modeleddatais shown in �gure 11, alongwith the
measureddata.

They areveryclosesuggestingthattheparametersmight
be right. The only problem with this modeling is that
we only have oneconditionto satify andtherearethree
variables.So thereare many solutionspossible,but we
tried to narrow ourself to the morerealisticsolution.

The valuesobtainedcan be visually seenin �gure 12.
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Fig. 11. Modeledvalue

It shows a theoretical�gure of theSunwith thesunspot
and the limb brightenedarea.It also tries to tell us the
changein brightnessat differentlocations.We foundthat
the brightnesson the sunspotwas thirty � ve times that
of the rest of the surfaceand the limb brighteningwas
� ve times that of the rest of the area.The thicknessof
limb brighteningwas about 22 percentof the angular
radiusof the Sun.

Fig. 12. Model of the Sun

Whenwe took measuremeantswith the53 feetbaseline,
the sunspotareawas almost zero. So in this casewe
assumethat only limb brightenining was there. On
applying the model to the 183rd day we get the curve
shown in �gure 13.

Unlike the previous case,the modeledvalue is shifted
upwardsby someamount.This shift can be accounted
asthe receiver noisebecauseduring this time the Sun's
activity wasvery low andthusthenoisewasmuchmore
pronounced.After shifting, the best�t occurswhenthe
modeledvalueis moveddown about0.08.Thuswe can
say that the receiver accountsfor a degradationin the
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valuesby an amountof 0.08.

So now we have a completemodel of the Sunplus the
noisein thereceiver. With this informationwecanmodel
othersetsof datathat we collected.

We don't claim that the model of the Suncalculatedis
correct.In fact it is far from correctbecausethesunspot
is not actually nearthe center. With more baselineswe
may have beenable to �nd the actualsunspotlocation
and this can be part of a future project.But the model
can be usedto approximatelycorrect for the measured
valuesand this canvery useful in analysis.

E. Measuringother values

1) Azimuth: Theazimuthbetweenthe two antennascan
be calculatedby looking for the point on the measured
datawherewe acheive a local minima.For this we don't
needto modelthetheoreticalvalue.This wasdoneusing
MATLAB andC implentationcanbe written, but it will
take moretime. TheC implementationwill requireusto
useoptimumsearchtechniquesbecausewe are looking
at a lot of data.

2) Baseline:Thebaselinecanalsobemeasureprovided
we know theazimuthandthereceiver noise.As baseline
increases,keeping other things the same, the graph
movesdownwardandthis amountcanonly bemeasured
if we know the amountshifted is only due to baseline
andnot due to any noise.

3) SunspotArea: A rough ideaof Sunspotareacanbe
coined,providedthat thesunspot,is largeenough.Since
the sunspothas the effect of cancelingthe noise, this
situationis very complex and requiresmore conditions
to calculatethingseffectively.

VI . GROUND CONTROL UNIT

This sectiontalksaboutthenew groundcontrolunit that
is being designedfor the SRT. The motors are in the
processof beingreplacedso that they canmove in both
azimuth and elevation at the sametime. This requires
addedfunctionality in the unit. The planneddesignof
the unit is shown in �gure 14. The following sections
will discussthe different part that will be usedin the
new unit.

Fig. 14. Block diagramof the groundcontrol unit

A. BASICSTAMP 2

BASIC STAMP 2 is a simple microcontrollerthat will
talk to therestof thecompenentsandgeneratenecessary
commandsfor processing.Previously a BASIC STAMP
wasbeingusedbut it hadonly 8 input/output(IO) pins
asopposedto the 16 on the new stamp.

B. PWMPAL

The PWMPAL is an intelligent peripheralthat hooksup
to the BASIC STAMP 2 and can generatepulsewidth
modulatedsignals(PWM). It communicatesto thestamp
usingpin 0. Anotherneatfeatureof thePWMPAL is that
it cando backgroundcontingwhichcanbeusedto count
the pulsescoming out of the motors.The modulewas
testedfor its ability to generatePWM signals.It wasalso
testedfor its backgroundcoutingfeatureby sendingout
the PWM signal to the input pin for PWMPAL.



C. LMD18200

This is themaincomponentthatdrivesthemotorsusing
the PWM signal that it gets from the PWMPAL. It
can also control the direction in which the motors run
andalsohasa currentsensingoption for measuringthe
currentpassingthroughthe motors.The compenentwas
testedby hooking it up to a motor to make surethat it
was generatingcurrentaccordingto the duty cycle that
wasspeci�ed. The duty cycle is the amountof time the
PWM signal is high.

D. ADC08038

ADC08038is an eight bit analogto digital converter. It
will beusedin theunit to measuretheamountof current
�o wing throughthemotors.This will allow for checking
when the motorsare not working properly. The current
will be measuredby using the currentsensingpin from
the LMD18200. The ADC08038 was testedby seeing
whetherit could measurecertainvoltagevalues.It was
also testedfor measuringthe currentvaluesdriving the
motor. In order for this to work, a 2.21 k i resistorwas
usedbecausethe A/D convertercanreadvoltagevalues
in the rangeof 0 to 5 V.

E. Future work

Themainpartleft is to implementthewholeunit through
the BASIC STAMP 2. This should be relatively easy
as all the parts have beentestedand connectingthem
togathershould not be a very dif�cult job. There are
alsoplansto implementa LabView GUI in orderto test
the motorscomprehensively.

VI I . CONCLUSION

The receiver was testedfor its correlationvaluesand
they seemto beconsistentwith thetheoreticalvalues.By
modelingthe theoreticalvalueswe wereableto account
for deviationsin the ideal behavior of the Sun.This can
beanexcellentexercisefor studentsandit will alsohelp
themunderstandthe basicsof interferometry. They will
alsoseethekind of observationsonecanmake by using
two SRTsasopposedto usingasingleSRT for observing
the Sun.

The only problemwith this is the low correlationvalues
that we got during the experiments.The only time we
got good correlationvalueswas when the baselinewas
shortandwhentherewashigh solaractivity.

VI I I . APPENDIX

This sectionshows someresultson applying the com-
plete model to the 53 feet baselinevalues. All the
graphs are shown in �gure 15. As you can see the
modeledcurvesarenot very accuratebut they areclose
enough.Furtheraccuracy can be acheived if we model
the Sun using decimal values.We accountedfor only
threeaffectsand theremight be more deviations in the
Sunthat we arenot awareof. Testingon otherdatasets
will be doneto seehow accuratethe modelactually is.
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Fig. 15. Applying the model to differentdaysfor 53 feet baseline


